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Chapter 1

Techno-Economic Analysis
of Different Energy Storage Technologies

Hussein lbrahim and Adrian llinca

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52220

1. Introduction

Overall structure of electrical power system is in the process of changing. For incremental
growth, it is moving away from fossil fuels - major source of energy in the world today - to
renewable energy resources that are more environmentally friendly and sustainable [1].
Factors forcing these considerations are (a) the increasing demand for electric power by both
developed and developing countries, (b) many developing countries lacking the resources to
build power plants and distribution networks, (c) some industrialized countries facing
insufficient power generation and (d) greenhouse gas emission and climate change
concerns. Renewable energy sources such as wind turbines, photovoltaic solar systems,
solar-thermo power, biomass power plants, fuel cells, gas micro-turbines, hydropower
turbines, combined heat and power (CHP) micro-turbines and hybrid power systems will be
part of future power generation systems [2-8].

Nevertheless, exploitation of renewable energy sources (RESs), even when there is a good
potential resource, may be problematic due to their variable and intermittent nature. In
addition, wind fluctuations, lightning strikes, sudden change of a load, or the occurrence of
a line fault can cause sudden momentary dips in system voltage [4]. Earlier studies have
indicated that energy storage can compensate for the stochastic nature and sudden
deficiencies of RESs for short periods without suffering loss of load events and without the
need to start more generating plants [4], [9], [10]. Another issue is the integration of RESs
into grids at remote points, where the grid is weak, that may generate unacceptable voltage
variations due to power fluctuations. Upgrading the power transmission line to mitigate this
problem is often uneconomic. Instead, the inclusion of energy storage for power smoothing
and voltage regulation at the remote point of connection would allow utilization of the
power and could offer an economic alternative to upgrading the transmission line.
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The current status shows that several drivers are emerging and will spur growth in the
demand for energy storage systems [11]. These include: the growth of stochastic generation
from renewables; an increasingly strained transmission infrastructure as new lines lag
behind demand; the emergence of micro-grids as part of distributed grid architecture; and
the increased need for reliability and security in electricity supply [12]. However, a lot of
issues regarding the optimal active integration (operational, technical and market) of these
emerging energy storage technologies into the electric grid are still not developed and need
to be studied, tested and standardized. The integration of energy storage systems (ESSs) and
further development of energy converting units (ECUs) including renewable energies in the
industrial nations must be based on the existing electric supply system infrastructure. Due
to that, a multi-dimensional integration task regarding the optimal integration of energy
storage systems will result.

The history of the stationary Electrical Energy Storage (EES) dates back to the turn of the 20t
century, when power stations were often shut down overnight, with lead-acid accumulators
supplying the residual loads on the direct current networks [13-15]. Utility companies
eventually recognised the importance of the flexibility that energy storage provides in
networks and the first central station for energy storage, a Pumped Hydroelectric Storage
(PHS), was put to use in 1929 [13,16,17]. The subsequent development of the electricity
supply industry, with the pursuit of economy of scale, at large central generating stations,
with their complementary and extensive transmission and distribution networks, essentially
consigned interest in storage systems up until relatively recent years. Up to 2005, more than
200 PHS systems were in use all over the world providing a total of more than 100 GW of
generation capacity [16-18]. However, pressures from deregulation and environmental
concerns lead to investment in major PHS facilities falling off, and interest in the practical
application of EES systems is currently enjoying somewhat of a renaissance, for a variety of
reasons including changes in the worldwide utility regulatory environment, an ever-
increasing reliance on electricity in industry, commerce and the home, power
quality/quality-of-supply issues, the growth of renewable as a major new source of
electricity supply, and all combined with ever more stringent environmental requirements
[14,19-20]. These factors, combined with the rapidly accelerating rate of technological
development in many of the emerging EESs, with anticipated unit cost reductions, now
make their practical applications look very attractive on future timescales of only a few
years.

This document aims to review the state-of-the-art development of EES technologies
including PHS [18,21], Compressed Air Energy Storage system (CAES) [22-26], Battery [27-
31], Flow Battery [14-15,20,32], Fuel Cell [33-34], Solar Fuel [15,35], Superconducting
Magnetic Energy Storage system (SMES) [36-38], Flywheel [32,39-41], Capacitor and
Supercapacitor [15,39], and Thermal Energy Storage system (TES) [42-50]. Some of them are
currently available and some are still under development. The applications, classification,
technical characteristics, research and development (R&D) progress and deployment status
of these EES technologies will be discussed in the following sections.
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2. Electrical energy storage
2.1. Definition of electrical energy storage

Electrical Energy Storage (EES) refers to a process of converting electrical energy from a
power network into a form that can be stored for converting back to electrical energy when
needed [13-14,51]. Such a process enables electricity to be produced at times of either low
demand, low generation cost or from intermittent energy sources and to be used at times of
high demand, high generation cost or when no other generation means is available [13-
15,19,51] (Figure 1). EES has numerous applications including portable devices, transport
vehicles and stationary energy resources [13-15], [19-20], [51-54]. This document will
concentrate on EES systems for stationary applications such as power generation,
distribution and transition network, distributed energy resource, renewable energy and
local industrial and commercial customers.
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Figure 1. Fundamental idea of the energy storage [55]

2.2. Role of energy storage systems

Breakthroughs that dramatically reduce the costs of electricity storage systems could drive
revolutionary changes in the design and operation of the electric power system [52]. Peak load
problems could be reduced, electrical stability could be improved, and power quality
disturbances could be eliminated. Indeed, the energy storage plays a flexible and
multifunctional role in the grid of electric power supply, by assuring more efficient
management of available power. The combination with the power generation systems by the
conversion of renewable energy, the Energy Storage System (ESS) provide, in real time, the
balance between production and consumption and improve the management and the
reliability of the grid [56]. Furthermore, the ESS makes easier the integration of the renewable

3
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resources in the energy system, increases their penetration rate of energy and the quality of the
supplied energy by better controlling frequency and voltage. Storage can be applied at the
power plant, in support of the transmission system, at various points in the distribution
system and on particular appliances and equipments on the customer’s side of the meter [52].

Fuels/Energy Customer

Sources Generation Transmission Distribution Energy
Services

Figure 2. New electricity value chain with energy storage as the sixth dimension [11]

The ESS can be used to reduce the peak load and eliminate the extra thermal power plant
operating only during the peak periods, enabling better utilization of the plant functioning
permanently and outstanding reduction of emission of greenhouse gases (GHG) [57].
Energy storage systems in combination with advanced power electronics (power electronics
are often the interface between energy storage systems and the electrical grid) have a great
technical role and lead to many financial benefits. Some of these are summarized in the
following sections. Figure 2 shows how the new electricity value chain is changing
supported by the integration of energy storage systems (ESS). More details about the
different applications of energy storage systems will be presented in the section 4.

3. Energy storage components

Before discussing the technologies, a brief explanation of the components within an energy
storage device are discussed. Every energy storage facility is comprised of three primary
components [58]:

e Storage Medium
e Power Conversion System (PCS)
e Balance of Plant (BOP)

3.1. Storage medium

The storage medium is the ‘energy reservoir’ that retains the potential energy within a
storage device. It ranges from mechanical (Pumped Heat Electricity Storage — PHES),
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chemical (Battery Energy Storage - BES) and electrical (Superconductor Magnetic Energy
Storage — SMES) potential energy [58].

3.2. Power Conversion System (PCS)

It is necessary to convert from Alternating Current (AC) to Direct Current (DC) and vice
versa, for all storage devices except mechanical storage devices e.g. PHES and CAES
(Compressed Air Energy Storage) [59]. Consequently, a PCS is required that acts as a
rectifier while the energy device is charged (AC to DC) and as an inverter when the device is
discharged (DC to AC). The PCS also conditions the power during conversion to ensure that
no damage is done to the storage device.

The customization of the PCS for individual storage systems has been identified as one of
the primary sources of improvement for energy storage facilities, as each storage device
operates differently during charging, standing and discharging [59]. The PCS usually costs
from 33% to 50% of the entire storage facility. Development of PCSs has been slow due to
the limited growth in distributed energy resources e.g. small scale power generation
technologies ranging from 3 to 10,000 kW [60].

3.3. Balance-of-Plant (BOP)
These are all the devices that [58]:

e Areused to house the equipment
¢  Control the environment of the storage facility
e  Provide the electrical connection between the PCS and the power grid

It is the most variable cost component within an energy storage device due to the various
requirements for each facility. The BOP typically includes electrical interconnections, surge
protection devices, a support rack for the storage medium, the facility shelter and
environmental control systems [59].

The balance-of-plant includes structural and mechanical equipment such as protective
enclosure, Heating/Ventilation/Air Conditioning (HVAC), and maintenance/auxiliary
devices. Other BOP features include the foundation, structure (if needed), electrical
protection and safety equipment, metering equipment, data monitoring equipment, and
communications and control equipment. Other cost such as the facility site, permits, project
management and training may also be considered here [61].

4. Applications and technical benefits of energy storage systems

The traditional electricity value chain has been considered to consist of five links:
fuel/energy source, generation, transmission, distribution and customer-side energy service
as shown in Figure 3. By supplying power when and where needed, ESS is on the brink of
becoming the “sixth link” by integrating the existing segments and creating a more
responsive market [62]. Stored energy integration into the generation-grid system is

5
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illustrated in Figure 4 [32]. It can be seen that potential applications of EES are numerous
and various and could cover the full spectrum ranging from larger scale, generation and
transmission-related systems, to those primarily related to the distribution network and
even ‘beyond the meter’, into the customer/end-user site [13]. Some important applications
have been summarised in [13-15], [32], [52], [62-66]:

Challenges

Volatility Low Utilization Congestion Security “Dirty” Power
1 E < - :

o o, I - — -
Fuel Generation Transmission Distribution Services

Energy Storage

Hedge Risk Baseload Arbitrage Higher Utilization Stability Power Quality

Benefits
Figure 3. Benefits of ESS along the electricity value chain [62].

A 1
. % B
A Renewable energy
C B Commedity arbitrage
Pearl Street. Inc. 2002 © Teansmissionsgpon
P E
d E D Distribution deferral
Load .
E Power quality
B Storage [ F DG support
ﬂT\ TFIQ- Tn\ | G Offtgnd
J Power plant

Figure 4. Energy storage applications into grid [32].
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4.1. Generation

o Commodity Storage: Storing bulk energy generated at night for use during peak demand
periods during the day. This allows for arbitrating the production price of the two
periods and a more uniform load factor for the generation, transmission, and
distribution systems [62].

e Contingency Service: Contingency reserve is power capacity capable of providing power
to serve customer demand should a power facility fall off-line. Spinning reserves are
ready instantaneously, with non-spinning and long-term reserves ready in 10 minutes
or longer. Spinning Reserve is defined as the amount of generation capacity that can be
used to produce active power over a given period of time which has not yet been
committed to the production of energy during this period [67].

e Area Control: Prevent unplanned transfer of power between one utility and another.

e Grid Frequency Support: Grid Frequency Support means real power provided to the
electrical distribution grid to reduce any sudden large load/generation imbalance and
maintain a state of frequency equilibrium for the system’s 60Hz (cycles per second)
during regular and irregular grid conditions. Large and rapid changes in the electrical
load of a system can damage the generator and customers’ electrical equipment [62].

e Black-Start: This refers to units with the capability to start-up on their own in order to
energize the transmission system and assist other facilities to start-up and synchronize
to the grid.

4.2. Transmission and distribution

e System Stability: The ability to maintain all system components on a transmission line in
synchronous operation with each other to prevent a system collapse [62].

o Grid Angular Stability: Grid Angular Stability means reducing power oscillations (due to
rapid events) by injection and absorption of real power.

o Grid Voltage Support: Grid Voltage Support means power provided to the electrical
distribution grid to maintain voltages within the acceptable range between each end of
all power lines. This involves a trade-off between the amount of “real” energy produced
by generators and the amount of “reactive” power produced [68].

o  Asset Deferral: Defer the need for additional transmission facilities by supplementing
and existing transmission facilities—saving capital that otherwise goes underutilized
for years [69].

4.3. Energy service

o Energy Management (Load Levelling / Peak Shaving): Load Levelling is rescheduling
certain loads to cut electrical power demand, or the production of energy during off-
peak periods for storage and use during peak demand periods. Whilst Peak Shaving is
reducing electric usage during peak periods or moving usage from the time of peak
demand to off-peak periods. This strategy allows to customers to peak shave by shifting
energy demand from one time of the day to another. This is primarily used to reduce
their time-of-use (demand) charges [62].
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e Unbalanced Load Compensation: This can be done in combination with four-wire inverters
and also by injecting and absorbing power individually at each phase to supply
unbalanced loads.

o Power Quality improvement: Power Quality is basically related to the changes in magnitude
and shape of voltage and current. This result in different issues including: Harmonics,
Power Factor, Transients, Flicker, Sag and Swell, Spikes, etc. Distributed energy storage
systems (DESS) can mitigate these problems and provide electrical service to the customer
without any secondary oscillations or disruptions to the electricity "waveform" [67].

o Power Reliability: Can be presented as the percentage/ratio of interruption in delivery of
electric power (may include exceeding the threshold and not only complete loss of power)
versus total uptime. DESS can help provide reliable electric service to consumers (UPS) to
‘ride-through’ a power disruption. Coupled with energy management storage, this allows
remote power operation [68].

4.4. Supporting the integration of intermittent renewable energy sources

The development and use of renewable energy has experienced rapid growth over the past
few years. In the next 20-30 years all sustainable energy systems will have to be based on
the rational use of traditional resources and greater use of renewable energy.

Decentralized electrical production from renewable energy sources yields a more assured
supply for consumers with fewer environmental hazards. However, the unpredictable
character of these sources requires that network provisioning and usage regulations be
established for optimal system operation.

Elari+ 1t s p—_| i R =
— IOy Demand EXIT 3 pOiated (o) Vi

Power | MW
&
..-""

Figure 5. Integration of extrapolated (x6) wind power using energy storage on the Irish electricity grid [58]

However, renewable energy resources have two problems. First, many of the potential
power generation sites are located far from load centers. Although wind energy generation
facilities can be constructed in less than one year, new transmission facilities must be
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constructed to bring this new power source to market. Since it can take upwards of 7 years
to build these transmission assets, long, lag-time periods can emerge where wind generation
is "constrained-off" the system [62]. For many sites this may preclude them from delivering
power to existing customers, but it opens the door to powering off-grid markets—an
important and growing market.

The second problem is that the renewable resources fluctuate independently from demand.
Therefore, the most of the power accessible to the grids is generated when there is low
demand for it. By storing the power from renewable sources from off-peak and releasing it
during on-peak, energy storage can transform this low value, unscheduled power into
schedulable, high-value product (see Figure 5). Beyond energy sales, with the assured
capability of dispatching power into the market, a renewable energy source could also sell
capacity into the market through contingency services.

This capability will make the development of renewable resources far more cost-effective —
by increasing the value of renewables it may reduce the level of subsidy down to where it is
equal to the environmental value of the renewable, at which point it is no longer a subsidy
but an environmental credit [62].

e Frequency and synchronous spinning reserve support: In grids with a significant share of
wind generation, intermittency and variability in wind generation output due to
sudden shifts in wind patterns can lead to significant imbalances between generation
and load that in turn result in shifts in grid frequency [68]. Such imbalances are usually
handled by spinning reserve at the transmission level, but energy storage can provide
prompt response to such imbalances without the emissions related to most
conventional solutions.

o Transmission Curtailment Reduction: Wind power generation is often located in remote
areas that are poorly served by transmission and distribution systems. As a result,
sometimes wind operators are asked to curtail their production, which results in lost
energy production opportunity, or system operators are required to invest in expanding
the transmission capability. An EES unit located close to the wind generation can allow
the excess energy to be stored and then delivered at times when the transmission
system is not congested [68].

o Time Shifting: Wind turbines are considered as non-dispatchable resources. EES can be
used to store energy generated during periods of low demand and deliver it during
periods of high demand (Figure 5). When applied to wind generation, this application is
sometimes called “firming and shaping” because it changes the power profile of the
wind to allow greater control over dispatch [68].

e  Forecast Hedge: Mitigation of errors (shortfalls) in wind energy bids into the market
prior to required delivery, thus reducing volatility of spot prices and mitigating risk
exposure of consumers to this volatility [69].

e Fluctuation suppression: Wind farm generation frequency can be stabilised by
suppressing fluctuations (absorbing and discharging energy during short duration
variations in output) [69].

9
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5. Financial benefits of energy storage systems

In [70] detailed analysis of energy storage benefits is done including market analysis, the
following are some highlights:

1.

Cost Reduction or Revenue Increase of Bulk Energy Arbitrage: Arbitrage involves purchase
of inexpensive electricity available during low demand periods to charge the storage
plant, so that the low priced energy can be used or sold at a later time when the price
for electricity is high [11].

Cost Avoid or Revenue Increase of Central Generation Capacity: For areas where the supply
of electric generation capacity is tight, energy storage could be used to offset the need
to: a) purchase and install new generation and/or b) “rent” generation capacity in the
wholesale electricity marketplace.

Cost Avoid or Revenue Increase of Ancillary Services: It is well known that energy storage
can provide several types of ancillary services. In short, these are what might be called
support services used to keep the regional grid operating. Two more familiar ones are
spinning reserve and load following [11].

Cost Avoid or Revenue Increase for Transmission Access/Congestion: It is possible that use of
energy storage could improve the performance of the Transmission and Distribution
(T&D) system by giving the utilities the ability to increase energy transfer and stabilize
voltage levels. Further, transmission access/congestion charges can be avoided because
the energy storage is used.

Reduced Demand Charges: Reduced demand charges are possible when energy storage is
used to reduce an electricity end-user’s use of the electric grid during times grid is high
(i.e., during peak electric demand periods) [11].

Reduced Reliability-related Financial Losses: Storage reduces financial losses associated
with power outages. This benefit is very end-user-specific and applies to commercial
and industrial (C&I) customers, primarily those for which power outages cause
moderate to significant losses.

Reduced Power Quality-related Financial Losses: Energy storage reduces financial losses
associated with power quality anomalies. Power quality anomalies of interest are those
that cause loads to go off-line and/or that damage electricity-using equipment and
whose negative effects can be avoided if storage is used [11].

Increased Revenue from Renewable Energy Sources: Storage could be used to time-shift
electric energy generated by renewables. Energy is stored when demand and price for
power are low, so the energy can be used when a) demand and price for power is high
and b) output from the intermittent renewable generation is low.

The previous listed functionalities point out that those energy storages in combination with

power electronics will have a huge impact in future electrical supply systems. This is why

any planning and implementation strategy should be related to the real-time control and

operational functionalities of the ESS in combination with Distributed Energy Resources

(DER) in order to get rapid integration process.
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6. Techno-economic characteristics of energy storage systems

The main characteristics of storage systems on which the selection criteria are based are the
following [73]:

6.1. Storage capacity

This is the quantity of available energy in the storage system after charging. Discharge is
often incomplete. For this reason, it is defined on the basis of total energy stored, which is
superior to that actually retrieved (operational). The usable energy, limited by the depth of
discharge, represents the limit of discharge depth (minimum-charge state). In conditions of
quick charge or discharge, the efficiency deteriorates and the retrievable energy can be
much lower than storage capacity (Figure 6). On the other hand, self-discharge is the
attenuating factor under very slow regime.
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Figure 6. Variation of energy capacity, self-discharge and internal resistance of a nickel-metal-hydride
battery with the number of cycles [71]

6.2. Storage System Power

This parameter determines the constitution and size of the motor-generator in the stored
energy conversion chain. A storage system’s power rating is assumed to be the system’s
nameplate power rating under normal operating conditions [73]. Furthermore, that rating is
assumed to represent the storage system’s maximum power output under normal operating
conditions. In this document, the normal discharge rate used is commonly referred to as the
system’s “design’ or ‘nominal’ (power) rating.

6.3. Storage ‘Emergency’ Power Capability

Some types of storage systems can discharge at a relatively high rate (e.g., 1.5 to 2 times their
nominal rating) for relatively short periods of time (e.g., several minutes to as much as 30
minutes). One example is storage systems involving a Na/S battery, which is capable of
producing two times its rated (normal) output for relatively short durations [72].

11
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That feature — often referred to as the equipment’s ‘emergency’ rating — is valuable if there
are circumstances that occur infrequently that involve an urgent need for relatively high
power output, for relatively short durations.

Importantly, while discharging at the higher rate, storage efficiency is reduced (relative to
efficiency during discharge at the nominal discharge rate), and storage equipment damage
increases (compared to damage incurred at the normal discharge rate).

So, in simple terms, storage with emergency power capability could be used to provide the
nominal amount of power required to serve a regularly occurring need (e.g., peak demand
reduction) while the same storage could provide additional power for urgent needs that
occur infrequently and that last for a few to several minutes at a time [72].

6.4. Autonomy

Autonomy or discharge duration autonomy is the amount of time that storage can discharge
at its rated output (power) without recharging. Discharge duration is an important criterion
affecting the technical viability of a given storage system for a given application and storage
plant cost [73]. This parameter depends on the depth of discharge and operational
conditions of the system, constant power or not. It is a characteristic of system adequacy for
certain applications. For small systems in an isolated area relying on intermittent renewable
energy, autonomy is a crucial criterion. The difficulty in separating the power and energy
dimensions of the system makes it difficult to choose an optimum time constant for most
storage technologies [74].

6.5. Energy and power density

Power density is the amount of power that can be delivered from a storage system with a
given volume or mass. Similarly, energy density is the amount of energy that can be stored
in a storage device that has a given volume or mass. These criteria are important in
situations for which space is valuable or limited and/or if weight is important (especially for
mass density of energy in portable applications, but less so for permanent applications).

6.6. Space requirements for energy storage

Closely related to energy and power density are footprint and space requirements for
energy storage. Depending on the storage technology, floor area and/or space constraints
may indeed be a challenge, especially in heavily urbanized areas.

6.7. Efficiency

All energy transfer and conversion processes have losses. Energy storage is no different.
Storage system round-trip efficiency (efficiency) reflects the amount of energy that comes
out of storage relative to the amount put into the storage. This definition is often
oversimplified because it is based on a single operation point [75]. The definition of
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efficiency must therefore be based on one or more realistic cycles for a specific application.
Instantaneous power is a defining factor of efficiency (Figure 7). This means that, for
optimum operation, the power-transfer chain must have limited losses in terms of energy
transfer and self-discharge. This energy conservation measure is an essential element for
daily network load-levelling applications.

Typical values for efficiency include the following: 60% to 75% for conventional
electrochemical batteries; 75% to 85% for advanced electrochemical batteries; 73% to 80% for
CAES; 75% to 78% for pumped hydro; 80% to 90% for flywheel storage; and 95% for
capacitors and SMES [72], [76].
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Figure 7. Power efficiency of a 48V-310Ah (15 kWh/10 h discharge) lead accumulator [77]

6.8. Storage operating cost

Storage total operating cost (as distinct from plant capital cost or plant financial carrying
charges) consists of two key components: 1) energy-related costs and 2) operating costs not
related to energy. Non-energy operating costs include at least four elements: 1) labor
associated with plant operation, 2) plant maintenance, 3) equipment wear leading to loss-of-
life, and 4) decommissioning and disposal cost [73].

1. Charging Energy-Related Costs: The energy cost for storage consists of all costs incurred
to purchase energy used to charge the storage, including the cost to purchase energy
needed to make up for (round trip) energy losses [73]. For a storage system with 75%
efficiency, if the unit price for energy used for charging is 4¢/kWh, then the plant
energy cost is 5.33¢/kWh.

2. Labor for Plant Operation: In some cases, labor may be required for storage plant
operation. Fixed labor costs are the same magnitude irrespective of how much the
storage is used. Variable labor costs are proportional to the frequency and duration of
storage use [73]. In many cases, labor is required to operate larger storage facilities
and/or ‘blocks’ of aggregated storage capacity whereas little or no labor may be needed
for smaller/distributed systems that tend to be designed for autonomous operation. No
explicit value is ascribed to this criterion, due in part to the wide range of labor costs
that are possible given the spectrum of storage types and storage system sizes [73].
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Figure 8. Storage total variable operation cost for 75% storage efficiency [73]

3.

Plant Maintenance: Plant maintenance costs are incurred to undertake normal,
scheduled, and unplanned repairs and replacements for equipment, buildings, grounds,
and infrastructure. Fixed maintenance costs are the same magnitude irrespective of how
much the storage is used [73]. Variable maintenance costs are proportional to the
frequency and duration of storage use.

Replacement Cost: If specific equipment or subsystems within a storage system are
expected to wear out during the expected life of the system, then a ‘replacement cost’
will be incurred. In such circumstances, a ‘sinking fund’ is needed to accumulate funds
to pay for replacements when needed [73]. That replacement cost is treated as a variable
cost (i.e., the total cost is spread out over each unit of energy output from the storage
plant).

Variable Operating Cost: A storage system’s total variable operating cost consists of
applicable non-energy-related variable operating costs plus plant energy cost, possibly
including charging energy, labor for plant operation, variable maintenance, and
replacement costs. Variable operating cost is a key factor affecting the cost-effectiveness
of storage [73]. It is especially important for ‘high-use’ value propositions involving
many charge-discharge cycles.

Ideally, storage for high-use applications should have relatively high or very high efficiency

and relatively low variable operating cost. Otherwise, the total cost to charge then discharge

the storage is somewhat-to-very likely to be higher than the benefit. That can be a significant

challenge for some storage types and value propositions.

Consider the example illustrated in Figure 8, which involves a 75% efficient storage system

with a non-energy-related variable operating cost of 4¢/kWhout. If that storage system is
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charged with energy costing 4¢/kWhin, then the total variable operating cost — for energy
output — is about 9.33¢/kWhout [73].

6.9. Durability

Lifetime or durability refers to the number of times the storage unit can release the energy
level it was designed for after each recharge, expressed as the maximum number of cycles
N (one cycle corresponds to one charge and one discharge) [81]. All storage systems
degrade with use because they are subject to fatigue or wear by usage use (i.e., during each
charge-discharge cycle). This is usually the principal cause of aging, ahead of thermal
degradation. The rate of degradation depends on the type of storage technology, operating
conditions, and other variables. This is especially important for electrochemical batteries
[73].

For some storage technologies — especially batteries — the extent to which the system is
emptied (discharged) also affects the storage media’s useful life. Discharging a small portion
of stored energy is a ‘shallow’ discharge and discharging most or all of the stored energy is a
‘deep” discharge. For these technologies, a shallow discharge is less damaging to the storage
medium than a deep discharge [73].

To the extent that the storage medium degrades and must be replaced during the expected
useful life of the storage system, the cost for that replacement must be added to the variable
operating cost of the storage system.
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Figure 9. Evolution of cycling capacity as a function of depth of discharge for a lead-acid battery [79]

The design of a storage system that considers the endurance of the unit in terms of cycles
should be a primary importance when choosing a system. However, real fatigue processes
are often complex and the cycling capacity is not always well defined. In all cases, it is
strongly linked to the amplitude of the cycles (Figure 9) and/or the average state of charge
[78]. As well, the cycles generally vary greatly, meaning that the quantification of N is
delicate and the values given represent orders of magnitude [74].
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6.10. Reliability

Like power rating and discharge duration, storage system reliability requirements are
circumstance-specific. Little guidance is possible. Storage-system reliability is always an
important factor because it is a guarantee of on-demand service [81]. The project design
engineer is responsible for designing a plant that provides enough power and that is as
reliable as necessary to serve the specific application.

6.11. Response time

Storage response time is the amount of time required to go from no discharge to full
discharge. At one extreme, under almost all conditions, storage has to respond quite rapidly
if used to provide capacity on the margin in lieu of transmission and distribution (T&D)
capacity. That is because the output from T&D equipment (i.e., wires and transformers)
changes nearly instantaneously in response to demand [73].

In contrast, consider storage used in lieu of generation capacity. That storage does not need
to respond as quickly because generation tends to respond relatively slowly to demand
changes. Specifically, some types of generation — such as engines and combustion turbines
— take several seconds to many minutes before generating at full output. For other
generation types, such as those fueled by coal and nuclear energy, the response time may
be hours [73].

Most types of storage have a response time of several seconds or less. CAES and pumped
hydroelectric storage tend to have a slower response, though they still respond quickly
enough to serve several important applications.

6.12. Ramp rate

An important storage system characteristic for some applications is the ramp rate — the rate
at which power output can change. Generally, storage ramp rates are rapid (i.e., output can
change quite rapidly); pumped hydro is the exception. Power devices with a slow response
time tend also to have a slow ramp rate [73].

6.13. Charge rate

Charge rate — the rate at which storage can be charged — is an important criterion
because, often, modular energy storage (MES) must be recharged so it can serve load
during the next day [58]. If storage cannot recharge quickly enough, then it will not have
enough energy to provide the necessary service. In most cases, storage charges at a rate
that is similar to the rate at which it discharges [73]. In some cases, storage may charge
more rapidly or more slowly, depending on the capacity of the power conditioning
equipment and the condition and/or chemistry and/or physics of the energy storage
medium.
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6.14. Self-discharge and energy retention

Energy retention time is the amount of time that storage retains its charge. The concept of
energy retention is important because of the tendency for some types of storage to self-
discharge or to otherwise dissipate energy while the storage is not in use. In general terms,
energy losses could be referred to as standby losses [74].

Storage that depends on chemical media is prone to self-discharge. This self-discharge is due
to chemical reactions that occur while the energy is stored. Each type of chemistry is
different, both in terms of the chemical reactions involved and the rate of self-discharge.
Storage that uses mechanical means to store energy tends to be prone to energy dissipation.
For example, energy stored using pumped hydroelectric storage may be lost to evaporation.
CAES may lose energy due to air escaping from the reservoir [73].

To the extent that storage is prone to self-discharge or energy dissipation, retention time is
reduced. This characteristic tends to be less important for storage that is used frequently. For
storage that is used infrequently (i.e., is in standby mode for a significant amount of time
between uses), this criterion may be very important [72].

6.15. Transportability

Transportability can be an especially valuable feature of storage systems for at least two
reasons. First, transportable storage can be (re)located where it is needed most and/or where
benefits are most significant [58]. Second, some locational benefits only last for one or two
years. Given those considerations, transportability may significantly enhance the prospects
that lifecycle benefits will exceed lifecycle cost.

6.16. Power conditioning

To one extent or another, most storage types require some type of power conditioning (i.e.,
conversion) subsystem. Equipment used for power conditioning — the power conditioning
unit (PCU) — modifies electricity so that the electricity has the necessary voltage and the
necessary form; either alternating current (AC) or direct current (DC). The PCU, in concert
with an included control system, must also synchronize storage output with the oscillations
of AC power from the grid [73].

Output from storage with relatively low-voltage DC output must be converted to AC with
higher voltage before being discharged into the grid and/or before being used by most load
types. In most cases, conversion from DC to AC is accomplished using a device known as an
inverter [73].

For storage requiring DC input, the electricity used for charging must be converted from the
form available from the grid (i.e., AC at relatively high voltage) to the form needed by the
storage system (e.g., DC at lower voltage). That is often accomplished via a PCU that can
function as a DC ‘power supply’ [73].

17
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6.17. Power quality

Although requirements for applications vary, the following storage characteristics may or
may not be important. To one extent or another, they are affected by the PCU used and/or
they drive the specifications for the PCU. In general, higher quality power (output) costs
more.

6.  Power Factor: Although detailed coverage of the concept of power factor is beyond the
scope of this report, it is important to be aware of the importance of this criterion. At a
minimum, the power output from storage should have an acceptable power factor,
where acceptable is somewhat circumstance variable power factor.

7. Voltage Stability: In most cases, it is important for storage output voltage to remain
somewhat-to-very constant. Depending on the circumstances, voltage can vary; though,
it should probably remain within about 5% to 8% of the rated value.

8. Waveform: Assuming that storage output is AC, in most cases, the waveform should be
as close as possible to that of a sine wave. In general, higher quality PCUs tend to have
waveforms that are quite close to that of a sine wave whereas output from lower quality
PCUs tends to have a waveform that is somewhat square.

9. Harmonics: Harmonic currents in distribution equipment can pose a significant
challenge. Harmonic currents are components of a periodic wave whose frequency is an
integral multiple of the fundamental frequency [73]. In this case, the fundamental
frequency is the utility power line frequency of 60 Hz.

6.18. Modularity

One attractive feature of modular energy storage is the flexibility that system ‘building
blocks” provide. Modularity allows for more optimal levels and types of capacity and/or
discharge duration because modular resources allow utilities to increase or decrease storage
capacity, when and where needed, in response to changing conditions [72-73]. Among other
attractive effects, modular capacity provides attractive means for utilities to address
uncertainty and to manage risk associated with large, ‘lumpy’ utility T&D investments.

6.19. Storage system reactive power capability

One application (Voltage Support) and one incidental benefit (Power Factor Correction)
described in this guide involve storage whose capabilities include absorbing and injecting
reactive power (expressed in units of volt-Amperes reactive or VARs) [58], [72-73]. This
feature is commonly referred as VAR support. In most cases, storage systems by themselves
do not have reactive power capability. For a relatively modest incremental cost, however,
reactive power capability can be added to most storage system types.

6.20. Feasibility and adaptation to the generating source

To be highly efficient, a storage system needs to be closely adapted to the type of application
(low to mid power in isolated areas, network connection, etc.) and to the type of production
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(permanent, portable, renewable, etc.) (Figure 10) it is meant to support. It needs to be
harmonized with the network.
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Figure 10. Fields of application of the different storage techniques according to stored energy and
power output [80]

6.21. Monitoring, control and communications equipments

This equipment, on both the quality and safety of storage levels, has repercussions on the
accessibility and availability of the stored energy [74]. Indeed, storage used for most
applications addressed in this report must receive and respond to appropriate control
signals. In some cases, storage may have to respond to a dispatch control signal. In other
cases, the signal may be driven by a price or prices [73]. Storage response to a control signal
may be a simple ramp up or ramp down of power output in proportion to the control signal.
A more sophisticated response, requiring one or more control algorithms, may be needed.

6.22. Interconnection

If storage will be charged with energy from the grid or will inject energy into the grid, it must
meet applicable interconnection requirements. At the distribution level, an important point of
reference is the Institute of Electronics and Electrical Engineers (IEEE) Standard 1547 [82].
Some countries and utilities have more specific interconnection rules and requirements.
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6.23. Operational constraints

Especially related to safety (explosions, waste, bursting of a flywheel, etc.) or other
operational conditions (temperature, pressure, etc.), they can influence the choice of a
storage technology as a function of energy needs [74].

6.24. Environmental aspect

While this parameter is not a criterium of storage-system capacity, the environmental aspect
of the product (recyclable materials) is a strong sales pitch. For example, in Nordic countries
(Sweden, Norway), a definite margin of the population prefers to pay more for energy than
to continue polluting the country [83]. This is a dimension that must not, therefore, be
overlooked.

6.25. Decommissioning and disposal needs and cost

In most cases there will be non-trivial decommissioning costs associated with almost any
storage system [73]. For example, eventually batteries must be dismantled and the chemicals
must be removed. Ideally, dismantled batteries and their chemicals can be recycled, as is the
case for the materials in lead-acid batteries.

Ultimately, decommissioning-related costs should be included in the total cost to own and
to operate storage.

6.26. Other characteristics

The ease of maintenance, simple design, operational flexibility (this is an important
characteristic for the utility), fast response time for the release of stored energy, etc.

Finally, it is important to note that these characteristics apply to the overall storage system:
storage units and power converters alike [74].

7. Classification of energy storage systems

There are two criteria to categorise the various ESSs: function and form. In terms of the
function, ESS technologies can be categorised into those that are intended firstly for high
power ratings with a relatively small energy content making them suitable for power
quality or UPS [69]; and those designed for energy management, as shown in Figure 11.
PHS, CAES, TES, large-scale batteries, flow batteries, fuel cells, solar fuel and TES fall into
the category of energy management, whereas capacitors/super-capacitors, SMES, flywheels
and batteries are in the category of power quality and reliability. This simple classification
glosses over the wide range of technical parameters of energy storage devices.

Although electricity is not easy to be directly stored cheaply, it can be easily stored in other
forms and converted back to electricity when needed. Storage technologies for electricity can
also be classified by the form of storage into the following [69]:
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Figure 11. Energy storage classification with respect to function [69].

1. Electrical energy storage: (i) Electrostatic energy storage including capacitors and super-
capacitors; (ii) Magnetic/current energy storage including SMES.

2. Mechanical energy storage: (i) Kinetic energy storage (flywheels); (ii) Potential energy
storage (PHES and CAES).

3. Chemical energy storage: (i) electrochemical energy storage (conventional batteries such
as lead-acid, nickel metal hydride, lithium ion and flow-cell batteries such as zinc
bromine and vanadium redox); (ii) chemical energy storage (fuel cells, Molten-
Carbonate Fuel Cells — MCFCs and Metal-Air batteries); (iii) thermochemical energy
storage (solar hydrogen, solar metal, solar ammonia dissociation-recombination and
solar methane dissociation-recombination).

4. Thermal energy storage: (i) Low temperature energy storage (Aquiferous cold energy
storage, cryogenic energy storage); (ii) High temperature energy storage (sensible heat
systems such as steam or hot water accumulators, graphite, hot rocks and concrete,
latent heat systems such as phase change materials).

8. Description of energy storage technologies
8.1. Pumped hydro storage (PHS)

In pumping hydro storage, a body of water at a relatively high elevation represents a
potential or stored energy. During peak hours the water in the upper reservoir is lead
through a pipe downhill into a hydroelectric generator and stored in the lower reservoir.
Along off-peak periods the water is pumped back up to recharge the upper reservoir and
the power plant acts like a load in power system [72], [84].

Pumping hydro energy storage system (figure 12) consists in two large water reservoirs,
electric machine (motor/generator) and reversible pump-turbine group or pump and turbine
separated. This system can be started-up in few minutes and its autonomy depends on the
volume of stored water.

Restrictions to pumping hydro energy storage are related with geographical constraints and
weather conditions. In periods of much rain, pumping hydro capacity can be reduced.
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Pumped hydroelectric systems have conversion efficiency, from the point of view of a
power network, of about 65-80%, depending on equipment characteristics [72]. Considering
the cycle efficiency, 4 kWh are needed to generate three. The storage capacity depends on
two parameters: the height of the waterfall and the volume of water. A mass of 1 ton falling
100 m generates 0.272 kWh.
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Figure 12. Wind-Pumped hydro energy storage hybrid system [69].

8.2. Batteries energy storage

Batteries store energy in electrochemical form creating electrically charged ions. When the
battery charges, a direct current is converted in chemical energy, when discharges, the
chemical energy is converted back into a flow of electrons in direct current form [75].
Electrochemical batteries use electrodes both as part of the electron transfer process and
store the products or reactants via electrode solid-state reactions [85]. Batteries are the most
popular energy storage devices. However, the term battery comprises a sort of several
technologies applying different operation principals and materials. There is a wide range of
technologies used in the fabrication of electrochemical accumulators (lead-acid (Figure 13),
nickel-cadmium, nickel-metal hydride, nickel-iron, zinc-air, iron-air, sodium-sulphur,
lithium—ion, lithium—polymer, etc.) and their main assets are their energy densities (up to
150 and 2000 Wh/kg for lithium) and technological maturity. Their main inconvenient
however is their relatively low durability for large-amplitude cycling (a few 100 to a few
1000 cycles). They are often used in portable systems, but also in permanent applications
(emergency network back-up, renewable-energy storage in isolated areas, etc.) [83].
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The minimum discharge period of the electrochemical accumulators rarely reaches below 15
minutes. However, for some applications, power up to 100 W/kg, even a few kW/kg, can be
reached within a few seconds or minutes. As opposed to capacitors, their voltage remains
stable as a function of charge level. Nevertheless, between a high-power recharging
operation at near-maximum charge level and its opposite, that is to say a power discharge
nearing full discharge, voltage can easily vary by a ratio of two [74].
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Figure 13. Structure of a lead-acid battery [86]

8.3. Flow batteries energy storage (FBES)

Flow batteries are a two-electrolyte system in which the chemical compounds used for
energy storage are in liquid state, in solution with the electrolyte. They overcome the
limitations of standard electrochemical accumulators (lead-acid or nickel-cadmium for
example) in which the electrochemical reactions create solid compounds that are stored
directly on the electrodes on which they form. This is therefore a limited-mass system,
which obviously limits the capacity of standard batteries.

Various types of electrolyte have been developed using bromine as a central element: with zinc
(ZnBr), sodium (NaBr) (Figure 14), vanadium (VBr) and, more recently, sodium polysulfide.
The electrochemical reaction through a membrane in the cell can be reversed (charge-
discharge). By using large reservoirs and coupling a large number of cells, large quantities of
energy can be stored and then released by pumping electrolyte into the reservoirs.

The main advantages of the technology include the following [87]: 1) high power and
energy capacity; 2) fast recharge by replacing exhaust electrolyte; 3) long life enabled by
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easy electrolyte replacement; 4) full discharge capability; 5) use of nontoxic materials; and 6)
low-temperature operation. The main disadvantage of the system is the need for moving
mechanical parts such as pumping systems that make system miniaturization difficult.
Therefore, the commercial uptake to date has been limited. The best example of flow battery
was developed in 2003 by Regenesys Technologies, England, with a storage capacity of 15
MW-120 MWh. It has since been upgraded to an electrochemical system based entirely on
vanadium. The overall electricity storage efficiency is about 75 % [88].
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Figure 14. Illustration of a flow-battery

8.4. Flywheel energy storage (FES)

Flywheel energy accumulators are comprised of a massive or composite flywheel coupled
with a motor-generator and special brackets (often magnetic), set inside a housing at very
low pressure to reduce self-discharge losses (Figure 15) [9]. They have a great cycling
capacity (a few 10,000 to a few 100,000 cycles) determined by fatigue design.

To store energy in an electrical power system, high-capacity flywheels are needed. Friction
losses of a 200 tons flywheel are estimated at about 200 kW. Using this hypothesis and
instantaneous efficiency of 85 %, the overall efficiency would drop to 78 % after 5 hours, and
45 % after one day. Long-term storage with this type of apparatus is therefore not foreseeable.

From a practical point of view, electromechanical batteries are more useful for the
production of energy in isolated areas. Kinetic energy storage could also be used for the
distribution of electricity in urban areas through large capacity buffer batteries, comparable
to water reservoirs, aiming to maximize the efficiency of the production units. For example,
large installations made up of forty 25kW-25kWh systems are capable of storing 1 MW that
can be released within one hour.
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8.5. Supercapacitors energy storage (SES)

Supercapacitors are the latest innovational devices in the field of electrical energy storage. In
comparison with a battery or a traditional capacitor, the supercapacitor allows a much
powerful power and energy density [15]. Supercapacitors are electrochemical double layer
capacitors that store energy as electric charge between two plates, metal or conductive,
separated by a dielectric, when a voltage differential is applied across the plates. As like
battery systems, capacitors work in direct current.

The energy/volume obtained is superior to that of capacitors (5 Wh/kg or even 15 Wh/kg), at
very high cost but with better discharge time constancy due to the slow displacement of ions
in the electrolyte (power of 800-2000 W/kg). Super-capacitors generally are very durable,
that is to say 8-10 years, 95% efficiency and 5% per day self-discharge, which means that the
stored energy must be used quickly.

Supercapacitors find their place in many applications where energy storage is needed, like
uninterruptible power supplies, or can help in smoothing strong and short-time power
solicitations of weak power networks. Their main advantages are the long life cycle and the
short charge/discharge time [2], [19].

8.6. Superconducting magnetic energy storage (SMES)

An emerging technology, systems store energy in the magnetic field created by the flow of
direct current in a coil of cryogenically cooled, superconducting material. Due to their
construction, they have a high operating cost and are therefore best suited to provide
constant, deep discharges and constant activity. The fast response time (under 100 ms) of
these systems makes them ideal for regulating network stability (load levelling). Power is
available almost instantaneously and very high power output can be provided for a brief
period of time [20-21]. These facilities currently range in size up to 3 MW units and are
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generally used to provide grid stability in a distribution system and power quality at
manufacturing facilities requiring ultra-clean power such a chip fabrication facility.

One advantage of this storage system is its great instantaneous efficiency, near 95 % for a
charge-discharge cycle [90]. Moreover, these systems are capable of discharging the near
totality of the stored energy, as opposed to batteries. They are very useful for
applications requiring continuous operation with a great number of complete charge-
discharge cycles.

8.7. Fuel cells-Hydrogen energy storage (HES)

Fuel cells are a means of restoring spent energy to produce hydrogen through water
electrolysis. The storage system proposed includes three key components: electrolysis which
consumes off-peak electricity to produce hydrogen, the fuel cell which uses that hydrogen
and oxygen from air to generate peak-hour electricity, and a hydrogen buffer tank to ensure
adequate resources in periods of need.

Fuel cells can be used in decentralized production (particularly low-power stations —
residential, emergency...), spontaneous supply related or not to the network, mid-power
cogeneration (a few hundred kW), and centralized electricity production without heat
upgrading. They can also represent a solution for isolated areas where the installation of
power lines is too difficult or expensive (mountain locations, etc.). There are several
hydrogen storage modes, such as: compressed, liquefied, metal hydride, etc. For station
applications, pressurized tanks with a volume anywhere between 102 m3 and 10,000 m? are
the simplest solution to date. Currently available commercial cylinders can stand pressures
up to 350 bars.

Combining an electrolyser and a fuel cell for electrical energy storage is a low-efficiency
solution (at best 70 % for the electrolyser and 50 % for the fuel cell, and 35 % for the
combination). As well, the investment costs are prohibitive and life expectancy is very
limited, especially for power network applications [74].

8.8. Thermal energy storage (TES)

Thermal energy storage (TES) already exists in a wide spectrum of applications. It uses
materials that can be kept at high/low temperatures in insulated containments. Heat/cold
recovered can then be applied for electricity generation using heat engine cycles.

Energy input can, in principle, be provided by electrical resistance heating or
refrigeration/cryogenic procedures, hence the overall round trip efficiency of TES is low
(30-60%) although the heat cycle efficiency could be high (70-90%), but it is benign to the
environment and may have particular advantages for renewable and commercial
buildings.

TES systems can be classified into low-temperature TES and high-temperature TES
depending on whether the operating temperature of the energy storage material is higher
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than the room temperature. More precisely, TES can be categorised into industrial cooling
(below -18 °C), building cooling (at 0-12 °C), building heating (at 25-50 °C) and industrial
heat storage (higher than 175 °C).

8.9. Compressed Air Energy Storage (CAES)

This method consist to use off-peak power to pressurize air into an underground reservoir
(salt cavern, abandoned hard rock mine or aquifer) which is then released during peak
daytime hours to power a turbine/generator for power production. CAES (Figure 16) is the
only other commercially available technology (besides pumped-hydro) able to provide the
very-large system energy storage deliverability (above 100 MW in single unit sizes) to use
for commodity storage or other large-scale setting [74].
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Figure 16. Illustration of compressed-air energy storage

The energy density for this type of system is in the order of 12 kWh/m? [91], while the
estimated efficiency is around 70 % [92]. Let us note that to release 1 kWh into the network,
0.7-0.8 kWh of electricity needs to be absorbed during off-peak hours to compress the air, as
well as 1.22 kWh of natural gas during peak hours (retrieval). Two plants currently exist,
with several more under development. The first operating unit is a 290 MW unit built in
Huntorf, Germany in 1978. The second plant is a 110 MW unit built in McIntosh, Alabama in
1991. Small-scale compressed air energy storage (SSCAES), compressed air storage under
high pressure in cylinders (up to 300 bars with carbon fiber structures) are still developing
and seem to be a good solution for small- and medium-scale applications.

9. Assessment and comparison of the energy storage technologies

Following, some figures are presented that compare different aspects of storage
technologies. These aspects cover topics such as: technical maturity, range of applications,
efficiencies, lifetime, costs, mass and volume densities, etc.
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9.1. Technical maturity

The technical maturity of the EES systems is shown in Figure 17. The EES technologies can
be classified into three categories in terms of their maturity [69]:

1.

Mature technologies: PHS and lead-acid battery are mature and have been used for
over 100 years.

Developed technologies: CAES, NiCd, NaS, ZEBRA Li-ion, Flow Batteries, SMES,
flywheel, capacitor, supercapacitor, AI-TES (Aquiferous low- temperature — Thermal
energy storage) and HT-TES (High temperature — Thermal energy storage) are developed
technologies. All these EES systems are technically developed and commercially available;
however, the actual applications, especially for large-scale utility, are still not widespread.
Their competitiveness and reliability still need more trials by the electricity industry and
the market.

Developing technologies: Fuel cell, Meta-Air battery, Solar Fuel and CES (Cryogenic
Energy Storage) are still under development. They are not commercially mature
although technically possible and have been investigated by various institutions. On the
other hand, these developing technologies have great potential for industrial take up in
the near future. Energy costs and environmental concerns are the main drivers.

Solar Fuel

Developing Developed Mature

Figure 17. Technical maturity of EES systems [69]

9.2. Power rating and discharge time

The power ratings of various EESs are compared in Table 1. Broadly, the EESs fall into three
types according to their applications [69], [74]:

1.

Energy management: PHS, CAES and CES are suitable for applications in scales above
100 MW with hourly to daily output durations. They can be used for energy
management for large-scale generations such as load leveling, ramping/load following,
and spinning reserve. Large-scale batteries, flow batteries, fuel cells, CES and TES are
suitable for medium-scale energy management with a capacity of 10-100 MW [55], [69].
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2. Power quality: Flywheel, batteries, SMES, capacitor and supercapacitor have a fast
response (~milliseconds) and therefore can be utilized for power quality such as the
instantaneous voltage drop, flicker mitigation and short duration UPS. The typical
power rating for this kind of application is lower than 1 MW [55].

3. Bridging power: Batteries, flow batteries, fuel cells and Metal-Air cells not only have a
relatively fast response (<~1 s) but also have relatively long discharge time (hours),
therefore they are more suitable for bridging power. The typical power rating for these
types of applications is about 100 kW-10 MW [55], [74].

Systems Power rating and discharge time Storage duration Capital cost
Power rating Discharge time Self discharge per Suitable storage $/kW $/kWh ¢/kWh-Per
day duration cycle
PHS 100-5000 MW 1-24 h+ Very small Hours-months 600-2000  5-100 0.1-1.4
CAES 5-300 MW 1-24 h+ Small Hours-months 400-800 2-50 24
Lead-acid 0-20 MW Seconds-hours 0.1-0.3% Minutes—days 300-600 200-400 20-100
NiCd 0-40 MW Seconds-hours 0.2-0.6% Minutes—days 500-1500  800-1500 20-100
NaS 50 kW-8 MW Seconds-hours ~20% Seconds—hours 1000 300-500 8-20
3000
ZEBRA 0-300 kW Seconds-hours ~15% Seconds-hours 150-300 100-200 5-10
Li-ion 0-100 kW Minutes-hours 0.1-0.3% Minutes-days 1200- 600-2500 15-100
4000
Fuel cells 0-50 MW Seconds—24 h+ Almost zero Hours-months 10,000+ 6000-20,000
Metal-Air 0-10 kW Seconds—24 h+ Very small Hours-months 100-250 10-60
VRB 30 kW-3 MW Seconds-10h Small Hours-months 600-1500  150-1000 5-80
ZnBr 50 kW-2 MW Seconds-10h Small Hours-months 700-2500  150-1000 5-80
PSB 1-15 MW Seconds-10h Small Hours-months 700-2500  150-1000 5-80
Solar fuel 0-10 MW 1-24 h+ Almost zero Hours-months - - -
SMES 100 kW-10 MW Milliseconds-8 s 10-15% Minutes-hours 200-300 1000
10,000
Flywheel 0-250 kW Milliseconds— 100% Seconds-minutes 250-350 1000-5000  3-25
15 min
Capacitor 0-50 kW Milliseconds — 40% Seconds-hours 200-400 500-1000
60 min
Super- 0-300 kW Milliseconds — 20-40% Seconds-hours 100-300 300-2000 2-20
capacitor 60 min
AL-TES 0-5 MW 1-8h 0.5% Minutes-days 20-50
CES 100 kW— 1-8h 0.5-1.0% Minutes-days 200-300 3-30 2-4
300 MW
HT-TES 0-60 MW 1-24 h+ 0.05-1.0% Minutes-months 30-60

Table 1. Comparison of technical characteristics of EES systems [69]

9.3. Storage duration

Table 1 also illustrates the self-discharge (energy dissipation) per day for EES systems. One
can see that PHS, CAES, Fuel Cells, Metal-Air Cells, solar fuels and flow batteries have a
very small self-discharge ratio so are suitable for a long storage period. Lead-Acid, NiCd, Li-
ion, TESs and CES have a medium self-discharge ratio and are suitable for a storage period
not longer than tens of days [69].

NaS, ZEBRA, SMES, capacitor and supercapacitor have a very high self-charge ratio of 10-
40% per day. They can only be implemented for short cyclic periods of a maximum of
several hours. The high self-discharge ratios of NaS and ZEBRA are from the high working
temperature which needs to be self-heating to maintain the use of the storage energy [69].

Flywheels will discharge 100% of the stored energy if the storage period is longer than about
1 day. The proper storage period should be within tens of minutes.
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9.4. Capital cost

Capital cost is one of the most important factors for the industrial take-up of the EES. They
are expressed in the forms shown in Table 2, cost per kWh, per kW and per kWh per cycle.
All the costs per unit energy shown in the table have been divided by the storage efficiency
to obtain the cost per output (useful) energy [69]. The per cycle cost is defined as the cost per
unit energy divided by the cycle life which is one of the best ways to evaluate the cost of
energy storage in a frequent charge/discharge application, such as load levelling. For
example, while the capital cost of lead-acid batteries is relatively low, they may not
necessarily be the least expensive option for energy management (load levelling) due to
their relatively short life for this type of application. The costs of operation and maintenance,
disposal, replacement and other ownership expenses are not considered, because they are
not available for some emerging technologies [55], [69].

Systems Energy and power density Life time and cycle life Influence on environment
Wh/kg W/kg Wh/L W/L Life time Cycle life Influence Description
(years) (cycles)
PHS 0.5-1.5 0.5-1.5 40-60 Negative  Destruction of trees and green land for
building the reservoirs
CAES 30-60 3-6 0.5-2.0 20-40 Negative Emissions from combustion of natural gas
Lead-acid ~ 30-50 75-300 50-80 10-400 5-15 500-1000 Negative Toxic remains
NiCd 50-75 150-300 60-150 10-20 2000-2500
NaS 150-240  150-230 150-250 10-15 2500
ZEBRA 100-120  150-200 150-180 220-300  10-14 2500+
Li-ion 75-200  150-315 200-500 5-15 1000—
10,000+
Fuel cell 800~ 500+ 500-3000 500+ 5-15 1000+ Negative Remains and/or combustion of fossil fuel
10,000
Metal-Air 150 500-10,000 100-300 Small Little amount of remains
3000
VRB 10-30 16-33 5-10 12,000+ Negative Toxic remains
ZnBr 30-50 30-60 5-10 2000+
PSB - - - - 10-15
Solar fuel ~ 800- 500-10,000 - - Benign Usage and storage of solar energy
100,000
SMES 0.5-5 500-2000 0.2-2.5 1000~ 20+ 100,000+ Negative  Strong magnetic fields
4000
Flywheel 10-30 400-1500 20-80 1000 ~15 20,000+ Almost
2000 none
Capacitor  0.05-5 ~100,000 2-10 100,000+ ~5 50,000+ Small Little amount of remains
Super- capacitor 2.5-15 500-5000 100,000+
10-30
20+ 100,000+ Small Little
amount
of
remains
AL-TES 80-120 80-120 10-20 Small
CES 150-250  10-30 120-200 20-40 Positive ~ Removing contaminates during air

liquefaction (Charge)
HT-TES 80-200 120-500 5-15 Small

Table 2. Comparison of technical characteristics of EES systems [69]

CAES, Metal-Air battery, PHS, TESs and CES are in the low range in terms of the capital cost
per kWh. The Metal-Air batteries may appear to be the best choice based on their high
energy density and low cost, but they have a very limited life cycle and are still under
development. Among the developed techniques, CAES has the lowest capital cost compared
to all the other systems. The capital cost of batteries and flow batteries is slightly higher than
the break even cost against the PHS although the gap is gradually closing. The SMES,
flywheel, capacitor and supercapacitor are suitable for high power and short duration
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applications, since they are cheap on the output power basis but expensive in terms of the
storage energy capacity [55], [69].

The costs per cycle kWh of PHS and CAES are among the lowest among all the EES
technologies, the per cycle cost of batteries and flow batteries are still much higher than PHS
and CAES although a great decrease has occurred in recent years. CES is also a promising
technology for low cycle cost. However, there are currently no commercial products
available. Fuel cells have the highest per cycle cost and it will take a long time for them to be
economically competitive. No data have been found for the solar fuels as they are in the
early stage of development [55], [69].

It should also be noted that the capital cost of energy storage systems can be significantly
different from the estimations given here due to, for example, breakthroughs in
technologies, time of construction, location of plants, and size of the system. The
information summarised here should only be regarded as being preliminary.

9.5. Cycle efficiency

The cycle efficiency of EES systems during one charge-discharge cycle is illustrated in Figure
18. The cycle efficiency is the “round-trip” efficiency defined as ratio between output energy
and input energy. The self-discharge loss during the storage is not considered. One can see
that the EES systems can be broadly divided into three groups:

1. Very high efficiency: SMES, flywheel, supercapacity and Li-ion battery have a very high
cycle efficiency of > 90%.

2. High efficiency: PHS, CAES, batteries (except for Li-ion), flow batteries and conventional
capacitor have a cycle efficiency of 60-90%. It can also be seen that storing electricity by
compression and expansion of air using the CAES is usually less efficient than pumping
and discharging water with PHSs, since rapid compression heats up a gas, increasing its
pressure thus making further compression more energy consuming [55], [69].

3. Low efficiency: Hydrogen, DMFC, Metal-Air, solar fuel, TESs and CES have an efficiency
lower than ~60% mainly due to large losses during the conversion from the commercial
AC side to the storage system side. For example, hydrogen storage of electricity has
relatively low round-trip energy efficiency (~20-50%) due to the combination of
electrolyser efficiency and the efficiency of re-conversion back to electricity [55], [69].

It must be noted that there is a trade-off between the capital cost and round-trip efficiency,
at least to some extent. For example, a storage technology with a low capital cost but a low
round-trip efficiency may well be competitive with a high cost, high round-trip efficiency
technology.

9.6. Energy and power density

The power density (W/kg or W/litre) is the rated output power divided by the volume of the
storage device. The energy density is calculated as a stored energy divided by the volume.
The volume of the storage device is the volume of the whole energy storage system
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Figure 18. Cycle efficiency of EES systems. [69]

including the energy storing element, accessories and supporting structures, and the
inverter system. As can be seen from Table 1, the Fuel Cells, Metal-Air battery, and Solar
fuels have an extremely high energy density (typically ~1000 Wh/kg), although, as
mentioned above, their cycle efficiencies are very low. Batteries, TESs, CES and CAES have
medium energy density. The energy density of PHS, SMES, Capacitor/supercapacitor and
flywheel are among the lowest below ~30 Wh/kg. However, the power densities of SMES,
capacitor/supercapacitor and flywheel are very high which are, again, suitable for
applications for power quality with large discharge currents and fast responses [69], [74].
NaS and Li-ion have a higher energy density than other conventional batteries. The energy
densities of flow batteries are slightly lower than those of conventional batteries. It should
be noted that there are differences in the energy density of the same type of EES made by
different manufacturers [55].

9.7. Life time and cycle life

Also compared in Table 1 are life time and/or cycle life for various EESs. It can be seen that
the cycle lives of EES systems whose principles are largely based on the electrical
technologies are very long normally greater than 20,000. Examples include SMES, capacitor
and supercapacitor. Mechanical and thermal energy storage systems, including PHS, CAES,
flywheel, AL-TES, CES and HT-TES, also have long cycle lives. These technologies are based
on conventional mechanical engineering, and the life time is mainly determined by the life
time of the mechanical components. The cycle abilities of batteries, flow batteries, and fuel
cells are not as high as other systems due to chemical deterioration with the operating time.
Metal-Air battery only has a life of a few hundred cycles and obviously needs to be further
developed [55], [69].
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10. Conclusion

The key element of this analysis is the review of the available energy storage techniques
applicable to electrical power systems.

There is obviously a cost associated to storing energy, but we have seen that, in many cases,
storage is already cost effective. More and more application possibilities will emerge as
further research and development is made in the field [91].

Storage is a major issue with the increase of renewable but decentralized energy sources that
penetrate power networks [93]. Not only is it a technical solution for network management,
ensuring real-time load leveling, but it is also a mean of better utilizing renewable resources
by avoiding load shedding in times of overproduction. Coupled with local renewable
energy generation, decentralized storage could also improve power network sturdiness
through a network of energy farms supplying a specific demand zone.

Many solutions are available to increase system security, but they are so different in terms of
specifications that they are difficult to compare. This is why we tried to bring out a group of
technical and economical characteristics which could help improve performance and cost
estimates for storage systems.

Based on the review, the following conclusions could be drawn [55], [69], [74]:

1. Although there are various commercially available EES systems, no single storage
system meets all the requirements for an ideal EES - being mature, having a long
lifetime, low costs, high density and high efficiency, and being environmentally benign.
Each EES system has a suitable application range. PHS, CAES, large-scale batteries,
flow batteries, fuel cells, solar fuels, TES and CES are suitable for energy management
application; flywheels, batteries, capacitors and supercapacitors are more suitable for
power quality and short duration UPS, whereas batteries, flow batteries, fuel cells and
Metal-Air cells are promising for the bridging power.

2. PHS and Lead-Acid battery are technically mature; CAES, NiCd, NaS, ZEBRA Li-ion,
flow battery, SMES, flywheel, capacitor, Supercapacitor, AL-TES and HT-TES are
technically developed and commercially available; Fuel Cell, Meta-Air battery, Solar
Fuel and CES are under development. The capital costs of CAES, Metal-Air battery,
PHS, TES and CES are lower than other EESs. CAES has the lowest capital cost among
the developed technologies. Metal-Air battery has the potential to be the cheapest
among currently known EES systems.

3. The cycle efficiencies of SMES, flywheel, capacitor/supercapacitor, PHS, CAES,
batteries, flow batteries are high with the cycle efficiency above 60%. Fuel Cell, DMFC,
Metal-Air, solar fuel, TES and CES have a low efficiency mainly due to large losses
during the conversion from commercial AC to the storage energy form.

4. The cycle lives of the EES systems based on the electrical technologies, such as SMES,
capacitor and supercapacitor, are high. Mechanical and thermal based EES, including
PHS, CAES, flywheel, ALTES, CES and HT-TES, also have a long cycle life. The cycle
abilities of batteries, flow batteries, and fuel cells are not as high as other systems due to
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chemical deterioration with the operating time. Metal-Air battery has the lowest life
time at least currently.

PHS, CAES, batteries, flow batteries, fuel cells and SMES are considered to have some
negative effects on the environment due to one or more of the following: fossil
combustion, strong magnetic field, landscape damage, and toxic remains. Solar fuels
and CES are more environmentally friendly. However, a full life-cycle analysis should
be done before a firm conclusion can be drawn.

Based on the contents of this study and carefully measuring the stakes, we find that:

1.

The development of storage techniques requires the improvement and optimization of
power electronics, often used in the transformation of electricity into storable energy,
and vice versa.

The rate of penetration of renewable energy will require studies on the influence of the
different storage options, especially those decentralized, on network sturdiness and
overall infrastructure and energy production costs.

The study of complete systems (storage, associated transformation of electicity, power
electronics, control systems...) will lead to the optimization of the techniques in terms of
cost, efficiency, reliability, maintenance, social and environmental impacts, etc.

It is important to assess the national interest for compressed gas storage techniques.
Investment in research and development on the possibility of combining several storage
methods with a renewable energy source will lead to the optimization of the overall
efficiency of the system and the reduction of greenhouse gases created by conventional
gas-burning power plants.

Assessing the interest for high-temperature thermal storage systems, which have a huge
advantage in terms of power delivery, will lead to the ability of safely establish them
near power consumption areas,

The development of supercapacitors will lead to their integration into the different
types of usage.

The development of low-cost, long-life flywheel storage systems will lead to increased
potential, particularly for decentralized applications.

To increase the rate of penetration and use of hydrogen-electrolysor fuel-cell storage
systems, a concerted R&D effort will have to be made in this field.
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1. Introduction

Storage significantly adds flexibility in Renewable Energy (RE) and improves energy
management. This chapter explains the estimation procedures of required storage with grid
connected RE to support for a residential load. It was considered that storage integrated RE
will support all the steady state load and grid will support transient high loads. This will
maximize the use of RE. Proper sized RE resources with proper sized storage is essential for
best utilization of RE in a cost effective way. This chapter also explains the feasibility
analysis of storage by comparing the economical and environmental indexes.

Most of the presently installed Solar PV or Wind turbines are without storage while
connected to the grid. The intermittent nature of solar radiation and wind speed limits the
capacity of RE to follow the load demand. The available standards described sizing and
requirements of storage in standalone systems. However standards available for distributed
energy resources (DER) or distributed resources (DR) to connect to the grid while
considering solar photovoltaic (PV), wind turbine and storage as DR. Bearing this limitation,
this chapter followed the sizing guidelines for standalone system to estimate the required
storage for the grid connected RE applications.

Solar PV is unable provide electricity during night and cloudy days; similarly wind energy
also unable to follow load demand. Moreover PV and/or wind application is not able to
follow the load demand; when these RE generators are just in the stage to start generating
energy and when these RE are in highest mode of generating stage while load demand falls
to the lowest level. Therefore it can be said that RE is unable to generate energy by following
the load demand which is a major limitation in energy management. Storage can play this
critical role of proper energy management. Moreover storage helps in reducing the
intermittent nature of RE and improve the Power Quality (PQ). This study considers
regional Australia as the study area also considered residential load, solar radiation and
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wind speed data of that location for detailed analysis. Figure 1 shows the daily load profile
(summer: January 01, 2009 and winter: July 01 2009) of Capricornia region of Rockhampton,
a regional city in Australia. Ergon Energy [1] is the utility operator in that area. However
load demand of the residential load in that area depends on the work time patter which is
different than the load profile of Figure 1. Overall electricity demand is very high in the
evening and also in the morning for the residential load however PV generates electricity
mostly during the day time therefore residents need to purchase costly electricity during
peak demand in the evening. Similarly wind energy also unable to follow the residential
load profile. Therefore properly estimated storage needs to be integrated to overcome this

situation.
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Figure 1. Daily load profile of Capricornia region in 2009 (Summer & Winter)

This chapter explores the need of storage systems to maximize the use of RE, furthermore
estimates the required capacity of storage to meet the daily need which will gradually
eliminate the dependency on conventional energy sources. Estimation of storage sizing is
explained in section 3. This chapter also conducts the feasibility assessment of storage in
terms of economic and environmental perspective which is explained in section 4.

2. Background

Solar and Wind are the two major sources of RE. Australia is one of best places for these
sources. In regional areas of Australia, roof top Solar PV is installed in many residential
houses either in off-grid or grid connected configurations and most residential wind turbine
are for specific applications in off-grid configuration. In grid connected solar PV systems
where storage is not integrated, the energy output from this system does not satisfy to the
desired level. Currently installed most of the residential PV systems are designed in an



Estimation of Energy Storage and Its Feasibility Analysis 43

unplanned way that even with battery integrated system is not able to support the load in
reliable way. Figure 2 illustrates a typical situation when whole system in jeopardize as the
estimation of storage system was not done correctly.
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Figure 2. Typical condition of failure in storage integrated RE system

The adoption of storage with the PV system certainly incurs additional cost to the system but
the benefits of adding storage has not been clearly assessed. Therefore this chapter aims to
achieve two objectives. One is to estimate the required storage for the grid connected PV
system or grid connected wind turbine or combination of grid connected PV and wind turbine
system to achieve the maximum daily use of RE. Second objective is to identify the effects of
storage on the designed system in terms of environment and economic by comparing the same
system with and without storage. The feasibility of the designed system is expressed as, the
Cost of Energy (COE) is closer to the present system while providing environmental benefits
by reducing Greenhouse Gas (GHG) emission and improving the Renewable Fraction (RF).

Data was collected for the Capricornia region of Rockhampton city in Queensland,
Australia. Load data was collected for a 3 bed room house by estimating all the electrical
appliances demand and average usage period considering its ratings. Daily load profile
drawn from hourly load data and total daily load was estimated by calculating the area
under the daily load profile curve using trapezoidal method. Weather data was collected for
the year 2009 from [2] for this location and calculated the energy output from PV array and
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wind turbine. Figure 3 shows the solar radiation and wind speed of Rockhampton for the
year 2009. Hourly energy output curve of PV and wind was drawn and compared with the
load profile to estimate the required storage. For estimation, choice was taken considering
the worst month weather data and it was observed that May to July is worst period when
solar and wind have lower energy density as shown in Figure 3.
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Figure 3. Solar radiation and wind speed in Rockhampton in 2009

Solar power

PV array considered as a device that produces DC electricity in direct proportion to the
global solar radiation. Therefore, the power output of the PV array can be calculated by
Equation 1[3-4].
G
Poy = Ypvfpy (— . ) [1+ ap(Tc — Tesrc)] M

Gr,sTC

If there is no effect of temperature on the PV array, the temperature coefficient of the power
is zero, thus the above equation can be simplified as Equation 2 [3-4].

G
Poy = YPvav(?STTC) )

where Ypv - rated capacity of PV array, meaning power output under standard test conditions
[kWT]; frv - PV de-rating factor [%]; Gr - solar radiation incident on PV array in current time step
[kW/m?]; Grsic - incident radiation under standard test conditions [1 kW/m?]; ar - temperature
coefficient of power [%/°C]; Tc - PV cell temperature in current time step [°C]; Tcsic -PV cell
temperature under standard test conditions [25°C]. Performance of PV array depends on
derating factors like temperature, dirt and mismatched modules.

Wind Power

Kinetic energy of wind can be converted into electrical energy by using wind turbine, rotor,
gear box and generator. The available power of wind is the flux of kinetic energy, which the
air is interacting with rotor per unit time at a cross sectional area of the rotor and that can be
expressed [5] as per Equation 3:
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P =-pAV? 3)

where, P is Power output from wind turbine in Watts, p is the air density (1.225kg/m3 at
15°C and 1-atmosphere or in sea level), A is rotor swept area in m? and V is the wind speed
in m/s.

The swept area of a horizontal axis wind turbine of rotor diameter (D) in meter (or blade
length = D/2) can be calculated by Equation 4.

A= T[(g)z sq.m 4)

As power in the wind is proportional to the cube of the wind speed therefore increase in
wind speed is very significant. One way to get more power is by increasing the tower
height. Hourly wind speed at different height above ground level can be calculated by the
vertical wind profile Equation 5 [6-7]:

v, =V, (ﬁ—j)“ (5)

where vi and v2 are the wind speeds at heights Hi and H2 and a is the wind shear
component or power law exponent or friction coefficient. A typical value of a is 0.14 for
countryside or flat plane area. Equation 5 commonly used in United States and the same is
expressed in Europe by Equation 6 [7]:

_y n(H/2)
V2 = Vil ) (6)

where z is the roughness length in meters. A typical value of z for open area with a few
windbreaks is 0.03m.

Temperature has effect on air density which changes the output of wind turbine. Average
wind speed globally at 80m height is higher during day time (4.96m/s) than night time
(4.85m/s) [8].

However German physicist Albert Betz concluded in 1919 that no wind turbine can convert
more than 16/27 or 59.3% of the kinetic energy of the wind into mechanical energy by
turning a rotor. This is the maximum theoretical efficiency of rotor and this is known as Betz
Limit or Betz' Law. This is also called “power coefficient” and the maximum value is: Cr=
0.59. Therefore Equation-3 can be written as:

1
P =~ CppAV? )

The following subsections describe the residential load, solar & wind energy of

Rockhampton area and also describe the importance of storage.

2.1. Estimation of daily residential load

Preferred method of determining load is bottom-up approach in which daily load is
anticipated and summed to yield an average daily load. This can be done by multiplying the
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power rating of all the appliances by the number of hours it is expected to operate on an
average day to obtain Watt-hour (Wh) value as shown in Table 1. The load data collected
from a 3 bed room house in Kawana, Rockhampton in Australia and total land area of the
house is 700m? where 210m? is the building area with available roof space. For grid
connected household appliances daily average load can also be obtained from monthly
utility bills.

Appliances Rating Daily time of use Qty |Daily use
(Wh/day)
Refrigerator 602kWh/year |Whole day 1 1650
(300W)
Freezer 88W Whole day 1 880
Electrical Stove 2100W Morning & Evening (1-2hrs) 1 2100
Microwave Oven |1000W Morning & Evening (30 min to 1 hr) |1 500
Rice cooker 400W Evening (30 minutes) 1 200
Toaster 800W Morning (10 - 30 minutes) 1 80
Ceiling Fan 65W Summer night (4 -5 hrs) & Holidays |5 1300
Fluorescent light |16W Night (6 - 8 hours) 20 320
Washing machine |500W Weekends (1hr/week) 1 71
(vertical axis)
Vacuum Cleaner |1400W Weekends (1hr/week) 1 200
Air conditioner  |1200W Summer night & Holidays (1hr) 3 1200
(Window)
TV 32” LCD 150/3.5W Morning & night (4 hrs) 1 670
(Active/Standby)
DVD player 17/5.9W Night (2 hrs) 1 50
(Active/Standby)
Cordless phone  [4W Whole day 1 96
Computer 20W Night (4 - Shrs) 1 80
(Laptop)
Clothe iron 1400W Night & Holidays (15 - 30 minutes) |1 350
Heater (Portable) |1200W Winter night & Holidays (30 1 600
minutes)
Hot Water System |1800W Whole day( 3- 4 hrs) 1 5400
Total: 15,747

Table 1. Daily load consumption of a house
Data source: Product catalogue and [7]

Load profile of a residential house varies according to the residents work time pattern.
Working nature of the residents of Kawana suburb is such that most of the residents start for
work between 7:00AM to 8:00AM and returns home between 5:00PM to 6:00PM during
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weekday from Monday to Friday. A 24 hour load profile of a particular day as shown in
Figure 4. It was found that maximum load demand was in the evening from 6:00PM to
10:00PM and in the morning 7:00AM to 9:00AM.
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Figure 4. Daily load profile of a Residential house

Hourly load is a time series data and total daily load can be estimated by calculating the
area under the load profile curve using Equation 8.

Daily Load = Pjg,q = ftt124 f(x)dt (8)
Where f(x) = 2 (1 + Pr2)Tiz

Where pu = Load (in kW) at time t1 =1 in hour, pr = Load (in kW) at time t2 =2 in hour, T2 =
time difference b/w ti1 and tz in hour.

Following Equation 8 total daily AC (Alternating current) load is the area under this load
curve which is 15.7kWh and the equivalent DC (Direct current) load is shown considering
efficiency of the converter as 85% which is 18.47kWh.

2.2. Estimation of daily available solar energy

Solar radiation varies with time and season. For estimation of available useful solar energy,
worst month solar radiation was considered to ensure that the designed system can operate
year-round. In Australia yearly average sunlight hours varies from 5 to 10 hours/day and
maximum area is over 8 hours/day [2]. From the collected data it was found that in
Rockhampton solar radiation over 5.0kWh/m?/d varies from 08:00AM to 16:00PM i.e. sun
hour is 8hrs/day.

The daily average solar radiation of Kawana suburb in the Capricornia region of
Rockhampton city is as shown in the Figure 5. It was found that annual average solar
radiation was 5.48kWh/m2/day. Lowest monthly average solar radiation was 4kWh/m2/day
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on May and highest solar radiation was from October to December in 2009. PV system
designed to supply entire load considering the worst month solar radiation, which will
deliver sufficient energy during rest of the year.

For estimating daily solar energy, worst month (May) solar radiation was considered and
Figure 5 shows hourly solar radiation for May 07, 2009. Daily total solar energy was
estimated by calculating area under the solar radiation curve using Equation 8. Therefore
total solar radiation in May 07, 2009 was 1.582975kWh/m?/d. This energy generated by 1m?
PV area. Total solar radiation will increase with the increased area of the PV array.
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Figure 5. Daily solar radiation (May 07, 2009) in Rockhampton

2.3. Estimation of daily available wind energy

Wind speed varies with different natural factors, time and season. To estimate the available
useful wind energy, worst month wind speed was considered to ensure that the designed
system can operate year-round. From the collected data of Rockhampton it was found that
July had the worst wind speed scenario as shown in Figure 3. It was found that in 2009,
wind speed of Rockhampton was 6m/s or more for daily average duration of 10 hours.
However for the month of July and August it was only 5 hours as shown in Table 2.
Therefore wind speed data of July was considered for estimation of daily energy.

Three hourly wind speed data at 10.4m above sea level was collected from [2] for the year
2009, which was interpolated to get hourly data. At rotor height of 10m, 40m and 80m
corresponding wind speed as shown in Figure 6. For energy estimation, July 03, 2009 wind
speed data was considered and corresponding energy was calculated for 1m? of rotor wind
area at 40m rotor height using Equation 7 as shown in Figure 7. Betz limit, gearbox, bearing
and generator efficiency was considered and overall efficiency of the wind turbine was
taken 25%. Total energy output from wind turbine on July 03, 2009 is the area under the
curve of Figure 7 (11:00AM to 09:00PM) which is 0.232785kWh/m?/d.
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Month | Daily Time period Time window (hrs)
Jan 06:00 - 20:00 14
Feb 03:00 - 17:00 14
Mar 00:00 - 15:00, 22:00 - 24:00 17
Apr 00:00 - 04:00, 20:00 - 24:00 8
May 16:00 - 24:00 8
Jun 12:00 - 19:00 7
Jul 10:00 - 15:00 5
Aug 07:00 - 12:00 5
Sep 01:00 - 10:00 9
Oct 00:00 - 06:00, 19:00 - 24:00 11
Nov 00:00 - 03:00, 15:00 - 24:00 12
Dec 13:00 - 24:00 11

Table 2. Wind speed period or window (6m/s or more)
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Figure 6. Wind speed at 10m, 40m and 80m height in Rockhampton

0.040
0.035 A A

0.030 / \ \

0.025
0.020
0.015

0.010
0.005 /
0.000 -

kw

Power (kW)

I~
/l'/

00:00
02:00
04:00
06:00
08:00
10:00
12:00
14:00
16:00
18:00
20:00
22:00
24:00

Daily hour

Figure 7. Energy converted per m? area at 40m height wind speed in Rockhampton
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2.4. Importance of storage

The ability to store large amounts of energy would allow electrical utilities to have greater
flexibility in their operation, because with this option the supply demand do not have to be
matched instantaneously [9]. Table 3 shows the benefits and limitations of different storage

systems.
Storage Advantage Limitations
Efficiency | Life time Response
(%) (years) time (S)
Pumped hydro 80 50 10 Location specific.
Expensive to build.
Compressed air energy | “fe=1.3 25 360 Location specific.
storage (CAES) bfm=4300k]/k Expensive to build.
Wh
Flywheel 85 20 0.1 Low energy density.
Large standby loss
Thermal energy 75 30 Tens of Storage tank is expensive
storage(TES) minutes
Batteries 80 10 0.01 Early stage technology.
Expensive
Superconducting 90 30 0.01 Low energy density.
magnetic energy Expensive.
storage (SMES)
Capacitor 80 10 0.01 Low energy density.
Expensive.
Hydrogen 50 25 360 Highly flammable

Table 3. advantage and limitations of few storage systems [12-14]
a. charge energy factor b. Fuel heat rate

The role of Energy Storage (ES) with Renewable Electricity generation is mentioned in[10]
that the selection of ES system depends on application which is largely determined by the
length of discharge. Based on the length of discharge, ES applications are often divided into
three categories named power quality, bridging power and energy management
applications. Although large scale storage is still expensive but research is going on for
inexpensive and efficient batteries [11] suitable for large scale RE applications.

RE can be considered for different kinds of applications i.e. from small stand-alone remote
systems to large scale grid-connected solar/wind power application. However development
goes on to remote areas and brings the remote areas close to the grid network and
eventually connected to the power grid and these RE generator are expected to operate as
grid connected Distributed Generator (DG). Grid connected PV/wind with battery as storage
can provide future-proof energy autonomy and allow home or office to generate clean
energy and supply extra energy to the grid.
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A recent study on high penetration of PV on present grid, mentioned that energy storage is
the ultimate solution for allowing intermittent sources to address utility base load needs
[15]. Storage integrated PV/Wind systems provides a combination of operational, financial
and environmental benefits.

3. Estimation of storage sizing

Improper sized PV/Wind system is unable to meet the load requirements, sometimes
electrical energy from RE wasted which neither can be used by the load nor can be stored in
battery. This event occurs when the battery State of Charge (SOC) exceeds its maximum
allowable value and the solar/wind power output exceeds load demand. The amount of
wasted/lost energy can be avoided or reduced by proper choice of battery and PV/Wind
generation sizes. G.B. Shrestha et.al. in [16] mentioned that PV panel size and the battery
size have different impacts on the indices of performance and proper balance between the
two is necessary. A proper match between the installed capacities with the load demand is
essential to optimize such installation.

Brahmi Nabiha et. al. in [17] presents sizing of mini autonomous hybrid grid, including PV,
wind, generator and battery. The performance of any battery, expressed essentially by the
voltage, load capacity and SOC or the Depth of Discharge (DOD). The usable energy in a
battery can be expressed by Equation 9.

Eusable = C X Vpat X DODyyay )
where C is battery capacity and Vi is the battery cell voltage.

IEEE Std-1013-2007 [18] provides the recommendations for sizing of lead-acid batteries for
stand-alone PV systems. This recommended practice provides a systematic approach for
determining the appropriate energy capacity of a lead-acid battery to satisfy the energy
requirements of the load for residential, commercial and industrial stand-alone PV systems.
IEEE Std-1561-2007 [19]provides guideline for optimizing the performance and life of Lead-
Acid batteries in remote hybrid power systems; which includes PV, wind, batteries. It also
explains the battery sizing considerations for the application. IEEE Std 1547-2003 [20]
provides guideline to connect Distributed Resources (DR), such as PV, wind and storage
with the power grid at the distribution level. Grid connected system sizing for storage
integrated PV system also explained in [7].

Considering the above sizing practices and guidelines Figure 8 shows the steps for
estimation of required storage for steady state residential load. For the easy of this analysis
both PV and Wind turbine are considered to produce DC power which than converted to
AC by inverter, also considered battery as storage device.

The following steps are summarized for estimation.

Step 1. Determine the daily load of a residential house
Step 2. Determine the required PV or Wind turbine rating for the load
Step 3. Determine daily energy output from the PV array or Wind turbine
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Step 4. Estimate PV array size and wind turbine rotor diameter

Step 5. Compare the daily energy output (from PV or wind turbine) with the daily load,
find the required load that storage needs to support

Step 6. For the load on storage estimate the required Battery/Storage size in Ah.

The following sub-sections describe the estimation of required storage for grid connected
PV, Wind and hybrid systems considering the residential load of Rockhampton as estimated

in section 2.1.
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2o -Es s |\ S ndeen (W 1) | 22 o 55t =8
s = TT:N &= 0o g . TG 5oL 3
2r | | Bir| |ESrly) o, oDutisdewman (1 8ER0 282 | 83
53 T e= >52 REWindow(h/ day) ~E£% 2T 54
EES §2% T 38 835 ¢
® 233 S35 — = 5= 3es @
St 22 o953 25 &
— 5 ° i 3 Convert AC load to DC load (at STC) go® o=3 —
— Pacste = Pacw) /Inverter efficiency = _

==

Pdc‘SchAdjusted) =Pgestc X n
(according to IEEE-1013, n>1.3)

- =

Calculate PV array size in require surface area
Area of PV array (A) = Pgcstcadjusted) /(1 KW/m? x n)

or

PV array size determination

Calculate required rotor diameter for rated wind turbine
capacity by calculating required swept area
_ 3
| A=2P/(C,pV°)
Calculate total energy from Solar radiation for the PV area ' —
Total Solar radiation = Solar radiation (kWh/m?) x A
or
Calculate total energy output from estimated wind turbine
P=(C,pAV?)/2

==

By plotting daily load curve and total daily energy output from
solar/wind generator calculate the load on Storage

uoneuIwIB}EP
JI8J8WEIP J0JOY IO 8ZIS BUIGN} PUIA

Load on storage = (Area under the curve of total solar/wind
output curve — Common area of load and solar/wind curve)

=

Set the time/days or autonomy period for storage support

Set the nominal DC system voltage of the Storage/Battery

= =

Calculate the load in Ah on Storage per day:

uoneulwId}ep azis abelols
Storage size determination

Total load (Ah/day @ system voltage) =
Total DC load (Wh/d)/System Voltage (V)

Calculate the required Storage size for the load
Usable Storage (Ah) = Total load (Ah/d) x Required time (day)

==

Considering discharge rate with temperature and MDOD, calculate total
required Storage capacity by:

Total Storage capacity (Ah) = Usable Storage (Ah) / (MDOD x (T, DR)

Figure 8. Storage size estimation steps
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3.1. Estimation of storage for grid connected residential solar PV

The size of the PV array is determined by the daily average load divided by the available
solar window or sun-hours per day. Generally, grid connected PV systems are designed to
provide from 10% to 60% of energy needs with the difference being supplied from power
utility[21]. However PV contribution can be increased to 100% of average steady state load.
Following the steps in Figure 8, the estimation starts by calculating required PV size.

Daily extractable solar energy as calculated in section 2.2 was considered for the estimation
of required PV size for the residential load. Daily load of a three bed room house as
calculated in section 2.1 is 15.7kWh. Therefore the PV array should support at least 15.7kWh
of load everyday at the solar energy rate of 1.582975kWh/m?/day. Solar window is 8 hours
or more in Rockhampton [2], therefore the required PV array capacity for the AC load as:

E kWh/d 157
nergy (kWh/day) _ 157 _ . oo crw

Pac (kW) = Solar window (h/day) ~ 8

Equivalent DC load on PV array can be found by considering the efficiency as:
n = inverter efficiency * dirty collector * mismatched modules = 85%

P (kW)  1.9625
PdC,STC = M = 0 85 = 231kW

To use battery as storage system, size of the PV array needs to be more than 1.3 times the
load [18] in stand-alone configuration. But for the grid connected configuration 1.0 or 1.1 is
good enough to avoid over design. For this designed residential load, it was considered 1.1.
So the adjusted PV array size for the equivalent DC load becomes:

pdc,STC(Adjusted) = 1'1XPdC,STC = 1.1x2.31 = 2.541kW

Therefore, for this three bed room house 2.541kW capacity of PV array with proper sized
storage required to support its load for 24 hours a day.

For known PV efficiency and for 1kW/m? rated PV module required surface area of the PV
array can be calculated. The efficiency of crystal silicon PV module is 12.5% [7], however LG
Polycrystalline PV module efficiency is 13.7% [22], therefore surface area becomes:

Pycstc = (1kW/m?)insolation A 1

_ Pugstc 2541 ,
A= Tkw/mDn ~ Txoazs - 20-328m

Therefore 20.328m? PV module with PV array efficiency of 12.5% will support the load with
sufficient storage size. This PV area is much smaller than the area of the designed house roof
area.

This PV size was considered to calculate the total energy from PV array and to estimate the
required storage for the load. Batteries last longer if they are shallow cycled. The capacity of

53



54  Energy Storage - Technologies and Applications

the battery bank can be calculated by multiplying the daily load on battery by the autonomy
day or the number of days it should provide power continuously. The ampere-hour (Ah)
rating of the battery bank can be found after dividing the battery bank capacity by the
battery bank voltage (e.g. 24V or 48V). It is generally not recommended to design for more
than 12 days of autonomy for off-grid system and for grid connected system one day
autonomy is good to design.

Total solar energy generated by the 20.328m? PV array at the solar radiation rate of
Rockhampton is plotted in Figure 9 and calculated as 32.17872kWh which is the area under
the PV output curve. Now superimpose the DC load curve on the PV output curve to find
the load that needs to be supported by the storage as shown in Figure 9. The common area
under the curve is 6.196kWh which is the area of the load that served by the PV array
during day time while charging the batteries as well. The remaining load is (18.47 - 6.196)
=12.274kWh/day that needs to be served by the storage. This is the daily minimum load on
storage. However the design was based on to support total load, therefore the remaining
energy from the PV array should be managed by the storage system which is (32.17872 -
6.196) = 25.98272kWh/day. This is the maximum load on storage, if total energy generated
by PV array needs to be managed by the storage.
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Figure 9. PV output and daily load curve shows the load on storage

Inverters are specified by their DC input voltage as well as by their AC output voltage,
continuous power handling capability and the amount of surge power they can supply for
brief periods of time. Inverter’s DC input voltage which is the same as the voltage of the
Battery bank and the PV array is called the system voltage. The system voltage usually
considered as 12V, 24V or 48V. The system voltage for this designed DC system was
considered 24V and this system was designed for one day. Considering inverter efficiency of
95% [23], the required battery capacity can be calculated.

Daily minimum load in Ah @ system voltage =

_Load (Wh/day) _ 12.274x10°
System Voltage 24

=511.416Ah/d
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Daily maximum load in Ah @ system voltage =

_Load (Wh/day) _ 25.98272x10°
System Voltage 24

=1082.613Ah/d

Energy storage in a battery typically given in Ah, at system voltage and at some specified
discharge rate. Table 4 shows characteristics of several types of batteries.

Battery type MDOD | Energy Density = Cycle Life = Calendar Efficiencies
(Wh/kg) (Cycles) | Life (Year) Ah% Wh%
Lead-acid, SLI 20% 50 500 1-2 90 75
Lead-acid, golf cart 80% 45 1000 3-5 90 75
Lead-acid, deep-cycle | 80% 35 2000 7-10 90 75
Nickel-cadmium 100% 20 1000-2000 10-15 70 60
Nickel-metal hydride | 100% 50 1000-2000 8-10 70 65

Table 4. Comparison of Battery Characteristics[7]

The Ah capacity of a battery is not only rate-dependent but also depends on temperature.
The capacity under varying temperature and discharge rates to a reference condition of C/20
at 25°C is explained in [7]. Lead-acid battery capacity decreases dramatically in colder
temperature conditions. However heat is also not good for batteries. In Rockhampton
average temperature is above 20°C. The Maximum depth of discharge (MDOD) for Lead-
acid batteries is 80%, therefore for one day discharge the batteries need to store:

Load (Ah/day) x No of days _511.416x1
MDOD 0.80

=639.27Ah

Battery storage (minimum) =

Load (Ah/day) x No of days _1082.613x1
MDOD 0.80

=1353.26Ah

Battery storage (maximum) =

The rated capacity of battery is specified at standard temperature. At 25°C, the discharge
rate of C/20 type battery (i.e. discharge for 20 hours), becomes 96% [7], therefore finally
required battery capacity becomes:

Required minimum Battery storage(25OC,2Oh0ur-rate)=
_ Battery storage _ 639.27
Rated capacity  0.96

=665.90Ah

Required maximum Battery storage(25oC,ZOhour-rate)=
_ Battery storage _ 1353.26
Rated capacity 0.96

=1409.64 Ah
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3.2. Estimation of storage for grid connected residential wind power

Following the similar steps in section 3.1, required wind turbine capacity was calculated and
then required storage was estimated for the same load of 15.7kWh/day.

Energy generated by wind turbine at 40m height for 1m? rotor wind area was calculated in
section 2.3, which is 0.232785kWh/m?/d. The output of the wind turbine needs to be
improved such that at least 15.7kWh of load should be supported each day. It was found
that in July, wind speed was 6m/s or above only for 5hrs/day at 10m height, however at 40m
height wind speed was 6m/s or above for 10hrs/day, therefore the rotor height was
considered 40m. The required wind turbine size for the load can be calculated as:

Load (kWh/d 15.7
oad (kWh/day) 157 _, o\

Pac (W) = G dwindow (h/day) ~ 10

This estimation is for required storage which is a DC component; it requires inverter to
support the load. DC capacity of the wind turbine can be calculated considering inverter
efficiency of 90%.

P (kW) 157

P = —— = 1.744kW
dc,STC M 0.90

Likewise PV assumption, wind turbine capacity is considered 1.1 times the required load in
grid connected configuration, to charge batteries while supporting load.

Pdc,STC(Adjusted) = 1'1XPdC,STC = 1.1x1.744 = 1.92kW

Energy generated by wind turbine on July 03, 2009 was 0.232785kWh/m?/d. To support total
load, rotor swept area needs to be adjusted. Equation 7 shows that power output is not
linear for increase in rotor diameter. It was found that at 40m rotor height, wind speed
varied b/w 6.17m/s to 9.92m/s, therefore average wind speed of 8m/s was considered to
calculate the rotor diameter for the rated wind turbine capacity of 1.92kW. The rotor
diameter was calculated as 5.58m and calculated total energy is 26.355kWh which is the area
under the wind turbine output curve as shown in Figure 10.

Daily load curve was plotted on the daily energy output curve and calculated the common
area to estimate the required load on storage to support for the day. It was found that
7.736kWh of load was supported by the wind turbine while charging the storage. The
remaining (18.47 - 7.736) = 10.734kWh of load needs to be supported by the storage each
day. This is the minimum load on storage. However the design was considering to manage
100% load therefore remaining (26.355 - 7.736) = 18.619kWh of energy must be managed by
the storage. This is the maximum load on storage.

Considering the DC system voltage as 24V, load on battery in Ah can be calculated for one
day as:



Estimation of Energy Storage and Its Feasibility Analysis

4.0
3.5

: L.\ id
Common
3.0
32 5
= , \./- — —=a— Wind Turbine
"

output (kW)

1.0 / DCLoad{kW)
e \C
0.0 - a

O O © © © O O O © © O o O

S & & © & m & & & © m o &

= M B~ O 6 AN s W &8 & = &0

©C 0 0 0 © A =H = =H =2 = ~

Hour

Figure 10. Wind turbine output and daily load curve shows the load on storage

Daily minimum load in Ah @ system voltage =

_Load (Wh/day) _ 10.734x10°

=447.25Ah/d
System Voltage 24

Daily maximum load in Ah @ system voltage =

_Load (Wh/day) _ 18.619x10°
System Voltage 24

=775.79Ah/d

Energy storage in a battery typically given in Ah, at system voltage and at some specified
discharge rate. Consider MDOD for Lead-Acid batteries is 80%, therefore for one day
discharge the battery needs to store the energy as:

Battery storage (minimum) =
_Load (Ah/day) x No of days _447.25x1

=559.0625Ah
MDOD 0.80
Battery storage (maximum) =
_Load (Ah/day) x No of days _775.79x1 _ 969.7375Ah

MDOD 0.80

The rated capacity of battery is specified at standard temperature. At 25°C, the discharge
rate of C/20 (i.e. discharge for 20 hours), becomes 96% [7], therefore finally required battery
capacity becomes:

Required minimum Battery storage(25OC,2Ohour—rate)=
_ Battery storage _ 559.0625

- =582.356 Ah
Rated capacity 0.96
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Required maximum Battery storage(25oC,ZOhour-rate)=
_ Battery storage _ 969.7375
Rated capacity 0.96

=1010.143 Ah

3.3. Estimation of storage for grid connected residential hybrid system

Many studies indicated that hybrid system is always better than any single RE system.
However the practical implementation depends on the availability of adequate solar
radiation, wind speed and their seasonal variation. Other critical point is adequate space for
hybrid system installation and moreover the overall cost of the installation. The study
location of this analysis is suitable for both solar and wind energy. It was found that for little
variation of wind speed, convertible energy variation is much higher therefore wind energy
fluctuation is higher than solar energy. Considering all the scenarios and for the easy of
analysis it was considered that 50% of load to be supported by solar and 50% by wind
energy.

Following the steps in Figure 8 and earlier sections, required storage is estimated.

For Solar PV: 50% AC Load is (15.7/2) = 7.85kWh/d

Required PV array capacity becomes:

Energy (kWh/day)  7.85

Pac (kW) = Solar window (h/day) = 8

= 0.98125kW

Equivalent DC load can be found by considering the efficiency of the PV system as:
n = inverter efficiency * dirty collector * mismatched modules = 85%

P,o(kW)  0.98125

. = 085 = 1.1544kW

Pycstc =

For this designed house load, PV capacity considered 1.1 times the load. So the adjusted PV
array size for the equivalent DC load becomes:

Pdc,STC(Adjusted) = 1'1XPdC,STC = 1.1x1.1544 = 1.27kW

Therefore it requires 1.27kW capacity of PV array with proper sized storage to support 50%
load for 24 hours a day.

Considering the crystal silicon PV module whose efficiency is 12.5% [7], therefore the
surface area of PV module becomes:

Pycstc = (1kW/m?)insolation A * 1

P 1.27
A=—de5TC =10.16m?
(1IkW/m?)n  1x0.125
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Therefore 10.16m? of PV area required for this hybrid system. The output energy from this
PV module is plotted in Figure 11. For the remaining load the required wind turbine is
estimated as:

For Wind turbine: 50% AC Load is (15.7/2) = 7.85kWh/d
Required wind turbine capacity becomes:

P (kW) = Load (kWh/day) ~ 7.85 0.785kW
ac ~ Windwindow (h/day) =~ 10 =

The inverter considered with this wind turbine of efficiency 90%, therefore the DC capacity
becomes:
P (kW) _ 0.785

P = = = 0.872kW
dc,STC n 0.90

For this designed house load, wind turbine capacity considered 1.1 times the load. So the
adjusted wind turbine size for the equivalent DC load becomes:

Pdc,STC(Adjusted) = 1'1XPdC,STC = 1.1x0.872 = 0.9592kW

Average wind speed of 8m/s was considered to calculate the rotor diameter for the required
capacity of wind turbine. For the 0.9592kW capacity wind turbine, the rotor diameter
becomes 3.95m and daily energy generated by this wind turbine was plotted in Figure 11.

Total energy generated from this hybrid system is 28.12kWh and compared with the DC
load it was calculated that the Hybrid system support directly 8.45kWh of load as shown the
common area in Figure 11. Therefore the minimum (18.47 - 8.45) = 10.02kWh of load needs
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Figure 11. Hybrid system output and daily load curve shows the load on storage
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to be supported by the storage system. However the hybrid system was designed to support
100% load therefore remaining generated energy (28.12 - 8.45) = 19.67kWh from hybrid
system must be managed by the storage. This is the maximum load on storage.

Considering the DC system voltage as 24V, load on battery in Ah can be calculated for one
day as:

Daily minimum load in Ah @ system voltage =

_Load (Wh/day) _ 10.02x10°

=417.50Ah/d
System Voltage 24

Daily maximum load in Ah @ system voltage =

_Load (Wh/day) _ 19.67x10°
System Voltage 24

=819.58Ah/d

Considered MDOD of Lead-Acid batteries is 80%, therefore for one day discharge the
battery needs to store the energy as:

Battery storage (minimum) =
_Load (Ah/day) x No of days _ 417.50x1

=521.875Ah
MDOD
Battery storage (maximum) =
_Load (Ah/day) x No of days _819.875x1 _ 1024.843Ah

MDOD 0.80

Temperature effects are considered in the storage requirements for the hybrid systems. At
25°C for C/20 (i.e. 20 hours discharge) the discharge rate is 96%, therefore finally required
battery capacity becomes:

Required minimum Battery storage(25oC,ZOhour—rate)=
_ Battery storage _ 521.875
Rated capacity 0.96

=543.62Ah

Required maximum Battery storage(ZSOC,ZOhour—rate)=
_ Battery storage _ 1024.843

= =1067.544 Ah
Rated capacity 0.96

Therefore in grid connected configuration to support 15.7kWh/day load the required
minimum and maximum storage with solar PV, Wind turbine and hybrid system are shown
in Table 5. Minimum storage indicates the required storage that needs to support the daily
load. However PV, wind turbine or hybrid system generates more energy than the daily
required therefore maximum storage is required to manage total generated energy by
supporting load or supplying to the grid in suitable time. This design considered PV array
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efficiency 12.5% with solar window 8 hours and overall wind turbine efficiency 25% with
wind window 10 hours.

Designed Required system capacity Required Storage
system (at 24V DC system voltage)
Minimum (Ah)| Maximum (Ah)
Solar PV 2.541kW PV with 20.328m? PV array 665.90Ah 1409.64Ah
system
Wind turbine 1.92kW wind turbine with 5.58m rotor 582.356 Ah 1010.143Ah
system diameter
Hybrid system| 1.27kW PV with 10.16m? PV array and 543.62Ah 1067.544Ah
0.9592kW wind turbine with 3.95m rotor
diameter

Table 5. Required storage in different configurations

4. Feasibility analysis of storage

Previous section described the required storage for the residential load in different
configurations and this section describes feasibility of the storage in those configurations.

G.]. Dalton et al. in [24] compared HOMER and Hybrids as RE optimization tool and found
that HOMER is better in representing hourly fluctuations in supply and demand. This
chapter explains the feasibility of storage by analyzing the model output. A model was
developed in HOMER version 2.68 [25] as shown in Figure 12. PV array, wind turbine,
storage, inverter, grid and diesel generator were used in different size and combinations.
The model identified the optimized configuration of storage, PV, wind turbine with grid or
diesel generator for the residential load and investigated environmental and economical
benefits due to the storage systems. The model was evaluated considering the project life
time of 25 years. The performance matrices considered are NPC, COE as economical factor,
Renewable Fraction (RF) and greenhouse gas (GHG) emission as environmental factor. The
model compared in off-grid and grid connected configurations.
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Figure 12. Model simulation in different configurations
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Net Present Cost (NPC): The total net present cost of a system is the present value of all
costs that it incurs over its lifetime minus the present value of all the revenue that it earns
over its lifetime. NPC is the main economic output and ranked all systems accordingly. NPC
can be represented [24-25] by Equation 10:

NPC($) = ¢ (10)

where TAC is the total annualized cost (which is the sum of the annualized costs of each
system component). The capital recovery factor (CRF) is given by Equation 11:

_i@a+dN
CRF = (1+)N-1

(11)

where N denotes number of years and i means annual real interest rate (%). Model
considered annual interest rate rather than the nominal interest rate. The overall annual
interest rate considered as 6%.

Cost of Energy (COE): It is the average cost per kWh of useful electrical energy produced by
the system. COE can be calculated by dividing the annualized cost of electricity production
by the total useful electric energy production and represented [25] in Equation 12:

COE = Cann,tot—CpoilerEthermal (12)
Eprim,ac+Eprim,pc+Edef+Egridsales
where Camntot is total annualized cost of the system ($/yr), Cooiler is boiler marginal cost
($/kWh), Etermal is total thermal load served (kWh/yr), Eprimac is AC primary load served
(kWh/yr1), Eprimpc is DC primary load served (kWh/yr), Eder is deferrable load served
(kWh/yr) and Egrid sales is total grid sales (kWh/yr).

Emission: Emission is widely accepted and understood environmental index. Greenhouse
gases (COz, CHs, N20, HFCs, PFCs, SF6) are the main concern for global warming. In
addition SO: is another pollutant gas released by coal fired energy system. Emission is
measured as yearly emission of the emitted gases in kg/year and emissions per capita in
kg/kWh. Model used it as input when calculating the other O&M cost. It was represented in
[25] as shown in Equation 13:

Com,o'cher = Com,fixed + Ccs + Cemission (13)

where Comfixed is system fixed O&M cost ($/yr), Ces is the penalty for capacity shortage ($/yr)
and Cemission is the penalty for emission ($/yr).

Renewable Fraction (RF): It is the total annual renewable power production divided by the
total energy production. RF can be calculated [26] using Equation 14:
— Epv. (14)

PV Eror

where Epv and Eror are the energy generated by RE and total energy generated respectively.
The overall RF (fren) can also be expressed [25] in Equation 15:
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f _ ErentHren
ren —
Etot+Htot

(15)

where Eren is renewable electric production, Hren is renewable thermal production, Ett is total
electrical production and Htot is total thermal production.

Battery dispatch: Ideally battery charging should be taken into account for future load
supply. Battery dispatch strategies explained by Barley and Winn [27], named ‘load
following’ and ‘cycle charging’. Under load following strategy, a generator produces only
enough power to serve the load, which does not charge the battery. Under cycle charging
strategy, whenever a generator operates it runs at its maximum rated capacity, charging
battery bank with any excess electricity until the battery reaches specified state of charge.
Load following strategy was considered for this analysis for the better utilization of RE.

4.1. Data collection

For the simulation of the optimization model, residential load data were considered as
Rockhampton resident’s average load consumption. Solar radiation and wind speed data
were collected from [28]. All required system components are discussed in the following
sub-sections.

4.1.1. Electric load

Daily average steady state load of a 3 bed room house was estimated in section 2.1 which is
15.7kWh/d. Daily load profile of the distribution network of Capricornia region was
collected from [1] and according to the electricity bill information [29] the daily average
electricity consumption per house is 15.7kWh/day. Model takes a set of 24 hourly values
load data or monthly average or hourly load data set of 8,760 values to represent average
electric load, therefore yearly residential load (AC) becomes 5730kWh/yr. The load profile is
shown in Figure 4.

4.1.2. Solar radiation data

Solar radiation data is the input to the model and hourly solar radiation data of
Rockhampton was collected from [28]. Daily average extractable energy from this solar
radiation is explained in section 2.2.

4.1.3. Wind speed data

Three hourly wind speed data was collected from [28] which was interpolated to generate
hourly data and used as input data in the model. The extractable energy from the wind
speed is explained in section 2.3.

4.1.4. Storage

For this analysis Trojan L16P Battery (6V, 360Ah) at system voltage of 24V DC is used in the
model. The efficiency of this battery is 85%, min State of Charge (SoC) 30%.
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4.2. System components cost

Table 6 lists the required system components with related costs in Australian currency. PV
array, Wind turbine, Battery charger, Inverter, deep cycle battery, diesel generator and grid
electricity costs are included for the analysis. PV array including inverter price is available,
and found that 1.52kW PV array with inverter costs $3599 [30], also it is found that 1.56kW
PV with inverter costs is $4991[31]. However model considered battery charger is included
with PV array therefore the PV array cost is listed accordingly in Table 6 and inverter costs
considered separately.

Description ‘ Value/Information
PV array

Capital cost $3100.00/kW
Replacement cost $3000.00/kW
Life Time 25 years
Operation & maintenance cost $50.00/year
Wind Turbine (BWC XL.1 1 kW DC)

Capacity 1kW DC
Hub Height 40m

Capital cost $4000.00
Replacement cost $3000.00
Life time 25 years
Operation & maintenance cost $120/yr

Grid electricity

Electricity price (Off peak time) $0.30/kWh
Electricity price (Peak time) $.42/kWh
Electricity price (Super Peak time) $0.75/kWh
Emission factor

CO2 632.0 g/kWh
Cco 0.7 g/kWh
Unburned hydrocarbons 0.08 g/kWh
Particulate matter 0.052 g/kWh
SO2 2.74 g/kWh
NOx 1.34 g/kWh
Inverter

Capital cost $400.00/kW
Replacement cost $325.00/kW
Life time 15 years
Operation & maintenance cost $25.00/year
Storage (Battery)

Capital cost $170.00/6V 360Ah
Replacement cost $130.00/6V 360Ah
System Voltage 24 volts
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Description ‘ Value/Information
Generator
Capital cost $2200.00/kW
Replacement cost $2000.00/kW
Operation & maintenance cost $0.05/hr
Life time 15000hrs
Fuel cost $1.53/1tr

Table 6. Technical Data and Study assumptions

SMA Sunny Boy Grid Tie Inverter (7000Watt SB7000US) price is $2823 [32], however Sunny
Boy 1700W inverter price is $699 [33]. 1kW BWC XL.1 wind turbine with 24V DC charge
controller price is $3560 [34] and 10kW Bergey BWC Excel with battery charging or grid tied
option wind turbine cost is $29,250 [35]. Grid electricity cost in Rockhampton is found from
Ergon Energy’s electricity bill [36] and for Tariff-11, it is $0.285/kWh (including GST &
service). However Government’s decision to impose carbon tax at the rate of $23/ton of
GHG emission which will increase this electricity bill as well as the cost of conventional
energy sources, therefore off-peak electricity cost is considered as $0.30/kWh for analysis.
Trojan T-105 6V, 225AH (20HR) Flooded Lead Acid Battery price is $124.79 [37]. Fuel cost
for generator is considered at the current price available in Rockhampton, Australia.

The significance of storage was analyzed from the optimized model to evaluate
environmental and economical advantages of storage in off-grid and grid-connected
configurations in fourteen different cases. All these cases were analyzed considering same
load 15.7kWh/d or 5730kWh/yr.

Category-1: Off-grid Configuration

Case-1: Diesel Generator only

Case-2: PV with Diesel Generator

Case-3: PV with Storage and Diesel Generator

Case-4: Wind turbine with Diesel Generator

Case-5: Wind turbine with Storage and Diesel Generator

Case-6: Hybrid (PV & Wind turbine) with Diesel Generator

Case-7: Hybrid (PV & Wind turbine) with Storage and Diesel Generator

Category-2: Grid-connected Configuration

Case-1: Grid only

Case-2: PV with Grid and Diesel generator

Case-3: PV with Storage, Grid and Diesel generator

Case-4: Wind turbine with Grid and Diesel generator

Case-5: Wind turbine with Storage, Grid and Diesel generator

Case-6: Hybrid (PV & Wind turbine) with Grid and Diesel generator

Case-7: Hybrid (PV & Wind turbine) with Storage, Grid and Diesel generator

65
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5. Results and discussion

Simulation was conducted to get optimized configuration of RE resources. Simulation
results and findings are discussed below.

5.1. Category - 1(Off grid configuration)
Case 1. Diesel Generator only

In this configuration 10kW Diesel generator was used to support total load of 5730kWh/yr
which consumed enough fuel (8440L/yr) and emitted significant amount of GHG &
pollutant gas to the air. Generator required frequent maintenance and fuel cost was also
high therefore NPC was high and COE was $5.342/kWh. This configuration was the costliest
and environmentally most vulnerable.

Case 2. PV with Diesel Generator configuration

In this off-grid configuration, model used 12kW PV with 5kW Inverter and 10kW Diesel
generator as required resources. Results showed that, although PV generates electricity
more than the total load demand but could not meet the load demand during night. Total
12,781kWh/yr electricity was generated from PV and diesel generator. PV alone generates
8908kWh/yr i.e. RF became 69.7% but most of the energy from PV array was wasted. Diesel
generator directly supplied 3873kWh/yr to the load which was 67.6% of load demand,
although compared to the total production; generator contribution was only 30.3%. The
remaining load demand, (5730 -3873) = 1857kWh/yr was supported by PV array through
inverter. Therefore a significant amount of electricity from PV array was wasted. Wasted
electricity was (8908 - 1857/0.94) = 6932.46kWh/yr which is 54.2% of total electricity
production but compared to the total PV electricity production, the wasted electricity was
77.82%. To reduce this great amount of loss, this system should have some way to store the
energy and could reduce the use of diesel generator.

Case 3. PV with Storage and Diesel Generator configuration

In this off-grid configuration model 11kW PV, 48 number of Trojan L16P Battery (@ 6V,
360Ah) at 24V system voltage with 5kW Inverter was used. The optimized configuration
shaded out diesel generator, therefore 100% load supported by PV and storage. Results
showed that, PV generates electricity more than the load demand and battery stored the
excess electricity to maintain the load demand.

PV generates 8166kWh/yr of electricity from which a good amount of energy was stored in the
battery and used at other time. Total AC load supported directly by PV array during day time
and by battery during morning & night. Inverter converts 6096kWh/yr of DC electricity to AC.
Battery stored 4281kWh/yr of energy and supplied 3692kWh/yr to support the load. Battery
stored 52.42% of PV generated energy and supported 64.43% of load while PV directly
supports 35.56% of load. However still 1480kWh/yr of excess energy generated by the PV
array and was wasted that could be sold to the grid. This model configuration supports 100%
load by PV array and storage which makes it environment friendly off-grid configuration.
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Case 4. Wind turbine with Diesel Generator configuration

This off-grid configuration used 10kW BWC XL.1 wind generator with 5kW inverter and
10kW diesel generator as required resources to support 5730kWh/yr of load. Result showed
that, wind turbine generates much more electricity than the total load demand but could not
meet the load demand for 24 hours period.

Total 41,023kWh/yr of electricity was generated from wind turbine and diesel generator,
where 38,781kWh/yr from wind turbine i.e. 94.5% of total production from RE but most of it
was wasted as wind turbine supports 3488kWh/yr of load, which is 60.87% of load demand.
Diesel generator contributes 2242kWh/yr or 39.13% of load demand, although compared to
the total production; diesel generator contribution was only 5.5%. Total 35,070kWh/yr or
85.5% of total electricity production was wasted but compared to the total wind turbine
output 90.43% was wasted. By adding storage this huge loss of electricity could be
minimized and that could reduce the use of diesel generator.

Case 5. Wind turbine with Storage and Diesel Generator configuration

This off-grid configuration model used 3kW BWC XL.1 wind generator, 40 numbers of
Trojan L16P Battery (@ 6V, 360Ah) at 24V system voltage and 5kW Inverter. This optimized
configuration shaded out diesel generator, therefore 100% load was supported by wind
turbine and storage. Result showed that, wind turbine generates electricity more than the
load demand and battery stored the excess electricity to support at other time.

Wind turbine generates 11,634kWh/yr of electricity. Inverter converts 6096kWh/yr of DC
electricity to AC. Battery stored 2364kWh/yr of energy and supplied 2037kWh/yr to the
load. Battery stored 20.32% of wind turbine generated energy and supported 35.55% of load.
However still 5211kWh/yr of excess energy generated by the wind turbine, i.e 44.79% of
total generated energy was wasted that could be sold to the grid.

Case 6. Hybrid system with Diesel generator configuration

This off-grid hybrid configuration model used 3kW PV, 5kW BWC XL.1 wind generator,
5kW Inverter and 4kW diesel generator. Result showed that, although PV and wind turbine
generates much more electricity than the total load demand but could not meet the load
demand for 24 hours period.

Total electricity generated from RE (PV and Wind turbine) and diesel generator was
24,434kWh/yr where 2,227kWh/yr from PV, 19,390kWh/yr from wind turbine and
2,817kWh/yr from diesel generator. PV contributed 9.1%, wind turbine 79.35% and diesel
generator 11.53% of total production, therefore overall RE contribution was 88.5% of total
production. Diesel generator contributed 49.16% of load demand. Inverter converts
3,099kWh/yr of DC electricity to 2,913kWh/yr of AC electricity from RE generation which
was 50.84% of load demand. A significant amount of electricity (18,518kWh/yr) from RE was
wasted which is 75.78% of total electricity production and 85.66% compared to the total RE
production. Storage could be used to reduce this huge energy loss and to minimize the use
of diesel generator.
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Case 7. Hybrid system with Storage and Diesel Generator configuration

This off-grid hybrid configuration model used 1kW PV, 3kW BWC XL.1 wind generator,
5kW Inverter and 32 Trojan L16P batteries at 24V system voltage to support the same load.
Hybrid system (PV and wind turbine) output with storage supports 100% load and shaded
out the use of diesel generator. Result showed that, storage managed the electricity from
hybrid system and met the load demand 24 hours a day, but a significant amount of energy
was wasted that could be sold to the grid.

Total 12,376kWh/yr of electricity was generated from hybrid system, where 742kWh/yr or
6% from PV and 11,634kWh/yr or 94% from wind turbine. Battery stored 2073kWh/yr and
supported 1,788kWh/yr or 31.20% of load demand. This configuration supplied 100% load
demand from RE, however 5,995kWh/yr was wasted which could be sold to the grid.

Summary of Category-1 or Off-grid configurations

The results of standalone configurations can be summarized that storage minimized the use
of resources which reduced the project cost, improved load support that reduced GHG
emission and reduced the loss of generated RE and showed the scope to sell excess energy
to the grid. Table 7 summarizes these findings. Load support describes, percentage of load
supported by RE and storage. Energy loss describes percentage of energy loss compared to
total RE production.

5.2. Category-2 (Grid connected configuration)
Case 1. Grid only configuration

This is the present configuration of most residential electricity connection. Grid supplies
total load demand of 5730kWh/yr. Grid electricity tariff varies with time, season and
application [36, 38]. This configuration model considered 3 different price of grid electricity,
depending on demand time. These are off-peak (0.30$/kWh), peak (0.42$/kWh) and super
peak rate (0.75$/kWh). 6:00PM to 7:00PM considered super peak, 8:00PM to 10:00PM and
8:00AM to 9:00AM considered peak time and rest are off peak time. In this case yearly
average COE becomes $0.422/kWh. As grid electricity mainly comes from conventional
sources therefore a good amount of GHG and pollutant gas emits to the air.

Case 2. PV in Grid connected configuration

In this optimized model configuration diesel Generator was shaded out, however PV array
still contributed a small portion of load demand. To meet load demand this model used
3kW PV, 5kW Inverter and grid supply. Total 7,182kWh/yr electricity was produced, where
grid supplied 4,955kWh/yr or 69% of total production or 86.47% of total load demand. PV
array produced 2,227kWh/yr or 31% of total production or 13.53% of the load demand. Total
549kWh/yr of energy was sold back to the grid and 818kWh/yr of PV generated electricity
was wasted due to mismatch in timely demand which could be stored and supplied to the
load.
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PV Wind | Inverter Storage RE use
(at 24V DC Load | RE energy
system voltage) |support loss

Case-2

12k - - 2.409 77.829
(PV +Gen) W 5kW 32.40% 82%
Case-3: 48 nos.

11kW - kW 100% 18.12%
(PV+Storage+Gen) > (103.68kWh) 00% 8.12%
Case-4

- 10kW kW - 87% 43%
(Wind turbine+Gen) 0 > 60.87% | 9043%
Case-5 40 nos
(Wind - 3kW 5kW : 100% 44.79%
. (86.4kWh)

turbine+Storage+Gen)
Case-6 o o
(Hybrid +Gen) 3kW 5kW 5kW - 50.84% | 85.66%
Case-7 32 nos. o o
(Hybrid+Storage+Gen) Tkw Skw Skw (69.12kWh) 100% 4844%

Table 7. Category-1 or off-grid configuration results

Case 3. PV with Storage in Grid connected configuration

This configuration model is very interesting compared to the earlier case that, by adding
sufficient amount of storage, system improved PV contribution for same load demand. To
meet load demand this model used 5kW PV, 12 numbers of Trojan L16P battery, 5kW
inverter and grid supply. Total 6208kWh/yr of electricity produced where grid supplied
2496kWh/yr or 40% of total production or 43.56% of total load demand. PV array produced
3712kWh/yr or 60% of total production. Loss of energy was very insignificant. Battery stored
1918kWh/yr and supplied 1648kWh/yr to the load or 28.76% of total load. However PV
array directly supported (5730-2496-1648) = 1586kWh/yr of load which was 27.68% of total
load demand.

Case 4. Wind turbine in Grid connected configuration

In this configuration model, wind turbine generates enough electricity but was unable to
meet the timely load demand therefore consumed sufficient amount of grid electricity. To
meet the load demand this optimized model used 3kW BWC XL.1 wind turbine, 5kW
inverter and grid supply. Total 14,389kWh/yr of electricity was produced where wind
generator produced 11,634kWh/yr or 80.9% of total production. Grid supplied 2755kWh/yr
or 19.1% of total production or 48.08% of load demand. Wind turbine supported (5730 -
2755) = 2975kWh/yr or 51.92% of load demand and 7121kWh/yr of electricity was sold back
to the grid. Total 894kWh/yr of electricity was unused.
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Case 5. Wind turbine with Storage in Grid connected configuration

This configuration model used 3kW BWC XL.1 wind generator, 16 numbers of Trojan L16P
battery, 5kW inverter and grid supply. Total 11,784kWh/yr of electricity was produced
where grid supplied only 150kWh/yr or 1.3% of total production or only 2.6% of total load
demand. Wind turbine produced 11,634kWh/yr which was 98.7% of total production.
Battery stored 2202kWh/yr and supplied 1895kWh/yr or 33.07% of total load demand.
However wind turbine directly supported (5730-1895-150) = 3685kWh/yr or 64.31% of total
load demand. Total 5068kWh/yr or 53.65% of wind production was sold back to the grid.
Significant amount of electricity was sold back to the grid therefore overall GHG emission
was reduced.

Case 6. Hybrid system without Storage in Grid connected configuration

In this configuration both PV and wind turbine was used. This hybrid configuration model
used 1kW PV, 1kW BWC XL.1 wind generator, 1kW inverter and grid supply for the same
load of 5730kWh/yr. Results showed that, the hybrid system was optimized such that
minimum RE components were required but could not met the load demand for 24 hours
period. Total 9,021kWh/yr of electricity was produced where grid supplied 4,401kWh/yr or
76.80% of load demand or 48.78% of total production. PV and wind hybrid system produced
4,620kWh/yr or 51.21% of total production. Hybrid system supplied 1329kWh/yr of
electricity or 23.19% of load demand. However hybrid system generated enough electricity
and sold 1,236kWh/yr to the grid, still 1,891kWh/yr of electricity wasted which was 40.93%
of total RE production. This wasted electricity could be utilized and grid use could be
minimized by adding storage.

Case 7. Hybrid system with Storage in Grid connected configuration

This hybrid configuration model used 1kW PV, 3kW BWC XL.1 wind generator, 3kW
inverter, 12 Trojan L16P battery and grid supply. This configuration improved RE
contribution in supporting load. Total 12,546kWh/yr of electricity was produced where grid
supplied only 170kWh/yr which is 1.4% of total production or 2.96% of load demand. PV
generates 742kWh/yr and wind turbine 11,634kWh/yr i.e. RE production was 98.6% of total
electricity generation. This hybrid system sold back 5,527kWh/yr of electricity to the grid.
Storage helped in improving RE utilization & minimized loss. Battery stored 1911kWh/yr
and supported 1642kWh/yr of load or 28.65% of load demand.

Summary of Category-2 or Grid-connected configurations

The results of grid connected configurations can be summarized that storage improved load
support which reduced GHG emission. Storage optimized the RE sources by minimizing
grid use and reduced loss of energy. Table 8 summarizes these findings. Load support
describes, percentage of load supported by RE and storage. Energy loss describes
percentage of energy loss compared to total RE production. Grid sales describes, energy sold
to grid compared to total RE production.
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Storage RE use
PV Wind | Inverter (at 24V DC Load Grid RE
system " ) energy
voltage) Suppor sales loss
Case-2 3KW - 5kW - 38.86% | 24.65% | 36.73%
(PV +Grid) A i
Case-3 12 nos. o o o
(PV+Storage+Grid) Skw i Skw (25.92kWh) S6:44% | 0.027% | 0.0%
Case-4
(Wind  turbine + - 3kW 5kW - 51.92% | 61.19% | 7.68%
Grid)
Case-5
. . 16 nos.
(Wind  turbine + - 3kW 5kW 97.38% | 43.56% | 0.0%
. (34.56kWh)
Storage +Grid)
Case-6 o o o
(Hybrid +Grid) 1kW 1kW 1kW - 23.19% | 26.75% | 40.93%
Case-7 12 nos
(Hybrid+Storage 1kW | 3kwW 3kW .| 97.03% | 44.66% | 2.53%
+Grid) (25.92kWh)

Table 8. Category-2 or grid connected configuration results

5.3. Findings

The optimization was done in two configuration categories and seven cases in each
category. Four different factors were compared in each case. These factors were GHG &
Pollutant gas emission, RF, COE and NPC. The comparative findings of these factors are
explained below.

GHG & Pollutant gas emission

Figure 13 shows GHG and pollutant gas emissions in different case configurations. It was
found that by adding storage in stand-alone system, emission of GHG and other pollutant
gas was eliminated. In Grid connected configuration, it was also evident that storage
minimized emission by improving RE utilization. By selling excess energy back to the grid
storage with wind and hybrid system further helped in reducing GHG emission from grid
which is shown in negative values in Figure 13.

Renewable Fraction (RF)

RF is the measuring index of how much electricity produced from RE, out of total
production. In stand-alone system it was found that storage eliminates the use of diesel
generator therefore RF became 100%. In Grid connected configuration Storage again
improves the RE utilization and RF became as high as 98.7% as shown in Figure 14.
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Figure 13. GHG and pollutant gas emission in different cases
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Figure 14. Renewable fraction (RF) in different cases

Cost of Energy (COE)

COE is the cost of per unit energy in $/kWh. Stand-alone configuration involving diesel
generator was costly therefore COE was very high; however adding storage reduced COE to
a reasonable level. In Grid connected configuration in all combination of RE sources, storage
reduced the COE and in hybrid system storage reduced COE close to the grid only energy
cost as shown in Figure 15.
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Figure 15. Cost of energy (COE) in different cases

Net Present Cost (NPC)

NPC represents present cost of the system. In standalone configuration NPC was very high
however storage helped in reducing NPC to an acceptable level by improving the utilization
of RE. In Grid connected configuration, storage helped in reducing NPC in every
combination of RE used as shown in Figure 16.
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Figure 16. Net present cost (NPC) in different cases

5.4. Payback period

In this model payback was calculated by comparing one system with another. Payback is the
number of years in which the cumulative cash flow switches from negative to positive by
comparing storage integrated model with without storage model in grid connected
configuration. Cash flow in grid connected PV with storage system compared with grid
connected PV base system and it was found that payback period is 4.15 year. Similarly grid
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connected wind generator with storage compared with without storage system and found
that payback period is 2.67 years. In case of grid connected Hybrid (PV & wind turbine)
system with storage compared with same without storage system and found that payback
period is 2.05 years. Storage helped in RE utilization that minimizes the use of grid
electricity and increased energy sell back to the grid. Therefore it was confirmed that the
investment cost of storage integration returns in very short period of time as shown in
Figure 17. In Australia solar bonus scheme awards the price of electricity fed into the grid
from RE at a rate of $0.44/kWh [39-40] which is much higher than the utility rate. This
ensures that the payback period will be much shorter in Australia.
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Figure 17. Payback period of storage in three different cases

6. Conclusion

Storage integrated RE system was analyzed for a residential load in Rockhampton,
Australia. Estimation of required storage for the RE system was calculated. Estimation steps
were developed and estimation of required storage was done in grid connected PV, wind
and hybrid systems. It was found that to support daily load of 15.7kWh/day in grid
connected PV system minimum 665.90Ah of storage, in grid connected wind turbine
minimum 582.356Ah of storage and in hybrid system minimum 543.62Ah of storage
required at 24V DC system voltage.

Model was developed for feasibility analysis of storage with RE. Model was analyzed in
standalone and grid connected configurations. Analysis was conducted to observe the
storage influences over the GHG emission, RF, COE and NPC indexes. It was found by
analyzing the output data from the optimized model that storage has great influence on
improving RE utilization.

It was evident from the analysis that storage helped significantly in reducing GHG & other
pollutant gas emission, reduced COE, improved RF and reduced NPC. Comparing without
and with storage system model, it was found that in grid connected PV system, storage



Estimation of Energy Storage and Its Feasibility Analysis 75

reduced 43.35% of GHG and pollutant gas emission and in all standalone systems it was
100%. In grid connected wind and hybrid system, storage reduced GHG emission more than
100% by selling extra energy to the grid. In grid connected configuration storage improved
RF where with PV, wind turbine and hybrid system RF was 59.8%, 98.7%, 98.6%
respectively. Storage reduced COE and in grid connected configuration it was as low as
presently available grid electricity cost. In hybrid and wind system COE was $0.316/kWh
and $0.302/kWh respectively. Similarly Storage reduced NPC by 8.3%, 27.13% and 33.95% in
grid connected PV, wind and hybrid configurations respectively. Moreover payback time of
storage is very short therefore storage integrated RE system is more feasible for
implementation.
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Chapter 3

Electrochemical Energy Storage

Petr Krivik and Petr Baca

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52222

1. Introduction

Electrochemical energy storage covers all types of secondary batteries. Batteries convert the
chemical energy contained in its active materials into electric energy by an electrochemical
oxidation-reduction reverse reaction.

At present batteries are produced in many sizes for wide spectrum of applications. Supplied
powers move from W to the hundreds of kW (compare battery for power supply of pace
makers and battery for heavy motor vehicle or for power station).

Common commercially accessible secondary batteries according to used electrochemical
system can be divided to the following basic groups:

Standard batteries (lead acid, Ni-Cd) modern batteries (Ni-MH, Li—ion, Li-pol), special
batteries (Ag-Zn, Ni-H2), flow batteries (Br2-Zn, vanadium redox) and high temperature
batteries (Na-S, Na-metalchloride).

2. Standard batteries
2.1. Lead acid battery

Lead acid battery when compared to another electrochemical source has many advantages.
It is low price and availability of lead, good reliability, high voltage of cell (2 V), high
electrochemical effectivity, cycle life is from several hundreds to thousands of cycles. Thanks
to these characteristics is now the most widely used secondary electrochemical source of
electric energy and represent about 60% of installed power from all types of secondary
batteries. Its disadvantage is especially weight of lead and consequently lower specific
energy in the range 30-50 Wh/kg.

Lead-acid batteries are suitable for medium and large energy storage applications because
they offer a good combination of power parameters and a low price.
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2.1.1. Battery composition and construction

Construction of lead acid (LA) battery depends on usage. It is usually composed of some
series connected cells. Main parts of lead acid battery are electrodes, separators, electrolyte,
vessel with lid, ventilation and some other elements.

Figure 1. Scheme of prismatic and spiral wound construction of LA battery

Electrode consists of grid and of active mass. Grid as bearing structure of electrode must be
mechanically proof and positive electrode grid must be corrosion proof. Corrosion converts
lead alloy to lead oxides with lower mechanical strength and electric conductivity. Grids are
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made from lead alloys (pure lead would be too soft); it is used Pb-Ca or Pb-Sb alloys, with
mixture of additives as Sn, Cd and Se, that improve corrosion resistance and make higher
mechanical strength.

Active material is made from lead oxide PbO pasted onto a grid and then electrochemically
converted into reddish brown lead dioxide PbO2 on positive electrode and on grey spongy
lead Pb on negative electrode.

Separators electrically separate positive electrode from negative. They have four functions:

1. to provide electrical insulation between positive and negative plate and to prevent short
circuits,

2. to act as a mechanical spacer which holds the plates in the prescribed position,

3.  to help retain the active materials in close contact with the grid,

4.  to permit both the free diffusion of electrolyte and the migration of ions.

The materials used for separators can be wood veneers, cellulose (paper), usually stiffened
with a phenol-formaldehyde resin binder, and those made from synthetic materials, e.g.,
rubber, polyvinyl chloride (PVC), polyethylene (PE), and glass-microfibre.

Electrolyte is aqueous solution of H2SO4 with density of 1.22-1.28 g/cm?. Mostly it is liquid,
covered battery plates. Sometimes it is transformed to the form of gel, or completely
absorbed in separators.

Vessel must to withstand straining caused by weight of inner parts of battery and inner
pressure from gas rising during cycling. The most used material is polypropylene, but also,
PVC, rubber etc. If overpressure rises inside classical battery during charging, problem is
solved by valve placed mostly in lid.

There are some major types of battery construction: prismatic construction with grid or
tubular plates, cylindrical construction (spiral wound or disc plates) or bipolar construction.
2.1.2. Principle of operation

Overall chemical reaction during discharge is:

PbO:2 + Pb + 2H2504 —2PbSOs + 2H20 E0=+2.048 V 1)

Reaction proceeds in opposite direction during charge.

2.1.3. Types of LA batteries

According to the usage and construction, lead acid batteries split into stationary, traction
and automotive batteries.

Stationary battery ensures uninterrupted electric power supply in case of failure in
distributing network. During its service life battery undergo only few cycles. Battery life is
as many as 20 years.
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Traction battery is used for power supply of industrial trucks, delivery vehicles,
electromobiles, etc. It works in cyclic regime of deep charge-discharge. Cycle life of the
battery is about 5 years (1000 of charge—discharge cycles).

Automotive battery is used for cranking automobile internal combustion engines and also
for supporting devices which require electrical energy when the engine is not running. It
must be able of supplying short but intense discharge current. It is charged during running
of engine.

According to the maintenance operation lead acid batteries could be branched into
conventional batteries (i.e., those with free electrolyte, so-called 'flooded' designs), requiring
regular maintenance and valve-regulated lead-acid (VRLA) maintenance free batteries.

2.1.4. VRLA batteries

Originally, the battery worked with its plates immersed in a liquid electrolyte and the
hydrogen and the oxygen produced during overcharge were released into the atmosphere.
The lost gases reflect a loss of water from the electrolyte and it had to be filled in during
maintenance operation. Problems with water replenishing were overcome by invention of
VRLA (valve regulated lead acid) batteries.

The VRLA battery is designed to operate with help of an internal oxygen cycle, see Fig. 2.
Oxygen liberated during the latter stages of charging, and during overcharging, on the
positive electrode, i.e.

H:0 —2H*+1/202+2e- , (1a)

travels through a gas space in separator to the negative electrode where is reduced to the
water:

Pb +1/202 + H2SOs — PbSOs4 + H20 + Heat (1b)

The oxygen cycle, defined by reactions (la) and (1b), moves the potential of the negative
electrode to a less negative value and, consequently, the rate of hydrogen evolution
decreases. The small amount of hydrogen that could be produced during charging is
released by pressure valve. The produced lead sulphate is immediately reduced to lead via
the reaction (1c), because the plate is simultaneously on charge reaction:

PbSOs + 2H* + 2e- — Pb + H2SOs (1c)

The sum of reactions (1la), (1b) and (1c) is zero. Part of the electrical energy delivered to the
cell is consumed by the internal oxygen recombination cycle and it is converted into heat.

There are two designs of VRLA cells which provide the internal oxygen cycle. One has the
electrolyte immobilized as a gel (gel batteries), the other has the electrolyte held in an AGM
separator (AGM batteries). Gas can pass through crack in the gel, or through channels in the
AGM separator.
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Figure 2. Internal oxygen cycle in a valve regulated lead acid cell (Nelson, 2001).

When the cell is filled with electrolyte, the oxygen cycle is impossible because oxygen
diffuses through the electrolyte very slow. On the end of charge, first oxygen (from the
positive), and then both oxygen (from the positive) and hydrogen (from the negative), are
liberated and they are released through the pressure valve. Gassing causes loss of water and
opens gas spaces due to drying out of the gel electrolyte or a liquid electrolyte volume
decrease in the AGM separators). It allows the transfer of oxygen from the positive to the
negative electrode. Gas release from the cell then falls rapidly (Rand et al., 2004).

2.1.5. Failure mechanisms of LA batteries
Lead acid batteries can be affected by one or more of the following failure mechanisms:

positive plate expansion and positive active mass fractioning,

water loss brought about by gassing or by a high temperature,

acid stratification,

incomplete charging causing active mass sulphation,

positive grid corrosion,

negative active mass sulphation (batteries in partial state of charge (PSoC) cycling -
batteries in hybrid electric vehicles (HEV) and batteries for remote area power supply
(RAPS) applications).

AN

Repetitive discharge and charge of the LA battery causes expansion of the positive active
mass because product of the discharge reaction PbSO4 occupies a greater volume than the
positive active material PbO2. Charging of the cell restores most of the lead dioxide, but not
within the original volume. The negative active mass does not show the same tendency to
expand. Reason could be that lead is softer than lead dioxide and that is why the negative
active material is more compressed during discharge as the conversion from lead to the
more voluminous lead sulphate proceeds. Another reason could be that spongy lead
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contains bigger pores than pores in lead dioxide and therefore is more easily able to absorb a
lead sulphate without expansion of a negative active mass. Progressive expansion of the
positive electrode causes an increasing fraction of the positive active material. This material
becomes to be electrically disconnected from the current collection process and it causes
decreasing of the cell capacity. (Calabek et al., 2001).

: —
- —

Figure 3. Positive active mass fractioning

Gas evolving during overcharge leads to reduction of the volume of the electrolyte. Some of
the active material consequently loses contact with the electrodes. Drying out increases the
internal resistance of the battery which causes excessive rise of temperature during charging
and this process accelerates water loss through evaporation.

During charge, sulphuric acid is produced between the electrodes and there is a tendency
for acid of higher concentration, which has a greater relative density, to fall to the bottom of
the lead acid cell. Acid stratification can be caused also by preferential discharge of upper
parts of the cell, because of lower ohmic resistance of these parts. Concentration of
electrolyte in the upper part of the cell is temporarily lower than on the bottom of the cell. It
leads to discharge of the bottom parts and charge of the upper parts of the cell. The vertical
concentration gradient of sulphuric acid can give rise to non uniform utilization of active
mass and, consequently, shortened service life through the irreversible formation of PbSOa
(Ruetschi, 2004).

When the electrodes are repeatedly not fully charged, either because of a wrong charging
procedure or as a result of physical changes that keep the electrode from reaching an
adequate potential (antimony poisoning of negative electrode), then a rapid decreasing in
battery capacity may occur because of progressive accumulation of lead sulphate in active
mass. Sulphation is creation of insulation layer of lead sulphate on the electrode surface. It
leads to inhibition of electrolyte contact with active mass. Sulphation grows during the long
term standing of the battery in discharge state, in case of electrolyte stratification, or
incomplete charging. In the course of sulphation originally small crystals of lead sulphate
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grow to big ones. Big crystals of lead sulphate increase internal resistance of the cell and
during charging it is hardly possible to convert them back to the active mass.
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Figure 4. SEM images of negative active mass. Sulphation on the left, healthy state on the right

During charge the positive grid is subject to corrosion. Lead collector turns on lead dioxide
or lead sulphate. The rate of this process depends on the grid composition and
microstructure, also on plate potential, electrolyte composition and temperature of the cell.
The corrosion products have usually a bigger electric resistance than positive grid. In
extreme cases, corrosion could result to disintegration of the positive grid and consequently
to collapse of the positive electrode.

Figure 5. Positive grid corrosion

2.2. Ni-Cd battery

They are main representative of batteries with positive Nickel electrode; other possible
systems could be system Ni-Fe and Ni-Zn, Ni-H2 or Ni-MH.
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2.2.1. Battery composition and construction

The nickel cadmium cell has positive electrode from nickel hydroxide and negative
electrode from metallic cadmium, an electrolyte is potassium hydroxide. The nickel
cadmium battery is produced in a wide range of commercially important battery systems
from sealed maintenance free cells (capacities of 10 mAh - 20 Ah) to vented standby power
units (capacities of 1000 Ah and more). Nickel cadmium battery has long cycle life,
overcharge capability, high rates of discharge and charge, almost constant discharge voltage
and possibility of operation at low temperature. But, the cost of cadmium is several times
that of lead and the cost of nickel cadmium cell construction is more expensive than that of
lead acid cell. And there is also problem with the manipulation of toxic cadmium. But also
low maintenance and good reliability have made it an ideal for a number of applications
such (emergency lighting, engine starting, portable television receivers, hedge trimmers,
electric shavers, aircraft and space satellite power systems).

Depending on construction, nickel cadmium cells have energy densities in the range 40-
60 Wh/kg (50-150 Wh/dm?3). Cycle life is moving from several hundreds for sealed cells to
several thousands for vented cells.

Cell construction is branched to two types. First using pocket plate electrodes (in vented
cells). The active material is found in pockets of finely perforated nickel plated sheet steel.
Positive and negative plates are then separated by plastic pins or ladders and plate edge
insulators. Second using sintered, bonded or fibre plate electrodes (in both vented and
sealed cells). In sintered plate electrodes, a porous sintered nickel electrode is sintered in belt
furnace in reducing atmosphere at 800 to 1000°C. Active material is distributed within the
pores. In sintered plate cells, a special woven or felted nylon separator is used. It permits
oxygen diffusion (oxygen cycle) in sealed cells. In the most common version, a spiral or
prismatic construction of cells is used.

The electrolyte is an aqueous solution KOH (concentration of 20-28% by weight and a
density of 1.18-1.27 g/cm3 at 25°C). 1-2% of LiOH is usually added to electrolyte to minimize
coagulation of the NiOOH electrode during charge/discharge cycling. For low temperature
applications, the more concentrated KOH solution is used. When it is operating at high
temperature it is sometimes used aqueous NaOH electrolyte.

2.2.2. Principle of operation

The overall cell reaction during discharge:

2NiOOH + Cd + 2H20 —2Ni(OH)z + Cd(OH): EO=+1.30 V @)

It is notable that amount of water in the electrolyte falls during discharge. Ni-Cd batteries
are designed as positive limited utilizing oxygen cycle. The oxygen evolved at the positive
electrode during charge difuses to the negative electrode and reacts with cadmium to form
Cd(OH)2.
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In addition, carbon dioxide in the air can react with KOH in the electrolyte to form K2CO3,
and CdCO3 can be formed on the negative plates. Both of these compounds increase the
internal resistance and lower the capacity of the Ni-Cd batteries.

Ni-Cd batteries suffer from the memory effect (see also chapter Ni-MH battery). Besides Ni-
Cd batteries also suffer from high rate of self-discharge at high temperatures.
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Figure 6. Scheme of spiral wound and prismatic construction of Ni-Cd battery

3. Modern batteries
3.1. Ni-MH battery
3.1.1. Battery composition and construction

The sealed nickel metal hydride cell has with hydrogen absorbed in a metal alloy as the
active negative material. When compare with Ni-Cd cell it is not only increases the energy
density, but also it is a more environmentally friendly power source. The nickel metal
hydride cell, however, has high selfdischarge and is less tolerant to overcharge than the Ni-
Cd cell.

Positive electrode is NiOOH, negative electrode contains hydrogen absorption alloys. They
can absorb over a thousand times their own volume of hydrogen: Alloys usually consist of
two metals. First absorbs hydrogen exothermically, a second endothermically. They serve as
a catalyst for the dissociative adsorption of atomic hydrogen into the alloy lattice. Examples
of used metals: Pd, V, Ti, Zr, Ni, Cr, Co, Sn, Fe, lanthanides and others. The AB: series
(ZrNi2) and the ABs series (LaNis) are usually used.

Design of the cylindrical and prismatic sealed Ni-MH cells are similar as with a nickel
cadmium cells (see Fig. 7). Hydrophilic polypropylene separator is used in Ni-MH cell.
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3.1.2. Principle of operation

The overall reaction during discharge:

NiOOH + MH — Ni(OH): + M 3)

The electrolyte is concentrated potassium hydroxide, voltage is in the range 1.32-1.35 V,
depending on used alloy. Water is not involved in the cell reaction.

The energy density is 25% higher than a Ni-Cd cell (80 Wh/kg), power density around
200 W/kg, cycle life over 1000 cycles. Self-discharge is high - up to 4-5% per day. It is caused
especially by the hydrogen dissolved in the electrolyte that reacts with the positive electrode.

Ni-MH batteries are used in hybrid electric vehicle batteries, electric razors, toothbrushes,
cameras, camcorders, mobile phones, pagers, medical instruments, and numerous other
high rate long cycle life applications.

3.1.3. Memory effect

Ni-MH batteries also suffer from the memory effect. It is a reversible process which results
in the temporary reduction of the capacity of a Ni-Cd and Ni-MH cell. It is caused by
shallow charge-discharge cycling.
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After shallow cycling there is a voltage step during discharge, ie. as if the cell
remembers the depth of the shallow cycling. The size of the voltage reduction depends on
the number of preceding shallow cycles and the value of the discharge current. But
the capacity of the cell is not affected if the cell is now fully discharged (to 0.9 V) and
then recharged. Deep discharge then shows a normal discharge curve. It seems that
some morphological change occurs in the undischarged active material during the
shallow cycling. It could cause a reduction of the cell voltage during folowing discharge.
The effect is probably based on an increase in the resistance of the undischarged
material (y-NiOOH formation on overcharge during the shallow cycles) (Vincent &
Scrosati, 2003).

Progressive irreversible capacity loss can be confused with the reversible memory effect.
The former is caused different mechanisms. For example by a reduction in the electrolyte
volume due to evaporation at high temperatures or prolonged overcharge. Irreversible
capacity loss can also be caused by internal short circuits.

3.2. Li-ion battery

Lithium is attractive as a battery negative electrode material because it is light weight, high
reduction potential and low resistance. Development of high energy density lithium-ion
battery started in the 1970s. The lithium-ion cell contains no metallic lithium and is therefore
much safer on recharge than the earlier, primary lithium-metal design of cell.

3.2.1. Battery composition and construction

The principle of the lithium-ion cell is illustrated schematically in Fig. 8. The lithium ions
travel between one electrode and the other during charge and discharge.

The most of commercial lithium-ion cells have positive electrodes of cobalt oxide. Other
possible positive electrodes are except LiCoO:2 and LiNiO: based on especially manganese
oxide, namely, LiMnO2 and LiMn20a.

Negative electrode is carbon, in the form of either graphite or an amorphous material with a
high surface-area. Carbon is an available and cheap material of low weight and also it is able
to absorb a good quantity of lithium. When paired with a metal oxide as the positive
electrode it gives a cell with a relatively high voltage (from 4 V in the fully charged state to
3 Vin discharged state) (Dell & Rand, 2001).

Electrolyte is composed from organic liquid (ether) and dissolved salt (LiPFs, LiBF4, LiClO4).
The positive and negative active mass is applied to both sides of thin metal foils (aluminium
on positive and copper on negative). Microporous polymer sheet between the positive and
negative electrode works as the separator.

Lithium-ion cells are produced in coin format, as well as in cylindrical and prismatic (see
Fig. 9) shapes.
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Figure 9. Prismatic and cylindrical Li-ion cell construction

3.2.2. Principle of operation
The positive electrode reaction is:
Positive electrode:
LiCoO:2 — Li1xCoO:2 + xLi* + xe-
Negative electrode:
xLi* +xe + Ce —LixCs ,

where x moves on negative electrode from 0 to 1, on positive electrode from 0 to 0.45.

)

®)
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The most important advantages of lithium-ion cell are high energy density from 150 to
200 Wh/kg (from 250 to 530 Wh/I), high voltage (3.6 V), good charge-discharge
characteristics, with more than 500 cycles possible, acceptably low selfdischarge (< 10% per
month), absence of a memory effect, much safer than equivalent cells which use lithium
metal, possibility of rapid recharging (2h).

Main disadvantage is a high price of the lithium-ion battery. There also must be controlled
charging process, especially close the top of charge voltage 4.2 V. Overcharging or heating
above 100°C cause the decomposition of the positive electrode with liberation of oxygen gas
(LiCoO:z yields CosOs).

3.2.3. Li-pol battery

Polymers contained a hetero-atom (i.e. oxygen or sulfur) is able to dissolve lithium salts in
very high concentrations. Some experiments were made with polyethylene oxide (PEO),
which dissolves salts lithium perchlorate LiClOs and lithium trifluoromethane sulfonate
LiCFsSOs very well. But there is disadvantage - the conductivity of the solid solution of
lithium ions is too low (about 10~ S/m) on room temperature. But when higher temperature
is reached (more than 60°C), transformation of crystalline to amorphous phase proceeds. It
leads to much better electrical conductivity (10" S/m at 100°C). This value allows the
polymer to serve as an electrolyte for lithium batteries. But thickness of the polymer must be
low (10 to 100 pm). Polymer electrolyte is safer then liquid electrolyte, because it is not
flammable (Dell & Rand, 2001).

4. Special batteries
4.1. Ag-Zn battery
4.1.1. Battery composition and construction

The zinc-silver oxide battery has one of the highest energy of aqueous cells. The theoretical
energy density is 300 Wh/kg (1400 Wh/dm?) and practical values are in the range 40-
130 Wh/kg (110-320 Wh/dm?3). Cells have poor cycle life. But they can reach a very low
internal resistance and also their high energy density makes them very useful for aerospace
and even military purposes.

The silver positive active mass is formed by sintering of silver powder at temperatures
between 400 and 700°C and it is placed on silver or silver-plated copper grids or perforated
sheets.

The zinc negative electrode prepares as mixtures of zinc, zinc oxide and organic binding
agents. The aim is to produce electrodes of high porosity. Other additives include surface
active agents to minimize dendritic growth and mercuric ions to increase the hydrogen
overvoltage of the zinc electrode (reduce gassing during charge) and so reduce corrosion.

Electrolyte is water solution of KOH (1.40 to 1.42 g/cm?).
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The separator is the most important component of zinc-silver oxide cell. It must prevent
short circuit between electrodes, must prevent silver migration to the negative electrode, to
control zincate migration, to preserve the integrity of the zinc electrode. The separator must
have a low ion resistance with good thermal and chemical stability in KOH solution. Typical
separators used in Ag-Zn battery, are of cellophane (regenerated cellulose), synthetic fiber
mats of nylon, polypropylene, and nonwoven rayon fiber mats. Synthetic fiber mats are
placed next to the positive electrode to protect the cellophane from oxidizing influence of
that material. In most cells the separators are in form of envelopes completely enclosed the
zinc electrodes (Vincent & Scrosati, 2003).

Commercial cells are generally prismatic — see Fig. 10 in shape and the case is usually
plastic. Construction must be able to withstand the mechanical stress. The cells are usually
sealed with safety valves. The volume of free electrolyte is very small. It is absorbed in the
electrode pores and separator.

The energy density of practical zinc-silver oxide cells is some five to six times higher than
that of their nickel-cadmium cells. The main disadvantage of the system is its high cost
combined with a poor cycle life.

Figure 10. Ag-Zn prismatic and submarine torpedo battery

4.1.2. Principle of operation

The overall cell reaction during discharge:

Ag202 + 2H2O + 2Zn —2Ag + 2Zn(OH): 6)

The cell discharge reaction takes place in two stages:
Ag202+ H20 +2Zn — AgxO +2Zn(OH)2 E'=+1.85V (7)

AgO +H20 + Zn —2Ag+ Zn(OH). E'=+1.59 V @)
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During discharge there rises metal silver inside positive electrode and that is why inner
electrical resistance drops in discharged state. Maximum temperature range is from -40 to
50 °C. Self discharge of Ag-Zn battery at 25 °C is about 4% of capacity per month.

Zinc-silver oxide secondary cells with capacities of 0.5-100 Ah are manufactured for use in
space satellites, military aircraft, submarines and for supplying power to portable military
equipment. In space applications the batteries are used to increase the power from solar cells
during period of high demand, e.g. during radio transmission or when the sun is eclipsed.
At other times the batteries are charged by the solar cells.

4.2. Ni-H: battery
4.2.1. Battery composition and construction

The Ni-H: battery is an alkaline battery developed especially for use in satellites (see
Fig. 11). It is a hybrid battery combining battery and fuel cell technology.

Figure 11. Scheme of a nickel-hydrogen battery (Zimmerman, 2009)
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The battery has a sintered, nickel-oxide positive electrode and a negative electrode
from platinum black catalyst supported with Teflon bonding dispersed on carbon paper.
Two types of the separators are being used. First is formed from a porous ceramic
paper, made from fibres of yttria-stabilized zirconia, second from asbestos paper (Linden &
Reddy, 2002). Separators absorb the potassium hydroxide electrolyte. The battery was
developed to replace Ni-Cd battery in space applications and it has some higher specific
energy (50 Wh/kg) together with a very long cycle life. Standard voltage of the Ni-H: cell is
1.32V.

4.2.2. Principle of operation

The overall reaction during discharge:
2NiOOH + H: —2Ni(OH) ©)

The hydrogen gas liberated on charging is stored under pressure within the cell pressure
vessel. Shape of the vessel is cylindrical with hemi-spherical end caps made from thin,
Inconel alloy. Pressure of hydrogen inside the vessel grows to 4 MPa during charge whereas
in the discharged state falls to 0.2 MPa. The cells may be overcharged because liberated
oxygen from the positive electrode recombines rapidly at the negative electrode into the
water.

5. Flow batteries

Flow batteries store and release electrical energy with help of reversible electrochemical
reactions in two liquid electrolytes. An electrochemical cell has two loops physically
separated by an ion or proton exchange membrane. Electrolytes flow into and out of the cell
through separate loops and undergo chemical reaction inside the cell, with ion or proton
exchange through the membrane and electron exchange through the external electric circuit.
There are some advantages to using the flow battery when compared with a conventional
secondary battery. The capacity of the system is possible to scale by increasing the amount
of solution in electrolyte tanks. The battery can be fully discharged and has little loss of
electrolyte during cycling. Because the electrolytes are stored separately, flow batteries have
a low selfdischarge. Disadvantage is a low energy density and specific energy.

5.1. Br>-Zn battery
5.1.1. Battery composition and construction

The zinc-bromine cell is composed from the bipolar electrodes. The bipolar electrode is from
a lightweight, carbon-plastic composite material. Microporous plastic separator between
electrodes allows the ions to pass through it. Cells are series-connected and the battery has a
positive and a negative electrode loop. The electrolyte in each storage tank is circulated
through the appropriate loop.
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Figure 12. Scheme of zinc-bromine battery (Dell & Rand, 2001)

5.1.2. Principle of operation

The overall chemical reaction during discharge:

Zn +Br2 —ZnBr2 EC=+1.85V (10)

During discharge product of reaction, the soluble zinc bromide is stored, along with the rest
of the electrolyte, in the two loops and external tanks. During charge, bromine is liberated
on the positive electrode and zinc is deposited on the negative electrode. Bromine is then
complexed with an organic agent to form a dense, oily liquid polybromide complex. It is
produced as droplets and these are separated from the aqueous electrolyte on the bottom of
the tank in positive electrode loop. During discharge, bromine in positive electrode loop is
again returned to the cell electrolyte in the form of a dispersion of the polybromide oil.

5.2. Vanadium redox battery
5.2.1. Battery composition and construction

A vanadium redox battery is another type of a flow battery in which electrolytes in two
loops are separated by a proton exchange membrane (PEM). The electrolyte is prepared by
dissolving of vanadium pentoxide (V205) in sulphuric acid (H2SO4). The electrolyte in the
positive electrolyte loop contains (VO2)* - (V*) and (VO)* - (V#) ions, the electrolyte in the
negative electrolyte loop, V3 and V? ions. Chemical reactions proceed on the carbon
electrodes.
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X
Figure 13. Scheme of vanadium redox battery

5.2.2. Principle of operation
In the vanadium redox cell, the following half-cell reactions are involved during discharge:

At the negative electrode:

V2 =V 4 e E0=-0.26V (11)

At the positive electrode:

VO:t +2H* + e = VO + H.0 E’=1.00V 12)

Under actual cell conditions, an open circuit voltage of 1.4 Volts is observed at 50% state of
charge, while a fully charged cell produces over 1.6 Volts at open-circuit, fully discharged
cell 1.0 Volt.

The extremely large capacities possible from vanadium redox batteries make them well
suited to use in large RAPS applications, where they could to average out the production of
highly unstable power sources such as wind or solar power. The extremely rapid response
times make them suitable for UPS type applications, where they can be used to replace lead
acid batteries. Disadvantage of vanadium redox batteries is a low energy density of about
25 Wh/kg of electrolyte, low charge efficiency (necessity using of pumps) and a high price.

6. High temperature batteries
6.1. Na-S battery
6.1.1. Battery composition and construction

Sodium, just like lithium, has many advantages as a negative-electrode material. Sodium
has a high reduction potential of -2.71V and a low atomic weight (23.0). These properties
allow to made a battery with a high specific energy (100-200 Wh/kg). Sodium salts are
highly found in nature, they are cheap and non-toxic. Sulphur is the positive electrode
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material which can be used in combination with sodium to form a cell. Sulphur is also
highly available in nature and very cheap.

The problem of a sodium-sulphur cell is to find a suitable electrolyte. Aqueous electrolytes
cannot be used and, unlike the lithium, no suitable polymer was found. That is why a
ceramic material beta-alumina (B—AlOs) was used as electrolyte. It is an electronic insulator,
but above 300 °C it has a high ionic conductivity for sodium ions.

In each cell, the negative electrode (molten sodium) was contained in a vertical tube
(diameter from 1 to 2 cm). The positive electrode (molten sulphur) is absorbed into the pores
of carbon felt (serves as the current-collector) and inserted into the annulus between the
ceramic beta-alumina electrolyte tube and the cylindrical steel case (Fig. 14). Between molten
sodium and beta-alumina electrolyte also could be found a safety liner with a pin-hole in its
base.

Sodium

Sulfur + carbon felt

Aluminium casing ————={-]

Safety insert (liner)

p-aluminatube ——— =

\\\\\\\\

Figure 14. Schematic cross-section of Na-S cell (Dell & Rand, 2001)

6.1.2. Principle of operation

The cell discharges at 300 to 400 °C. Sodium ions pass from the sodium negative electrode,
through the beta-alumina electrolyte, to the sulphur positive electrode. There they react with
the sulphur to form sodium polysulphides. Standard voltage of the cell is about 2 V.

The cell discharges in two steps:
55 + 2Na — Na:2Ss E°=2.076V (13)

3NazSs + 4Na — 5Naz2Ss E0=1.78V (14)

Uncontrolled chemical reaction of molten sodium and sulphur could cause a fire and
corrosion inside the cell and consequently destruction of the cell. It often happens after the
fracture of the electrolyte tube. This problem is solved by inserting of safety liner to the beta-
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alumina tube. This allows a normal flow of sodium to the inner wall of the beta-alumina
electrolyte, but prevents the flow in the case of tube fracture.

6.2. Na-metalchloride battery

6.2.1. Battery composition and construction

In the sodium-metalchloride battery the sulphur positive electrode there is replaced by
nickel chloride or by a mixture of nickel chloride (NiCl2) and ferrous chloride (FeClz) — see
Fig. 15. The specific energy is 100-200 Wh/kg.

The negative electrode is from molten sodium, positive electrode from metalchloride and
electrolyte from the ceramic beta-alumina (the same as in the sodium-sulphur battery). The
second electrolyte, to make good ionic contact between the positive electrode and the
electrolyte from beta-alumina, is molten sodium chloraluminate (NaAICls).

The positive electrode is from a mixture of metal powder (Ni or Fe) and sodium chloride
(NaCl). During charge, these materials are converted into the corresponding metal chloride
and sodium. Iron powder is cheaper than nickel powder, but nickel cells have higher
voltage and could operate over a wider temperature range (200 to 400 °C) than iron cells
(200 to 300 °C) (Dell & Rand, 2001).

e o

NaAlcl,

B - alumina tube

Porous M, MCI,
electrode

Liquid sodium

I— Cell case

Figure 15. Schematic cross-section of Na-metalchloride cell (Rand, 1998)

6.2.2. Principle of operation

The basic cell reactions during discharge are simple, i.e.
2Na + NiClz —2NaCl + Ni E0=+258 V (15)

2Na + FeCl —2NaCl + Fe E'=+235V (16)



Electrochemical Energy Storage 99

Advantage of the sodium metalchloride cell over the sodium sulphur cell is that there is
possibility of both an overcharge and overdischarge reaction, when the second electrolyte
(molten sodium chloraluminate) reacts with metal (overcharge) or with sodium
(overdischarge).

Overcharge reaction for sodium nickelchloride cell:

2NaAICls + Ni —2Na + 2AICIs + NiCl2 17)

Overdischarge reaction for sodium nickelchloride cell:

3Na +NaAICls — Al + 4NaCl (18)

Another advantage of the sodium metalchloride system is safety of operation. When the
beta-alumina electrolyte tube cracks in this system, the molten sodium first encounters the
NaAICls electrolyte and reacts with it according the overdischarge reaction.

7. Conclusion

This chapter is focused on electrochemical storage or batteries that constitute a large group
of technologies that are potentially suitable to meet a broad market needs. The five
categories of electrochemical systems (secondary batteries) were selected and discussed in
detail: standard batteries (lead acid, Ni-Cd) modern batteries (Ni-MH, Li-ion, Li-pol),
special batteries (Ag-Zn, Ni-H2), flow batteries (Br2-Zn, vanadium redox) and high
temperature batteries (Na-S, Na-metalchloride). These batteries appear to be promising to
meet the requirements for end-user applications.

However, the use of secondary batteries involves some technical problems. Since their cells
slowly self-discharge, batteries are mostly suitable for electricity storage only for limited
periods of time. They also age, which results in a decreasing storage capacity.

For electrochemical energy storage, the specific energy and specific power are two
important parameters. Other important parameters are ability to charge and discharge a
large number of times, to retain charge as long time as possible and ability to charge and
discharge over a wide range of temperatures.
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1. Introduction

Electrical Energy Storage (EES) refers to a process of converting electrical energy from a
power network into a form that can be stored for converting back to electrical energy when
needed 3], Such a process enables electricity to be produced at times of either low demand,
low generation cost or from intermittent energy sources and to be used at times of high
demand, high generation cost or when no other generation is available!'*.The history of EES
dates back to the turn of 20th century, when power stations often shut down for overnight,
with lead-acid accumulators supplying the residual loads on the then direct current (DC)
networks 4. Utility companies eventually recognised the importance of the flexibility that
energy storage provides in networks and the first central station energy storage, a Pumped
Hydroelectric Storage (PHS), was in use in 192912110151, Up to 2011, a total of more than 128 GW
of EES has been installed all over the world 2. EES systems is currently enjoying somewhat
of a renaissance, for a variety of reasons including changes in the worldwide utility regulatory
environment, an ever-increasing reliance on electricity in industry, commerce and the home,
power quality/quality-of-supply issues, the growth of renewable energy as a major new source
of electricity supply, and all combined with ever more stringent environmental requirements>
461, These factors, combined with the rapidly accelerating rate of technological development in
many of the emerging electrical energy storage systems, with anticipated unit cost reductions,
now make their practical applications look very attractive on future timescales of only years.
The anticipated storage level will boost to 10~15% of delivered inventory for USA and
European countries, and even higher for Japan in the near futurel*l'o,

There are numerous EES technologies including Pumped Hydroelectric Storage (PHS)!-
121071, Compressed Air Energy Storage system (CAES)!1522], Battery?>%’], Flow Battery!>-4Iell13],
Fuel Cell?428], Solar Fuel®l??l, Superconducting Magnetic Energy Storage system (SMES)®*
32, Flywheel131161133341 and Capacitor and Supercapacitorl'®l. However, only two kinds of
EES technologies are credible for energy storage in large scale (above 100MW in single unit)
ie. PHS and CAES. PHS is the most widely implemented large-scale form of EES. Its
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principle is to store hydraulic potential energy by pumping water from a lower reservoir to
an elevated reservoir. PHS is a mature technology with large volume, long storage period,
high efficiency and relatively low capital cost per unit energy. However, it has a major
drawback of the scarcity of available sites for two large reservoirs and one or two dams. A
long lead time (typically ~10 years) and a large amount of cost (typically hundreds to
thousands million US dollars) for construction and environmental issues (e.g. removing
trees and vegetation from the large amounts of land prior to the reservoir being flooded) are
the other three major constrains in the deployment of PHS. These drawbacks or constrains
of PHS make CAES an attracting alternative for large scale energy storage. CAES is the only
other commercially available technology (besides the PHS) able to provide the very-large
system energy storage deliverability (above 100MW in single unit) to use for commodity
storage or other large-scale storage.

The chapter aims to review research and application state-of-arts of CAES including
principle, function and deployments. The chapter is structured in the following manner.
Section 2 will give the principle of CAES. Technical characteristics of the CAES will be
described in Section 3 in terms of power rating and discharge time, storage duration, energy
efficiency, energy density, cycle life and life time, capital cost etc. Functions and deployments
will be given in Sections 4 and 5. And research and development of new CAES technologies
will be discussed in Section 6. Finally, concluding remarks will be made in Section 7.

2. Principle

The concept of CAES can be dated back to 1949 when Stal Laval filed the first patent of
CAES which used an underground cavern to store the compressed airl®. Its principle is on
the basis of conventional gas turbine generation. As shown in Figure 1, CAES decouples the
compression and expansion cycle of a conventional gas turbine into two separated processes
and stores the energy in the form of the elastic potential energy of compressed air. In low
demand period, energy is stored by compressing air in an air tight space (typically 4.0~8.0
MPa) such as underground storage cavern. To extract the stored energy, compressed air is
drawn from the storage vessel, mixed with fuel and combusted, and then expanded through
a turbine. And the turbine is connected to a generator to produce electricity. The waste heat
of the exhaust can be captured through a recuperator before being released to the
atmosphere (figure 2).

As shown in Figure 2, a CAES system is made of above-ground and below-ground
components that combine man-made technology and natural geological formations to
accept, store, and dispatch energy. There are six major components in a basic CAES
installation including five above-ground and one under-ground components:

1. The motor/generator that employs clutches to provide for alternate engagement to the
compressor or turbine trains.

2. The air compressor that may require two or more stages, intercoolers and after-coolers,
to achieve economy of compression and reduce the moisture content of the compressed
air.
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3. The turbine train, containing both high- and low pressure turbines.

4. Equipment controls for operating the combustion turbine, compressor, and auxiliaries
and to regulate and control changeover from generation mode to storage mode.

5. Auxiliary equipment consisting of fuel storage and handling, and mechanical and
electrical systems for various heat exchangers required to support the operation of the
facility.

6. The under-ground component is mainly the cavity used for the storage of the
compressed air.

l.Air, 2.Compressor, 3.Combustor, 4.Fuel,
5. Turbine, 6.Exhaust, 7.Generator, 8.Electricity

(a) Schematic diagram of GT system

12
10 11
2 i
I 9
8
4
5
3
6

1.Air, 2.Compressor, 3.Reservoir, 4.Compressed air,
5.Combustor, 6.Fuel, 7.Turbine, 8 Exhaust,
9.Motor/Generator, 10 and 11.Clutch, 12 Electricity

(b) Schematic diagram of GT system

Figure 1. Schematic diagram of gas turbine and CAES system

The storage cavity can potentially be developed in three different categories of geologic
formations: underground rock caverns created by excavating comparatively hard and
impervious rock formations; salt caverns created by solution- or dry-mining of salt
formations; and porous media reservoirs made by water-bearing aquifers or depleted gas or
oil fields (for example, sandstone, fissured lime). Aquifers in particular can be very
attractive as storage media because the compressed air will displace water, setting up a
constant pressure storage system while the pressure in the alternative systems will vary
when adding or releasing air.
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1. Excess or off-peak power 4. The electricity produced is
is used to compress air delivered back onto the grid

Motor Compressor ecuperato L Generator
P

2. Airis pumped underground 1 _7
and stored for later use
Fuel (Natural Gas)

3. When electricity is needed, the
stored air is used to run a gas-fired
turbine-generator

Compressed

Cavemn

Figure 2. Components of CAESI3!

3. Technical characteristics

Figure 3 shows the comparison of technical characteristics between CAES and other EES
technologies. One can see that CAES has a long storage period, low capital costs but
relatively low efficiency. The typical ratings for a CAES system are in the range 50 to 300
MW and currently manufacturers can create CAES machinery for facilities ranging from 5 to
350 MW. The rating is much higher than for other storage technologies other than pumped
hydro. The storage period is also longer than other storage methods since the losses are very
small; actually a CAES system can be used to store energy for more than a year. The typical
value of storage efficiency of CAES is in the range of 60-80%. Capital costs for CAES
facilities vary depending on the type of underground storage but are typically in the range
from $400 to $800 per kW. The typical specific energy density is 3-6 Wh/litre or 0.5-2 W/litre
and the typical life time is 20-40 years.

Similar to PHS, the major barrier to implementation of CAES is also the reliance on
favourable geography such as caverns hence is only economically feasible for power plants
that have nearby rock mines, salt caverns, aquifers or depleted gas fields. In addition, in
comparison with PHS and other currently available energy storage systems, CAES is not an
independent system and requires to be associated the gas turbine plant. It cannot be used in
other types of power plants such as coal-fired, nuclear, wind turbine or solar photovoltaic
plants. More importantly, the combustion of fossil fuel leads to emission of contaminates
such as nitrogen oxides and carbon oxide which render the CAES less attractivelll3657],
Many improved CAES are proposed or under investigation, for example Small Scale CAES
with fabricated small vessels and Advanced Adiabatic CAES (AACAES) with TES[MI21,
which will be discussed in Section 6.
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Figure 3. Technical characteristics of CAES

4. Function

CAES systems are designed to cycle on a daily basis and to operate efficiently during partial
load conditions. This design approach allows CAES units to swing quickly from generation
to compression modes. CAES plant can start without extra power input and take minutes to
work at full power. As a result, CAES has following functions
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1. Peak shaving: Utility systems that benefit from the CAES include those with load
varying significantly during the daily cycle and with costs varying significantly with
the generation level or time of day. It is economically important that storing and
moving low-cost power into higher price markets, reducing peak power prices.

2. Load leveling: CAES plants can respond to load changes to provide load following
because they are designed to sustain frequent start-up/shut-down cycles.

3. Energy Management: CAES allows customers to peak shave by shifting energy demand
from one time of the day to another. This is primarily used to reduce their time-of-use
(demand) charges.

4. Renewable energy: Linking CAES systems to intermittent renewable resources, it can
increase the capacity credit and improve environmental characteristics.

5. Standby power: CAES could also replace conventional battery system as a standby
power which decreases the construction and operation time and cost.

5. Deployment

Although CAES is a mature, commercially available energy storage technology, there are
only two CAES operated all over the world. One is in Huntorf in Germany, another is in
McIntosh, Alabama in USA. The CAES plant in Huntorf, Germany is the oldest operating
CAES system. It has been in operation for about 30 years since 1978. The Huntorf CAES
system is a 290 MW, 50Hz unit, owned and operated by the Nordwestdeutche Krafiwerke,
AG. The size of the cavern, which is located in a solution mined salt dome about 600m
underground, is approximately 310,000 m3. It runs on a daily cycle with eight hours of
charging required to fill the cavern. Operating flexibility, however, is greatly limited by the
small cavern size. Compression is achieved through the use of electrically driven 60 MW
compressors up to a maximum pressure of 10 MPa. At full load the plant can generate 290
MW for two hours. Since its installation, the plant has showed high operation ability e.g.
90% availability and 99% starting reliability.

The second commercial CAES plant, owned by the Alabama Energy Cooperative (AEC) in
McIntosh, Alabama, has been in operation for more than 15 years since 1991. The CAES
system stores compressed air with a pressure of up to 7.5 MPa in an underground cavern
located in a solution mined salt dome 450m below the surface. The storage capacity is over
500,000 m?® with a generating capacity of 110 MW. Natural gas heats the air released from
the cavern, which is then expanded through a turbine to generate electricity. It can provide
26 hours of generation. The McIntosh CAES system utilizes a recuperator to reuse heat
energy from the gas turbine, which reduces fuel consumption by 25% compared with the
Huntorf CAES plant.

There are several planed or under development CAES projects:

1. The third commercial CAES is a 2700 MW plant that is planned for construction in the
United States at Norton, Ohio developed by Haddington Ventures Inc.. This 9-unit
plant will compress air to ~10 MPa in an existing limestone mine dome 670m under
ground. The volume of the storage cavern is about 120,000,000 m?.
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2. Project Markham, Texas: This 540 MW project developed jointly by Ridege Energy
Services and EI Paso Energy will consist of four 135 MW CAES units with separate low
pressure and high pressure motor driven compression trains. A salt dome is used as the
storage vessel.

3. Iowa stored energy project: This project under development by Iowa Association of
Municipal Utilities, promises to be exciting and innovative. The compressed air will be
stored in an underground aquifer, and wind energy will be used to compress air, in
addition to available off-peak power. The plant configuration is for 200MW of CAES
generating capacity, with 100MW of wind energy. CAES will expand the role of wind
energy in the region generation mix, and will operate to follow loads and provide
capacity when other generation is unavailable or non-economic. The underground
aquifer near Fort Dodge has the ideal dome structure allowing large volumes of air
storage at 3.6 MPa pressure.

4. Japan Chubu project: Chubu Electric of Japan is surveying its service territory for
appropriate CAES sites. Chubu is Japan’s third largest electric utility with 14 thermal
and two nuclear power plants that generate 21,380 MWh of electicity annually. Japanese
utilities recognize the value of storing off-peak power in a nation where peak electricity
costs can reach $0.53/kWh.

5. Eskom project: Eskom of South Africa has expressed interest in exploring the economic
benefits of CAES in one of its integrated energy plans('l.

6. Research and development

As mentioned in Section 3, there are two major barriers to implementation of CAES: the
reliance on favourable caverns and the reliance on fossil fuel. To alleviate the barriers, many
improved CAES systems are proposed or under research and development, typical
examples are improved conventional CAES, Advanced Adiabatic CAES (AACAES) with
TESMI21l and Small Scale CAES with fabricated small vessels.

6.1. Improved conventional CAES system

Figure 4 shows the principle of the improved conventional CAES system, which is similar to
Figure 3. In figure 4, there are intercoolers and aftercooler in the compression process;
reheater is installed between turbine stages; and regenerator is used to preheat the
compressed air by the exhausted gas. McIntosh plant can reduce fuel consumption by 25%
using the improved cycle shown in figure 4.

Another improved conventional CAES system combined with a gas turbine is shown in
figure 56841, When the electricity is in low-demand, the compressed air is produced and
stored in underground cavity or above ground reservoir. During the high-demand period,
the CAES is charging the grid simultaneously with the GT power system. The compressed
air is heated by the GT exhaustion and the heated compression air expands in the high
pressure (HP) turbine and then ejects to the GT turbine combustor to join GT working fluid.
The CAES system shown in figure 4 can recover almost 70% of compression energy.
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8

1.Air, 2 and 5.Compressor, 3 and 6.Heat Exchanger, 4 and 7. Heat, 8.Reservoir, 9.Compressed Air,
10 and13.Combustor, 11 and 14.Fuel, 12 and 15.Turbine, 16.Exhaust, 17.Motor/Generator,
18.Electricity, 19 and 20.Clutch, 21.Recuperator

Figure 4. Schematic diagrams of improved conventional CAES system

9

1 15 and 24.Electricity, 2.Motor, 3 and 16.Air, 4 and 17.FIItEr, 5 and 18.Compressor, 6.Intercooler, 7 8
11 And 25.Valve, 9.Underground Cavern, 10.Compressed Air, 12.Recuperator, 13 and 21 Turbine, 14
and 23 Generator, 19.Combustor, 20.Fuel, 22.Exhaust

Figure 5. CAES combined with GT system

6.2. Advanced Adiabatic CAES system

The so called Advanced Adiabatic CAES (AA-CAES) stores the potential and thermal
energy of compressed air separately, and recover them during expansion (as shown in
figure 6). Although the cost is about 20~30% higher than the conventional power plant, this
system eliminates the combustor and is a fossil free system. IAA-CAES may be
commercially viable due to the improvements of thermal energy storage (TES), compressor
and turbine technologies. A project “AA-CAES” (Advanced Adiabatic — Compressed Air
Energy Storage: EC DGXII contract ENK6 CT-2002-00611) committed to developing this
technology to meet the current requirements of energy storage.
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1.Air, 2.Compressor, 3.Storage Reservoir,
4.Compressed Air, 5.Thermal Energy Storage,
6.Turbine, 7.Motor/Generator, 8.Electricity, 9 and
10.Clutch, 11.Exhaust

Figure 6. Schematic diagram of AA-CAES system

6.3. Small-scale CAES System

Small-scale CAES system (<~10MW) with man-made vessels is a more adaptable solution,
without need of caverns, especially for distributed generation that could be widely
applicable to future power networks. Figure 7 shows a small-scale CAES used for standby
power systeml®l. It can replace battery with technical simplicity, low degradation of
components, high reliability, low maintenance and lower life cycle cost characteristics. For a
2kW power application, CAES can work 20 years, while vented lead acid batteries (VLAB)
12 years; the installation and commissioning durations are 8 hours, respectively, while 16
and 64 hours for VLAB; with 300bar, 24,000L compressed air in cylinders, the CAES can
work as a standby power for one year by charging four times. In general, there is no heat
recovery/storage component in the small-scale CAES system, therefore its efficiency is lower
than that of VLAB system.

1.Electricity, 2.Motor, 3.Air, 4 Filter,
5.Compressor, 6 7 and 9.Valve, 8.Air
Reservoir, 10.Expander, 11.Exhaust,
12.Generator,

Figure 7. Schematic diagram of the CAES system as a standby power supply
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7. Concluding remarks

Research and application state-of-arts of compressed air energy storage system are
discussed in this chapter including principle, function, deployment and R&D status. CAES
is the only other commercially available technology (besides the PHS) able to provide the
very-large system energy storage deliverability (above 100MW in single unit). It has a long
storage period, low capital costs but relatively low efficiency in comparison with other
energy storage technologies. CAES can be used for peak shaving, load leveling, energy
management, renewable energy and standby power. However, there are two major barriers
to implementation of CAES: the reliance on favourable caverns and the reliance on fossil
fuel. To alleviate the barriers, many improved CAES systems are under research and
development such as improved conventional CAES, AACAES and Small Scale CAES.
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1. Introduction

During the past several years, we have witnessed a radical evolution of electronic devices.
One of the major trends of this evolution has been increased portability. Laptops and
smart-phone are the most common examples but also cameras or new technologies such as
tablets are equal important. The request of efficient energy storage system becomes even
more important if we extend it to different applications such as electrical /hybrid vehicles that
require hundreds of times larger power when compared with smaller device. Unfortunately
the technological improvements of batteries are slower than electronics, creating a constantly
growing gap that need to be filled. For this reasons it is very important to develop an efficient
energy storage system that goes beyond normal batteries. In the first part of this chapter we
will give a general overview of some existing solution such as electrolytic batteries, fuel cells
and microturbines. In the second part we will introduce an evolution of simple capacitors
known as Supercapacitors or Ultracapacitors. This technology is very promising and it might
be able to substitute, or at least improve in a considerable way current energy storage systems.

1.1. Nanotechnologies for energy related issues

Nanotechnologies (NTs) can play an important role to help to overcome to energy-related
challenges and opportunities. However, what specific kinds of nanotechnologies and how
can they provide such advantages? Sepeur [56] defines nanotechnologies as "‘the systematic
manipulation production or alteration of structure systems materials or components in the range
of atomic and molecular dimension with/into nanoscale dimensions between 1nm and 100nm”’
In particular two subfields of NTs are interesting for energy problems: Nanofabrication
and nanomaterials. By combining these two techniques we are for example able to create
structures with a large surface area per unit mass, and by selective etching and deposition
of different material layers we are able to fabricate very complex mechanical structures.
Furthermore the use of new materials in the process allow us to create films and layers with a
specific characteristic (such as conductivity, stress distribution, mechanical resistance etc). By
combining nanomaterials and nanofabrication it has for example been possible to build solar
cells much more efficient compared to the standard type, to build new classes of materials such
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Figure 1. Example of MEMS Energy harvester device [6]

as carbon nanotubes or graphene that are revolutionizing the electronic world. Researchers
have already shown that with NT it is possible to create thin film batteries Kuwata et al.
[28], Ogawa et al. [44] printable on top of substrates, or creating a smart fibers that can store
energy (so called E-textiles) Gu et al. [18], Jost et al. [25]. Furthermore, in the literature there are
presented many demonstrators of energy harvesting devices that are able to "“harvest"” energy
from many different physic sources (such as mechanical vibrations, temperature gradients,

electro-magnetic radiations, etc) and transform it into electrical energy.

2. Current state of the art

2.1. Batteries

Nowadays electric batteries represent the most common energy storage methods for portable
devices. They store the energy in a chemical way and they are able to reconvert it into
electrical form. They consist of two electrodes (anode and cathode) and one electrolyte
which can be either solid or liquid; In the redox reaction that powers the battery, reduction
occurs at the cathode, while oxidation occurs at the anode [43]. This energy storage form
has changed substantially throughout the years, even though the basic principles have been
known since the invention by the Italian physicist Alessandro Volta in year 1800. The first
type was consisting in a stack of zinc and copper disk separated by an acid electrolyte.
Thanks also to the boost of mobile phones during the last years they have evolved to the
Nickel-Cadmium (Ni-Ca) and Nickel Metal Hydrate (Ni-Mh) which dominated the market
until the developments of Lithium batteries. This latter class rapidly gained market thanks
to the higher specific energy (150-500 Wh/Kg versus 50-150Wh/Kg of NiMh, NiCa, See
Fig.2) and are nowadays one of the most common batteries available in the market. They
can further be divided into another two subclasses which are Lithium Ion (Li-Ion) batteries
and Lithium Polymers (Li-Po) batteries (which basically are an evolution of the Li-Ion). The
high volume of the market (around 50 billion dollar market in 2006 [39]) is expected to grow
even more in the coming years, forecasted to reach around 85.76 billion dollars by 2016
with a Compounded Annual Growth rate around 7% over the next 5 years [34]. This is
generating a very high volume of revenues and part of it is re-invested in battery research
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Figure 2. Energy density of different sources (adapted fromPetricca et al. [50])

which is focused to improve energy density, life time and cycling stability, without using
dangerous materials that can create health hazards. Unfortunately it is difficult to find all
these proprieties optimized in one material combination. One way for enhancement of the
battery capacity is using nanotechnologies for increasing and structuring the surface area of
the electrodes (for example by depositing nanomaterials or by growing nanostructures such
as nanotubes) [43]. But despite all these efforts, the technological improvements of batteries
are still much, much slower when compared with the evolutionary progress of electronics.
For these reasons many researchers are trying to include smart circuitry inside the batteries
for optimizing the discharge curve by optimizing the load. They call it intelligent batteries
[35] and they exploit some battery-related characteristic such as charge recovery effect, for
improving their lifetime.

2.2. Fuel cells

Fuel cells are one of the most developed alternatives to batteries and they are already available
on the market, with many vehicles currently working on Fuel cells based engines [14].
They are electrochemical devices able to convert the chemical energy stored in the fuels
into electrical energy. They mainly consist of two electrodes and a membrane which form
a reaction chamber and have external stored reactants. The working principle is similar to
batteries, however in this case the species at the electrodes are continuously replenished and
they can be refilled, ensuring a continuous electricity supply over a long period. There are
many types of fuel cells available on the market, and they mainly differ from the species used
as fuel, but all of them use one element as fuel and a second element as oxidizer (commonly
air) [37].

Theoretically with fuel cells we would be able to generate any power or current by changing
the physical dimension of the cell and the flow rate of the fuel. However, the voltage
across the single cell electrode is fixed and it is not possible to change it. In general this
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voltage is very low (less than 1V for realistic operating condition [37]) and thus multiple cell
stacks connected in series are needed to achieve larger potentials. Mixed series and parallel
connections between different cells can also be used for increase the voltage and the maximum
current supplied. Among all the fuel cell types the most promising are the Proton Exchange
Membrane (PEM) and the direct Methanol fuel cells (DMFC) which can be considered a PEM
special case.

A graphic representation of a PEM fuel cell is shown in Fig.3; In this case the cell use Hydrogen
and Oxygen as species. The membrane present between the two electrodes allows passing

"o "s

only the ions while electrons are forced to "“go" trough the electric circuit.

The chemical reaction at anode is:
Hy = 2HT +2¢~ (1)

On the cathode side, the electrons will recombine with the Ions and they will react with the
cathode species (Oxygen in this case) forming water through the following reaction:

4HT + 0y +4e~ — 2H,0 )

Since water is the only waste product of the reaction, this type of fuel cell is very
environmental friendly. Unfortunately there are many problems associated with PEM that
are preventing the mass market diffusion of this technology. Hydrogen does not naturally
occur in nature and must be produced in factories or laboratories. Furthermore “*hydrogen has
a very high mass energy density (143000 ]/g) (See Fig.2) but a very low volumetric energy density
(10790 J/L), which makes it difficult to store.”” [50]

Individual Fuel Cell

Excess
Hydrogen

(for reuse) /. Electric /.

/" Power '

Figure 3. Fuel cell representation [unknown author]

Other problems associated with PEM are the impurity present in the hydrogen fuel, "“such as
CO, H2S, NH3, organic sulfur carbon, and carbon hydrogen compounds, and in air, such as NOx,
SOx, and small organics”’, which are brought in fuel and air feed streams into the electrodes
of a PEMFC stack, causing performance degradation or membrane damages [5]. In particular
they demonstrated that even small amounts of these impurity materials can poison the anode,
cathode or the membrane of the cell, causing a sharp performance drop. To overcome some
of these problems (especially the one associated with the hydrogen production and storage),
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researcher from University of Southern California’s Loker Hydrocarbon Institute developed a
new type of fuel cells which use a direct oxidation of Methanol instead of Hydrogen. Unlike
Hydrogen, Methanol offer also the advantage of being liquid at room temperature making
storage and transportation much easier. This new class of fuel cells are called Direct Methanol
Fuel Cell (DMFC) and the working principle is similar to the PEM fuel cell, but with more
complicated reactions at the anode (3) and at the cathode (4) [19]:

CH30H + HyO — COy +6e~ +6H™T (3)

12H" 4+ 60, + 12¢~ — 6H,0 4)

Methanol has energy volume and mass densities of 4380 Wh/I and 5600 Wh/kg, which are
about 11 times higher than current Li-ion batteries (= 500Wh/I). "'This means that the FP/FC
unit has superior energy density even with an overall conversion efficiency as low as 7%. In the
case where no water recycling is employed to minimize system complexity, water has to be carried
with methanol for the reforming. With a stoichiometric steam to carbon ratio of 1:1, this reduces the
net energy density to 3000 Wh/1 (4550 Wh/kg)"’ [57]. Unfortunately, unlike Hydrogen PEM,
where we can assume that all of the polarization losses are located at the cathode, in DMFC
the losses at the anode and cathode are comparable. Furthermore DMFC “‘utilizes cathode
Pt sites for the direct reaction between methanol and oxygen, which generates a mixed potential that
reduces cell voltage”’ [19]. Despite these problems, many companies are already present on the
market offering DMFC [17, 53] or disposable methanol fuel cartridges [64].

2.3. Micro engines and micro turbines

It has been more than 150 years since the first Internal Combustion Engine (ICE)
was developed and nowadays it is the most common power source for vehicles and
large engine-generators. However in the last years thanks to the improvements of
microtechnologies, many researchers started to design and develop micro internal combustion
engines that may be used in the future as power source for small electrical devices. They
consist of three main parts [45],

1. Combustion Chamber
2. Ignition
3. Moving Parts

forming a few cubic millimeters system able to generate power in mW to Watts range.
However, Micro engines are not only a smaller version of the large size counterparts [58].
Some of the technical issue present at this scale are resumed in Fernandez-Pello [13], Sher
etal. [58], Suzuki et al. [62], Walther & Ahn [65]. In particular the main challenge is to obtain a
genuine combustion in a limited volume of the combustor [45]. Furthermore, at this scale
the relative heat losses increase and may cause quenching of the reaction (fuel inside the
combustion chamber that rapidly cools down, prevents it from burning) with consequent
degradation of performances [13, 45, 65].Moreover, the engine speed and the gap width
between the piston and the cylinder walls are two key parameters that can create issues in
standard ICE (cylinder-piston engine)as reported by Sher et al. [58]. They simulated the
miniaturization limits of a standard ICE with a rotation speed of 48000 rpm, a gap width
of 10 um and a compression rate larger than 18 and they found a minimum size limit
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between 0.3 and 0.4 cc. This limit has already been passed by [62] which has developed a
microfabricated standard ICE of 5Smm@E3mmEImm in dimension (0.015 cc) supplied by a
mixture of Hydrogen and Oxygen, able to generate a mechanical power of 29.1mW. However,
the tests of this silicon engine were performed at 3 rpm and it has shown a compression ratio
around 1.4. A similar class of micro engines is based on rotary engine (Wankel design) instead
of cylinder-piston design. Example of these MEMS engines can be found in [7, 29]. Interesting
is the prototype developed by [7] which consisted of a 13 mm rotor diameter coupled with
a dynamo meter, able to generate up to 4W of electric power (other versions of 90mW and
50W are under development). Another interesting alternative is using micro turbines. We
are already used to find in the market large gas turbines for electric energy production that
may generate up to several hundreds of Megawatts [51]. However, in the last years, with
the advent of MNTs, many researchers started to investigate the possibility to create a small
micro turbine that are able to generate few Watts, enough to supply most of today’s electronic
devices. The basic concept is similar to large scale turbine which consists on an upstream
rotating compressor, a combustion chamber and a downstream turbine. Furthermore, since
it will be used for generating electric power, there will also be an alternator coupled with
the turbine. The fabrication material is mainly Silicon, thanks to the well established and
controlled processing technologies available for this material. Furthermore, when compared
with common nickel alloy, single crystal silicon has an "‘higher specific strength, it is quite
oxidation-resistant and has thermal conductivity approaching that of copper, so it is resistant to
thermal shock” [11]. Several authors [1, 33, 49] successfully designed micro turbines by using
silicon (Si) as material. However, silicon has some limitation on high temperatures and for
these reasons some other authors reported micro turbine fabricated whit other materials. In
particular Peirs et al. [48] reported an example of a 36g micro turbine made of stainless steel.
This 10mm diameter turbine was able to generate a maximum mechanical power of 28W with
an efficiency of 18%. The turbine was then coupled to a small brushless dc motor, which was
used as a three-phase generator. The total system was around 53mm long and 66g in weight,
capable to generate 16W of electric power, corresponding to a total efficiency of 10.5%. A
similar efficiency is also expected by another microturbine developed by Jacobson et al. [22]
in which the preliminary test done so far are very encouraging. We should notice that even
if the total efficiency is relative low, hydrogen and hydrocarbon fuels have a much higher
energy density when compared with batteries (see fig.2), so the result is a substantial increase
of the net energy density of the system.

In conclusion, is certainly possible that ICE and MEMS gas turbines may one day be very
useful as compact power sources for portable electronics, equipment, and small vehicles [11].

3. Supercapacitors

As we briefly state above, batteries suffer from various limitation, such as limited life cycles,
high manufacturing cost and relative low power density. Furthermore, in case of large
batteries, they require also several hours for being fully charged. On the other hand, standard
capacitors offer high power density, almost unlimited life cycles, and fast charge. However
their energy density is currently too low for been used as primary energy storage system.
Supercapacitors may combine the advantages of both battery and capacitor for creating a
system that has high power density, virtual unlimited life cycles keeping at the same time
acceptable energy density. In these devices, the internal leakage current (in the form of dipoles
relax and/or charges re-combination) will determine how long the energy can be stored, while
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1. High Power Density
2. Virtually unlimited life cicles
3.Long shell life

ADVANTAGES 4. Fast charge

5. High efficiency

6. Wide temperature operation range
7. Safety

Table 1. Super capacitors: Advantages and Drawbacks

the maximum power will depend on the internal resistance (ESR) [55]. In TABLE 1 advantages
and drawbacks of supercapacitors respect to batteries are listed.

Figure4 is the Ragone plot for all three technologies. As we can see, supercapacitors will
be able to fill the gap between standard capacitors and batteries. It should be noticed that
despite supercapacitors there will certainly have a lower energy density of batteries, which
can be easily recharged from any power network in seconds or fraction of seconds.

Capacitors

Super Capacitors

Batteries

Power Density [W/kg]
03

0.01 OI.'I 1 1IO 10|0 1OIOO !
Energy Density [Wh/kg]

Figure 4. Ragone plot for Capacitors, Super Capacitors and Batteries; adapted from Everett [12], Halper
& Ellenbogen [20], Kotz & Carlen [27]

For better understanding the working principle of supercapacitors, it is convenient to start
with some basic capacitor theory. The simplest capacitor (plane capacitor) consists of a two
electrodes separated by a dielectric. Calling d the distance between the two electrodes, S their
overlapped area and e the dielectric constant of the dielectric, the total capacitance C can be
defined as:

C=e€S/d (5)
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which corresponds a stored energy E:

_ov?

E=7

(6)
where V is the voltage between the electrodes. From equations 5 and 6 it is clear that
the energy density is proportional to the overlapped area and inversely proportional to the
distance between the two electrodes. Thanks to nanotechnology it is possible to drastic reduce
the effective distance d and create structures with large surface, resulting of an increasing
of total capacitance. Moreover, it is possible to combine special types of dielectrics and
ionic conducting liquid (electrolyte) in order to store not only electrostatic energy but also
electrochemical energy. Supercapacitors can be classified into double-layer capacitor (EDLC)
and electrochemical pseudo capacitor (EPC). Based on the storage mechanism we can divide
supercapacitors into three categories [20]:

1. Electric Double Layer Capacitors (EDLC)
2. Electrochemical pseudo capacitors (EPC)
3. Hybrid Supercapacitors

In the following sections we will give an overview of each class.

3.1. Electric double layer capacitors

These supercapacitors are called also non-Faradaic supercapacitors since they do not involve
any charge transfer between electrode and electrolyte. The energy storage mechanism is
thus similar to standard capacitor where the area is much larger and the distance is in the
atomic range of charges [70]. EDLC consist of two electrodes, one membrane between the
two electrodes which separates the electrodes and electrolyte that can be either aqueous or
non-aqueous depending on EDLC [23]. The material of the electrode is very important for
the final supercapacitors performances. For the supercapacitors of today’s innovation, the
most common material of the electrodes is activated carbons because it is cheap, has large
surface area and is easy to process [27, 70]. This material is organized in small hexagonal
rings organized into graphene sheets [24]. The result is a large surface area due to the porous
structure composed by micropores (< 2nm wide), mesopores (2 - 50 nm), and macropores (>50
nm) [20]. The basic structure of a carbon activated EDLC is shown in Fig.5.

For the analytic model of these capacitors equation 5 can still be considered true, where €
is the electrolyte dielectric constant, S is the specific surface area of the electrode accessible
to the electrolyte ions, and d is the Debye length [70], however “determination of the effective
dielectric constant €,¢¢ of the electrolyte and thickness of the double-layer formed at the interface
is complex and not well understood” [3]. Indeed we would expect that doubling the area of
the active carbons would double also the capacitance. However experimental data are in
contrast with the theory, since empiric measurements were showing a smaller capacitance
than expected. Many scientist explained this phenomena by electrolyte ions that are too
large to diffuse into smaller micropores and thus unable to support electrical double layer
[20, 24, 69]. For this reason many authors have affirmed that mesopores are high desirable
in EDLC electrodes since they can optimize their performances [8, 69]. However, recently
[40] showed the important role of small pores in the EDCL and they affirmed that ions can



The Future of Energy Storage Systems

MEMBRANE

A
A i e
N | G4 D
O |, <
D ng,\/ gﬁ"f;k_é
N
E |

£
wp W g

A9
tgm

& [
e €
N
S, ﬁ
5
-

B '\@i@tﬁs
!

Carbon particles in
contact with electrolyte

Figure 5. Graphic representation (not in scale) of active carbon EDLC, adapted from [66, 70]

penetrate dissolved in the nanopores. Furthermore it also concludes that the optimal pore size
of the electrode mainly depends from the current load due to the distortion of cations and/or
intercalation-like behavior [40]. This new discovery lead many scientists to re-consider roles
of the micropores. The analytical models can be modified by splitting the capacitive behavior
in two different parts depending on the pore size [40]. Despite of all these studies the EDLC
is still not completely understood yet [59]. Active carbons super capacitors also change their
capacitance respect to the electrolyte materials, aqueous electrolytes allow higher capacitances
(ranging from 100 F/g to 300 F/g) than organic electrolytes (less than 150 F/g). [70].

For the carbon electrodes, one valid alternative to activated carbon is carbon nanotube (CNT),
which consists of carbon atoms organized in cylindrical nanostructures and can be considered
as rolled-up graphene sheets (which consist in carbons atoms organized in 2-D cells see fig.6).
The roll up orientation is expressed by two indexes (n and m) and is very important in CNTs
since different directions result different proprieties. The two indexes n and m are used for
calculate the roll up direction as shown in figure6.

Both SingleWalled (SWNTs) and Multiple Walled (MWNTs) were investigated for EDLC
electrodes. Thanks to their high conductivity and their open shape both SWNTs and MWNTs
are particularly suitable for high power density capacitors. Indeed their quickly accessible
surface area and their easily tunable pore size enable electrolyte ions to diffuse into the
mesopores (fig.7), therefore, reduced internal resistance (ESR) and increased maximum power
can be achieved [9, 20, 70].

Unfortunately the specific surface area of CNT (< 500 m?/g) is much smaller than that of
activated carbons ( 1,00003,000 m?/ 9) [32, 70], resulting in lower energy density for the
capacitor (in average between 1Wh/kg and 10Wh/kg)[52]. This, together with their limited
availability and high cost, currently limits their usage [52].

Beside Active Carbons and Carbon Nanotubes, in literature are presented many other
materials that can be used for the EDCL electrodes. Among this we should cite carbon aerogel
[54], (similar to gels but where the internal liquid is replaced with gas), xerogels [15] and
carbon fibers [30]. Carbon aerogel electrode material gave promising capacitive properties,
despite the difficulties in preparation [70].
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Figure 6. Carbon nanotube: orientation indexes: adapted from GNU license images
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Figure 7. Graphic representation (not in scale) of carbon nanotube EDLC, adapted from [24]

3.2. Electrochemical pseudo supercapacitors
Unlike EDLC, Electrochemical pseudo supercapacitors use charge transfer between electrode
and electrolyte for storing energy. This Faradic process is achieved mainly by [20, 66, 70]:

* Rapid and reversible Red-Ox reactions between the electrodes and the electrolyte
* Surface adsorption of ions from the electrolyte

¢ Doping and undoping of active conducting polymer material of the electrode

The first two processes belong to surface mechanism, so the capacitance will strongly depend
on the surface materials of the electrodes, while the third one is more bulk-based process and
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thus the capacitance will weakly depend on the surface materials of the electrodes [3]. Since
these processes are more battery-like rather than capacitor-like, thus, the capacitors are named
as the electrochemical pseudo supercapacitors (EPC). When compared with EDLC, EPC have
smaller power density since Faradic processes are normally slower than that of non Faradic
reactions. However EPCs can reach much higher capacitances [3, 59] and thus they store much
higher energy density.

Currently research efforts are focused on investigating two types of materials for achieving
large pseudo-capacitance: metal oxides and conductive polymers. Among all the metal oxide
present in nature, Ruthenium oxide (RuO,) has been largely investigated [26, 31, 47, 63],
thanks to its intrinsic reversibility for various surface redox couples and high conductivity
[70]. In particular, the research has focused to explore the chemical reactions of RuO; in
acid electrolytes. The results have explained the pseudo capacitance of EPC as adsorption of
protons at Ruthenium Oxide surface, combined with a quick and reversible electron transfer,
asin 7 [59, 66]:

RuOy + xH" + xe™ < RuOy_(OH)y (7)

where 0 < x < 2. With this type of electrode, the specific capacitance over 700F /g [31].
However, due to rarity and high cost, the commercial applications of RuO, supercapacitors
have been limited. For this reason many researcher started to investigate others oxides that
may provide the same performances with a lower costs. Manganese oxide (MgOy) has been
an interesting candidate because of its low cost, nontoxic and large theoretical maximum
capacitance about 1300F /g.. However the poor electronic and ionic conductivity, low surface
area and difficulty to achieve long term cycling stability are some of the issue that need to be
addressed before to make Manganese oxide usable in practice [31, 66]. Other metal oxides
including (but not limited) NiO, Ni(OH),, C0,03, IrO,, FeO, TiOy, SnO,, V3, Os and MoO
can also be applied [23].

Utilization of conducting polymers as the electrodes (polymer EPC) is also investigated.
Since the polymer EPCs are based on a bulk process, a higher specific capacitance respect
to carbon based capacitors can be achieved, and thus an expected larger energy density [36].
Furthermore conducting polymers are more conductive than the inorganic materials, thus,
the reduced ESR and consequently the increased power capability respect to standard battery
can be obtained [60]. Conductive polymers, as their name suggest are organic polymers that
conduct electricity, are able to combine both advantages of metals (such as high conductivity)
polymers (such as low cost, flexibility, low weight). They are made by doping conjugated
polymers [21]. The synthesis of conjugated polymers can be done by chemical oxidation of
the monomer or electrochemical oxidation of the monomer [21]. Polymer EPCs have three
basic configurations depending on the type of the polymer used [60]:

¢ Type I: Both electrodes use the same p-doped polymer (symmetric configuration).

e Type II: Electrodes use two different p-doped polymers with a different range of
electro-activity (asymmetric configuration).

¢ Type III: Both electrodes use the same polymer ,with the p-doped for the positive electrode
and the n-doped for the negative electrode (symmetric configuration)

Among the three configurations, TYPE III is the most promising one for commercialization
[36, 60]. Despite it is possible to synthesize many types of conductive polymers, three in
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particular are commonly used for polymer EPCs as listed below (the relative structures are
shown in fig.8) [60, 66] :

* Polyaniline (PANI)
¢ Polypyrrole (PPy)
¢ Thiophene-based polymers (PTh)

PANI has shown a high specific capacitance (around 800 F/g [66]) and a good life cycle
stability (= —20% in capacitance after 9000 cycles) [60]. Polymer EPCs based on PPy and
PTh are also successfully fabricated [36, 60, 66] with a specific capacitances between 200 and

300 F/g.
@ (b) (©
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Figure 8. Polymers structures: polyaniline PANI(a), polypyrrole PPy(b), polythiophene PTh (c); adapted
from [60]

In general, polymer EPCs suffer of poor cycle stability. =~ The rapid performance
degradation is due to the mechanical stress derived from the volumetric changes during the
doping/dedoping process. (Swelling and shrinking)[16, 20, 27, 66]. For this reason further
research is needed in order to improve performance of polymer EPCs.

3.3. Hybrid supercapacitors

Hybrids supercapacitors are a class of devices that attempt to combine the advantages of both
EDLC and EPC, which are able to exploit at the same time both Faradic and non- Faradic
processes for storing energy. The idea is using the propriety of EDCL for obtaining high
power and the propriety of EPC for increasing the energy density [59]. According to Halper &
Ellenbogen [20], the hybrid supercapacitors can be classified, based on the electrode material,
in:

1. Composite
2. Asymmetric

3. Battery type

In composite supercapacitors, each electrode is formed by a combination of a carbon material
as the frame and a metal oxide material or a conductive polymer deposited on top of the
carbon material (e.g. [67, 68]). BBy doing this the carbon material create a large surface area for
a large capacitance. Furthermore the polymer material further increases the capacitance with
a result of high energy density and cycling stability comparable with EDCL [20]. For example,
in the case of Carbon/PPy based electrode, the high cycling stability is due to the carbon frame
below the polymer that mitigates the polymer stress for increasing life cycle. Very recently
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Wang et al. [67] has reported one interesting example of this class of supercapacitors. The
electrodes were made by graphene/RuO, and graphene/Ni(OH);. The device has shown an
energy density ~ 48Wh/kg at a power density of ~ 0.23kW/kg. Furthermore a high cycling
stability has also been achieved. After 5000 cycles of charging and discharging at a current
density of 10 A/g it has shown 8% reduction of the original capacitance. Another example of
using carbon electrodes coated by conductive polymers was reported by An et al. [2]. They
used polypyrrole-carbon aerogel for the capacitor electrodes.

For the Asymmetric supercapacitors, carbon material for one electrode and metal oxide or
polymer material as second electrode are applied. One example of this technique is reported
by Staiti & Lufrano [61], which uses manganese oxide and activated carbon.

The battery type supercapacitors are the most interesting candidates for the relative high
energy density. Similar to the asymmetric, in this type of supercapacitors one electrode is
made of carbon material, and the second one is made of a typical battery electrode material
(such as Lithium). In particular one lithium- intercalated compounds (Nanostructured
LisTisO;2 also known as LTO)has been extensively studied [4, 10, 38, 41, 42, 46], which can
enable the cycling stability during Li intercalation/ deintercalation processes [38]. When
coupled with carbon electrode, the charge storage can be realized by the mechanisms of a
Li-ion battery at the negative electrode and a supercapacitor at the positive electrode [10]. The
energy density for battery like electrode is very high compared to capacitors. Naoi et al. [41]
reported an energy density for as high as 55 Wh/Kg. However the power density for the
battery type supercapacitor is in general lower than the other classes and, faradic principle
leads to an increase in the energy density at the cost of life cycle. This is one major drawback
of hybrid devices (When compared with EDLCs), and "‘it is important to avoid transforming a
good supercapacitor into a mediocre battery”’ [59]

4. Conclusions

Tracking a clear path for the future energy storage systems is not easy. Fuel cells in the near
future can became mature enough to be used as primary energy source for large vehicles.
However, despite small fuel cells (in particular the direct methanol fuel cells) can also be used
for supply laptop or other small electronic device, it is believed that battery will continue to
lead this market for several years. Microturbines and internal combustion engines are also
very promising technology but further research is needed for improving current prototypes.
Supercapacitors have a great potential to play an important role in future energy storage
systems, in particular to all the application that require high peek powers. Nowadays then
can be used as secondary energy storage system, for example, in vehicle applications they
can be used in parallel with fuel cells or batteries for overcoming the power peaks during
acceleration [4]. Supercapacitors will be able to be full recharged in a very little time and this
provides the key advantage that the customers and the market are waiting for.
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1. Introduction

Since a few years ago, electrical energy storage has been attractive as an effective use of
electricity and coping with the momentary voltage drop. Above all, flywheel energy storage
systems (FESS) using superconductor have advantages of long life, high energy density, and
high efficiency (Subkhan & Komori, 2011), and is now considered as enabling technology for
many applications, such as space satellites and hybrid electric vehicles (Samineni et al., 2006;
Suvire & Mercado, 2012). Also, the contactless nature of magnetic bearings brings up low
wear, absence of lubrication and mechanical maintenance, and wide range of work
temperature (Bitterly, 1998; Beach & Christopher, 1998). Moreover, the closed-loop control
of magnetic bearings enables active vibration suppression and on-line control of bearing
stiffness (Cimuca et al., 2006; Park et al., 2008).

Active magnetic bearing is an open-loop unstable control problem. Therefore, an initial
controller based on a rigid rotor model has to be introduced to levitate the rotor. In
reality, the spinning rotor under the magnetic suspension may experience two kinds of
whirl modes. The conical whirl mode gives rise to the gyroscopic forces to twist the rotor,
thereby severely affecting stability of the rotor if not properly controlled (Okada et al,
1992; Williams et al., 1990). The translatory whirl mode constrains the rotor to
synchronous motion in the radial direction so as to suppress the gyroscopic rotation,
which has been extensively used in industry (Tomizuka et al, 1992; Tsao et al., 2000). The
synchronization control has also been shown to be very capable in dealing with nonlinear
uncertain models, and to be very effective in disturbance rejection for systems subject to
synchronous motion. Until the advent of synchronization control, the prevalent use of the
synchronization controller has been limited to stable mechanical systems and therefore is
not readily applicable to magnetic systems which are unstable in nature and highly
nonlinear (Yang & Chang, 1996).
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In the past three decades the theory of optimal control has been well developed in nearly
all aspects, such as stability, nonlinearity, and robustness (Summers et al., 2011; Rawlings
et al., 2008; Mayne, et al.,, 2000). It is known that multivariable constrained control
problems in state-space can be effectively handled using Linear Quadratic Gaussian
(LQG). An application of the optimal control to synchronize multiple motion axes has
been reported in (Zhu & Chen, 2001; Xiao & Zhu, 2006), where cross-coupling design of
generalized predictive control was presented by compensating both the tracking error and
the synchronous error. In this chapter, robust MPC control algorithms for the flywheel
energy storage system with magnetically assisted bearings are developed. The controllers
are derived through minimization of a modified cost function, in which the
synchronization errors are embedded so as to reduce the synchronization errors in an
optimal way.

2. Flywheel structure

Fig.1 illustrates the basic structure of a flywheel system with integrated magnetic
bearings. The motor and generator with disk-type geometry are combined into a single
electric machine, and the rotor is sandwiched between two stators. Each of the stators
carries a set of three-phase copper winding to be fed with sinusoidal currents.
Furthermore, both axial faces of the rotor contain rare-earth permanent magnets
embedded beneath the surfaces. The radial magnetic bearing which consists of eight pairs
of electromagnets is constructed around the circumference of hollow center. A
combination of active and passive magnetic bearings allows the rotor to spin and remain
in magnetic levitation.

The control of such a system normally includes two steps. First, the spinning speed and the
axial displacement of the rotor are properly regulated (Zhang & Tseng, 2007). Second, a
synchronization controller is introduced to suppress the gyroscopic rotation of the rotor
caused by the outside disturbance and model uncertainty (Xiao et al., 2005).

Bearings b

zarings Z .
- Jxb A y
=l W T Iy +i,

‘“—17: 8 1
ji\.’s >V . N
LGP W T A\N R
Rotorfe ~— I ‘ h L S |

(a) Side view (b) Top view

(

Bearings a

Figure 1. The flywheel energy storage system
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3. System dynamics

Let x. and y, denote the displacements of the mass center of the rotor in the x and y -
directions, and € and ¢ the roll angles of rotation about x -axis and y -axis, respectively. Note
that & and ¢ are assumed to be small since the air gap is very narrow within the magnetic
bearings. It is also assumed that the rotor is rigid with its inertia perfectly balanced about the z -

axis so that the flexibility and eccentricity of the rotor are not considered herein; thereby, the
variation effects of tensor of inertia due to the roll motion of the rotor can be negligible.

The mass center of the rotor in the radial direction can be described by

mx, :fxa+ xb+€x

my, :fya+ yb +ey

) . @
]xngyblb_fyala_]zw(/)_'—eﬁ
]y¢:fxaltz_fxblh+]zw‘9+e(p
I l l 1
h X, =—t—x x> oy =—2 —y 0= -y ),
where T, e T g Y g )

(xlZ —xb), m is the mass of the rotor,

o= I ]y and ], are the moments of inertia

I, +1,
about x -axis, y -axis and z -axis respectively, w is the spinning rate about z-axis, f,,, f,,

fw and fyb are the magnetic forces along the radial directions, e, ¢y and ¢, are the

e,
disturbances.
According to the Maxwell’s law, the magnetic forces f,,, f,,, f,, and f,, have nonlinear

relationships with the control currents and displacements of the rotor. Then, the magnetic
forces at equilibriums can be linearized with Taylor’s method (Zhu et al., 2009),

f xa X, Lxa
f, x i
x| Kp b " KC ‘xb (2)
f ya Ya l]/”
f yb Yo Zub
8GI; 8Gl, sin
where K, = h30 , K. =(;172'B , B is a constant angle corresponding to the structure of
0 0

electromagnets, I, is the bias current, i, and iy are the control currents near x -axis and y -

axis, respectively, I, is the nominal air gap at equilibrium, G is an electromagnet constant
. 1 2 . . s . . .
given by G = 1 Hy AN, 11 is the air permeability, A, is the cross-sectional area of air gap,

and N is the number of turns of the winding circuit.
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Then, the state-space model of (1) is obtained,

X=AX+Bu+Bd,
®)

Z=C.X+D,d,

. . . AT . . P L .
where X = [xn,xa,xb,xb,yu,yu,yb,be is the state variable, u= [zm,sz,zya,zbe is the forcing

T .
vector, Z= [xa,xb,ya,yb] is the output vector, and T, =T, =T, =T, =[1,0] are the output
transition matrices, d, and d, denote model uncertainties or system disturbances with

appropriate matrices B, and D,,

[ o 1 0 0 0 0 0 0 |
Ach 0 A523 0 0 Ac26 0 ACZS
0 0 0 1 0 0 0 0
A = Ac41 0 Ac43 0 0 Ac46 0 Ac48
¢ 0 0 0 0 0 1 0 0 |
0 Ac62 0 A064 Ac65 0 A067 0
0 0 0 0 0 0 0 1
L 0 AcSZ O A584 A585 0 Ac87 0 |
o 0o 0 0]
Bc21 Bc22 0 0
0 0 0 0
_ Bc41 Bc42 0 0 .
B. = 0 0 0 0 I Cczdzag(ﬂ,Tz,---,T4).
0 0 Bc63 Bc64
0 0 0 0
L 0 0 Bg B
where
1 1] ] wl
Aczl—{+“]1<p A = 1 G K = 2" a
m ]y 23 m ]y P 26 ]y (lﬂ + lh)
11 2
c28 L, cd1 = -2 Ky, Az = L p’ c46 L,
]y(lu+lb) mJy mJ, ]y(lﬂ+lb)
_ J,wl, Ll _ J,wl, _ l+ 13 K
c48 ]y (la N lb ) ’ 62 ]x (la + lb) c64 ]X (la + lb ) c65 m ]x P’
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J,wl, J,wl, 1 Ll
K, A =——F——, Ao =—F—"—, A= —22 K,
] P c82 ]x (l”+lb) c84 ]x (la +lb) ¢85 m ]x 4

2 12 11 11
Agy = Lt K, By = Lo K., By = L K., By = L K.,
m ], m ]y m ]y m ]y

During a closed-loop control phase, the position and rate of the shaft are constantly
monitored by contactless sensors, and are processed in a controller, so that a control
current to the coils of electromagnets which attract or repel the shaft is amplified and fed
back.

4. Controller design

Let he discrete-time model of (3) be described by

X(k+1)= AX(k)+ Bu(k)
Z(k)=CX (k) @
where k denotes the discrete time. Note that the disturbance term is ignored.
By introducing the following synchronization errors,
5(k)=LCX(k) (5)
where
X, =X, 1 -1 0 0
5(}(): X, —Y, L= 0 1 -1 0 /
Y.~ Yy 0 0 1 -1
Yy — X, -1 0 0 1
it has the modified cost function,
HP ~ A Hc
J(k)=2"Z" (k+ilk)Z(k+ilk)+ Ay 4" (k+i-11k)a(k+i-11k)
i=1 i=1
(6)

H
v T (ki K)A(k+il k)

i=1
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where Z (k +1 k) is the future output vector, ﬁ(k +1-11 k) is the future control input vector,
3(k+i |k) is the future synchronization errors, Hp is the prediction horizon, H, is the

control horizon, A is the positive weighting factor used to adjust the control action, v is the
non-negative weighting factor for the synchronization error.

Rewrite (6) as,
Hp—l
J(k)= ]zo O(X, i)+ X" (k+H, | k) R,X" (k+H, k) @)

where

O(X,u)=X" (k+H, 1+ j1k)QX(k+H, =1+ 1K)

(8)
AT . A .
+1 (k+Hp -1+jl k)Rju(k+Hp —1+]Ik)
Py=C'C+vC"L'LC )
o {CTCM/CTLTLC if j=01,..,H,-2 w0
i e
0 if j= Hp -1
~ of, if j:O,l...,HP—HC—l an
"\l if j=H,-H,..H,-1
where I is the unit matrix with appropriate dimension.
Hence, minimization of the cost function (7) results in the synchronization control law,
u(k)=-K;; ,X(k) (12)
where
_(nT -1 T
K, ,=(B"P; B+Al)" B P, ;A (13)
4 P p
P, = ATP].A - ATP].B(BTPjB +R) BTP].A +Q; (14)

from the initial condition F .

Indeed, as receding horizon LQG control is a stationery feedback strategy, over an infinite
interval, questions of stability naturally arise while solutions are slow to emerge. On the
other hand, the stability of the proposed controller (12) can sometimes be guaranteed with
finite horizons, even if there is no explicit terminal constraint. The finite horizon predictive
control problem is normally associated with a time-varying RDE, which is related to the
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optimal value of the cost function. Attempts at producing stability result for MPC on the
basics of its explicit input—output description have been remarkably unsuccessful, usually
necessitating the abandonment of a specific control performance.

5. Stability analysis

Lemma 1. Consider the following ARE with an infinite-horizon linear quadratic control
(Souza et al., 1996),

P=A"PA-ATPB(B"PB+R)"'BTPA+Q (15)
where
. [A, B ] is stabilizable,
. [A,Ql/ 2} is detectable,
e (Q>0and R>0.
Then

e there exists a unique, maximal, non-negative definite symmetric solution P .
e P is a unique stabilizing solution, i.e. A—B(B'PB+R)"B'PA has all the eigenvalues

strictly within the unit circle.
Rewrite (15) as
P=(A-BK)'P(A-BK)+K"RK+Q (16)

In order to connect the RDE (14) to the ARE (15), the Fake Algebraic Riccati Technique
(FART) is used as follows:

A T _ T =
P]-—(A BK].) P].(A BKj)+Kj RjK].+Q]. (17)

where Qj =Q; —(Pj " —P]) Clearly, while one has not altered the RDE in viewing it as a
masquerading ARE, the immediate result from Lemma 1 and (17) can be obtained.

Theorem 1. Consider (17) with Q]. JIf

. [A,BJ is stabilizable,
. [A,Q}/ 2} is detectable,
° Q]ZO and R]>0

then P] is stabilizing, i.e. the closed-loop transition matrix
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_— r -
A;=A-B(B"PB+R;) B'PA (18)
has all its eigenvalues strictly within the unit circle.

Regarding the receding horizon strategy, only P; with j=H, -1 will be applied. This leads to

T T T 1or ~
Py =A"Py A-ATP, B(B'P, B+aI) BB, ,A+Q (19)

where Q;; , =P, - P, . Then, the stability result of the control system can be given by the
P P P
following theorem.

Theorem 2. Consider (19) with the weighting matrix Q,, ,.1If
,

o [A,B] is stabilizable,
~12 |-
. [A,QH”_J is detectable,

. Py, _, isnon-increasing, 4 >0,
P
then the controller (12) is stabilizing, i.e., the closed-loop transition matrix
_ -1
Ay 4 :A—B(BTPH 4B+l ) BTPH 1A has all its eigenvalues strictly within the unit
3 3 p

circle.

Proof. The proof is completed by setting j=H, -1 in Theorem 1.

It can be seen from the above theorem that the prediction horizon H p is a key parameter for
stability, and an increasing H,, is always favorable. This was the main motivation to extend

the one-step-ahead control to long range predictive control. However, a stable linear

feedback controller may not remain stable for a real system P(z) with model uncertainty,

which is normally related to stability robustness of the system. The most common
specification of model uncertainty is norm-bounded, and the frequency response of a
nominal model (3) can be obtained by evaluating;:

P(z)=C(z1-A) "B (20)
Then, the real system P(z) is given by a ‘norm-bounded’ description:

P(z) = 15(2) +A,, for additive model uncertainties (21)

where A, is stable bounded operator, and P(z) is often normalized in such a way that

<1



Analysis and Control of Flywheel Energy Storage Systems

Because one does not know exactly what A is, various assumptions can be made about the
nature of A : nonlinear, linear time-varying, linear parameter-varying and linear time-
invariant being the most common ones. Also, various norms can be used, and the most

, which is defined as the worst-case

0

commonly used one is the ‘H-infinity’ norm HA‘

‘energy gain’ of an operator even for nonlinear systems. It then follows from the small-gain
theorem that the feedback combination of this system with the uncertainty block A, will

remain stable if
5[KH,1(6/’”T5 )s(e )]\AAHw <1 22)

where 5[] denotes the largest singular value, S (z) = [I +f)(z)KH 4 (z)}il is the sensitivity
3

function. Note that (22) is only a sufficient condition for robust stability; if it is not satisfied,
robust stability may nevertheless have been obtained. In practice, when tuning a controller,
one can try to influence the frequency response properties in such a way as to make (22) hold.

6. Simulation study

Stability robustness with respect to variable control parameters will first be carried out. The

y -axis of each graph indicates the maximum singular value of 5[KH 1 (eijs )S(ej oI, )} , and
,

the x -axis is the frequency range, o= 10?2 ~1Hz. Then, the performance of the proposed
controller will be demonstrated in the presence of external disturbances and model
uncertainties.

Consider the flywheel system with parameters given in (Zhu & Xiao, 2009), and assume that
the rotor is spinning at a constant speed. As the eigenvalues of A, are:+2.0353i, +10.4i,

1149.3,£149.3, the open-loop continuous system is obviously unstable. With appropriate
control parameters for the discrete-time model (sampling period T,=0.008 s), such as
H p= 6, H =1, 2=0.01, v=10, all of the eigenvalues of the closed-loop transition matrix

AH,!F1 are within the unit circle, which are: -0.782+0.555i, -0.379, 0.481, 0.378,

0.127£0.195i and —0.027 respectively. In another word, the system can be stabilized with
this feedback controller.

6.1. Stability robustness against control parameters
The prediction and control horizons are closely related to the stability of the closed-loop system.

In the case of additive uncertainties, the maximum singular value & [KH 71(6]@2 )S (eijf )}
»

against variation of prediction horizon is illustrated in Fig. 2, while H. =1, 4=0.01 and v=0

are set. It can be seen that a larger prediction horizon results in a smaller singular value, which
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means that the stability robustness of the control system can be improved. As a rule of thumb,
H p can be chosen according to H p= int(Za)s / a)b) , where @, is the sampling frequency and
o, is the bandwidth of the process. Fig. 3 shows the singular value when the control horizon is
varying. Clearly, a smaller control horizon H, may enhance the stability robustness of the

control system. However, if the nominal model of the process is accurate enough, and the
influence of model uncertainties is negligible, then H_ >1 is preferred for faster system

responses.

‘ He=1, 2=0.01, v=0

Max Singuiar Values
w
i

Frequency (radiansitime)

Figure 2. Maximum singular value 5|:K o1 (ei oI, )S (ej o, ):| against prediction horizon H v
P

x10° Hp=6, 2=0.01, v=0

- 3

Max Singular Values

Frequency (radians/time)

Figure 3. Maximum singular value 5|:K H -1 (ej oI, )S (ej o, ):| against control horizon H_
P
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The stability robustness bounds shown in Fig. 4 is obtained by varying 1, while H, =6,

H, =1 and v=0 are set. Clearly, a larger value of A can improve the stability robustness of

the control system. This is because that the increasing 4 will reduce the control action and
the influence of the model uncertainties on system stability will become less important.
Consequently, the stability robustness can be enhanced. If 1 — o, the feedback action
disappears and the closed loop is broken. In general, a larger 4 should be chosen when the
system stability might be degraded due to significant model uncertainty. However, if the
model uncertainty is insignificant, a smaller 4 would then be expected as the system
response can be improved in this case, i.e., a decrease in the response time. In practice, a
careful choice of 1 is necessary as it may have a large range of the values and is difficult to
predetermine it.

The synchronization factor v is introduced to compensate the synchronization error of the
rotor in radial direction. Fig. 5 shows that the influence of v on stability robustness is not
consistent over frequency. In particular, a lower value of v can enhance the stability
robustness at certain frequencies, but the performance will be degraded at higher
frequencies. Another interesting observation is that the two boundaries for v=5 and
v=10 are almost overlapping. It means that the stability robustness of the control system
will not be affected if a further increase of v is applied. In general, one can increase the
prediction horizon and the synchronization control weighting factor so that the stability
of the control system is maintained while the synchronization performance can be
improved.

Hp=6, He=1, v=0
10000 ] ! l : : — -A=0 001
i A=0.01

9000

8000

7000 (-

L R oo

5000

4000

3000

2000

1000 f=-o-

Fraquency (radians/time)

Figure 4. Maximum singular value 5[1( o1 (ej oI, )S (ej o, )} against weighting factor A
P
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10000

Hp=6, He=1, =001
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10°
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Figure 5. Maximum singular value 5|:K o (ej o, )S (ej oI, ):| against synchronization factor v
P

6.2. Disturbances on magnetic forces

In this simulation, force disturbances are introduced to the bearings of the rotor at different
time instants, and amplitudes are 0.5N, -0.5N, 0.5N and -0.5N on xa-axis, xb-axis, ya-axis
and yb-axis respectively. The duration of 0.2 seconds for each disturbance is assumed. Figs.
6-11 show the numerical results of the control algorithm when H p = 10, H. =1, A=0.01 are

set for the two cases: with v=0, and v=10. Clearly, without cross-coupling control action
due to v =0, evident synchronization errors and a conical whirl mode during the transient
responses are resulted. However, when ©»=10 is introduced, the synchronization
performance can be improved significantly, especially in terms of the rolling angles, as
shown in Fig. 11. Therefore, with adequately selected control parameters the improved
synchronization performance as well as guaranteed stability of the FESS can be obtained,
and in consequence, the whirling rotor in the presence of disturbances would be suppressed
near the nominal position.
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7. Conclusion

In this chapter, stability problem of magnetic bearings for a flywheel energy storage
system has been formulated, and a synchronization design has been presented by
incorporating cross-coupling technology into the optimal control architecture. The basic
idea of the control strategy is to minimize a new cost function in which the
synchronization errors are embedded, so that the gyro-dynamic rotation of the rotor can
be effectively suppressed.

However, as optimal control, using receding horizon idea, is a feedback control, there is
a risk that the resulting closed-loop system might be unstable. Then, stability of the
control system based on the solution of the Riccati Difference Equation has also been
analyzed, and some results are summarized. The illustrative example reveals that with
adequately adjusted control parameters the resulting control system is very effective in
recovering the unstable rotor and suppressing the coupling effects of the gyroscopic
rotation at high spinning speeds as well as under external disturbances and model
uncertainties.
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Chapter 7

Single- and Double-Switch Cell Voltage
Equalizers for Series-Connected
Lithium-lon Cells and Supercapacitors

Masatoshi Uno

Additional information is available at the end of the chapter
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1. Introduction

As demands for energy-efficient electrical devices and equipment continue to increase, the
role of energy storage devices and systems becomes more and more important. Applications
of such energy storage devices range from portable electronic devices, where a single cell is
sufficient to provide adequate run time, to electric vehicles that require more than 100 cells
in series to produce a sufficient high voltage to drive motors. Lithium-ion batteries (LIBs)
are the most prevalent and promising because of their highest specific energy among
commercially available secondary battery technologies.

Supercapacitor (SC) technologies, including traditional electric double-layer capacitors
and lithium-ion capacitors (hybrid capacitors that combine features of double-layer
capacitors and LIBs) are also drawing significant attention, because of their outstanding
service life over a wide temperature range, high-power capability, and high-energy
efficiency performance. The use of such SC technologies has traditionally been limited
to high-power applications such as hybrid electric vehicles and regenerative systems in
industries, where high-power energy buffers are needed to meet short-term large power
demands. But it is found that SC technologies also have a great potential to be
alternative energy storage sources to traditional secondary batteries once their superior
life performance over a wide temperature range is factored in (Uno, 2011; Uno &
Tanaka, 2011).

The voltage of single cells is inherently low, typically lower than 4.2, 2.7, and 3.8 V for
lithium-ion cells, traditional electric double-layer capacitors, and lithium-ion capacitors,
respectively. Hence in most practical uses, a number of single cells need to be connected in
series to produce a high voltage level to meet the load voltage requirement. Voltages of
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series-connected cells are gradually imbalanced because their individual properties, such as
capacity/capacitance, self-discharge rate, and internal impedance, are different from each
other. Nonuniform temperature gradient among cells in a battery pack/module also lead to
nonuniform self-discharging that accelerates voltage imbalance. In a voltage-imbalanced
battery/module, some cells in the series connection may be overcharged and over-
discharged during the charging and discharging processes, respectively, even though the
average voltage of the series-connected cells is within the safety boundary. Using LIBs/SCs
beyond the safety boundary not only curtails their operational life but also undermines their
electrical characteristics. Overcharging must be prevented especially for LIBs since it may
result in fire or even an explosion in the worst situation.

In addition to the safety issues mentioned above, the voltage imbalance also reduces the
available energies of cells. When charging the cells in series, charging processes must be
halted as soon as the most charged cell reaches the upper voltage limit, above which
accelerated irreversible deterioration is very likely. Similarly, in order to avoid over-
discharging during discharging processes, the least charged cell in the series connection
limits the discharging time as a whole. Thus, voltage imbalance should be minimized in
order to prolong life time as well as to maximize the available energies.

Various kind of equalization techniques have been proposed, demonstrated, and
implemented for LIBs and SCs (Cao et al., 2008; Guo et al., 2006). However, conventional
equalization techniques have one of the following major drawbacks:

1. Low energy efficiency because of the dissipative equalization mechanism.

2. Complex circuitry and control because of high switch count.

3. Design difficulty and poor modularity because of the need for a multi-winding
transformer that imposes strict parameter matching among multiple secondary
windings.

This chapter presents single- and double-switch cell voltage equalizers for series-connected
lithium-ion cells and SCs. The equalization process of the equalizers is nondissipative, and a
multi-winding transformer is not necessary. Hence, all the issues underlying the
conventional equalizers listed above can be addressed by the presented equalizers. In
Section 2, the above-mentioned issues are discussed in detail, and conventional cell voltage
equalizers are briefly reviewed. In Section 3, single-switch cell voltage equalizers based on
multi-stacked buck-boost converters are presented. In the single-switch equalizers, although
multiple inductors are required, the circuitry can be very simple because of the single-switch
configuration. Section 4 introduces double-switch cell voltage equalizers using a resonant
inverter and a voltage multiplier. Although the circuitry is slightly more complex than the
single-switch equalizers, its single-magnetic configuration minimizes circuit size and cost.
Detailed operation analyses are mathematically made, and experimental equalization tests
performed for series-connected SCs and lithium-ion cells using the prototype of the single-
and double-switch equalizers are shown. Finally, in Section 5, the presented single- and
double-switch equalizers are compared with conventional equalizers in terms of the
required number of circuit components.
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2. Conventional equalization techniques

2.1. Dissipative equalizers

The most common and traditional approach involves the use of dissipative equalizers,
which do not require high-frequency switching operations. With dissipative equalizers, the
voltage of series-connected cells can be equalized by removing stored energy or by shunting
charge current from the cells with higher voltage. During the equalization process, the
excess energy or current is inevitably dissipated in the form of heat, negatively influencing
the thermal system of batteries/modules. Dissipative equalizers introduce advantages over
nondissipative equalizers in terms of circuit simplicity and cost. The dissipative equalizers
can be categorized into two groups: passive and active equalizers.

Fig. 1(a) shows the simplest solution using passive resistors. Voltage imbalance gradually
decreases because of different self-discharge through resistors depending on cell voltages.
Although simple, the relentless power loss in resistors reduces the energy efficiency,
depending on the resistance values, and hence, this equalizer is rarely used in practice.

Another concept of a passive dissipative equalizer is the use of Zener diodes, as shown in
Fig. 1(b). Cell voltages exceeding a Zener voltage level are cramped by Zener diodes. The
power loss in the Zener diodes during the rest period is negligibly low depending on their
leakage current. However, these diodes must be chosen to be capable of the largest possible
charge current because the charge current flows through them when the cell voltage reaches
or exceeds the Zener voltage level. In addition, a great temperature dependency of the Zener
voltage, which may not be acceptable in most applications, should be factored in.
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Figure 1. Passive dissipative equalizers using (a) resistors and (b) Zener diodes, and (c) active shunting
equalizer.

Fig. 1(c) shows a schematic drawing of shunting equalizers (Isaacson et al., 2000; Uno, 2009).
Cell voltages are monitored and compared with a preset voltage level (shunt voltage level).
When the cell voltage reaches or exceeds the shunt voltage level, the charge current is
bypassed through a transistor to reduce the net charge current. The product of cell voltage
and shunt current is the power dissipation in the equalizer. The shunting equalizer needs as
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many switches, voltage sensors, and comparators as the number of series connection of cells.
In addition, this equalizer inevitably causes energy loss in the form of heat generation
during the equalization process. The operation flexibility is also poor because cells are
equalized only during the charging process, especially at fully charged states.

Although dissipative equalization techniques seem less effective compared with
nondissipative equalizers, which are reviewed in the following subsection, the shunting
equalizers are widely used in various applications, and a number of battery management
ICs that include shunting equalizers are available because of their simplicity, good
modularity (or extendibility), and cost effectiveness.

2.2. Nondissipative equalizers

Nondissipative equalizers that transfer charges or energies among series-connected cells are
considered more suitable and promising than dissipative equalizers in terms of energy
efficiency and thermal management. In addition, nondissipative equalizers (including
single- and double-switch equalizers presented in this chapter) are usually operational
during both charging and discharging, and hence, operation flexibility can be improved
compared with dissipative equalizers. Numerous nondissipative equalization techniques
have been proposed and demonstrated. Representative nondissipative equalizer topologies
are reviewed in the following subsections.

2.2.1. Individual cell equalizer

Fig. 2(a) depicts a schematic drawing of the individual cell equalizer (ICE) (Lee & Cheng,
2005). ICEs are typically based on individual bidirectional dc-dc converters such as
switched capacitor converters (Pascual & Krein, 1997; Uno & Tanaka, 2011) and buck-boost
converters (Nishijima et al., 2000), as shown in Figs. 2(b) and (c), respectively. Other types of
bidirectional converters, such as resonant switched capacitor converters and Cuk converters
(Lee & Cheng, 2005), can also be used for improving equalization efficiencies. In ICE
topologies, the charges or energies of the series-connected cells can be transferred between
adjacent cells to eliminate cell voltage imbalance. The number of series connection of cells
can be arbitrary extended by adding the number of ICEs.

Since these ICE topologies are derived from multiple individual bidirectional dc-dc
converters, numerous switches, sensors, and switch drivers are required in proportion to
the number of series-connected energy storage cells. Therefore, their circuit complexity
and cost are prone to increase, especially for applications needing a large number of
series connections, and their reliability decreases as the number of series connections
increases.

2.2.2. Equalizers using a multi-winding transformer

In cell voltage equalizers using a multi-winding transformer based on flyback and
forward converters, as shown in Figs. 3(a) and (b), respectively, the energies of series-
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connected cells can be redistributed via a multi-winding transformer to the cell(s) having
the lowest voltage (Kutkut, et al.,, 1995). The required number of switches in the multi-
winding transformer-based equalizers is significantly less than those required in ICE
topologies. However, these topologies need a multi-winding transformer that must be
customized depending on the number of series connections, and hence, the modularity is
not good. In addition, since parameter mismatching among multiple secondary windings
results in voltage imbalance that can never be compensated by control, multi-winding
transformers must be designed and made with great care (Cao et al., 2008; Guo et al,,
2006). In general, the difficulty of parameter matching significantly increases with the
number of windings. Therefore, their applications are limited to modules/batteries with a
few series connections.

az

at

(@) (b) ()

Figure 2. (a) Generic configuration of individual cell equalizer, (b) switched capacitor-based equalizer,
and (c) buck-boost converter-based equalizer.
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Figure 3. Equalizers using a multi-winding transformer: (a) flyback converter-based and (b) forward
converter-based equalizers.
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2.2.3. Equalizers using a single converter with selection switches

Figs. 4(a) and (b) show equalizers using a single converter and selection switches based on
the flying capacitor and the flyback converter, respectively (Kim et al., 2011). In these
topologies, individual cell voltages are monitored, and the cell(s) with the lowest and/or
highest voltages are determined. In the flying capacitor-based equalizer, shown in Fig. 4(a),
the energy of the most charged cell is delivered to the least charged cell via the flying
capacitor C by selecting proper switches. In the flyback converter-based equalizer, shown in
Fig. 4(b), the energy of series-connected cells is redistributed to the least charged cell via the
flyback converter and properly selected switches.
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Figure 4. Equalizers using a single converter with selection switches based on (a) flying capacitor and
(b) flyback converter.

These topologies can reduce the number of passive components significantly when
compared with ICE topologies shown in Fig. 2, and do not need a multi-winding
transformer. However, the required number of switches is still large (proportional to the
number of series connections), and furthermore, microcontroller- or DSP-based intelligent
management is mandatory because target cell(s) (i.e., the least and/or most charged cells)
must be determined for equalization to be implemented.

3. Single-switch cell voltage equalizer using multi-stacked buck-boost
converters

3.1. Circuit description and major benefits

The single-switch cell voltage equalizers are derived by multi-stacking traditional buck-
boost converters that consist of two inductors and one coupling capacitor (Uno & Tanaka,
2011). Candidate topologies, which can be used as a basic topology, are shown in Fig. 5.
The single-ended primary inductor converter (SEPIC) and Zeta converters can be simply
adapted as the basic topology. On the other hand, the Cuk topology cannot be used
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without a transformer because of its inverting property. Out of the three candidates
shown in Fig. 5, the Cuk converter is the best in terms of current pulsation at its input and
output because inductors Lin and Lout are connected in series to the input and output,
respectively. Although the SEPIC and Zeta converter can be adapted without a
transformer, transformer-less operation may suffer from duty cycle limitations when the
number of series connection is large, as will be discussed in the following subsection.
Therefore, the need for the transformer in the Cuk converter is justified, although
comparative analysis is necessary to determine the best topology to achieve sufficient
performance at reasonable size for a given application. The isolated Cuk converter-based
equalizer is focused in the following sections.
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Figure 5. Traditional buck-boost converters that can be used as the basic topology for single-switch cell
voltage equalizers. (a) SEPIC, (b) Zeta, and (c) isolated Cuk converters.

The derived isolated Cuk converter-based single-switch equalizer for four cells connected in
series is shown in Fig. 6. The circuit consisting of Cin, Lin, Q, Ca, transformer, Cs, Ds, and Ls is
identical to the circuit shown in Fig. 5(c), while the circuit consisting of C-Di-Li (i=1...4) is
multi-stacked to the isolated Cuk converter. Hence, the derived equalizer can be regarded as
multi-stacked Cuk converters.
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Figure 6. Single-switch cell voltage equalizer based on isolated Cuk converter.
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The required number of switches is only one; thus, reducing the circuit complexity
significantly when compared with conventional equalizers that need numerous switches
proportional to the number of series connections, as explained in the previous section. In
addition, a multi-winding transformer is not necessary, and the number of series
connections can be arbitrarily extended by stacking the circuit consisting of Ci-Di-Li.
Therefore, in addition to the reduced circuit complexity, the single-switch equalizer offers a
good modularity as well. Furthermore, as will be mathematically indicated, feedback
control is not necessary when it is operated in discontinuous conduction mode (DCM),
further simplifying the circuitry by removing the feedback control loop.

3.2. Operation analysis
3.2.1. Operation under voltage-balanced condition

Traditional buck-boost converters, including the isolated Cuk converter, operate in
either continuous conduction mode (CCM) or DCM. The boundary between CCM and
DCM is the discontinuity of the diode current during the off-period. Although ripple
currents of inductors tend to be large in DCM, currents in the circuit can be limited
under desired levels without feedback control, as will be mathematically indicated later.
The following analysis focuses on DCM operation. Key operation waveforms and
current flow directions in DCM under the voltage-balanced condition are shown in
Figs. 7 and 8, respectively. The fundamental operation is similar to the traditional
isolated Cuk converter, and the DCM operation can be divided into three periods: Ton,
Tofr-a, and Togb.

Under a steady-state condition, average voltages of inductors and transformer windings
are zero, and hence, the average voltages of Ci-Cs and Ca, V-V and Ve, can be
expressed as

Ve =-V,

Ve, =0

Ves =V , (1)
Vea=V3+V,

Ve, =V +V,+ Vo +V,

where Vi-V: are the voltages designated in Fig. 6.

During Tor period, as shown in Fig. 8(a), all the inductors are energized and their currents
increase linearly. When Q is turned off, Tosa period begins and diodes start to conduct, as
shown in Fig. 8(b). As the inductors release stored energies, the inductor currents as well as
the diode currents decrease linearly. When the diode currents fall to zero, period Tofs
begins. In this period, all the currents in the equalizer are constant because the voltages
across inductors are zero.
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Figure 7. Key operation waveforms of isolated Cuk converter-based single-switch equalizer under a
voltage-balanced condition.

(a) (b) (c)
Figure 8. Current flow directions during periods (a) Ton, (b) Tofs, and (c) Toro under a voltage-balanced
condition.

The voltage-time product of inductors under a steady-state condition is zero, yielding

D(Vs+Ve+V,) =D, (Vi+Vp)
D(Vs+ V¢ ) =D,(V,+Vp) @
D(Vs+Ves—V3)  =D,(V3+Vyp)
D(Vs+Vey—V3-V,)=D,(V,+Vp)

where D and D. are the duty ratio of Ton and Tofs, respectively, Vb is the forward voltage of
diodes, and Vs is the transformer secondary voltage designated in Fig. 6 expressed as

V. Vi+V,+V,+V, V
v, Ve Vi+Vo+Va+ Vin 3
N N N

where N is the transformer turn ratio. From Egs. (1) and (2),
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V==V -V, 4)

where i = 1...4. This equation means that the equalizer produces the uniform output
voltages to the cells, and all the cell voltages can eventually become uniform.

In order for the equalizer to operate in DCM, Tofb period must exist, meaning D < (1 — D).
From Eq. (4), the critical duty cycle to ensure DCM operation, Deritical, is given by

< VitVp
critical .
Vo +V, +Vp

©)

Egs. (3) and (5) imply that without the variable N, as Vi: increases, D must be lowered for a
given value of Vi. In other words, the duty cycle limitation confronts when the number of
series connection is large. On the other hand, with the introduction of the transformer, the
issue on the duty cycle limitation can be overcome by properly determining N.

According to Fig. 7, the average currents of Li and Lin, Ii and Iiin, are expressed as

V.DT,
I, =(D+D,)—=—=+1,,

T 0
ILin:(D+Du) ;L S Ly

in

where Ts is the switching period, and Iiib and Iiinb are the currents flowing through Li and
Lin, respectively, during period To» as designated in Fig. 7. Assuming that impedances of
C1—Cy are equal, ici—ics as well as Iri-+—Ir4s can be uniform, as expressed by

NIy ==y =Ly =Ty = Tpay =41, )

The average current of C;, Ic;, is expressed as

VsDTy N?V,DT, 0

I..=I,. , +D
Ci Li-b 2L, a 2. 4Lz‘n . (8)
From Egs. (6)—(8),
I _ ND, ©)
ILin 4D -

With Ici = 0, Kirchhoff's current law in Fig. 6 yields

I =1Ip,;, (10)

where Ipi is the average current of Di. From Figs. 7 and 8(b), Ipi is expressed as
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ViDT, N?V,DT,| V,DD,T,(4L, +N’L,
IDi — Du S S + S S-S a’ S in i (11)
2L, 2-4L,, 2 4L, L,

Substituting Egs. (10) and (11) into Eq. (9) produces

| VDT [4Lin + NzLi] . )

Lin — N Lin Li

Egs. (10)—~(12) imply that currents in the equalizer under a voltage-balanced condition can be
limited under a desired level as long as a variation range of Vs is known. In Eq. (12), for
example, Vs is variable and D is determinable, while others are fixed values, and hence, with
a known variation range of Vs, Iun can be designed limited under the desired level by
properly determining D. I.i and Ibi (that can be expressed by Egs. (10) and (11)) can be
similarly designed because D. is a predictable variable given by Eq. (4). Thus, the currents in
the equalizer operating in DCM can be limited under desired levels even in fixed duty cycle
operations, and feedback control is not necessary for the single-switch equalizer, further
simplifying the circuit by eliminating the feedback control loop.

3.2.2. Operation under voltage-imbalanced condition

As expressed by Eq. (4), the single-switch equalizer inherently produces the uniform output
voltages to the cells. This characteristic implies that in the case where voltages of cells are
imbalanced, the currents from the equalizer tend to concentrate to a cell having the lowest
voltage. Fig. 9 shows the key operation waveforms under a voltage-imbalanced condition.
Asterisks added to the symbols in Fig. 9 correspond to the cell with the lowest voltage, B-.
As shown in Fig. 9, when there is voltage imbalance, only ip- flows, whereas the other diode
currents (ini) are zero for the entire periods. Since all the currents concentrate to D, the
average current of D~ is obtained by transforming Eq. (11) as

(13)

2 2
| _p|4VsDTs  N?VDTy | ViDDTy[ 4L, + N’L,
A T 2L, 2 L,L )

which is fourfold larger than that of Eq. (11). Since Ibi is zero under the voltage-imbalanced
condition, Iii is also zero according to Eq. (10), although ripples exist. ILi» under the voltage-
imbalanced condition is identical to that under the voltage-balanced condition because Ivix is
independent of cell voltages, as expressed by Eq. (12).

3.3. Experimental

3.3.1. Prototype and its fundamental performance

A 5-W prototype of the isolated Cuk converter-based single-switch equalizer was built for
12 cells connected in series, as shown in Fig. 10. Component values are listed in Table 1.
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Couti—Couttz, which were not depicted in figures for the sake of simplicity, are smoothing
capacitors connected to the cells in parallel. The RCD snubber was added at the primary
winding in order to protect the switch from surge voltages generated by the transformer
leakage inductance. The prototype was operated with a fixed D = 0.3 at f= 150 kHz.
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Figure 9. Key operation waveforms under a voltage-imbalanced condition.

The experimental setup for power conversion efficiency measurement is shown in Fig. 11.
The tap Y and X in Fig. 11 were selected to emulate the voltage-balanced and -imbalanced
(V1< Vi (i = 2...12)) conditions, respectively. The external power supply, Vex, was used, and
the input and output of the equalizer were broken at point Z in order to measure
efficiencies. The efficiencies were measured by changing the ratio of Vi/Vi: between
approximately 1/12 and 1/16. During the efficiency measurement, cells were removed and
only smoothing capacitors (Coui—Cout12) were used to sustain the voltages of Vi-V1..

Figure 10. Photograph of a 5-W prototype of the isolated Cuk converter-based single-switch cell
voltage equalizer for 12 cells connected in series.

The measured power conversion efficiencies and output power characteristics as a function
of Vi1 are shown in Fig. 12. The efficiencies increased with Vi because the diode voltage drop
represented a lesser portion of the output voltage (i.e.,, Vi). The efficiencies under the
voltage-balanced condition were higher than those under the voltage-imbalanced condition;
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the peak efficiencies under the voltage-balanced and -imbalanced conditions were
approximately 70% and 65%, respectively. The lower efficiencies under the voltage-
imbalanced condition were due to the current concentration to Ci1, D1, and L1, which caused
increased Joule losses in resistive components.

Component Value

Cin
Ca Ceramic Capacitor, 22 pF

Ceramic Capacditor, 20 pF

Cout -Caut 12 Ceramic Capacitor, 200 puF
CCyp Ceramic Capacditor, 22 pF
Lin 1 mH
LLi» 47 pH
Transformer N,:N,=244L, =87uH,L,, =2.03mH
Q N-ChMOSFET, IRFRI3N20D, R,, =235 mQ
DD, Schottky Diode, CRSO08, V' p = 0.36 V

RCD Snubber R =22kQ, C =470 pF

Table 1. Component values used for the prototype.
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Figure 11. Experimental setup for efficiency measurement.

Figs. 13(a) and (b) show typical operation waveforms measured under the voltage-balanced
and -imbalanced conditions, respectively. Under the voltage-balanced condition, as shown
in Fig. 13(a), all the inductor currents were uniform, although the oscillations caused by
interactions between inductors and parasitic capacitance of the MOSFET were observed.
Under the voltage-imbalanced condition, i2—ir12 were uniform and their averages were zero,
whereas only i1 showed an average higher than zero because of the current concentration.
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Figure 12. Measured power conversion efficiencies and output powers as a function of V1 under (a)
voltage-balanced and (b) -imbalanced conditions.
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Figure 13. Measured waveforms under (a) voltage-balanced and (b) -imbalanced conditions.

3.3.2. Equalization

The experimental equalization test was performed for 12-series SCs with a capacitance of
500 F at a rated charge voltage of 2.5 V. The voltages of SCs were initially imbalanced
between 0.85-2.5 V. The resultant equalization profiles are shown in Fig. 14(a). As the
equalizer redistributed energies from the series connection to cells with low voltages,
voltages of cells with low initial voltages increased while those with high initial voltages
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decreased. The voltage imbalance was gradually eliminated as time elapsed, and the
standard deviation of cell voltages eventually decreased down to approximately 7 mV at the
end of the experiment; thus, demonstrating the equalizer's equalization performance. The
cell voltages kept decreasing even after the voltage imbalance disappeared. This decrease
was due to the power conversion loss in the equalizer. After the cell voltages were balanced,
the energies of the cells were meaninglessly circulated by the equalizer, and therefore, the
equalizer should be disabled after cell voltages are sufficiently balanced in order not to
waste the stored energies of cells.

Another experimental equalization was performed for 12-series lithium-ion cells with a
capacity of 2200 mAh at a rated charge voltage of 4.2 V. The state of charges (SOCs) of the
cells were initially imbalanced between 0%-100%. The experimental results are shown in
Fig. 14(b). Although the resultant profiles were somewhat elusive because of the nonlinear
characteristics of the lithium-ion chemistry, the voltage imbalance was successfully
eliminated, and all the cell voltage converged to a uniform voltage level.
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Figure 14. Experimental profiles of 12 series-connected (a) SCs and (b) lithium-ion cells equalized by
the isolated Cuk converter-based single-switch equalizer.

4. Double-switch resonant cell voltage equalizer using a voltage
multiplier

4.1. Circuit description and major benefits

The double-switch resonant equalizer is essentially a combination of a conventional series
resonant inverter and a voltage multiplier, shown in Figs. 15(a) and (b), respectively. The
voltage multiplier shown in Fig. 15(b) is an example circuit that can produce a 4 times
higher voltage than the amplitude of the input. The voltages of the stationary capacitors C'i—
C's automatically become uniform as the amplitude of the input square wave under a
steady-state condition (when diode voltage drops are neglected). Detailed operation
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analyses on both the resonant inverter and the voltage multiplier are separately made in the
following section.

By combining the series-resonant inverter and the voltage multiplier, the double-switch
equalizer can be synthesized as shown in Fig. 16. The leakage inductance of the transformer
is used as the resonant inductor, L. The magnetizing inductance of the transformer is not
depicted in Fig. 16 for the sake of simplicity. The stationary capacitors C'1-C's in the voltage
multiplier in Fig. 15(b) are replaced with energy storage cells Bi—Ba.

Figure 15. (a) Series-resonant inverter and (b) 4x-voltage multiplier.
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Figure 16. Double-switch series-resonant equalizer using voltage multiplier.

The required number of switches and magnetic components are only two and one,
respectively, and hence, the circuit complexity as well as the size and cost of the circuit can
be significantly reduced when compared with conventional equalizers, which need multiple
switches and/or magnetic components in proportion to the number of series connections. In
addition, the proposed resonant equalizer can be configured without a multi-winding
transformer, and the number of series connections can be readily extended by stacking a
capacitor and diodes, thus offering a good modularity (or extendibility). As mathematically
explained in the following analysis, feedback control is not necessarily needed to limit
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currents under the desired current levels, and therefore, the circuit can be further simplified
by removing the feedback control loop.

Although the series-resonant inverter with a transformer is used for the proposed equalizer,
other types of resonant inverters, such as parallel-, series-parallel, and LLC-resonant
inverters, can be used instead, and may even offer better performance.

4.2. Operation analysis
4.2.1. Fundamental operation

Similar to traditional resonant inverters, the double-switch resonant equalizer is operated at
the switching frequency f higher than the resonant frequency, f, above which the series-
resonant circuit consisting of L: and Cr represents an inductive load. The key operation
waveforms at f> fr are shown in Fig. 17, and f: is given by

1
_—, 14
Jr 2zJL,C, (49

where Lr is the inductance of the resonant inductor Lr, and C: is the capacitance of the
resonant capacitor Cr. MOSFETs Qa and Qb are complementarily operated with a fixed duty
cycle slightly less than 50% in order to provide adequate dead times to prevent a short-
through current. Above f;, the current of the resonant circuit i.r lags behind the fundamental
component of the voltage vpss, which corresponds to the input voltage for the resonant
circuit, and Qa and Qv are turned on at zero-voltage.
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Figure 17. Key operation waveforms of resonant equalizer above resonant frequency (f> fr).

The operation of the series-resonant equalizer can be divided into four modes: Mode 14,
and the current flow directions under a voltage-balanced condition during each mode are
shown in Fig. 18. In Mode 1, the current of the resonant circuit, i, flows through the anti-
parallel diode of Sa, Da, toward the series connection of Bi-Bs, and the energy transfer
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capacitors in the voltage multiplier, Ci (i = 1...4), discharge through even-numbered
diodes, D), as shown in Fig. 18(a). Before is: reaches zero, the gate signal for Qa, vcss, is
applied. Since the voltage across Qa, vpss, is zero at this moment, Qa is turned on at zero-
voltage. After is. is reversed, as shown in Fig. 17, Qa starts to conduct, and Mode 2 begins.
In Mode 2, the resonant circuit is energized by the series connection of Bi-Bs, and Ci is
charged via odd-numbered diodes, Di-1). As Qa is turned off, the current is diverted from
Qa to the anti-parallel diode of S, Db, and Mode 3 begins. Ci is still being charged. The
gate signal for Qbv, vesy, is applied and Qb is turned on at zero-voltage, before the current of
Sv, isy, is reversed. As isy reaches zero, the operation shifts to Mode 4, in which G
discharges through Dei. When Qb is turned off, the current is diverted from Qb to Da, and
the operation returns to Mode 1. Thus, similar to the conventional resonant inverters, the
double-switch resonant equalizer achieves zero-voltage switching (ZVS) operation when
Qa and Qb are turned on.

T

A

uﬂi?

1 .
L I

Figure 18. Current flow directions during Mode (a) 1, (b) 2, (c) 3, and (d) 4.

Repeating the above sequence, energies of the series connection of Bi—Bs are supplied to the
resonant inverter, and then are transferred to the voltage multiplier that redistributes the
energies to Bi-Ba. Thus, the energies of Bi-Ba are redistributed via the resonant inverter and
voltage multiplier. Throughout a single switching cycle, Ci as well as Bi-Bs are charged and
discharged via D@1 and Dej and consequently, voltages of Bi-Bs, Vi-Vi become
automatically uniform. The voltage equalization mechanism by the voltage multiplier is
discussed in detail in the following subsection.
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4.2.2. Voltage multiplier

The peak voltage of Ci during the time Dei-1) is on, Vcio, can be expressed as

Veo=Vso=Vp=-V1-V;

Veao=Vso=Vp -V (15)
Veso=Vs0= Vo '

Vewo=Vso=VptV;

where Vs.o is the peak voltage of the transformer secondary winding when D¢ is on, and
Vb is the forward voltage drop of the diodes. Similarly, the bottom voltages of Ci when Dy
is on, Vcit, are

Vep="Vsr+Vp-V,

Verop ==V +V

C2E s-etVp ’ (16)
Vesp =Vsp +Vp+ Vs

Vesg="Vep+Vp+V3+V,

where Vs is the bottom voltage of the transformer secondary winding when Dej is on.

Subtracting Eq. (16) from Eq. (15) yields the voltage variation of Ci during a single switching
cycle, AVci:

AV, Z(Vs-o + VS—E)_Vz‘ —2Vp. (17)

Generally, an amount of charge delivered via a capacitor having a capacitance of C, and an
equivalent resistance for the charge transfer, Re, are given by

Q=1It=CAV
av=lt_ L g (18)
c ¢ w

where AV is the voltage variation caused by charging/discharging. Substitution of Eq. (18)
into Eq. (17) produces

I6iR i = (Vs.o+Vs g)=2Vp-V;, (19)

where [ci is the average current flowing via Ci.

Eq. (19) yields a dc equivalent circuit of the voltage multiplier, as shown in Fig. 19. All cells,
Bi-Bs, are tied to a common dc-source Va., which provides a voltage of (Vs-o + Vs.E), via two
diodes and one equivalent resistor, Reqi. When Vi-Vi are balanced, Ici-Ics can be uniform as
long as Ci—C¢ are designed so that all the equivalent resistances, Reji—Reqt, are uniform. In the
case of voltage imbalance, the current preferentially flows to the cell(s) having the lowest
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voltage, and its voltage increases more quickly than the others. Eventually, voltages Vi-V:
automatically reach a uniform voltage level.

o7 Regd DB [,
»! p—

Vdc B1 B3 B4

Ve T T T 7

Figure 19. DC equivalent circuit for voltage multiplier.

Current flows in the dc equivalent circuit in Fig. 19 can then be transformed to those in the
original circuit shown in Figs. 16 and 18. We consider the case that Vi is the lowest and
when no currents flow through Regz—Reqs, as a simple example. Since any current flowing
through Reqi represents charging/discharging the capacitor C, as indicated by Eq. (18), no
currents in Reg—Reqs mean that no currents flow through C>—Cs as well as D3-Ds in the
original circuit. Meanwhile, the current from the transformer secondary winding
concentrates to Ci and Di-D2 in the original circuit. Thus, under a voltage-imbalanced
condition, currents flow through only the capacitor(s) and diodes that are connected to the
cell(s) having the lowest voltage, although practical current distribution tendencies are
dependent on Re;i as well as the voltage conditions of Vi.

4.2.3. Series-resonant circuit

The average voltage across a transformer winding throughout a single switching cycle is
zero, and the on-duties of Dei-1) and Dy are both 50%. Therefore, the average voltages of Ci—
C4, Vci—Vey, can be obtained from Fig. 18, and are expressed as

V.
Ve, =—-L1-V.
c1 5 2
V.
ch__22
. (20)
v, =0
T,
Vv,
VC4:V3+74

The Square voltage waves in the resonant circuit are approximated to the sinusoidal
fundamental components, as shown in Fig. 20, in which key waveforms of the series-
resonant inverter and their fundamental components are sketched. By assuming that the
voltage of Ci is constant as Vci throughout a single switching cycle, the voltage of the
transformer secondary winding, s, is
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Vo +Vi+ Vo + V=V + Vo + V=V + V=V, -V + V) (D(Zi-l)“re"”)

0 = . (@1

Vey +Vy =V =Viey =V = Vs = Va =V = Ve = V3 =V, ~ V) (D(Zi)are on)
vs is a square wave with an amplitude of Vs, which is obtained from Egs. (20) and (21) as
Vo=V, +2V,. 22)

The amplitude of the fundamental component of the transformer primary winding, V-, can
be obtained from Eq. (22) with the Fourier transfer,

2
V,p :;N(V,. +2Vp). (23)

Similarly, the amplitude of the fundamental component of vpss, Vin-in, is

2 2
Vm—in :;Vin :;(V1+V2+V3+V4)' (24)
The amplitude of iLr, In, is obtained as
I = Vm—in — Vm—P _ Vm—in - Vm—P Vm—z'n — Vm—P (25)

‘Z‘ B 1 2 I0) 2 '
w2l
aC, o, o

Zy=oL, =——. (26)
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Figure 20. Key waveforms and their fundamental components.

In order for the series-resonant inverter to transfer energies to the voltage multiplier
connected to the secondary winding, Viwin must be higher than Vur. Assuming that the
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number of series connections is four and Vi—V: are balanced as Vi the criterion of N is
obtained from Eqgs. (23) and (24), as

4V,
N<—————. (27)
V.+2V,
Egs. (23) and (25) indicate that the smaller N is, the larger In will be, resulting in the larger
power transfer from the resonant circuit to the voltage multiplier. Thus, with small N, an
equalization speed can be accelerated, although it tends to cause increased losses in resistive
components in the resonant circuit as well as in the voltage multiplier.

4.3. Experimental

4.3.1. Prototype and its fundamental performance

A 10-W prototype of the double-switch series-resonant equalizer was built for 8 cells
connected in series, as shown in Fig. 21. Table 2 lists the component values used for the
prototype. Couti—Cous are smoothing capacitors connected to cells in parallel (not shown in
Fig. 16 for the sake of simplicity). The transformer leakage inductance, L, was used as the
resonant inductor L, whereas the magnetizing inductance, Lng, was designed to be large
enough not to influence the series-resonant operation. The prototype equalizer was operated
with a fixed D = 0.48 at a switching frequency of 220 kHz.

Figure 21. Photograph of a 10-W prototype of the double-switch series-resonant equalizer using a
voltage multiplier for 8 cells connected in series.

Component Value
C—-Cg Tantalum Capacitor, 47 pF, 80 mQ
Couti=Couss Ceramic Capacitor, 200 uF
C, Film Capacitor, 100 nF
Q. Qp N-Ch MOSFET, HAT2266H, R,,, = 9.2 mQ
D,;-Dy, Schottky Diode, CRSO08, V', =0.36 V

Transformer N ;:N, =30:5,L;, =4.7 uH, L, =496 pH

Table 2. Component values used for the prototype of the series-resonant equalizer.

The experimental setup for the efficiency measurement for the resonant equalizer is shown in
Fig. 22. The efficiency measurement was performed using the intermediate tap and the
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variable resistor in order to emulate the voltage-balanced and -imbalanced conditions. With
the tap Y selected, the current flow paths under the voltage-balanced condition are emulated,
whereas those under the voltage-imbalanced condition of Vi < Vi (i = 2...12) can be emulated
by selecting the tap X. The input and the output of the equalizer were separated at the point Z
to measure efficiencies. The efficiencies were measured by changing the ratio of V1/Vi.» between
approximately 1/8 and 1/20. Cells were disconnected and only the smoothing capacitors (Couti—
Cous) were used to sustain the voltages of Vi-Vs in the efficiency measurement.
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Figure 22. Experimental setup for efficiency measurement for the resonant equalizer.

The measured power conversion efficiencies and output power characteristics as a function
of V1 are shown in Fig. 23. As V1 increased, the efficiencies significantly increased because
the diode voltage drop accounted for a lesser portion of the output voltage (i.e., Vi). The
measured peak efficiencies under the voltage-balanced and -imbalanced conditions were
73% and 68%, respectively. The efficiency trends under the voltage-balanced condition were
higher than those under the voltage-imbalanced condition. The lower efficiency trend under
the voltage-balanced condition can be attributed to increased Joule losses in resistive
components in the series-resonant inverter and the voltage multiplier.

Measured waveforms of irr and vpsy at Vin = 32 V and Vi =4 V under the voltage-balanced
and -imbalanced conditions are shown in Figs. 24(a) and (b), respectively. The amplitude of
itr under the voltage-balanced condition was slightly greater than that under the voltage-
imbalanced condition. In the operation analysis made in Section 4.2.3, the voltage across Ci
was assumed constant and the voltages of transformer windings were treated as square
waves. However, in practice, the voltage across Ci varies as current flows, and transformer
winding voltages are not ideal square waves. Under the voltage-imbalanced condition, as
currents in the voltage multiplier concentrated to Ci, Vi-r tended to increase because of an

171



172 Energy Storage — Technologies and Applications

increased voltage variation of Ci. Consequently, the amplitude of i, In, decreased as Vi-r
increased, as can be understood from Eq. (25).
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Figure 23. Measured power conversion efficiencies and output powers of the series-resonant equalizer
as a function of V1 under (a) voltage-balanced and (b) -imbalanced conditions.
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Figure 24. Measured waveforms under (a) voltage-balanced and (b) -imbalanced conditions.

4.3.2. Equalization

The experimental equalization test using the prototype of the series-resonant equalizer was
performed for 8-series SCs with a capacitance of 500 F at a rated charge voltage of 2.5 V. The
initial voltages of SCs were imbalanced in the range 1.8-2.5 V. The results of the
equalization test are shown in Fig. 25(a). The cell voltages with a high initial voltage
decreased, while those with a low initial voltage increased by the energy redistribution
mechanism. The voltage imbalance gradually disappeared, and the standard deviation of
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the cell voltages eventually decreased down to approximately 4 mV at the end of the
equalization test. The cell voltages were almost completely balanced, and hence, the
equalization performance of the series-resonant equalizer was demonstrated.
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Figure 25. Experimental profiles of 8 series-connected (a) SCs and (b) lithium-ion cells equalized by the
series-resonant equalizer.

A similar experimental equalization was performed for 8-series lithium-ion cells with a
capacity of 2200 mAh at a rated charge voltage of 4.2 V. The initial SOCs of the cells were
imbalanced between 0%-100%. The measured equalization profiles are shown in Fig. 25(b).
Despite the nonlinear characteristics of lithium-ion cells, the standard deviation of the cell
voltages gradually decreased, and the voltage imbalance was successfully eliminated.

5. Comparison with conventional equalizers

The presented single- and double-switch equalizers are compared with conventional
equalizers in terms of the number of required power components in Table 3, where 1 is the
number of series connections of cells. Obviously, the passive dissipative equalizers using
resistors or diodes are the simplest topology, although they are neither efficient nor practical
as mentioned in Section 2.1. Except for the equalizers using a multi-winding transformer,
the required number of switches in conventional nondissipative equalizers is proportional
to the number of series connections, and therefore, the circuit complexity tends to
significantly increase for applications requiring a large number of series connections.
Although the equalizers using a multi-winding transformer need only one or two switches,
the need of a multi-winding transformer is considered as their major drawback because of
the requirement for strict parameter matching among multiple secondary windings,
resulting in design difficulty and poor modularity.
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Topology Switch || Resistor [ Inductor|Capacito] Diode Transformer
Resistor - n - - - -
Dissipative Equalizer Zener Diode - - - - n -
Active Shunting n n - - - -
Induvidual Cell Switched Capacitor 2n - - n-1 - -
Equalizer Buck-Boost Converter|| 2(n - 1) - n-1 - - -
Multi-Winding Flyback Converter 1 - - - n 1 (n + 1 windings)
Transformer-Based ~ Forward Converter 2 - - - n +2 | 1(n+ 1windings)
Single Converter with Flying Capacitor 2n - - 1 - -
Selection Switches Flyback Converter [ 27 +1 - - 1 1 1
Single-Switch Equalizer (Isolated Cuk-Based) 1 - n+1 n+1 n 1
Double-Switch Series-Resonant Equalizer 2 - (1)* n+1 2n 1

* Inductor is not necessary when leakage inductance of the transformer is used as a resonant inductor
(Smoothing Capacitors are excluded)

Table 3. Comparison in terms of required number of power components.

On the other hand, the single-switch equalizer using multi-stacked buck-boost converters
(isolated Cuk converter-based) can operate with a single switch, and therefore, the circuit
complexity can be significantly reduced when compared with conventional equalizers that
require many switches in proportion to the number of series connections. In addition, since
a multi-winding transformer is not necessary and the number of series connections can be
readily arbitrary extended by stacking a circuit consisting of L, C, and D. A drawback of this
single-switch equalizer is the need of multiple inductors, with which the equalizer is prone
to be bulky and costly as the number of the series connections increases.

The double-switch resonant equalizer using a voltage multiplier is able to operate with two
switches and a single transformer (in the case that the leakage inductance of the transformer
is used as a resonant inductor). In addition to the reduced number of switches, the required
number of magnetic components is only one, and hence, the resonant equalizer achieves
simplified circuitry coupled with a reduction in size and cost when compared with those
requiring multiple magnetic components. The modularity of the resonant equalizer is also
good; by adding C and D, the number of series connections can be arbitrarily extended.

6. Conclusions

Cell voltage equalizers are necessary in order to ensure years of safe operation of energy
storage cells, such as SCs and lithium-ion cells, as well as to maximize available energies of
cells. Although various kinds of equalization techniques have been proposed, demonstrated,
and implemented, the requirement of multiple switches and/or a multi-winding transformer
in conventional equalizers is not desirable; the circuit complexity tends to significantly increase
with the number of switches, and the strict parameter matching among multiple secondary
windings of a multi-winding transformer is a serious issue resulting in design difficulty and
poor modularity. Two novel equalizers, (a) the single-switch equalizer using multi-stacked
buck-boost converters and (b) the double-switch equalizer using a resonant inverter and
voltage multiplier are presented in this chapter in order to address the above issues.
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The single-switch equalizer using multi-stacked buck-boost converters can be derived by
multi-stacking any of the traditional buck-boost converters: SEPIC, Zeta, or Cuk converters.
In addition to the single-switch configuration, a multi-winding transformer is not necessary,
and therefore, the circuit complexity can be significantly reduced as well as improving the
modularity when compared with conventional equalizers, which require multiple switches
and/or a multi-winding transformer. The detailed operation analysis was mathematically
made for the isolated Cuk converter-based topology.

The double-switch equalizer using a resonant inverter and voltage multiplier can be
synthesized by, namely, combining a resonant inverter and a voltage multiplier. Although
two switches are necessary, the required number of switches is sufficiently small to achieve
a reduced circuit complexity. Since the number of required magnetic components is only
one (i.e., a transformer), the size and cost of the equalizer are considered to be minimal
when compared with equalizers requiring multiple magnetic components. The series-
resonant inverter was used as a resonant inverter, and a detailed operation analysis was
separately made for the voltage multiplier and the series-resonant inverter.

The prototypes of the single- and double-switch equalizers were built for series-connected
cells, and experimental equalization tests were performed for series-connected SCs and
lithium-ion cells from initially-voltage-imbalanced conditions. The energies of cells with a
high initial voltage are redistributed to the cells with a low initial voltage, and eventually,
voltage imbalance of SCs and lithium-ion cells were almost perfectly eliminated by the
equalizers after sufficient time elapsed.
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1. Introduction
1.1. HES based on pulse transformer charging

In the fields of electrical discipline, power electronics and pulsed power technology, the
common used modes of energy transferring and energy storage include mechanical energy
storage (MES), chemical energy storage (CHES), capacitive energy storage (CES), inductive
energy storage (IES) and the hybrid energy storage (HES) [1-3]. The MES and CHES are
important ways for energy storage employed by people since the early times. The MES
transfers mechanical energy to pulse electromagnetic energy, and the typical MES devices
include the generator for electricity. The CHES devices, such as batteries, transfer the chemical
energy to electrical energy. The energy storage modes aforementioned usually combine with
each other to form an HES mode. In our daily life, the MES and CHES usually need the help of
other modes to deliver or transfer energy to drive the terminal loads. As a result, CES, IES and
HES become the most important common used energy storage modes for users. So, these three
energy storage modes are analyzed in detail as the central topics in this chapter.

The CES is an energy storage mode employing capacitors to store electrical energy [3-5]. As
Fig. 1(a) shows, Co is the energy storage component in CES, and the load of Co can be
inductors, capacitors and resistors respectively. Define the permittivity of dielectric in
capacitor Co as ¢, the electric field intensity of the stored electrical energy in Co as E. The
energy density We of CES is as

W, :%SEZ . 1)

Usually, We which is restricted to ¢ and the breakdown electric field intensity of Co is about
104~10°J/m?. The traditional Marx generators are in the CES mode [4-5].
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The IES is another energy storage mode using inductive coils to generate magnetic fields for
energy storage. As shown in Fig. 1(b), the basic IES cell needs matched operations of the
opening switch (Sopen) and the closing switch (Scose) [6-7], while Lo is as the energy storage
component. When the charging current of Lo reaches its peak, Sopen becomes open and Sciose
becomes closed at the same time. As the instantaneously induced voltage on Lo grows fast, the
previously stored magnetic energy in the magnetic field is delivered fast to the load through
Scose. The load of Lo also can respectively be inductors, capacitors and resistors. The explosive
magnetic flux compression generator is a kind of typical IES device [7]. The coil winding of
pulse transformer which has been used in Tokamak facility is another kind of important IES
device [8]. Define the permeability of the medium inside the coil windings as y, the magnetic
induction intensity of the stored magnetic energy as B. The energy density Ws of IES is as

2
Wy=ye . @

u
Usually, Ws restricted by u and B is about 107 J/m?. IES has many advanced qualities such as
high density of energy storage, compactness, light weight and small volume in contrast to
CES. However, disadvantages of IES are also obvious, such as requirement of high power
opening switches, low efficiency of energy transferring and disability of repetitive

operations.
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Figure 1. Schematics of three kinds of common-used energy storage modes. (a) Capacitive energy
storage mode; (b) Inductive energy storage mode; (c) Typical hybrid energy storage mode; (d) Hybrid
energy storage based on pulse transformer.

o |||—

pulse transformer

In many applications, CES combining with IES is adopted for energy storage as a mode of
HES. Fig. 1(c) shows a typical HES mode based on CES and IES. Firstly, the energy source
charges C1 in CES mode. Secondly, Scose1 closes and the energy stored in Ci transfers to Lo
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through the resonant circuit in IES mode. Thirdly, the previously closed switch Sopen Opens,
and Scose2 closes at the same time. The accumulated magnetic energy in Lo transfers fast to
capacitor Cz2 in CES mode again. Finally, Scioses closes and the energy stored in C2 is delivered
to the terminal load. So, in the HES mode shown in Fig. 1(c), the HES cell orderly operates in
CES, IES and CES mode to obtain high power pulse energy. Furthermore, the often used
HES mode based on CES and IES shown in Fig. 1(d) is a derivative from the mode in Fig.
1(c). In this HES mode, pulse transformer is employed and the transformer windings play as
IES components. In Fig. 1(d), if Sopen and Sciose1 operate in order, the HES cell also orderly
operates in CES, IES and CES mode. Of course, switch Scoser in Fig. 1(d) also can be ignored
in many applications for simplification.

Generally speaking, a system can be called as HES module if two or more than two energy
storage modes are included in the system. In this chapter, the centre topics just focus on
CES, IES and the HES based on the CES and IES, as they have broad applications in our daily
life. The CES and IES both have their own advantages and defects, but the HES mode based on
these two achieves those individual advantages at the same time. In applications, a lot of
facilities can be simplified as the HES module including two capacitors and a transformer
shown in Fig. 2 [9-16]. Switch S1 has ability of closing and opening at different time. This kind
of HES module based on transformer charging can orderly operate in CES, IES and CES mode.
And it has many improved features for application at the same time, such as high efficiency of
energy transferring, high density of energy storage and compactness.

S S
P P

i LJE L. G [Toad]

pulse transformer

Figure 2. Schematic of the common used hybrid energy storage mode based on capacitors and pulse
transformer

1.2. Applications of HES based on pulse transformer charging

The HES based on pulse transformer charging is an important technology for high-voltage
boosting, high-power pulse compression, pulse modification, high-power pulse trigger,
intense electron beam accelerator and plasma source. The HES cell has broad applications in
the fields such as defense, industry, environmental protection, medical care, physics, cell
biology and pulsed power technology.

The HES based on pulse transformer charging is an important way for high-power pulse
compression. Fig. 3(a) shows a high-power pulse compression facility based on HES in
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Nagaoka University of Technology in Japan [9], and its structure is shown in Fig. 3(b). The
Blumlein pulse forming line plays as the load capacitor in the HES cell, and two magnetic
switches respectively control the energy transferring. The pulse compression system can
compress the low voltage pulse from millisecond range to form high voltage pulse at
50ns/480kV range.
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Figure 3. Typical high power pulse compressor with a transformer-based HES module. (a) The pulse
compressor system; (b) the diagram and schematic of the pulse compressor system

The HES based on pulse transformer charging is an important way for high-power pulse
trigger. Fig. 4(a) shows a solid state pulse trigger with semiconductor opening switches
(SOS) in the Institute of Electrophysics Russian Academy of Science [10-11]. Fig. 4(b)
presents the schematic of the pulse trigger, which shows a typical HES mode based on pulse
transformer charging. SOS switch and IGBT are employed as the switches controlling
energy transferring. The pulse trigger delivers high-voltage trigger pulse with pulse width
at 70ns and voltage ranging from 20 to 80kV under the 100Hz repetition. And the average
power delivered is about 50kW.

VDl L1 Cl
+ -
e
oni } s0s
Sl \’ ) SZ I:|R
(IGBT) s
I+
c2
&

(b)
Figure 4. Typical high-voltage narrow pulse trigger with the transformer-based HES module. (a) The
pulse trigger with the SOS switches; (b) The schematic of the high-power pulse trigger system
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The HES cell based on pulse transformer charging is also an important component in intense
electron beam accelerator for high-power pulse electron beams which are used in the fields
of high-power microwave, plasma, high-power laser and inertial fusion energy (IFE). Fig.
5(a) shows the “Sinus” type accelerator in Russia [12], and it also corresponds to the HES
mode based on transformer charging shown in Fig. 2. The pulse transformer of the
accelerator is Tesla transformer with opened magnetic core, while spark gap switch controls
energy transferring. The accelerator has been used to drive microwave oscillator for high-
power microwave. Fig. 5(b) presents a high-power KrF laser system in Naval Research
Laboratory of the U. S. A,, and the important energy storage components in the system just
form an HES cell based on transformer charging [13-14]. The HES cell drives the diode for
pulse electron beams to pump the laser, and the laser system delivers pulse laser with peak
power at 5GW/100ns to the IFE facility.

(b)

Figure 5. Typical intense electron beam accelerator with the transformer-based HES module. (a) The

pulse electron beam accelerator based on HES for high-power microwave application in Russia; (b) The
pulse electron beam accelerator based on HES for high-power laser application in Naval Research
Laboratory, the U. S. A.

The HES based on pulse transformer charging also have important applications in ultra-
wideband (UWB) electromagnetic radiation and X-ray radiography. Fig. 6 shows an ultra-
wideband pulse generator based HES mode in Loughborough University of the U. K. [15].
The air-core Tesla transformer charges the pulse forming line (PFL) up to 500kV, and spark
gap switch controls the energy transferring form the PFL to antenna. The “RADAN” series
pulse generators shown in Fig. 7 are portable repetitive high-power pulsers made in Russia
for X-ray radiography [16]. The “RADAN”" pulser which consists of Tesla transformer and
PFL are also based on the HES mode shown in Fig. 2. The controlling switches are thyristors
and spark gap.

Besides, the HES cell is also used in shockwave generator [17], dielectric barrier discharge
[18], industrial exhaust processing [19], material surface treatment [20], ozone production
[21], food sterilization [22], cell treatment and cell mutation [23].
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AntelIa
Ar-core

Tesla transformer

Figure 6. Compact 500kV pulse generator based on HES for UWB radiation in Loughborough
University, U. K.

Figure 7. The compact “RADAN” pulse generators for X-ray radiography in Russia

2. Parametric analysis of pulse transformer with closed magnetic core in
HES

Capacitor and inductor are basic energy storage components for CES and IES respectively,
and pulse transformer charging is important to the HES mode shown in Fig. 2. So, it is
essential to analyze the characteristic parameters of the common used high-power pulse
transformer, and provide theoretical instructions for better understanding of the HES based
on transformer charging.
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Figure 8. Common used pulse transformers with closed toroidal magnetic cores

There are many kinds of standards for categorizing the common used pulse transformers.
From the perspective of magnetic core, pulse transformers can be divided into two types,
such as the magnetic-core transformer [24-25] and the air-core transformer [26]. In view of
the geometric structures of windings, the pulse transformer can be divided to many types,
such as pulse transformer with closed magnetic core, solenoid-winding transformer, curled
spiral strip transformer [26], the cone-winding Tesla transformer [16, 27], and so on. The
transformer with magnetic core is preferred in many applications due to its advantages such
as low leakage inductance, high coupling coefficient, high step-up ratio and high efficiency
of energy transferring. Russian researchers produced a kind of Tesla transformer with cone-
like windings and opened magnetic core, and the transformer with high coupling coefficient
can deliver high voltage at MV range in repetitive operations [27]. Usually, pulse
transformer with closed magnetic core, as shown in Fig.8, is the typical common used
transformer which has larger coupling coefficient than that of Tesla transformer. The
magnetic core can be made of ferrite, electrotechnical steel, iron-based amorphous alloy,
nano-crystallization alloy, and so on. The magnetic core is also conductive so that the core
needs to be enclosed by an insulated capsule to keep insulation from transformer windings.

Paper [28] presents a method for Calculation on leakage inductance and mutual inductance
of pulse transformer. In this chapter, the common used pulse transformer with toroidal
magnetic core will be analyzed in detail for theoretical reference. And a more convenient
and simple method for analysis and calculation will be presented to provide better
understanding of pulse transformer [24-25].

The typical geometric structure of pulse transformer with toroidal magnetic core is shown in
Fig. 9(a). The transformer consists of closed magnetic core, insulated capsule of the core and
transformer windings. The cross section of the core and capsule is shown in Fig. 9(b).
Transformer windings are formed by high-voltage withstanding wires curling around the
capsule, and turn numbers of the primary and secondary windings are N1 and N,
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respectively. Usually, transformer windings have a layout of only one layer of wires as
shown in Fig. 9(a), which corresponds to a simple structure. In other words, this simple
structure can be viewed as a single-layer solenoid with a circular symmetric axis in the
azimuthal direction. The transformer usually immerses in the transformer oil for good heat

sink and insulation.
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(a) (b)
Figure 9. Typical structure of the pulse transformer with a closed magnetic core and an insulated
capsule. (a) Assembly structure of the pulse transformer; (b) Geometric structure of the cross section of

the pulse transformer.

Define the geometric parameters in Fig. 9(b) as follows. The height, outer diameter and
inner diameter of the closed magnetic core are defined as Im, D4 and Ds respectively. The
height, outer diameter and inner diameter of the insulated capsule are defined as lo, D2 and
D1 respectively. The thicknesses of the outer wall, inner wall and side wall of insulated
capsule are defined as di, d2 and ds5 in order. The distances between the side surfaces of
capsule and magnetic core are ds and dis shown in Fig. 9(b). Define diameters of wires of the
primary windings and secondary windings as dp and ds respectively. The intensively wound
primary windings with N1 turns have a width about Nidp.

2.1. Inductance analysis of pulse transformer windings with closed magnetic
core
2.1.1. Calculation of magnetizing inductance

Define the permittivity and permeability of free space as €0 and po, relative permeability of
magnetic core as pr, the saturated magnetic induction intensity of core as Bs, residue
magnetic induction intensity of core as Br, and the filling factor of magnetic core as Kr. The
cross section area S of the core is as

S=(D,-Dy)l /2. ®)

Define the inner and outer circumferences of magnetic core as [1 and Iz, then [ = D3 and > =
ntDs. The primary and secondary windings tightly curl around the insulated capsule in
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separated areas in the azimuthal direction. In order to get high step-up ratio, the turn
number Ni of primary windings is usually small so that the single-layer layout of primary
windings is in common use. Define the current flowing through the primary windings as ip,
the total magnetic flux in the magnetic core as @o, and the magnetizing inductance of
transformer as Lu. According to Ampere’s circuital law,

Dy =i, paopt, NESK n(ly /1) 1 (= 1) 4)

As Do=Lyip, Lu is obtained as

_ M, NSKyIn(l, /1)

L
2 L1, ©)

2.1.2. Leakage inductance of primary windings

The leakage inductances of primary and secondary windings also contribute to the total
inductances of windings. The leakage inductance Lip of the primary windings is caused by
the leakage magnetic flux outside the magnetic core. If yr of magnetic core is large enough,
the solenoid approximation can be used. Through neglecting the leakage flux in the outside
space of the primary windings, the leakage magnetic energy mainly exists in two volumes. As
Fig.10 shows, the first volume defined as V1 corresponds to the insulated capsule segment only
between the primary windings and the magnetic core, and the second volume defined as V2 is
occupied by the primary winding wires themselves. The leakage magnetic field in the volume
enclosed by transformer windings can be viewed in uniform distribution. The leakage
magnetic energy stored in Vi and V2 are as Wmi and W, respectively.

primary
windings

insulated
capsule

magnetic core
Figure 10. Primary windings structure of pulse transformer with closed magnetic core.

Define the magnetic field intensity generated by ip from the Ni-turn primary windings as Hp
in V1. According to Ampere’s circuital law, Hp~ip/dp. From Fig. 10,
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Vl=Nllodp(d1+d2)+(D4—D3)N1dp(d4+d3)/2. (6)

When the magnetic core works in the linear district of its hysteresis loop, the magnetic
energy Wmistored in V1is as

4 Hy
Wi :invl :70(1)2‘/1_ (7)
2 dp

2

In V2, the leakage magnetic field intensity defined as Hpx can be estimated as

H , 0

IA
=

IA
U

_hx 8
s 2 ®

From the geometric structure in Fig. 10, V, =2N 1d; (Iy +(D, =D;)/2), the leakage magnetic

energy Wmzstored in V2 is as

2
_1 2y _ MYy Yy
WmZ _Eﬂoj.oﬂd(VZpr)_ 2 g (9)
P
So, the total leakage magnetic energy Wmp stored in V1 and V2 is presented as

me = val + WmZ = Llpi; /2 (10)

In (10), Lip is the leakage inductance of the primary windings, and Ly can be calculated as

_*Ho

sz —E(V2 +3V)). (11)

P

2.1.3. Leakage inductance of secondary windings

Usually, the simple and typical layout of the secondary windings of transformer is also the
single layer structure as shown in Fig. 11(a). The windings are in single-layer layout both at
the inner wall and outer wall of insulated capsule. As D2 is much larger than D, the density
of wires at the inner wall is larger than that at the outer wall. However, if the turn number
N2 becomes larger enough for higher step-up ratio, the inner wall of capsule can not provide
enough space for the single-layer layout of wires while the outer wall still supports the
previous layout, as shown in Fig. 11(b). We call this situation as “quasi-single-layer ” layout.
In the “quasi-single-layer ” layout shown in Fig. 11 (b), the wires at the inner wall of capsule
is in two-layer layout. After wire 2 curls in the inner layer, wire 3 curls in the outer layer
next to wire 2, and wire 4 curls in the inner layer again next to wire 3, then wire 5 curls in
the outer layer again next to wire 4, and so on. This kind of special layout has many
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advantages, such as minor voltage between adjacent coil turns, uniform voltage distribution
between two layers, good insulation property and smaller distributed capacitance of
windings.

In this chapter, the single-layer layout and “quasi-single-layer ” layout shown in Fig. 11 (a)
and (b) respectively are both analyzed to provide reference for HES module. And the multi-
layer layout [29] can also be analyzed by the way introduced in this chapter.

secondary

b
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single-layer distribution distribution of two-layers inside
(a) (b)

Figure 11. Secondary windings structures of pulse transformer with closed magnetic core. (a) Single-
layer distribution of the secondary windings of transformer; (b) Inter-wound “quasi-single-layer”
distribution of the secondary windings

Define the current flowing through the secondary windings as is, the two volumes storing
leakage magnetic energy as Va and Vb, the corresponding leakage magnetic energy as Wma
and Wmb, the total leakage magnetic energy as Wms, wire diameter of secondary windings as
ds, and the leakage inductance of secondary windings as L.

Firstly, the single-layer layout shown in Fig. 11 (a) is going to be analyzed. The analytical
model is similar to the model analyzed in Fig. 10. If (D2>-D1)<<Ds, the length of leakage
magnetic pass enclosed by the secondary windings is as [,,. = N,d (D, + D;)/ 2(D, —d,) . The
leakage magnetic field intensity defined as Hs in Va is presented as Hs=Nzis/Ims. Va and Wma
can be estimated as

des

- O DA )

) (12)
_ Mg N3

ma 2 lz a
ms

In volume V» which is occupied by the secondary winding wires themselves, Wmb can be
estimated as

1 d x d N3i2
W =5 Ho jo (H, ;)21m5(210 +4d_+ D, - D,)dx = %[l0 +2d,+(D,-Dy)/2] (13)

ms
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In view of that W, =W, +W, =L

i 2 /2, the leakage inductance of single-layer layout of

Is"s

the secondary wmdmgs is as

2y 2
L= ﬂo;\zfz 4+ zﬂsoldsNz [ly+2d,+(Dy,—Dy)/2] (14)

ms ms

As to the “quasi-single-layer ” layout shown in Fig. 11 (b), it also can be analyzed by calculating
the leakage magnetic energy firstly. Under this condition, the length of leakage magnetic pass
enclosed by the secondary windings is revised as [, ~ N,d (D, + D,)/ 4D, —d,) . The leakage

magnetic energy Wma and Wmb can be estimated as

Hy Nzi2 Nats
ma ~ 2 a
2 lms

W1 I (H, di)z[;z(D2 +d)(ly +2d,) + (D, —d.)(I, +2d,) +
mb 2 Hy 0 S ) 5 (15)
+2(D, ~3d,)(I, +2d.) + 7(D? - D?) / 2}dx}

N2i%d
’;Tzl“[(lo +2d,)(D, +2D; ~3d,)+(D} - D}) /2]

s

Finally, the leakage inductance of the “quasi-single-layer ” layout is obtained by the same
way of (14) as
N; N3d
L= ”;)2 Vo+ ”072’ 2% (1, +2d,)(D, +2D, —3d,)+ (D2 - D)/ 2]. (16)

ms S

2.1.4. The winding inductances of pulse transformer

Define the total inductances of primary windings and secondary windings as L1 and L2
respectively, the mutual inductance of the primary and secondary windings as M, and the
effective coupling coefficient of transformer as Keit. From (5), (11), (14) or (16),

L=L,+L, W)
L,=L,(N, /N +L

When p=>>1, M and Kest are presented as

M=L N, /N,

Ly +L (N / N,)? (18)

VLlLZ Lﬂ
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2.2. Distributed capacitance analysis of pulse transformer windings

The distributed capacitances of pulse transformer include the distributed capacitances to
ground [30], capacitance between adjacent turns or layers of windings [29-32], and
capacitance between the primary and secondary windings [32-33]. It is very difficult to
accurately calculate every distributed capacitance. Even if we can do it, the results are not
liable to be analyzed so that the referential value is discounted. Under some reasonable
approximations, lumped capacitances can be used to substitute the corresponding
distributed capacitances for simplification, and more useful and instructive results can be
obtained [29]. Of course, the electromagnetic dispersion theory can be used to analyze the
lumped inductance and lumped capacitance of the single-layer solenoid under different
complicated boundary conditions [34-35]. In this section, an easier way is introduced to
analyze and estimate the lumped capacitances of transformer windings.

2.2.1. Distributed capacitance analysis of single-layer transformer windings

In the single-layer layout of transformer windings shown in Fig. 11(a), the equivalent
schematic of transformer with distributed capacitances is shown in Fig. 12. Copi is the
distributed capacitance between two adjacent coil turns of primary windings, and Cosi is the
counterpart capacitance of the secondary windings. Cpsi is the distributed capacitance
between primary and secondary windings. Common transformers have distributed
capacitances to the ground, but this capacitive effect can be ignored if the distance between
transformer and ground is large. If the primary windings and secondary windings are
viewed as two totalities, the lumped parameters Cpp, Cps and Cps can be used to substitute
the “sum effects” of Copis, Cpsis and Cpsis in order, respectively. And the lumped schematic of
the pulse transformer is also shown in Fig. 12. Cps decreases when the distance between
primary and secondary windings increases. In order to retain good insulation for high-power
pulse transformer, this distance is usually large so that Cps also can be ignored. At last, only the
lumped capacitances, such as Cop and Cps, have strong effects on pulse transformer.
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Figure 12. The distributed capacitances of single-layer wire-wound pulse transformer and the
equivalent schematic with lumped parameters
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In the single-layer layout shown in Fig. 11(a), define the lengths of single coil turn in
primary and secondary windings as Is1 and Is2 respectively, the face-to-face areas between
two adjacent coil turns in primary and secondary windings as Swi and Sw2 respectively, and
the distances between two adjacent coil turns in primary and secondary windings as Adp
and Ads respectively. According to the geometric structures shown in Fig. 10 and Fig. 11(a),
[s1=2l0+4dp+D2-D1 » [s2=2lo+4dstD2-D1, Swi=dplst and Swe=dsl2. Because the coil windings
distribute as a sector, Adp and Ads both increase when the distance from the centre point of
sector increases in the radial direction. Adp and Ads can be estimated as

2N.d r
Ad(r)=—"— T ,Ads(r):—2N2dSr , P De (19)
(N, =1)(D, —d,) (N,-1)(D,-d,)" 2 2

If the relative permittivity of the dielectric between adjacent coil turns is er, Copi and Cbsi can
be estimated as

£,5,1(N; =1)(D; _dp)ﬂ B &€l (N, —1)(D; —dp)(D2 -Dy)

CDPi J.& 2N1dp 2 N,D,D,
; )
C.. :I 2 €055 (Ny =1)(Dy —d)) dr _ £y&,1;,(N, =1)(D, —d.)(D, — D))
SR 2N,d, 72 N,D,D,

Actually, the whole long coil wire which forms the primary or secondary windings of
transformer can be viewed as a totality. The distributed capacitances between adjacent turns
are just formed by the front surface and the back surface of the wire totality itself. In view of
that, lumped capacitances Cpop and Cps can be used to describe the total distributed
capacitive effect. As a result, Cop and Cbsare calculated as

c f Dy Ii g6, (N, -D(Dy —d,) ar 55,1y (N ~-1)*(D, ~d,)(D, - D;)
Dy~ Jo pst : 2N, r? N,D,D,
=(N; =DCpyp; 1)
. .
c _J-(Nfl)zszd dl J- > &0¢,(N, =1)(D; —ds)ﬂ _&y&,l (N, _1)2(D1 -d)(D,-D;)
Ds ™ s2JDy 2N,d, 2 N,D,D,
=(N, -1)Cpy

From (21), Cop or Cos is proportional to the wire length [s1 or Is2, while larger turn number
and smaller distance between adjacent coil turns both cause larger Cpp or Cos
2.2.2. Distributed capacitance analysis of inter-wound “quasi-single-layer” windings

Usually, large turn number N2 corresponds to the “quasi-single-layer ” layout of wires
shown in Fig. 13(a). In this situation, distributed capacitances between the two layers of
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wires at the inner wall of capsule obviously exist. Of course, lumped capacitance Cts can be
used to describe the capacitive effect when the two layers are viewed as two totalities, as
shown in Fig. 13(b). Define Cps1 and Cps2 as the lumped capacitances between adjacent coil
turns of these two totalities, and Cbs is the sum when Cps1 and Cbs2 are in series. As a result,
the lumped capacitances which have strong effects on pulse transformer are Cpp, Cpsi, Cps2
and Cts.

23456, VM-agnenc core
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Figure 13. The distributed capacitances of “quasi-single-layer” pulse transformer and the equivalent
schematic with lumped parameters. (a) Double-layer inside distribution of the secondary windings; (b)
Equivalent circuit of transformer with distributed capacitances and lumped parameters

If the coil turns are tightly wound, the average distance between two adjacent coil turns is ds.
The inner layer and outer layer at the inner wall of capsule have coil numbers as 1+N2/2 and
N2/2-1 respectively. According to the same way for (21), Cpst and Cps2 are obtained as

&l,(N,/2+1)*(D,-d,)(D,-D,)

C.. =
Dsl (N, /2)D,D, . @)
o el +3d)(Ny /2-1(D; ~d,)(D, - Dy)
Ps2 = (N, /2)D,D,

The non-adjacent coil turns have large distance so that the capacitance effects are shielded

by adjacent coil turns. In the azimuthal direction of the inner layer wires, small angle d@

corresponds to the azimuthal width of wires as d! and distributed capacitance as dCts. Then,

&,&,(D, — D, +5d, +21,)
2d,

ac,, = dl . If the voltage between the (1-1)th and nth turn of coil (n <

N2) is Alo, the inter-wound method of the two layers aforementioned retains the voltage
between two layers at about 2AUo. So, the electrical energy Wtis stored in Cis between the
two layers is as

1 2
=2 [[2AU,) dC,, = AUG ey, Ny (D, = D, +5d, +21y) /2 23)
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In view of that Wis=Crs(2AU0)?/2, Cis can be calculated as

_ 0,(Dy = Dy +5d, + 21N,

C, =
Ls 4

(24)

According to the equivalent lumped schematic in Fig. 13(b), the total lumped capacitance
Cps can be estimated as

1

Cp=——_4C
. 1/Cpy +1/Cpy .

(25)

s*

2.3. Dynamic resistance of transformer windings

Parasitic resistance and junction resistance of transformer windings cause loss in HES cell.
Define the resistivity of winding wires under room temperature (20°C) as po, the work
temperature as Tw, resistivity of winding wires under Tw as p(Tw), radius of the conductive
section of wire as rw, total wire length as Iw, and the static parasitic resistance of winding
wires as Rwo. The empirical estimation for Rwo is as

Ry =p(Ty)

I !
1:2 = po[1+0.004(T,, - 20)]—2-. (26)
T

w Ty

When the working frequency fis high, the “skin effect” of current flowing through the wire
corss-section becomes obvious, which has great effects on Rwo. Define the depth of “skin
effect” as Adw, and the dynamic parasitic resistance of winding wires as Rw(f, Tw). As Adw=(p
[ T f 10)®3, Rw(f, Tw) is presented as

l
- , 1, >Ad

o _p(rw>)\/ z
R,(f,T,)=1 “ #fuy "\ frop(T,) . 27)

l
RwD = p(Tw) 102 Ty = Adw
r,

3. Pulse response analysis of high power pulse transformer in HES

In HES cell based on pulse transformer charging, the high-frequency pulse response
characteristics of transformer show great effects on the energy transferring and energy
storage. Pulse response and frequency response of pulse transformer are very important
issues. The distributed capacitances, leakage inductances and magnetizing inductance have
great effects on the response pulse of transformer with closed magnetic core [36-39]. In this
Section, important topics such as the frequency response and pulse response characteristics
to square pulse, are discussed through analyzing the pulse transformer with closed
magnetic core.
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3.1. Frequency-response analysis of pulse transformer with closed magnetic core

The equivalent schematic of ideal pulse transformer circuit is shown in Fig. 14(a). Lip and Lis
are the leakage inductances of primary and secondary windings of transformer calculated in
(11), (14) and (16). Lumped capacitances Cps, Cor and Cbs represent the “total effect” of the
distributed capacitances of transformer, while Cor and Cbs are calculated in (21) and (25). Ly
is the magnetizing inductance of pulse transformer calculated in (5). Define the sum of wire
resistance of primary windings and the junction resistance in primary circuit as Rp, the
counterpart resistance in secondary circuit as Rs, load resistance as Rt, the equivalent loss
resistance of magnetic core as R, and the sinusoidal/square pulse source as U..

Rp Lip Liso Rso

YTy 'U-)’

r
U Ref|Cop = ¢
»

Coso Rug
Ly T

(@ (b)

=0 0o E

Figure 14. Equivalent schematics of pulse transformer based on magnetic core with a square pulse
source and a load resistor. (a) Equivalent schematic of pulse transformer with all the distributed
parameters; (b) Simplified schematic of pulse transformer when the secondary circuit is equated into the
primary circuit.

Usually, Cps is so small that it can be ignored due to the enough insulation distance between
the primary and secondary windings. In order to simplify the transformer circuit in Fig.
14(a), the parameters in the secondary circuit such as Cos, Lis, Rs and R, can be equated into
the primary circuit as Cpso, Liso, Rso and Ruo, respectively. And the equating law is as

N N
Ly = Lls(ﬁl)z’ Cpso = CDS(FZ)Z
2 1 28)
N N
Ry = Rs(il)zf Ry = RL(il)z
N, N,

3.1.1. Low-frequency response characteristics

Define the frequency and angular frequency of the pulse source as f and wo. When the
transformer responds to low-frequency pulse signal (/<10° Hz), Fig. 14(b) can also be
simplified. In Fig. 14(b), Cppis in parallel with Cps, and the parallel combination capacitance
of these two is about 10¢~10°F so that the reactance can reach 10kQ~1MQ. Meanwhile, the
reactance of Ly is small. As a result, Cop and Cps can also be ignored. Reactances of Liso and

193



194  Energy Storage — Technologies and Applications

Lip (107H) are also small under the low-frequency condition, and they also can be ignored.
Usually, the resistivity of magnetic core is much larger than common conductors to restrict
eddy current. In view of that Rs<< Rw<<R., the combination of Rs;, Rio and Rc can be
substituted by Ro. Furthermore, Ro = Rwo. Finally, the equivalent schematic of pulse
transformer under low-frequency condition is shown in Fig.15(a).

0.05
R 0.04 L
P
— Uz >~ 0.03]
e
'[_]1 L-]J RU 0.02 4
0.01
J_ 0.00 / .
0= 1 10 100 1000 10000
t/Hz
(a) (b)

Figure 15. Simplified schematic and analytical result of transformer for low-frequency pulse response.
(a) Equivalent schematic of pulse transformer under the condition of low frequency; (b) Low-frequency
response results of an example of transformer

In Fig. 15(a), Ly and Ro are in parallel, and then in series with Re which is at mQ range. Rois
usually very small due to the equating process from (28). When wo of the pulse source
increases, reactance of Ly also increases so that woL>>Ro. In this case, the Ly branch gets close
to opening, and an ideal voltage divider is formed only consisting of Rr and Ro. At last, the
pulse source Ui is delivered to the load Ro without any deformations. And the response
voltage pulse signal U2 of transformer on the load resistor is as

R
_ ul 0 . (29)
R, + Rp

U,

When Rr << Ro, U= U2 which means the source voltage completely transfers to the load
resistor. On the other hand, if wolu<<Ro, Ly shares the current from the pulse source so that
the current flowing through Ro gets close to 0. In this situation, the pulse transformer is not
able to respond to the low-frequency pulse signal U..

An example is provided as follows to demonstrate the analysis above. In many
measurements, coaxial cables and oscilloscope are used, and the corresponding terminal
impedance is about Ri=50Q. So, the Ro may be at mQ range when it is equated to the
primary circuit. Select conditions as follows: Rp=0.09Q, Ly,=12.6uH, and U is the periodical
sinusoidal voltage pulse with amplitude at 1V. The low-frequency response curve of pulse
transformer is obtained from Pspice simulation on frequency scanning, as Fig. 15(b) shows.
When f of U1 is larger than the second inflexion frequency (100Hz), response signal U: is
large and stable. However, when f is less than the first inflexion frequency (10Hz), response
signal Uz gets close to 0. And the cut-off frequency f is about 10Hz.
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The conclusion is that low-frequency response capability of pulse transformer is mainly
determined by L., and the response capability can be improved through increasing Ly
calculated in (5).

3.1.2. High-frequency response characteristics

When the transformer responds to high-frequency pulse signal (10° Hz), conditions
“@oLp>>Ro” and “woLy>>Rp” are satisfied so that the branch of L. seems open. In Fig. 14(b),
the combination effect of Rso, Ruo and R still can be substituted by Ro. Substitute Lip and Liso
by L, and combine Cps and Cpop as Cp. The simplified schematic of pulse transformer for
high-frequency response is shown in Fig. 16(a).

In Fig. 16(a), when wo of pulse source increases, reactance of Li increases while reactance of
Cp decreases. If wo is large enough, woLi>>Re>>1/(woCp) and the response signal U2 gets close
to 0. On the other hand, condition 1/(woCb)>Ro is satisfied when wo decreases. The pulse
current mainly flows through the load resistor Ro, and the good response of transformer is
obtained. Especially, when woLi<<Rp, Li also can be ignored. Under this situation, Rp is in
series with Roagain, and the response signal Uz which corresponds to the best response still
conforms to (29).

Select the amplitude of the periodical pulse signal Ui at 1V. If Rp, L and Cp are at ranges of
mQ, 0.1uH and pF respectively, the high-frequency response curve of transformer is also
obtained as shown in Fig.16(b) from Pspice simulation. When f is less than the first inflexion
frequency (about 300kHz), response signal U2 is stable. When f is larger than the second
inflexion frequency (about 10MHz), response signal U2 gets close to 0. And the cut-off
frequency ft is about 10MHz.

0.05
Re L1
TPTTPNL '[T2 0.04
0.03
1 Cp = Ro = o.02
0.01
0.00 \—
0= 10k 100k 1M 10M 100M e

t/Hz
@ (b)
Figure 16. Simplified schematic and analytical result of transformer for high-frequency pulse response.

(a) Equivalent schematic of pulse transformer under the condition of high frequency; (b) High-
frequency response results of an example of transformer

The conclusion is that high-frequency response characteristics of transformer are mainly
determined by distributed capacitance Cp and leakage inductance Li. The high-frequency
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response characteristics can be obviously improved through restricting Co and L , or
increasing Ly.

3.2. Square pulse response of pulse transformer with closed magnetic core

In Fig. 14(b), Rso<< Rro<<Rc, and the combination effect of Rso, Rro and Re can be substituted
by Ro. Combine Cpso with Cpp as Cp. The simplified schematic of pulse transformer circuit
for square pulse response is shown in Fig. 17. U1 and Uz represent the square voltage
pulse source and the response voltage signal on the load respectively. The total current
from the pulse source is i(t), while the branch currents flowing through Ro, Cp and L, are
as i1, izand i3 respectively.

Rp Llp L1so
'_|l } YT R Y Yy 'LT 2
. i i 1
it) 2 3 !

U1 Co =| Lu Rg []

0=

Figure 17. Equivalent schematic of transformer for square pulse response

3.2.1. Response to the front edge of square pulse

Usually, Ly ranges from 10°H up to more than 10°H, and the square pulse has front edge
and back edge both at 100ns~1us range. So, when the fast front edge and back edge of
square pulse appear, reactance of Ly is much larger than the equated load resistor Ro.
Under this condition, i3 is so small that the effect of Ly on the front edge response can be
ignored.

Define the voltage of Cb as Uc(f). As aforementioned, L. has little effect on the response to
the front edge of square pulse. Through Ignoring the Ly branch, the circuit equations are
presented in (30) with initial conditions as i(0)=0, 1(0)=0 and U.(0)=0.

U, (t) = ()R, + L di(t) / dt + Lygdiy(t)  dt + iy (£)R,
Liodiy (£) ] dt +iy (DR, = [iy()dt / Cpy : (30)
i(t) =iy (8) + iy (1)

If the factor for Laplace transformation is as p, the transformed forms of Ui(f) and ii(t) are
defined as Ui(p) and Ii(p). Firstly, four constants such as a, 8, y and A are defined as
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_RLyCp+RL,Cp | RyR,Cp+ Ly, + Ly

[24 ’
Llp LISOCD LllesOCD (31)
. Rp +R, _ 1
LIpLIsOCD LZpLZSOCD

Define the amplitude and pulse duration of square voltage pulse source as Us and To
respectively. Ui(t) is as

UL () 0, t<0 ort=T, 32
1= u., 0<t<T, (32)

s

Equations (30) can be solved by Laplace transformation and convolution, and there are three
states of solutions such as the over dumping state, the critical dumping state and the under
dumping state. In the transformer circuit, the resistors are always small so that the under
dumping state usually appears. Actually, the under dumping state is the most important
state which corresponds to the practice. In this section, the centre topic focuses on the under
dumping state of the circuit.

Define constants g, b, w, & (a, b<0; w>0), A1, A2 and As as (33).

1 -1 2b—a
= ,Ay = LA, =
@-b?+e? 7 @-b?+0® 7 (a-b+o?
1 1
a=£3-¢E33p-a%)/9-al3
1 1
b=¢ 3Bf-a®)/18-a/3-E3 /2 : (33)
1

1
w=\3[(3f-a)E 3 /9+&3]/2

A

1

The under dumping state solution of (30) is as

0, t<0
U, (t) =4 ARU {A, exp(at) +[ A, cos(wt) + (A,b + Aj)sin(wt) / w]exp(bt)}, 0<t<T,. (34)
AU R, { A, exp(at) +[ A, cos(at) + (A,b + Ay)sin(wt) [ w]exp(bt)} — AU R { A,
expla(t —T)]+[A, cosao(t = T,) + (Ab + Ay)sina(t - Ti)) / @lexp[b(t - T,)1Lt > T,

The load current ii(f) =Ux(t)/Ro. From (34), response voltage pulse Uz(t) on load consists of an
exponential damping term and a resonant damping term. The resonant damping term
which has main effects on the front edge of pulse contributes to the high-frequency
resonance at the front edge. Constant a defined in (33) is the damping factor of the pulse
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droop of square pulse Ux(t), b is the damping factor of the resonant damping term, and w is
the resonant angular frequency. Substitute ARolUs by Uo, and define two functions fi(t) and

f(t) as

0, t<0
A= U,[ A, cos(mt) +(Ab + Aj)sin(wt) / w]exp(bt)}, 0<t<T,
U,[A, cos(mt) + (A,b + Ay)sin(wt) [ w]lexp(bt)} - U,
[A, cosa(t —Ty)+(Ab+ Ay)sina(t - T))) / w]exp[b(t - T}, t>T,
fo(t) =U,[A, cos(wt) + (A,b + Ay)sin(wt) [ o]

(35)

fi(t) is just the resonant damping term divided from (34), while fx(t) is the pure resonant
signal divided from fi(t). If pulse width To=5us, the three signals Ux(t), fi(t) and fa(t) are
plotted as Curve 1, Curve 2 and Curve 3 in Fig. 18 respectively. In the abscissa of Fig. 18, the
section when t < 0 corresponds to the period before the time when the square pulse appears.
Obviously, Curve 1~ Curve 3 all have high-frequency resonances with the same angular w.
The resonances of Curve 1 and Curve 2 at the front edge are in superposition. Under the
under dumping state of the circuit, the rise time t: of the response signal is about half of a
resonant period as (36).

—— (36)

From (33) and (36), the rise time of the response signal Ux(t) is determined by the parasitic
inductance, leakage inductances (Lip and Liso) and distributed capacitance Cp. The rise time t
of the front edge can be minimized through increasing the resonant angular frequency w. In
the essence, the high-frequency “L-C-R” resonance is generated by the leakage inductances
and distributed capacitance in the circuit.

Uh(t) At S0

Figure 18. Typical pulse response waveforms of pulse transformer to the front edge of square pulse
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The conclusion is that the rise time of the front edge of response pulse can be improved by
minimizing the capacitance Cp and leakage inductance Lip and Lio of the transformer. The
waveform of the response voltage signal can be improved through increasing the damping
resistor of the circuit in a proper range.

3.2.2. Pulse droop analysis of transformer response

In Fig.17, when the front edge of pulse is over, Uc(t) of Cp and the currents flowing through
Lip and Liso all become stable. And these parameters have little effects on the response to the
flat top of square pulse. During this period, load voltage signal Ux(t) is mainly determined
by Lu. So, the simplified schematic from Fig.17 is shown as Fig.19 (a). The circuit equations
are as

Uy(H) =i(HR, +i, ()R,
Uy (H) =iy (t)Ry = L dis(t) / dt. (37)
i(t) =i, (1) +i5(t)

The initial conditions are as i3(0)=0 and U2(0)=RoUs/(Ro+Rp). The load voltage Ux(f) is
obtained as (38) through solving equations in (37).
_ L,(R,+Ry)

eXp(—é), r=——"——, 0<t<T,. (38)

U, (t) =
2(D) R,R,

0—"s
R, +R,
In (38), 7 is the constant time factor of the pulse droop. When Ly increases which leads to an
increment of 7, the pulse droop effect is weakened and the pulse top becomes flat. If
U20=RoUs/(Rp+Ro), the response signal to the flat top of square pulse is shown in Fig. 19(b).
When pulse duration To is short at s range, the pulse droop effect (0<t<To) of Ux(t) is not
obvious at all. However, when To ranges from 0.1ms to several milliseconds, time factor ©
has great effect on the flat top of Uz(t), and the pulse droop effect of the response signal is so
obvious that Uz(t) becomes an triangular wave.

Rp Uz (t)

= U
- Uzg == 1

i(t) n(t) A\
/E @ U1 Ly R
(t)

5 10

b

t/ms
(@) (b)

Figure 19. Schematic and response pulse of transformer to the flat-top of square pulse. (a) Equivalent

schematic of transformer for flat top response of square pulse; (b) The pulse droop of the response pulse
of transformer

0=

0
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3.2.3. Response to the back edge of square pulse

When the flat top of square pulse is over, all the reactive components in Fig. 17 have stored
certain amount of electrical or magnetic energy. Though the main pulse of the response
signal is over, the stored energy starts to deliver to the load through the circuit. As a result,
high-frequency resonance is generated again which has a few differences from the
resonance at the front edge of pulse. In Fig. 17, Ui and Rp have no effects on the pulse tail
response when the main pulse is over. Cp which was charged plays as the voltage source.
Combine Lip and Liso as Li. The equivalent schematic for pulse tail response of transformer is
shown in Fig. 20.

Unﬁr% U200
) —= 30} i3(0) 71(1)

{.__1]:‘.‘ —_— Lll Ru

0 —

Figure 20. Equivalent schematic for back edge response of transformer to square pulse

The circuit equations are presented in (39) with initial condition as Uc(0)=U-o.

u., —ji(t)dt / Cp = Ldi(t) / dt +i,(H)R,
Uy(H) =i, ()R, = L diy(t)/dt . (39)
i(t) =iy (t) + i5(t)

i1(0) and 73(0) are determined by the final state of the pulse droop period. There are also
three kinds of solutions, however the under dumping solution usually corresponds to the
real practices. So, this situation is analyzed as the centre topic in this section. Define six
constants a1, 1, Y1, az, f2 and y2 as (40).

R, R 1 R
a1:70+701ﬁ1: ’}/1: 0
L, L LCp LL.C,
) ' : (40)
. ) RU R,i,(0)
a, = R [i(0)=i,(0)], B, =—20 » =_-02
> = RO =50 4y == 75 ==

The under dumping solution of (39) is calculated as
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U, (t) = B, exp(a,t) + exp(b;t)[ B, cos(a,t) + Msin(wst)]. 41)
1)

s

In (41), B1, B2 and Bsare three coefficients while a1, b1, ws and &1 are another four constants as

2 2 2 2, 2
B - aa; + By, +y, _ o+ B+, (a1 + iy + 7,)(b] + @) T
1™ b.)? rT2 T2 b.)? 2 /73T b2 2 a
(a, = b))+ (a, = b)) + a,[(a, = b)) + ;] 1
1 1

0= ~4°(36,-a) 9~ /3

1 1

by =¢ 3(3ﬂ1—af)/18—al/3_§13 /2
1 1

o, =\B[BB, —a?)& 3 19+ E1/2

£ é\/ﬂ13+“1371_“12512_a1ﬂ171+}’12_371_alﬂl_0’13
! 27 108 6 4 6 27

(42)

The responses to front edge and back edge of square pulse have differences in essence, as
the exciting sources are different. Define functions f3(f) and fa(f) as (43), according to (41).

f5(t) = B, exp(ayt)

Fo(t) = exp(b,1)[B, cos(,f) + Msin(a)st)]'
[0)

S

(43)

The response signal Uz(t) in (41) also consists of an exponential damping term f3(t) and a
resonant damping term fa(t).

Define Bi+B: as U, . In order to help to establish direct impressions, a batch of parameters

are selected (Cp=2.14puF, L,=12.6uH and L=1.09uH) for plotting the response pulse curves.
According to (41) and (43), signals Ux(t), f3(f) and fa(t) are plotted as Curve 1, Curve 2 and
Curve 3 respectively in Fig. 21(a) for example. Because the damping factor a1 defined in (42)
is large, the amplitude of f3(f) which corresponds to Curve 2 is very small with slow
damping. The resonant damping term fi(t) which is damped faster determines the resonant
angular frequency ws. The resonant parts of Ux(t) and fi(f) are also in superposition at the
back edge of pulse. When fi(t) is damped to 0, Ux(t) becomes the same as f3(t). The half of the
resonant period td is as

t,=r/ o, (44)

According to (40) and (42), Ro has effects on the damping factors of f3(t) and fa(f). The
resonant frequency is mainly determined by leakage inductance, magnetizing inductance
and distributed capacitance of transformer.

Fig. 21(b) shows an impression of the effect of L. on the tail of response signal. When Ly
changes from 0.1pH to ImH while other parameters retain the same, the resonant
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waveforms with the same frequency do not have large changes. So, the conclusion is that,
ta and the resonant angular frequency ws are not mainly determined by Ly. Fig. 21(c)
shows the effect of leakage inductances of transformer on the pulse tail of response signal.
When Li is small at 10nH range > the back edge of pulse (Curve 2) is good as which of
standard square pulse. When L: increases from 0.01pH to 1pH range, the resonances
become fierce with large amplitudes. If Li increases to 10pH range, the previous under
damping mode has a transition close to the critical damping mode (Curve 4). The fall time
ta of the pulse tail increases obviously. Fig. 21(d) shows the effect of distributed
capacitances of transformer on the pulse tail of response signal. The effect of Cp obeys
similar laws obtained from L. So, the conclusion is that the pulse tail of the response
signal can be improved by a large extent through minimizing the leakage inductances and
distributed capacitances of transformer windings. Paper [24] demonstrated the analysis
above in experiments.
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Figure 21. Typical back tail response signals of pulse transformer to the square pulse.
(a) The typical back edge response signals to square pulse in theory; (b) Effects of magnetizing
inductance on the back edge response of transformer; (b) Effects of leakage inductance on the back
edge response of transformer; (c) Effects of distributed capacitance on the back edge response of
transformer;
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4. Analysis of energy transferring in HES based on pulse transformer
charging

As an important IES component, the pulse transformer is analyzed and the pulse response
characteristics are also discussed in detail. The analytical theory aforementioned is the base for
HES analysis based on pulse transformer charging in this section. In Fig. 2, the HES module
based on capacitors and transformer operates in three courses, such as the CES course, the IES
course and the CES course. Actually, the IES course and the latter CES course occur almost at
the same time. The pulse transformer plays a role on energy transferring. There are many
kinds of options for the controlling switch (S1) of Ci, such as mechanical switch, vacuum
trigger switch, spark gap switch, thyristor, IBGT, thyratron, photo-conductive switch, and so
on. 51 has double functions including opening and closing. Si ensures the single direction of
HES energy transferring, from C1 and transformer to Cz. In this section, the energy transferring
characteristics of HES mode based on transformer charging is analyzed in detail.

The pulse signals in the HES module are resonant signals. According to the analyses from
Fig. 15 and Fig.16, the common used pulse transformer shown in Fig. 9(a) has good
frequency response capability in the band ranging from several hundred Hz to several
MHz. Moreover, C1 and Cz in HES module are far larger than the distributed capacitances of
pulse transformer. So, the distributed capacitances can be ignored in HES cell. In the
practical HES module, many other parameters should be considered, such as the junction
inductance, parasitic inductance of wires, parasitic inductance of switch, parasitic resistance
of wires, parasitic resistance of switch, and so on. These parameters can be concluded into
two types as the parasitic inductance and parasitic resistance. As a result, the equivalent
schematic of the HES module is shown in Fig. 22(a).

Lalt) Lp Ly Uaft)
Ip(f) 77777 = IJO 777777 >
Cy L Ly =G
I Rp Rs
0T 0=
(a) (b)

Figure 22. The basic hybrid energy storage (HES) system based on a source capacitor, a pulse
transformer and a load capacitor. (a) Typical schematic of the transformer-based HES module; (b)
Simplified schematic when the secondary circuit is equated into the primary circuit

In Fig. 22(a), C1 and C: represent the primary energy-storage capacitor and load capacitor
respectively. Lpr and Ls represent the parasitic inductances in the primary circuit and
secondary circuit, while Rp and Rs stand for the parasitic resistances in the primary circuit
and secondary circuit respectively. L1, L2 and M of transformer are defined in (17) and (18).
ip(t) and is(t) represent the current in the primary and secondary circuit. The pulse
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transformer with closed magnetic core has the largest effective coupling coefficient (close to
1) in contrast to Tesla transformer and air-core transformer. Under the condition of large
coupling coefficient, the transformer in Fig. 22(a) can be decomposed as Fig. 22(b) shows. Ly,
Lip and Lis are defined in (5), (11) and (14), respectively. Define the turns ratio of transformer
as ns=(N2/N1). Cz, Lis, Ls, Rs and is in the secondary circuit also can be equated into the

L

primary circuit asC,, L ., R.and i . The equating law are asC, =C,n?, L, =L, /n’

Is’
le =L, /nsz, R; :Rs/nsz, and i; =in,. The initial voltage of Ci and Cz are as Uo and 0

respectively.

The voltages of Ci and C2 are Ua(t) and Ue(t), respectively. According to Fig. 22(a), the
circuit equations of HES module are as

i di,(t)  di
UO—J.(Z:szp(t)+(Ly+L,p+Lpl)2t—Ml;(tt)
45
di (t) #)

dt

diy(t) +Ri () + Ls(t)

M .
at TG

2
= (L#ns +L,+L,)
In view of Fig. 22(b), the circuit equations of HES module can also be established as

2. . . .
i di i 4%
(L,+L,+L)—L+R L+ L= s
H p: P dt2 P dt C1 H dtz
. ' dz.' yd.' N dzz

(L, +Ly+ L) =+ R Doy o —F
dt at  C, dt

(46)

The initial conditions are as ip(0)=0, is(0)=0, Ua(0)=Uo and U=(0)=0. In view of that ip(f)=-
CidUa(t)/dt and is(t)=-C2dUe(t)/dt, Equations in (45) can be simplified as

PUE) o dUal) | o dULG

e T prL T g (47)
AU (¢ au, (¢ UL

fg( ) g, Meal )+wfucz—k57“;( )0

dt dt dt

In (47), wp and ws are defined as the resonant angular frequencies in primary and secondary
circuits, while kp and ks are defined as the coupling coefficients of the primary and
secondary circuits respectively. These parameters are presented as

@) =1/[(L; +L,)C,1, @F =1/[(L, + L)C,]
a,=R, /2L +L,), a =R [[2C,(L, +L,)] . (48)
k,=MGC, [ Cy(L; +L,), k,=MC; /| Cy(L, + L)
Define the effective coupling coefficient of the HES module based on transformer charging

as k, and the quality factors of the primary and secondary circuits as Q1 and Q2 respectively.
k, Qiand Q2 are presented as
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2 M’ = Li =k
(L4 L)Ly + L) (Lt Ly + Ll (L + L+ L) (49)
0 :a)p(L1+Lp,) 0 :CUS(L2+Ls1)
) Rp s X2 Rs

Equations (47) have general forms of solution as Uda(t)=Die* and Ue(t)=D2e*. Through
substituting the general solutions into (47), linear algebra equations of the coefficients D1
and D: are obtained. The characteristic equation of the linear algebra equations obtained is
calculated as

(1-k*)x* +2(a, +a )2’ + (0] +4a,a, + &))" +2(a,0; +a,0])x+ o0’ =0. (50)
x in the characteristic equation (50) represents the characteristic solution. As a result, x, D1
and D: should be calculated before the calculations of Ud(t) and U«(f). Obviously, the
characteristic solution x can be obtained through the solution formula of algebra equation
(50), but x will be too complicated to provided any useful information. In order to reveal the
characteristics of the HES module in a more informative way, two methods are introduced
to solve the characteristic equation (50) in this section.

4.1. The lossless method

The first method employs lossless approximation. That’s to say, the parasitic resistances in
the HES module are so small that they can be ignored. So, the HES module has no loss.
Actually in many practices, the “no loss” approximation is reasonable. As a result, equation
(50) can be simplified as

(1-k*)x? +(a); +cosz)x2 +a)r27 sz =0. (51)
In (51), it is easy to get the two independent characteristic solutions defined as x-.
Ua(t)=Die* and Uc«(t)=D:e" can also be calculated combining with the initial circuit
conditions. Finally, the most important four characteristic parameters such as U(t), Ue(t),
ip(t) and is(t), are all obtained as

(+DL,~Ly (+TL,
(1+T)L,-TL, = (+T)L,-L,

1+T)L —L L+L,CU
U, (t) = ( 2) o LR Lt ) [cos(@,t) — cos(w_t)]
(A+T)L, ~TL, \ L+ Ly kG,

Cp DL oLy (DL,
P @+T?L, T, T+ TL, - L

1+T)L - L L+L,CUu
i(t)= ( 2) w2 L P 014 sin(w,t) - o_sin(o )]
(1+T)°L, ~TL, \/ L,+L, &k

u,t)= cos(m,t) +T cos(w_t)]

(52)

sin(w,t) +Tw_sin(a_t)]
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In (52), Lz represents the sum of the parasitic inductances and leakage inductances, while w-+
and w- stand for the two resonant angular frequencies existing in the HES module (w+>>w-).
Parameters such as T, Lz, w+ and w- are as

T2@ /@), Ly =L, +L,+(L, +Ly)/n}
0)2 _ 1+T a)z _ T * (53)
TOLGT T (1+DLG

In (52), the voltages of energy storage capacitors have phase displacements in contrast to
the currents. All of the voltage and current functions have two resonant angular
frequencies as w+ and w- at the same time, which demonstrates that the HES module
based on transformer with closed magnetic core is a kind of double resonant module.
The input and output characteristics and the energy transferring are all determined by
(52).

4.2. The “little disturbance” method

The “little disturbance” method was introduced to analyze the Tesla transformer with
open core by S. D. Korovin in the Institute of High-Current Electronics (IHCE), Tomsk,
Russia. Tesla transformer with open core has a different energy storage mode in contrast
to the transformer with closed magnetic core. Tesla transformer mainly stores magnetic
energy in the air gaps of the open core, while transformer with closed core stores
magnetic energy in the magnetic core. So, the calculations for parameters of these two
kinds of transformer are also different. However, the idea of “little disturbance” is still a
useful reference for pulse transformer with closed core [24-25]. So, the “little disturbance”
method is introduced to analyze the pulse transformer with closed magnetic core for HES
module.

The “little disturbance” method employs two little disturbance functions Ax: to rectify the
characteristic equation (50) or (51). That’s to say, the previous characteristic solutions x: are
substituted by x++Ax:. In HES module, the parasitic resistances which cause the energy loss
still exist, though they are very small. So, the parasitic resistances also should be considered.
Define j as unit of imaginary number, and variable xj as -jx/ws. Equation (50) can be
simplified as

. 1 ;
(6~ =) = o D =K, 4

Through substituting xj by x:+Ax: in (54), the characteristic equation of Ax: can be obtained.
If the altitude variables are ignored, the solutions of the characteristic equation of Ax: are
presented as



Hybrid Energy Storage and Applications Based on High Power Pulse Transformer Charging 207

1+7)L L 1
x, = [glzl X = (L)z
TL, 1+T
1 1 1
(=D (=), (55)
- Q, a
A _] ale
xi—a 1
22(1-k*)-1-—
a

The solutions of (50) are as x = jxjws = j(x++Axz)ws. Ax: shown in (55) describes the damping
effects of the parasitic resistances in the circuit. The two resonant angular frequencies w: are
rectified as

o, =x,0, , Ao, =Ax, 0, (56)

Define two effective quality factors of the double resonant circuit of HES module as

o Py _ o
QEJ‘f+_2|Aa)+|_R1+R2/nS2 ’ Qefff_zlAw_l' (57)
U, () = Gpe ™ [cos(,£) + X2y | 6 ot cos e f) + S0,
eff + Qeff—
U, (t) = Gyle " (cos(a, ) + SOt cos(a 1)+ @D,
o+ Qo
i () = ~Cy{G,e =B, (cos(w, ) + SI;Q(W)) + %(CEZ(WJ) — sin(a, )]+
eff + eff +
. (58)
Goe P (cos(e.t) + D@D ) (CO5@D o))
? 20,5 2Q,-
i(t) = —C,G4[-B.e " (cos(,t) + %) + @e*ﬂﬂ(% — sin(e, 1) +
eff + Qefer
B e P (cos(e t)+ @Dy ) omt COSOD o p)]
- 2

In (57), p1 represents the characteristic impedance of the resonant circuit, and
p1=[L=(1+T)/C1]"2. According to (55), the general solutions of (49) (Ua(t)=Die* and
Uc(t)=D2e*) are clarified. When the initial circuit conditions are considered, the important
four characteristic parameters such as Ua(t), Ucx(t), ip(t) and is(t) are obtained as (58). In (58),
B=1Aw:|=1 Ax:| ws, coefficients such as Gi, G2 and Gs are defined as

A(x?-1) 2T 22 |Li+L, ¢
i L el evaroal
X, —xZ X, —x” X, —x” ot Ly 3

G (59)
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From (58), all of the voltage and current functions have two resonant frequencies. In many
situations of practice, the terms in (58) which include cos(w-t) and sin(w-t) can be ignored, as
w+>>w- and B+>>B-. The resonant currents ip(t) and is(t) in primary and secondary circuit are
almost in synchronization as shown in Fig. 23, and their resonant phases are almost the
same. The first extremum point of Ucx(t) defined as (tm > Ucx(tm)) corresponds to the
maximum charge voltage and peak charge time of C2. Of course, tm also corresponds to the
time of minimum voltage on Ci. That's to say, tm is a critical time point which corresponds to
maximum energy transferring. As is(t)=-CadUc(t)/dt, is(t) gets close to 0 when t= tm. If w+>>w-,
the maximum charge voltage and peak charge time of C: are calculated as

-

e
@ * . (60)
U, (t,) = -G,(1+ exp(———))

eff +

Obviously, when the switch of Ci in Fig.2 opens while the switch of Cz closes both at tm, the
energy stored in C2reaches its maximum, and the energy delivered to the terminal load also
reaches the maximum. This situation corresponds to the largest efficiency of energy
transferring of the HES module. Of course, if the switch in Fig. 22(a) is closed all the time,
the HES module acts in line with the law shown in (58). The energy stored in Ci is
transferred to transformer and capacitor Cz, then the energy is recycled from C. and
transformer to Ci excluding the loss, and then the aforementioned courses operate
repetitively. Finally, all of the energy stored in Ci becomes loss energy on the parasitic
resistors, and the resonances in the HES module die down.

S U
.“/
“
“
\‘
o"i ""
{(‘ | ‘t'\ |
& : \'11-. ,"',
i N
I i N
[
|
4 !
Uy I
(E]l . ch}([m))

|
[Im

Figure 23. Typical theoretical waveforms of the output parameters of HES module based on pulse
transformer charging, according to the “little disturbance” method
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Under the condition w+>>w-, the peak time and the peak current of ip(t) are calculated as

1% x - E(chl )E
"2 2 '1+T
O : * . 61)
. 7
i (t) = 61C 0, (1+———) 19(—74 )
eff + Qeff+

Usually, semiconductor switch such as thyristor or IGBT is used as the controlling switch of
Ci. However, these switches are sensitive to the parameters of the circuit such as the peak
current, peak voltage, and the raising ratios of current and voltage. The raising ratio of Ue(t)
and ip(t) (dUa(t)/dt and ip(t)/dt) can also be calculated from (58), which provides theoretical
instructions for option of semiconductor switch in the HES module.

Actually, the efficiency of energy transferring is also determined by the charge time of C2 in
practice. Define the charge time of Czas t., the maximum efficiency of energy transferring on
C2 as 1a, and the efficiency of energy transferring in practice as fne. If the core loss of
transformer is very small, the efficiencies of HES module based on pulse transformer
charging are as

1 2 1 2
Gt ¢ Li+L, (1+DL,-L; ,  ;CUal)

= ’ 77 =
2 2 e
1clu§ k*C, Ly+ Ly (1+T)*L, - TL, 1 o

2

n,= <17, (62)

2

Actually, tc corresponds to the time when S2 closes in Fig. 2.

5. Magnetic saturation of pulse transformer and loss analysis of HES
5.1. Magnetic saturation of pulse transformer with closed magnetic core

Transformers with magnetic core share a communal problem of magnetic saturation of
core. The pulse transformer with closed magnetic core consists of the primary windings
(N1 turns) and the secondary windings (N2 turns), and it works in accordance with the
hysteresis loop shown in Fig.24. Define the induced voltage of primary windings of
transformer as Up(t), and the primary current as ip(t). If the input voltage Up(t) increases,
the magnetizing current in primary windings also increases, leading to an increment of
the magnetic induction intensity B generated by ip(f). When B increases to the level of the
saturation magnetic induction intensity Bs, dB/dH at the working point (Ho, Bo) decreases
to 0 and the relative permeability pr of magnetic core decreases to 1. Under this
condition, magnetic characteristics of the core deteriorate and magnetic saturation
occurs. Once the magnetic saturation occurs, the transformer is not able to transfer
voltage and energy. So, it’s an important issue for a stable transformer to improve the
saturation characteristics of magnetic core and keep the input voltage Up(t) at a high
level simultaneously.
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Figure 24. Typical hysteresis loop of magnetic core of pulse transformer

The total magnetic flux in the magnetic core is @o defined in (4). According to Faraday’s law,
Up(t)=ddo /dt. Define the allowed maximum increment of B in the hysteresis loop as ABmax,
and the corresponding maximum increment of ®o as A®. Obviously, ABmax=Bs-(-Br) and
AD=Ni1ABmaxSKt, while parameters such as Br, S and Kr are defined before (3). So, the
relation between S and the voltage second product of core is presented as

t, t,
_ jo Uyt jo U, (t)dt
N,AB_ K. N,AB_ K.

(63)

max max

As parameters such as ABmax, N1, N2, S and Kr are unchangeable and definite in an already
produced transformer, the charge time fc defined in (62) can not be long at random.

t
Otherwise, J.Or Up(t)dt >N,AB, .. K;S, the core saturates and the transformer is not able to

transfer energy. That’s to say, (63) just corresponds to the allowed maximum charge time

without saturation. If the allowed maximum charge time is defined as

fS
[ U, (Hdt=NAB, K;S.

max

According to (63), some methods are obtained to avoid saturation of core as follows. Firstly,
ABmax and Kr of the magnetic material should be as large as possible. Secondly, the cross-
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section area of core should be large enough. Thirdly, the turn number of transformer
windings (N1) should be enhanced. Fourthly, the charge time tc of transformer should be
restricted effectively. Lastly, the input voltage Up(t) of transformer should decrease to a
proper range.

Generally speaking, it is quite difficult to increase ABmaxand Kr. The increment of Ni leads to
decrement of the step-up ratio of transformer. And the decrement of Up(t) leads to low
voltage output from the secondary windings. As a result, the common used methods to
avoid saturation of core include the increasing of S and decreasing the charge time tf.
through proper circuit designing. Finally, the minimum cross-section design (Smin) of
magnetic core in transformer should follow the instruction as shown in (64).

) jot U, ot j; u, bt j(: U (t)dt

5§25, .. = > = :
N,AB, K, NAB_ K, N,AB_ K,

(64)

max max max

In (64), Up(t) and Us(t) can be substituted by Uci(t) and Ue(t) calculated in (52) or (58).
Moreover, small air gaps can be introduced in the cross section of magnetic core to
improve the saturation characteristics, which has some common features with the Tesla
transformer with opened magnetic core. Reference [40] explained the air-gap method
which is at the costs of increasing leakage inductances and decreasing the coupling
coefficient.

5.2. Loss analysis of HES

The loss is a very important issue to estimate the quality of the energy transferring module.
In Fig. 22(a), the main losses in the HES module based on pulse transformer charging
include the resistive loss and the loss of magnetic core of transformer. The resistive loss in
HES module consists of loss of wire resistance, loss of parasitic resistance of components,
loss of switch and loss of leakage conductance of capacitor. Energy of resistive loss
corresponds to heat in the components. The wire resistance is estimated in (27), and the
switch resistance and leakage conductance of capacitor are provided by the manufacturers.
According to the currents calculated in (58), the total resistive loss defined as AWr can be
estimated conveniently. In this section, the centre topic focuses on the loss of magnetic core
of transformer as follows.

5.2.1. Hysteresis loss analysis

In the microscope of the magnetic material, the electrons in the molecules and atoms spin
themselves and revolve around the nucleuses at the same time. These two types of
movements cause magnetic effects of the material. Every molecule corresponds to its own
magnetic dipole, and the magnetic dipole equates to a dipole generated by a hypothetic
molecule current. When no external magnetic field exists, large quantities of magnetic
dipoles of molecule current are in random distribution. However, when external magnetic
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field exists, the external magnetic field has strong effect on these magnetic dipoles in
random distribution, and the dipoles turn to the same direction along the direction of
external magnetic field. The course is called as magnetizing, in which a macroscopical
magnetic dipole of the material is formed. Obviously, magnetizing course of the core
consumes energy which comes from capacitor Ci in Fig. 2, and this part of energy
corresponds to the hysteresis loss of core defined as Wioss1.

Define the electric field intensity, electric displacement vector, magnetic field intensity and
magnetic induction intensity in the magnetic core as E, D, H and B respectively. The total

energy density of electromagnetic field W = f(E"-@D / &t + He0B/ ot)dt . As the energy density
of electric field is the same as which of magnetic field, the total energy density W in isotropic
material can be simplified as

W=(E-D+H-B)/2=H-B or dW = HdB. (65)

The magnetizing current which corresponds to Wiessi is a small part of the total current ip(t)
in primary windings. Define the magnetizing current as Im(t), the average length of magnetic
pass as <le>, and the total volume of magnetic core as Vm. According to the Ampere’s
circuital law and Faraday’s law,

H=NI (t)/<l.> , dB= —Up(t)dt/leKt. (66)
According to (65) and (66), the hysteresis loss of magnetic core of transformer is obtained as

JUOLOY,

Vvlossl = J.() < lc > SKT (67)

In some approximate calculations, the loss energy density is equivalent to the area enclosed
by the hysteresis loop. If the coercive force of the loop is Hc, Wiessi®2HcBsVm.

5.2.2. Eddy current loss analysis

When transformer works under high-frequency conditions, the high-frequency current in
transformer windings induces eddy current in the cross section of magnetic core. Define the
eddy current vector as j , magnetic induction intensity of eddy current as B, magnetic field
intensity of eddy current as H, magnetic induction intensity of ip(f) as B,, and magnetic
field intensity of ip(t) as H, . As shown in Fig. 25, the direction of j is just inverse to the
direction of ip(t), so the eddy current field B weakens the effect of B, . The eddy current

heats the core and causes loss of transformer, and it should be eliminated by the largest
extent when possible.

In order to avoid eddy current loss, the magnetic core is constructed by piled sheets in the
cross section as Fig. 25 shows. Usually, the sheet is covered with a thin layer of insulation
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material to prevent eddy current. However, the high-frequency eddy current has “skin
effect”, and the depth of “skin effect” defined as 0 is usually smaller than the thickness 1 of
the sheet. As a result, the eddy current still exists in the cross section of core. Cartesian
coordinates are established in the cross section of core as shown in Fig. 25, and the unit

vectors are as ¢, Ey

and e, . To a thin sheet, its length (¢, ) and width (e,) are both much

larger than the thickness & (2, ). So, approximation of infinite large dimensions of sheet in

e,and ¢, directions is reasonable. That's to say, 0/0y=0 and 0/0z=0. The “little

disturbance” theory aforementioned before still can be employed to calculate the field B

generated by eddy current j .
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cross section of the core

Figure 25. Distribution of eddy current in the cross section of toroidal magnetic core

The total magnetic induction intensity in the core is as B= Bo +B = (By - B')éZ ,and B < B,.

B generated by eddy current can be viewed as the variable of “little disturbance”.

According to Maxwell equations,



214 Energy Storage — Technologies and Applications

{ VxE=-0B/ ot
(68)

VxH=Vx(H,+H)=] +éD /ot

From (68), it is easy to obtain the formula 0E, / 0x ~—0B, / ot , while (Ex, Ey, Ez) and (Hx, Hy,

Hz) corresponds to vectors EandH . Through integration,
E"(x):—x(aBo/at)?y ,~h/2<x<h/2. (69)

Define the conductivity of the sheet in magnetic core as ¢. From the second equation in (68),
(-0H, / éx)e, = ] =oE . It demonstrates that infinitesimal conductivity is the key factor to

prevent eddy current. When working frequency is f, the depth of “skin effect” of the sheet is
calculated as 6=(rtfuc) 2. According to (69), the “little disturbance” field of eddy current in
isotropic magnetic material is presented as

2

- 0B 0B -
e, B(x)zwiﬂzl(f)ziogz, h
2 ot 2 ot wo ot

Through averaging the field along the thickness direction (&, ) of sheet,

- oh?0By 1 h,0B
H= 0, B= =0
24 ot 120 5) ot 1)

As the electric energy and magnetic energy of the eddy current field are almost the same,
the eddy current loss defined as Wioss2 is calculated as

Wi = B0V = 2 I By, ey 72

From (72), Wiess2 is proportional to the conductivity o of the core, and it is also proportional
to (h/0)2. As a result, Wioss2 can be limited when h<<6.
5.2.3. Energy efficiency of the HES module

As to the HES module based on transformer charging shown in Fig. 22(a), the energy loss

1
mainly consists of AWRr, Wiosst and Wiess2. Total energy provided from Ci is as W, = EClué .

In practice, the energy stored in C1 can not be transferred to C2 completely, though the loss
of the module is excluded. In other words, residue energy defined as Wor exists in C1. Define
the allowed maximum efficiency of energy transferring from C1 to C2 as fmax. S0, fmax of the
HES module is as
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Moax = WO — (AWR + Wéj:]sl + Vvlossz) - WOr ) (73)
0

From (62), 1s, e and nmex have relation as e <7, <,y .
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1. Introduction

The complexity of the problems related to the generation, transport and utilization of
energy increased in the last decades, with the intensification of the global problems
regarding environment protection, climatic changes and the exhaust of the natural
resources. In addition, the European Union is facing some specific problems, the most
important being the one linked to the nowadays high dependency of the imported energy
resources. Placed under the pressure of the agreements assumed through Kyoto protocol,
The European Union launched in 2000 the third Green Paper “Towards an European
strategy for security of supply”. The necessity that the renewable sources to become an
important part of the energy generation sector it is highlighted. An important increase of
their share it is planned. In particular the place of the new sources in a liberalized energy
market is discussed, as well as their purpose as main promoters of the “distributed
generation”(DG) concept. The interconnection of the storage systems and distributed
generation units in the existing power system affects the classical principles of operation
for this latter. From the utility point of view, the operation of the these sources in parallel
with the power system presents a high interest, as leads to the diminution of the transport
capacity, permits the voltage regulation, maintains the systems stability, increases the
equipments lifetime. Moreover, the actual trend of increasing installation of these units
implies the establishment of their impact on the operation of the power system and on the
power quality.

In the last years, the electrical industry sector is suffering important changes: besides the
structural changes induced by the deregulated energy market, important developments of
the customers installations and devices are taking place. In parallel to these aspects, energy
and environmental considerations encourages the spread use of the renewable energy
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sources and the utilization of higher energy efficiency levels, recurring at distributed
generation (DG) [1].

These bring to the question if the present distribution networks are still the most adequate to
satisfy the nowadays demands. The major part of the DGs and storage systems are
generating dc power or require an intermediate dc stage before power injection in a possible
ac network. These considerations brought to the possibility to use dc distribution networks,
in the presence of sensitive loads and distributed generation. The low voltage dc system
ensures a stable voltage level for the supplied customers, connected at the dc bus through
ac-dc or dec-dc converters. The choice of the most suitable equipments, which respond to the
requirements of an optimum operation of the entire system, is necessary. For guaranteeing
the correct and robust operation of the system is essential to adopt adequate control logic for
obtaining the best system performances.

2. DC system layout

The profusion of dc power (internally used by various customers facilities based on
electronics, present in the conversion state of the UPSs and generated or used in the energy
conversion stage by some distributed energy sources) has opened the door for the
consideration of a dc distribution system, where all the converters and distributed energy
sources are connected. The possible use of a dc distribution network for residential
customers has been analyzed in [2], which illustrated the suitability to directly supply with
dc power some specific customers. Low voltage dc distribution systems, where the various
converters are connected to the main dc bus, were proposed for navy applications, or, for
the industrial sector, the supply of variable speed drives.

The main purpose of the dc distribution system is to ensure a high degree of power
quality and supply reliability for the customers supplied by it. Also, the network is
thought to facilitate the interconnection of the distributed generators and of the storage
systems [3]. The dc distribution system, illustrated in Fig. 1, presents a series of
advantages with respect to the ac network. The distributed generation units can be
interconnected directly with the dc system or through only one ac/dc converter, avoiding
in this way the many conversion stages that reduce the system reliability and are
responsible for higher power losses. Storage energy systems, for the power quality
improvement, can also be interconnected directly or through inverters with the dc
distribution system. Also, is not required to realize the synchronization between the
generators and the dc network and the control of the system is simpler, as it is not
necessary frequency regulation for the islanding operation [4].

The dc bus is the only common point for all the converters. Hence, the control of every
converter is based on the dc voltage feedback that is compared with a reference value, in
correspondence with every device converter.

The low voltage dc distribution systems must fulfill the following requirements [5], [6]:
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e the dc system, with distributed generators and storage systems interconnected, must

have a stable operation during ac grid-connected and islanding functioning;

¢ should deliver premium voltage quality and should ensure high supply continuity for

the ac and dc loads;

e the dc system should be expandable: by adding supplementary loads and energy
sources, the control strategy must be redesigned in a small manner;
e the electric safety should be ensured respecting the existing standards.
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ac main supply [«>» 7« q <
C
(2) (1) dc loads
high-frequency ac
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generators dc dc
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dc power dc
generators dc y
c
> ac loads
ac
dc
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Figure 1. Layout of dc system with storage and distributed generation interfaced systems.

The design process of the low voltage dc distribution system requires the selection of the
most suitable combination of energy sources, power-conditioning devices, and energy-
storage systems for responding to the necessities and requirements of the dc low voltage dc
distribution system, together with the implementation of an efficient energy dispatch

strategy.

In Fig. 2, the layout of the dc distribution network with distributed generators, storage

energy systems and sensitive loads, is illustrated.
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Figure 2. Layout of the dc distribution system

2.1. AC/DC interface

The voltage source converter is a PWM current-controlled one, forcing the instantaneous
phase current to follow a sinusoidal current reference template; also, presents some
advantages with respect to the voltage-controlled method, like major control stability and it
is easier to implement [7]. Using the known PWM techniques, the ac input current drawn by
the converter is controlled to become a sine wave, which is in phase with the input voltage
and thus the resulting input power factor is maintained at, or very close to, unity. Since the
ac input current is forced by the implementation of PWM methods to be sinusoidal, the
resulting current waveform will also have a significantly lower harmonic distortion. Even if
the current going through the boost inductors will be sinusoidal, there will be a high-
frequency component on top of the fundamental due to the PWM switching. Therefore, a
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small passive filter is required on the source-side of the boost inductors to eliminate this
harmonic.

In order to obtain the benefits mentioned above, proper control of the power converter
semiconductor switches is required. The operation of the different topologies becomes even
more complicated when perturbations in ac supply system occur. The use of the forced
commutated converter imposes the constraint that the output dc voltage must have a higher
level than the peak value of the maximum ac input voltage. This implies a step-up or boost
type of ac-to-dc power conversion, with the converter more commonly known as a boost
converter.

2.2. DC network devices
2.2.1. Battery system

The high power quality degree of the low voltage dc distribution system is ensured with the
help of storage energy systems. The storage energy systems must operate each time the
ac/dc interface converter is not able to cover the difference between the load requested and
the power generated by the distributed generators, case that can appear during voltage sags
or short interruptions of the ac network. The storage energy system sizing is determined in
correlation with the operations that has to fulfill. An over sizing of the storage energy
system allows to realize the peak shaving function, storing the energy produced by the
distributed generators during light load and using it during peak load, avoiding in this way
to take it from the ac network. Still, considering the high costs associated with the storage
energy systems, it is not considered the peak shaving function and is avoided the over
sizing of the storage system.

The existing technologies for the storage energy systems are:

lead-acid batteries;
super-capacitors;
compressed air;
flywheels.

an o

The lead-acid batteries are most spread and offer the best ratio cost/performances. By
connecting more cells in series or parallel, the capacity desired at the required values of
voltage, respectively current are obtained.

Super-capacitors, from a constructive point of view, are similar to electrochemical batteries
in that each of the two electrodes is immersed in an electrolyte and they are separated by an
ion permeable membrane. The main difference, compared to electrochemical batteries, is
that no electrochemical reactions or phase changes take place and all energy is stored in an
electrostatic field; for this reason the process is highly reversible and the charge discharge
cycle can be repeated frequently and virtually without limit. The charge separation process,
which requires a voltage difference across the electrodes, takes places on the two interfaces
electrode electrolyte; thus, super-capacitors are usually known as double layer capacitors.
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Each electrode electrolyte interface represents a capacitor; therefore, the complete cell
comprises two capacitors in series. The thickness of the double layer depends on the
concentration of the electrolyte and on the size of the ions.

The voltage regulation function is strictly dependent of the storage system capacity and
availability. The bidirectional chopper allows the recharge of the storage system, if it is
necessary, when the power is flowing from the ac network to the dc system or when in the
dc network an excess energy is available. During the discharge process of the storage
system, the control system maintains and stabilizes the dc voltage during islanding
operation of the dc network. The chopper is behaving as a boost chopper during the
discharge process of the storage system and as a buck chopper during the recharge cycle.
The dynamic behavior of super-capacitors is strongly related to the ion mobility of the
electrolyte used and to the porosity effects of the porous electrodes; the storage process in
the double layer is a superficial effect, consequently the electrode surface behaviors play an
important role. The most common super-capacitors for industrial application are based on
carbon for the electrode materials and an organic solution for the electrolyte.

2.2.2. Diesel power system

The Diesel power system is designated to supply the dc loads during sustained
interruptions in the ac network. The Diesel power system is constituted from a Diesel engine
with a synchronous generator and a three phase diode bridge. The diode bridge, of high
reliability, has to prevent the power flow through the Diesel power system during the
islanding operation of the dc system. In this case, the Diesel power system regulates the
voltage of the dc distribution system by acting on the synchronous generator excitation
system, while the load demand is achieved regulating the output of the Diesel engine. When
the dc power system is grid connected with the ac main supply, the Diesel group is not
turned on and has to step in during the loss of the ac grid.

2.2.3. Distributed generators

The diffusion of the distributed energy sources and the storage systems will increase in the
power systems all over the world. Most of the small power distributed energy resources and
storage energy systems located close to the point of consumption of the customer are
generating dc power or require a dc intermediate stage. Hence many of these sources can be
connected to a dc distribution system. These energy sources, in correlation with the type of
the technology implied and depending on their operating characteristics, are generating
powers at different voltage levels. In order to connect them to the same dc bus, these sources
are interfaced with the help of power electronic converters, like inverters or choppers.

The wind turbine is interconnected with the help of an ac/dc converter. In order to control
the wind speed, within the laboratory implementation, the wind speed is generated by an ac
motor drive connected to the wind turbine. The wind turbine is a permanent magnet
brushless generator.
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The photovoltaic generators allow to directly convert the solar radiations into electrical
energy without producing pollutants [8]. The photovoltaic cells are simple in design and
require reduced maintenance operations. A key advantage of the photovoltaic cells is the
fact that can operate interconnected with the public network or in remote areas. Another
important characteristic is their modularity that allows reaching new panels with the
purpose to increase the power generated. The diffusion of the photovoltaic plants and the
utilization of this energy are limited by the costs of the power generated. Even if this cost is
independent on the type of used photovoltaic plant, is directly related to the efficiency of the
plant. In the last years it can be noted a progress of the photovoltaic cells, both from the point
of view of cost reduction and the improvement of the efficiencies obtained with the technology
multilayer. Nowadays, the cost of the electrical energy produced by the photovoltaic plants
cannot compete with the energy produced by other technology of distributed generators. The
photovoltaic plants are sized with respect to the local loads, where the energy excess is sold to
the network or is stored with the help of storage systems. During the design of the
photovoltaic plants, the aspects related to electrical safety have to be considered. The
photovoltaic panels are ideal for remote applications that require power between watts to
hundreds of kilowatts of electrical power. Also in the areas where there is a public network,
some applications that require non-interruptible power or standby power can use the
photovoltaic power. The photovoltaic plants, as consequence of the incentives proposed by
various governments, are the most diffused form of distributed generation in the low voltage
distribution systems. To this contributed also the possibility to integrate the photovoltaic
panels within the existing buildings. The photovoltaic panel consists of 72 series connected
mono-crystal silica cells interconnected to the dc system with the help of a dc chopper.

The fuel cell is a proton exchange membrane fuel cell supplied with pressurized hydrogen
and ambient air. The fuel cell is interconnected to the dc system with the help of a dc
chopper.

The distributed generators contribution is to allow the injection in the ac network of the
power excess, during light load, and to supply, in parallel with the storage system, the dc
power system during islanding operation.

2.2.4. Loads

The loads interconnected to the dc distribution system can be dc loads or ac loads. In the
first case, the supply can be realized directly, if the loads operation permits, or by using a
buck converter, when the loads operating voltage is lower than the dc voltage level. In the
second case, an inverter is the interface device.

3. Logic of control

The use of the optimized control is based on the supervision of the sources and converters
states that has to determine the power requests such that to realize the load sharing [9]. The
optimized control strategy needs to ensure high reliability of the system.
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The supervisory control allows avoiding the interaction between the electric devices
controllers and obviating the occurring high or sudden transients (Fig. 3). The input
commands and the limiting values to these controllers come from the supervisory control
that produces the required references for the system devices. The supervisory control
system determines the behavior of each component: only one device is operating as a
voltage source (when the component is directly responsible for the regulation of the dc
voltage) while others are operating as current sources (when the component is injecting or
absorbing its power available at that instant of time) [10].
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Figure 3. Layout of control implementation

The supervisory control is based on the fact the power systems are current-controlled
devices, even when these are behaving as voltage sources. Hence, the optimized control
strategy imposes the current of the various power systems, and in this way also the power
injected by these devices, for maintaining the dc voltage at the desired value. The
philosophy of supervisory controlling the sources and loads is important to be correctly
established such that the interaction between the various devices, operating in parallel, must
not lead to the instability of the system. The supervisory control has to manage the sources
present in the dc distribution system in order to be guaranteed the load sharing.

4. Network components modelling and simulation

The energy sources, the dc loads and the power electronic devices interconnected to the dc
bus are modeled within the ATP/EMTP software package. The control strategies are
implemented using the Models subroutine.
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4.1. Storage system

The charge and discharge states are commanded by a control loop that compares the
measured dc voltage Vbc with the thresholds Vi« (voltage state of charge) and Vi (voltage
state of discharge). The control strategy of the chopper is realized taking into consideration
the various charge states of the storage system, respectively:

- state of charge: absorbed current (Iow<0) and increasing voltage (Viar). This state occurs if
the dc voltage exceeds the threshold Vi

- state of discharge: injected current (It>0) and decreasing voltage (Viar). This state occurs
if the dc voltage is below the threshold Vit;

- inert state: no power flow between the storage and the dc power system. This state
occurs if the dc voltage is between the thresholds Vi and Vst

During the charge state, the current absorbed by the battery is imposed in conformity with
the characteristics of the storage system and must not be influenced by the value of the dc
voltage. The threshold Vi« is a reference for the charge state and does not represent a value
at which the dc voltage has to be maintained. On the contrary, the reference Vi is the dc
voltage value that the storage energy system imposes during the discharge state, caused by
sags or short interruptions of the ac network. In this case the injected current is the result of
the control strategy, such that the dc voltage is stabilized and maintained by the storage
energy system at the reference value V.

If the voltage at storage system terminals is between the maximum and minimum limits is
realized the second part of the control strategy, bordered in Fig. 4. Otherwise, the chopper is
shut down and the storage system is maintained in its state of charge (fully charged or fully
discharged). The dc voltage is filtered with a low pass filter for reducing the high frequency
ripple of the dc voltage. The output of the low pass filter, represented by Vui, is then
compared in the upper and lower loops with the thresholds Vi, respectively Viu. In the
upper control loop of Fig. 4 the recharge process of the storage system is conditioned by the
constraint that the dc network voltage has to exceed the threshold Vs for a certain duration
At, e.g. 1 s. It must be noted that during storage system recharge process, the reference
current value is negative as the storage system is absorbing current.

During the discharge process, lower control loop in Fig. 4 the voltage Vumis is compared with
the threshold value Vi and the resulting error is the input of a proportional-integral (PI)
regulator that stabilizes the dc network voltage at the reference V. The output signal is
limited (IF condition) such that the requested current does not exceed the maximum
injecting current of the battery limax.

In order to verify the control strategy of the interface bidirectional chopper, the voltage
values of the two thresholds were chosen Vi =1.06 p.u. and Vs =1 p.u.; the reference value
has to be maintained by the voltage control loop even in the case of sags and short
interruptions of the ac network. The current references associated to the charge and
discharge processes are strictly dependent of the maximum current that the storage system
can inject.
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Figure 4. Control loop of the storage energy system

In a first simulation a 50% load reduction is considered, occurred at the time instant 0.07 s.
Fig. 5 shows the dc voltage waveform and the two thresholds Vi« and V. Fig. 6 illustrates
the storage system current waveform and the reference values I« and . It can be seen that,
after the load diminution, the storage system current is null as long as the dc voltage is
below the threshold Vst.
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Figure 5. Dc voltage waveform and the reference thresholds Vi and V.
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Figure 6. Waveform of the current flowing through the inductor and thresholds Is« and -Ist.

4.2. AC/DC converter

The ac/dc interface converter is realizing the bidirectional power transfer between the ac and
the dc network in correspondence with the dc voltage behavior. As the control strategy is
based on the dc voltage feedback, a reference value Vbcrs has been assigned; this value is
maintained and stabilized by the interface converters in any operating condition. This is
achieved using the control strategy of Fig. 7; the effective dc voltage, ripple filtered, is
compared with Vbcrs. The VSC converter is absorbing from the ac network three sinusoidal
currents and in phase with the ac voltage, avoiding in this way the reactive power flow. The
control strategy illustrated in Fig. 7 shows the hysteresis current controller for phase a,
forcing the phase currents to follow the reference template. Identical controllers are used in
phase b and c. The control strategy imposes the template of the reference current irsn that is
obtained multiplying the ac voltages v. for a gain G. This one results from a PI controller that
guarantees null steady state error of the dc voltage. The gain G imposes that the currents
taken from the ac network are always in phase with the voltage (positive gain) or in
opposition (negative gain), if the phase shift introduced by the LC filter is not considered.
The phase shift is determined by the reactive power absorbed by the LC filter that at
fundamental frequency is behaving as a capacitance. The phase shift can be significant, even
if the LC filter is correctly sized.
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Figure 7. Control strategy of the voltage source converter.
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4.2.1. PV system

The PV generator is interfaced with the dc network with the help of a boost chopper. The
control system is shown in Fig. 8. The reference current is obtained using the signal Imrp
resulting from the MPPT system of the PV generator. This system is not implemented as its
dynamics is much slower with respect to the one of the boost converter.
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DCref +% e
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Figure 8. Control system of the boost chopper.

Thus, Imrr is considered constant and corresponding to the MPP in standard environmental
conditions of solar radiation and temperature. The control system produces null reference
current in case the dc voltage Vbcsir exceeds the Vbcrr. In this case the boost chopper limits the
power produced by the PV generator such that to maintain the dc voltage at the reference
value assigned.

4.2.2. DC loads

The dc loads are interfaced through a buck converter. The load control strategy requires a
feedback loop. The current reference template is generated using a PI regulator. A hysteresis
band modulation method is used to produce the PWM pattern for the power valves.

5. Case studies

5.1. Fault the mains supply

Initially, the system has been tested both for showing the transition between the voltage
source converter and the battery. A three phase fault occurs at time instant t=0.4 s and it
lasts for 250 ms. The ac voltages in this case study are illustrated in Fig. 9.

The dc voltage, maintained before the fault by the interface converter at the nominal value,
will decrease until it reaches the threshold value Vss = 0.96 p.u. of the storage energy system
reference voltage (Fig. 10). This will determine the intervention of battery that comes in and
supplies the load demand. In correspondence, the battery current will decrease until
becomes zero, as in Fig. 11. After a first transient when the battery is injecting the maximum
power for compensating the dc voltage drop, the control regulator of the battery system is
stabilizing the dc bus voltage at the reference value Vss and the current injected by the
battery will reach the regime value.
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Figure 9. Voltages upstream the ac/dc interface converters during a three phase fault in the ac system.
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Figure 10. DC voltage waveform during a three phase fault in the ac grid.
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Figure 11. Waveform of the battery current.

After the fault clearance, the synchronization of the ac/dc interface converter with the ac
network is required for having a proper operation of the power system.

5.2. Sustained inperruption in the mains supply

The interruption of the ac main supply is occurring at time instant t=0.4 s and lasts for
600 ms. Initially the dc voltage is maintained by the interface converters at the rated value,
but after the interruption occurrence the storage system controls the dc voltage at
the reference value. At instant t=0.5 s, the Diesel power system is started and the output
voltage follows a ramp increase until it reaches the reference value of 0.97 p.u.. The
transition between the two devices is illustrated in Fig. 10, where the interaction instant is
highlighted.

The currents injected by the Diesel group and the output voltages of the generator of Diesel
power system are illustrated in Fig. 14. As it can be observed, when the Diesel output
voltage intersects the dc bus voltage, the Diesel group starts injecting power in the dc grid.

When the Diesel group starts injecting power into the dc power system, the voltage
regulator of the storage energy system initiates decreasing the current flowing through the
battery chopper inductor until it becomes null.

The ac grid is restored at time instant t=0.95 s but the ac/dc interface converter cannot start
supplying the load until the synchronization with the ac grid is achieved. The currents
flowing through the ac/dc interface inductors increase and the dc voltage, maintained by the
Diesel generator at the reference value assigned, is brought by the interface converter to the
initial state, respectively 1 p.u., as depicted in Fig. 14.
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Figure 14. Characteristic current (red) and voltages (green) of the Diesel group.

5.3. DC faults

A short-circuit on the dc busbar leads to the interruption of the supply and each device
interconnected to the dc busbar (load, generator, interface converter) is affected. An IGBT
electronically breaking system is used for the interruption of the dc circuit. Two
electronically interrupters were used, one for each pole, controlled by an over-current relay.
The choice for two interrupters is justified by the necessity to interrupt the pole-earth fault.
The relay measures the currents of the two poles and commands their disconnection even
when one current exceeds the established threshold. This choice protects the ac/dc converter
in case of unsymmetrical dc pole-earth faults. The layout of the dc system, in case of a pole-
pole fault, used for the protection system investigation is illustrated in Fig. 15.
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Figure 15. Layout of the dc system protection investigation
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The voltage of the bus where the dc fault occurs is shown in Fig. 16. The voltage quickly
drops to zero in a time period depending on the system time constants, allowing the
complete discharge of the dc capacitors installed across the dc bus of the voltage source
converter. In the first instants, the voltage quickly decreases in a time period shorten than
the clearing time of the IGBT breaking system.

The waveform of the dc voltages upstream the IGBT breaking system are illustrated in Fig.
17. Initially, the dc voltages drop due to the dc fault, but slowly and much less with respect
to the one of the dc bus due to the effect of the decoupling inductance present within the
IGBT breaking system. Afterwards the breaking system intervention, the voltages grow as in
the first instances after the fault occurrence, the converter control system maintains
unchanged the power exchanged with the ac system which is entirely stored in the dc
capacitors installed across the dc bus of the VSC.
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Figure 16. DC voltage of the low voltage distribution system

Then, the converter control system maintains the dc voltages at the rated value. The
overvoltages depend on the value of the dc capacitors installed across the dc bus of the
VSC and on the fastness of the controller intervention. The current flowing through the
IGBT breaking system is illustrated in Fig. 18. When the current reaches the 2 p.u.
threshold, the relay commands the breaking system opening, within milliseconds. The
IGBT breaking system has the advantage to immediately limit the current, which is very
important for the VSCs, which are difficultly supporting current spikes even of short
duration. The protection of the interface converter is guaranteed both in case of
overvoltages and overcurrents, due to the dc faults occurrence. The dc fault occurrence
does not lead to overcurrents in the ac system, due to the decoupling between the ac and
dc networks, as seen in Fig. 19.
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Figure 17. DC voltages upstream the IGBT breaking systems
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Figure 18. Current flowing within the IGBT breaking system
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Figure 19. Interruption moment of the dc fault current in the IGBT breaking system

The ac phase voltages are not highly influenced by the dc fault transients. A small increase
of the ac voltage, due to the small voltage drop, is occurring.

6. Conclusions

The integration of renewable sources and storage systems within the existing power system
affects its traditional principles of operation, the utilization of these alternative sources
presenting advantages and disadvantages. The existing trend of installing more and more
small capacity sources implies the establishment as accurate as possible of their impact on
power system operation. The realization of a low voltage dc distribution grid is
technologically feasible and the use of direct current may lead to less power losses and more
transmissible power with respect to the ac one. The design of a dc distribution grid, where
distributed generation sources and storing energy devices are interconnected, is a difficult
task. The choice of the most suitable equipments, which respond to the requirements of an
optimum operation of the entire system, is necessary. For guaranteeing the correct and
robust operation of the system is essential to adopt adequate control logic for obtaining the
best system performances. As the ac fault protection system does not represent such a
difficult task, the dc circuit breaking has been covered. A protection strategy using an IGBT
breaking system is used. The fast and safe isolation of the dc fault, such that the dc
distribution system equipments are not damages, is the most challenging task.
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http://dx.doi.org/10.5772/52415

1. Introduction

The combustion of fossil fuels predominates in the commercial implementation of energy
conversion and power generation. However, it brings severe problems to the environment
due to inevitably incomplete combustion. Meanwhile, the price of fossil fuels keeps
increasing due to the depletion of natural resources. The growing concerns of global
warming, as well as the reducing availability of fossil fuels, require replacements of gasoline
and diesel fuels, such as Fischer-Tropsch synthetic fuels [1-3], biofuels [4, 5], and hydrogen
fuel [6, 7]. The thermal conversion efficiency of a traditional automobile engine is between
17% and 23% [8], limited by the intrinsic characteristics of Carnot cycle. Energy storage and
conversion systems with low/zero emissions, high efficiency, and great durability are
required by the development of sustainable energy and power economy.

The development of commercial applications of electrical vehicles (EVs) or hybrid electrical
vehicles (HEVs) was propelled by increasing demands of an on-board rechargeable energy
storage system. The advanced vehicle systems or processes with higher energy efficiency are
preferred to use for saving fuels and improving the mileage of per unit fuel consumed.
Hybrid power trains reduce undesirable emissions and also have their potential to improve
fuel economy significantly. A highly efficient engine can charge the battery pack and propel
the vehicle at the same time. The battery power assists the engine acceleration or propels the
vehicle efficiently on its own at low speeds [9]. The battery pack is also returned with some
energy from the electric motor, which is served as another generator in the regenerative
braking or coasting mode. Therefore, the battery burst charge acceptance during frequent
braking and power output capability during heavy acceleration are significantly important
for the HEV fuel efficiency and engine emissions.

In addition to the on-board energy storage system, the development of energy conversion
system explored another solution instead of combustion engines. A highly efficient
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approach of energy conversion enhances the application of hydrogen storage in many fields.
Fuel cells can convert the energy stored in hydrogen to electricity without combustion at a
higher level of energy efficiency. Furthermore, hydrogen fueled cells can produce electricity
with almost zero emissions comparing to other energy conversion technologies. This is also
beneficial to reduce the CO2 emissions.

It is significantly important to obtain deep understanding of energy storage and conversion
systems to approach both technical and commercial breakthrough in sustainable energy
development. The purpose of system characterization is to find out how and to what degree
the properties, kinetics, and other effects of a system influence its performance. The
understanding of system performance also provides basis for system diagnosis to
distinguish good ones from degraded ones. For a rechargeable battery, main performance
limiting factors include actual capacity, rate performance, state-of-charge (SoC) and state-of-
health (SoH). While for a fuel cell, attentions are mainly paid to electrode structures,
electrolyte fabrications, conductivity mechanisms, reaction limitations, catalytic poisoning,
and cell degradations.

Electrochemical Impedance Spectroscopy (EIS) is a sensitive, powerful, and non-destructive
analytical technique capable of assessing the dynamic response of an electrochemical
system. It is generally conducted by superimposing an ac signal on the dc output of the
working system and measuring its resulting ac signal over a spectrum of frequencies. The
obtained impedance is simulated by an equivalent circuit (EC) diagram, which produces a
similar load response to the working system. Different types of circuit elements along with
different values are able to simulate various processes occurring in the measuring system. A
well validated EC diagram can be employed to mechanistically discriminate the kinetic and
mass transfer processes that limit system outputs.

ASPEN and Other

Chemical Process PSpice Circuit Simulator Start Here
Simulators 1 |
AN / N\
4 Y -
% Electrochemical] |Equivalent ECD for PF)\V@I‘ Mission
Reformer|_[Fuel Cell] | - Impedance Circuit Elec.tr.CJnlf::s: Requirements
— — - I = Conditioning, |
and BOP | | Reactor Spectroscopy Diagram e and Load
T (EIS) (ecDy | | Distibution, Dynamics
(R and Controls Y

Figure 1. Methodology for integrated system design, operation, and control.

The great prospects of impedance analysis and EC simulation of energy storage and
conversion systems lie in characterizing chemical reactors in terms of electronics. Chemical,
electrochemical, and physical processes occurring in energy storage and conversion systems,
such as batteries and fuel cells, are simulated in chemical process simulators (ASPEN for
example), studying mass balance, thermodynamics, and kinetics of systems. Meanwhile,
electrical circuits are simulated in analog circuit simulators (PSpice for example) to predict
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circuit behaviors and provide industrial standard solutions including the non-linear
transient analysis for voltage and current versus time. It is EIS that establishes the
connection between chemical processes (ASPEN) and power electronics (PSpice). The in-situ
real-time measuring technique as well as EC simulation distinguishes the real processes
occurring in batteries and fuel cells and interprets them into electronic circuit elements for
system simulation. In this way, EIS systematically provides a competent methodology
(Figure 1) for integrated system design, operation, and control.

This chapter highlights the competence of EIS, together with EC simulation, to dynamically
characterize rechargeable batteries and fuel cells. Section 2 deals with the basic techniques of
impedance measurement and EC simulation. Several key factors during the measurement
are discussed. The emphasis is mostly addressed on EC element models and their physical
interpretations. The impedance analysis and EC simulation of lead (Pb)-acid batteries and
nickel metal-hydride (Ni-MH) batteries are presented in Section 3. And section 4 shows a
research case of the EIS application to a proton exchange membrane (PEM) fuel cell stack
system. This section also reviews the recent progress in impedance study of novel high
temperature PEM fuel cells.

2. Electrochemical impedance spectroscopy

The history of impedance spectroscopy (IS) can be dated back to 1880s, when Heaviside
initially introduced the concept of “impedance” [10, 11] to his research on electromagnetic
induction. Later in 1883, Kennelly [12] extended the concept of “impedance” to generalized
conductors, and mathematically defined the total impedance of a system, in a complex
plane, as the vector sum of its resistance, its inductance-speed!, and the reciprocal of its
capacity-speed?. However, the technique of IS itself did not come out until Nernst [12]
employed Wheatstone bridge to measure dielectric constants in 1894.

During the past century, impedance measurement contributed to the characterization of
materials and devices, study of electrochemical reaction systems, corrosion of materials, and
investigations of power sources. According to different materials and systems it applied to,
IS can be classified into two branches [13]. The one following Nernst’s initial achievement is
called non-electrochemical IS. It applies to dielectric materials, electronically conducting
materials, and other complicated materials with combining features [13]. The other branch,
newly coming out based on the development of non-electrochemical IS, is named
Electrochemical Impedance Spectroscopy (EIS). It focuses on IS applications to ionically
conducting materials and electrochemical power sources [13]. The popularity of IS keeps
improving especially after the prevailing of electronics and computers. Not only is it capable
of dealing with complex processes, reactions, and variables through simple electrical
elements, it is also a valid technique for power source diagnosis and system quality controls.
This chapter focuses on the applications of EIS to rechargeable batteries and fuel cells.

! Inductance-speed: The product of angular frequency and inductance, wL [12].
2 Capacity-speed: The product of angular frequency and capacitance, »C [12].
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2.1. Measuring techniques

The EIS measurement is conducted by superimposing an electrical stimulus on the output of
the tested electrochemical system and measuring the resulting signal. The impedance of the
measuring system is then calculated from the stimulus and its resulting signal by transform
functions and Ohm’s Law. In this way, the performance of the system under measurement
can be studied as a black box, which is described as “feeling an elephant that we cannot see”
[14] in Mark Orazem and Tribollet’s book. Thus, for an electrochemical system, it is possible
to study the properties of its interfaces and materials without taking the system apart. The
word “in-situ” generally refers to this type of techniques that characterizes electrochemical
systems under operation with the help of voltage, current, and time, distinguishing from
“ex-situ” techniques which studies individual components departed from electrochemical
systems in a non-assembled and non-functional form [15].

Different kinds of electrical stimulus can be used in EIS measurements, including a step
function of voltage, a random noise, a single frequency signal, and any other types of stimuli
generated by combining the foregoing three ones [16]. With the increasing commercial
availability of measuring instruments, the characterization of electrochemical systems
generally employs an ac signal (either a small ac voltage or current). In most cases, it is also
called “ac impedance”.

Several impedance measuring instruments are commercially available, including products
from EG&G Inc., Gamry Instruments, Scribner Associate Inc.,, and AMETEK (Solartron
Analytical and Princeton Applied Research). An instrument set basically consists of a
potentiostat, or known as an electrochemical interface, connecting to a frequency response
analyzer (FRA). Besides, a complete connection circuit for measurement requires an
electronic load. Specifications of different instruments are designed for different scales of
measurements. The feasibility and accuracy of measurements are determined by the
frequency resolution, frequency accuracy, and bandwidth of instruments and electronic
loads. For example, batteries and fuel cells are low impedance systems, usually much lower
than 1 Q (sometimes even down to milliohms) [16]. Their impedance measurement requires
a high current and a low frequency bandwidth.

It is worth to noting that the choice of ac signal value have great effect on impedance
measurement. The reliability of EIS analysis is based on the assumption that the measured
system is linear. It is also important to keep the system in a relatively steady state
throughout the measurement to ensure the accuracy of the measured data. The measured
impedance data may appear scattered and unregulated if the signal is too weak to excite a
measurable perturbation. On the other hand, the signal has to be small enough to keep the
measuring system within the range of pseudo-linearity. A larger signal also brings more
extra heat that breaks the steady state of the system. The data measured at low frequencies
behave more sensitive to the strength of the applied ac signal due to larger impedance at
lower frequency [17]. Correspondingly, an appropriate value of the signal should be well
picked to ensure the accuracy of the impedance data measured. It is not necessary to
determine an exact value for the input signal, however, it has to be controlled in a certain



In-Situ Dynamic Characterization of Energy Storage and Conversion Systems

range which is neither so small that the output signals are too weak to be measured, nor so
large that a great distortion is introduced into measurements. Different signal values can be
trailed before measurements to find out a suitable one.

There are two traditional modes for impedance measurements according to different
regulating variables: potentiostatic mode and galvanostatic mode. Potentiostatic mode
employs a small ac voltage signal with fixed amplitude and measures the resulting ac
current. In this mode, the dc voltage is controlled at a certain value that facilitate the control
of system linearity. Reversely, a small ac current signal with fixed amplitude is
superimposed on the regulated dc current in galvanostatic mode. The resulting ac voltage is
measured. Galvanostatic mode provides higher accuracy than potentiostatic mode when
measuring low impedance systems because the voltage can be measured more accurately
than controlled [18]. This mode is more welcomed where a steady dc current is required
during the entire measurement. However, it is difficult to control the resulting ac voltage
strictly within the linear range especially at low frequencies.
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Figure 2. A typical connection diagram for ac impedance measurement conducted on PEM fuel cell
stacks: single stack, two stacks in parallel arrangement, and two stacks in series arrangement [19].

A typical connection diagram for ac impedance measurement of a PEM fuel cell stack is
presented in Figure 2 [19]. The commercial instrument connected in this measuring system
is Gamry FC350™ Fuel Cell Monitor. It is featured by its capability to measure impedance at
high current levels. The four-terminal connection is commonly used for low impedance
measurement (such as batteries and fuel cells) to avoid measurement errors led by the
impedance of cables and connections [16]. A novel measuring mode, hybrid mode, is
employed instead of galvanostatic mode in order to overcome its drawback. In this mode,
the values of a desired voltage perturbation and an estimated system impedance are set
before measurements and the dc current is fixed during measurements. The current
perturbation at each frequency is adjusted by the desired voltage perturbation and the
estimated impedance in order to ensure that the ac voltage does not extend beyond the
linear range [17]. The value of ac current signal is calculated from equation (1) [17]. In this
equation, Al is the amplitude of the ac current signal employed to measured the nt
frequency point (at a certain frequency). AVuesird is the desired voltage perturbation set
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before measurements. |Zu1lmesured is the magnitude of the system impedance measured at
the (n-1)t frequency point. The impedance value used to obtain the ac current signal for the
first frequency point is the estimated impedance value set before measurements [17].

AIn —_ AVdesired (1)

|Zn—1|measured

2.2. Data analysis and interpretation

2.2.1. Data presentation
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Figure 3. Examples of (a) Nyquist plot and (b) Bode Plot generated by the diagram [R1(CR2)].

The two most preferred methods to present impedance data are the Nyquist plot and the
Bode plot. Nyquist plot, named after Harry Nyquist, is a polar plot of the transfer function
[20]. In some publications, it is also called the complex-plane plot or the Argand plot [16].
An example of Nyquist plot is shown in Figure 3a (plotting method adapted from [20]). This
impedance spectrum is a set of continuous complex impedance points produced by the
circuit diagram [Ri(CR:z)] over a certain range of frequency (from zero to positive infinite in
Figure 3a). The x-axis presents the real component of the impedance points and the y-axis
presents their negative imaginary component. In this way, the capacitive impedance arcs are
flipped to the first quadrant in the plot. As the frequency goes from zero to positive infinite,
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the impedance points move toward the origin of the plane. The impedance value and phase
angle of the points can be calculated from the Nyquist plot:

|Z] = Y |Zre|2 + |Zim|2 (2)

tan¢ = lZZ'—’"l 3)
Nyquist plot can provide plenty information of impedance variables but failed to present
their frequency dependences. Bode plot, named after Hendrik W. Bode, makes up this
inadequacy. It displays the frequency dependence of a linear, time-invariant system, usually
shown in logarithmic axis. Figure 3b is an example of Bode plot generated by the diagram
[Ri(CR2)]. It includes a magnitude plot presenting the magnitude of impedance (1Z!) versus
the logarithmic angular frequency (log w), and a phase plot presenting the phase shifts of ac
current to ac voltage (¢) against the logarithmic angular frequency (log w).

2.2.2. Simulation and interpretation

There are mainly two methods to acquire models for impedance data interpretation, visually
summarized and classified in a flow chart by Macdonald [13]. One mathematically
establishes models based on the theory, which puts forward a hypothesis for physical and
chemical processes contributed to the impedance. The other one utilizes empirical models,
called equivalent circuits (EC). Some researchers also presented a combining method with
both of them [22]. The values of certain variables, such as ohmic resistance, were acquired
directly from the empirical EC simulation and used as known variables to establish the
mathematical model. Whichever employed, the validations of data themselves are essential
before simulation. The relations originally published by Kramers (1929) and Kronig (1926)
(K-K Transforms) became a simple but effective method for data validation from 1980s, in
order to ensure the causality, linearity, and stability of the measured systems [23, 24]. Both
the mathematical models and the empirical ECs also have to be validated before data
interpretation and system characterization. The fitting programs, generally following the
procedures of complex nonlinear least squares (CNLS) fit algorithm (such as LEVM [25] and
EQUIVCRT [26]), are employed to validate the derived models by estimating the parameter
standard deviation and the goodness of fit [25].

Comparing to mathematical models, deriving an EC model is easier, faster, and more
intuitive. An EC diagram is a physical electrical circuit which produces a similar load
response to the measured system, derived based on both experiences and theories. The
overpotential losses of the testing cell (electrochemical systems) are introduced by the
impedances contributed by different physical and chemical processes occurring in the cell
(electrochemical system). The impedances of different processes predominate different
frequency regions. Thus, they can be identified and mechanistically discriminated by EC
simulation according to different process relaxation times. However, the physical
interpretation of circuit elements is not straightforward due to the uncertainty of EC
diagrams. Different arrangements or combinations of EC elements can produce the same
dynamic response when three or more elements are employed in one EC diagram. The only
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solution to overcome this difficulty is acquiring sets of impedance data with different
variables and changing conditions.

Three basic EC elements along with their mathematical expressions and physical meanings
[27] are summarized in Table 1. Z is the impedance of the elements. Y is the reciprocal of Z,
called admittance. Generally, resistor R, capacitor C, and inductor L are three fundamental
elements reflecting ideal processes. Figure 4a (plotting method adapted from [27]) sketches
out the impedance behavior of the single elements calculated at R = 10 O3, C = 0.01 F (from
0.04 Hz to 100 kHz), and L = 0.01 H (from 0.1 mHz to 7 kHz). The impedance of the ideal
resistor does not change with frequency. The magnitude of the ideal capacitor's impedance
decreases with increasing frequency. Whereas the magnitude of the ideal inductor's
impedance increases with increasing frequency.

Element Element Impedance Physical Interpretation
Symbol Name Expression
R Resistor Zp =R Contributed by energy losses, dissipation of
energy, and potential barrier
C Capacitor 7, = 1 Contributed by accumulations of electrostatic
joC energy or charge carriers
L Inductor Z, = jwL Contributed by accumulations of magnetic
energy, self-inductance of current flow, or
charge carrier’s movement

Table 1. The mathematical expressions and physical meanings [27] of ideal EC elements: R, C, and L.
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Figure 4. Nyquist plots of (a) R, C, L, (b) Q, (c) (CR) and (QR), and (d) O [27].
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However, the ideal EC elements only are not able to reflect non-ideal factors in practical cases.
A generalized element, constant phase element (CPE) Q, was developed to simulate non-ideal
processes. Q reflects the exponential distribution of time constants. This non-ideal distribution
may be caused by the surface roughness and vary thickness of electrodes, unevenly
distributed current, and non-homogeneous reaction rate. In the impedance expression of Q
[16] (Table 2), the exponent n reflects the degree of non-ideality. When the value of n in the
expression of Q equals to 1, 0, and -1, it can be found that the expression becomes the same as
capacitor C, resistor R, and inductor L, respectively. Figure 4b (plotting method adapted from
[27]) shows two sets of impedance data produced by the expression of Q with A =100 F-. They
behaves as straight lines across the origin in Nyquist plot. When the value of n decreases from
0.8 to 0.5, the slope decreases. The angle of incline equals to the time of 7 and 90°

The (CR) circuit is one of the basic combinations commonly used in EC simulations. The
elements enclosed in parentheses are connected parallel to each other. And the brackets
indicate that the elements enclosed are connected in series. For example, (CR) means a pure
capacitor C and a pure resistor R are parallel in the connection; while [CR] means a pure
capacitor and a pure resistor are connected in series. Figure 4c presents the Nyquist plot of
(CR). It is a semi-circle centering at (R/2, 0) with a radius of R/2. As the angular frequency w
increases from 0 to oo, the summit of the semi-circle is reached when:

1
©=w,== ()

The (CR) circuit can be employed to simulate an ideal double-layer process. The non-ideal
one requires the circuit of (QR). The element Q replaces C to reflect the non-ideality of an
double-layer process. (QR) behaves as a depressed semi-circle having its center dropped
down below the Zra axis (Figure 4c). The degree of the depression is presented by the
exponent n of the Q element. The EC diagram [Ri(CRz)] mentioned previously in Figure 3 is
another fundamental combination. Based on the spectrum of (CR), [Ri(CR2)] shifts
horizontally along the positive Zra axis in Nyquist plot (Figure 3a). The smaller intercept
with the Zra axis equals to the resistor Ri. And the larger intercept equals to the sum of Ri
and Ro. The center of the semi-circle is (Ri+R2/2, 0) and its radius is R2/2.

Element Symbol Element Name Impedance Expression
0 Constant phase element 7 = A
(CPE) ¢ iw
7 o o
w="—"J]"7—=
W Warburg element \/5\/_ Yo
[Zw| =+v2
w \/—

Finite diffusion element

0 (nF)2A 1 )‘1
FDE = -
(FDE) Y RiyT (Z ¢iD;

B = 8/11DL

Table 2. The mathematical expressions of non-ideal EC elements: Q [16], W [29], and O [30].
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Based on the second Fick’s law, Emil Warburg developed expressions for the impedance
response of diffusion processes in 1899 [14]. This is now called Warburg diffusion element
(W). It is used to simulate an one-dimensional unrestricted diffusion process to a large
planar electrode [28]. The mathematical equations for Zw [28] are listed in Table 2. It behaves
as a line with unit slope in Nyquist plot, exactly the same as a Q with the exponent n of 0.5
(Figure 4b). Finite diffusion element (FDE) O, or sometimes called porous bounded
Warburg , was established based on W. Its application is extended to a rotating disk
electrode (RDE), where diffusion occurs over the Nernst Diffusion Layer (NDL), that is a
diffusion layer with finite thickness. The expressions for Zo [30] are listed in Table 2. Figure
4d [27] shows a typical Nyquist plot of an O element. Its impedance spectrum presents the
same behavior as W at higher frequency region and changes to an arc similar to (CR) at
lower frequency region.

Randles circuit [Ro(Ca[RaW])] considers the effect of a diffusion process. It consists of one
ohmic resistance Ro, one parallel (CaRer) sub-circuit behaving as a semi-circle in Nyquist
plot, and one infinite diffusion element W behaving as a unit slope line at the lowest
frequency region. Figure 5 [21] shows a sketch for the impedance spectrum of a Randles
circuit. The dash lines illustrate the overlap region of (CaRet) and W.
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Figure 5. Nyquist plot of Randle's circuit ([21] Courtesy of Solartron Analytical).
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Figure 6. Nyquist plot of a typical EC model for batteries and fuel cells [31].
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Figure 6 [31] presents the impedance spectra of a typical EC diagram commonly used to
simulate batteries and fuel cells. This diagram consists of three time constants. Its total
impedance is the sum of the ohmic losses Zo, the anode polarization losses Zs, the cathode
polarization losses Z, and the mass transfer losses Zn. The ohmic losses are simulated by
one pure resistor Ro. Its value is represented as the smaller intercept on the real axis. The
anode and cathode polarization losses are simulated by a parallel (CR) sub-circuit
respectively. Their impedance spectra look like two overlapping semi-circle in Nyquist plot.
Some electrochemical systems, like Ni-MH batteries, have strong Warburg behavior in the
low frequency region for the mass transfer processes. The diagram can be expressed as
[Ra(CaRa)(C[RW])]. However, some do not always show this behavior obviously, such as
PEM fuel cells. The low frequency arc can be simulated by a parallel (QR) sub-circuit instead
of a pure Warburg element. The diagram is expressed as [Ro(CaRa)(C[R{(QmRm)])]. The
Warburg element and sub-circuit (QuRw) are connected in series with Rc because the mass
transfer processes are considered as processes on the cathode side.

3. EIS applications to rechargeable batteries

The phrase "electric battery" was innovatively re-defined in late 1740's by Benjamin Franklin
[32] when he described a series of his experiments with electricity. However, Franklin's
"electric battery" referred to the pile of glass plate capacitors set up in 1748. The production
and storage of energy were not achieved until Alessandro Volta designed and built his
“crown of cups” and the columnar pile in late 1790s [32]. The Volta pile published in 1800 is
generally acknowledged as the first battery because it fulfilled one of the most important
functions of batteries: It stored energy in chemicals and converted it into electrical energy by
chemical reactions. Although the first reversible system was successfully developed by
Johann Ritter in 1802 right after the birth of Volta's pile [33], real rechargeable batteries (also
known as secondary batteries) did not come out until Gaston Planté invented the first lead
(Pb)-acid battery in 1859 [8]. The original concerns to the emergence and development of
rechargeable batteries focused on the environmental problems caused by the toxic
substances used in batteries. The pollutant substance, generally mercury, used in primary
batteries was greatly reduced by decreasing the use of mercury batteries. And the reuse and
recycle of rechargeable batteries also moderated the pollutions introduced by itself.

The greater contribution of rechargeable batteries to human beings was explored and well
developed with the advancing requirements of grid energy storage. Since rechargeable
batteries are feathered by reversible electrochemical reactions, they are able to adapt the
energy supplement to the energy demand, that is to store energy in chemicals during valley
period and convert energy into electricity during peak period. Having developed for over
150 years, rechargeable batteries have been matured in the commercial applications to
automotive starters, electronic products, and all other portable electrical devices daily used.
Even EVs requiring light power consumption, such as bicycles and wheelchairs, have been
well commercialized. The development and commercialization of pure electric automobiles
powered by a build-in rechargeable battery makes it possible to save human lives out from
energy crisis and environmental pollutions caused by fossil fuels and combustion engines.
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The development of electric rail network began from the 19th century and prevailed in UK
in most of the 20th century [8]. In the past few decades, electric bicycles also predominated
in city transportations in China. One of the most challenge issues is the range limitation that
an EV can travel with unit battery charge time.

Nelson [34] extensively analyzed and reviewed power requirements for batteries in the
HEVs. He recommended for HEV applications that the hybrid driving duty cycle was able
to be realistically performed at an operating window between 30% SoC and 70% SoC hybrid
limits. He also proposed a nominal hybrid operation range of 40-60% SoC. There is an
inefficient charging process above the hybrid limit (>70~80%), and the power output
capability is insufficient for start-up, acceleration, or other low-speed driving needs below
the hybrid limit (<20~30% SoC).

In general, batteries are expensive and necessary for operating maintenance, and also have
limited cycle life. The impedance technique can be applied to dynamic modeling of battery
behavior and in-situ diagnosis of battery systems including actual capacity, SoC and SoH
[35]. Battery simulation is an important issue for design of different battery applications. It is
desired to develop a reliable and easy-to-parameterized battery model. The following two
sections present the impedance applications to Pb-acid batteries and Ni-MH batteries
separately.

3.1. Pb-acid batteries
3.1.1. Characteristics of Pb-acid battery

As the first type of rechargeable battery, the Pb-acid battery system has features of high-rate
discharge ability, suitable specific energy, highly acceptable reliability and toughness. Also,
it is commercially beneficial in production and recycle processes because the Pb-acid battery
is made primarily from the same low-cost initial material [36]. Recently, the advanced Pb-
acid battery systems for on-board energy storage have been developed and applied to the
HEVs [37-39]. A Pb-acid ultrabattery has been developed within a single battery container
by Furkawa et al. [37]. This battery combines features of Pb-acid battery and supercapacitor
and is functioned as an integrated hybrid energy storage system. This type of valve-
regulated Pb-acid battery is designed specifically for high-rate HEV applications at partial
state-of-charge (50C). EnerSys Energy [40] also produced an improved Pb-acid battery,
which is called as “Odyssey”. The Pb-acid battery delivers much higher cranking power and
also retains deep-cycle potentials. Because of the strong needs for development of low-cost
energy-saving systems and low-emission vehicles, a few breakthroughs in the lead-acid
battery have been made especially in new electrode structure design, rate and deep-cycle
performance.

The concentrated H250: solution is applied in the Pb-acid battery as electrolyte, which is
potentially dried out due to the high-temperature working environment. The ionic
resistance of the normal operating battery is negligible and makes a small contribution to
the series resistance of the battery which depends on the SoC. The unique feature for the
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battery is that the electrode processes involve a dissolution—precipitation mechanism. The
electrolyte concentration varies with the change of the battery SoC level due to generation of
504" ions during charge reaction and consumption of SO+*" ions during discharge process,
i.e. both electrodes converted to lead sulfate - double-sulfate reactions. Many challenges for
traditional Pb-acid batteries are described as relatively low cycle life (50-500 cycles),
especially in electrical vehicle applications, limited energy density, sulfation caused poor
charge retention, sulfation during long term storage, and health hazard in designs with
antimony and arsenic in grid alloys.

3.1.2. Pb-acid battery test and impedance data analysis

The Gamry FC350™ system with an electronic load was applied to the battery impedance
tests. The measuring circuit was connected as shown in Figure 2 [19], simply replacing the
PEM stacks with the batteries. The sinusoidal current signal from the Gamry system,
working in the hybrid-impedance mode, modulated the current from the Pb-acid batteries.
The hybrid EIS mode was applied for the experiments in order to obtain the impedance data
of the rechargeable batteries at various frequencies. The non-linear least squares (NLLS)
fitting algorithm was utilized for the impedance spectrum to find the model parameters for
best agreement between the simulated impedance spectra and the measured impedance
data. The tests were conducted on the Pb-acid batteries by a unique impedance method, i.e.
test the batteries at different loads. In-situ test, data analysis, and suitable impedance
simulation were performed to develop a wide range design tool or an appropriate model for
dynamic applications of Pb-acid batteries for different power reserve demands.

Impedance tests were conducted on three ordinary types of Pb-acid batteries in the
experimental work [41]. One (AGN-8) was malfunctioning and taken out from a Toyota car
after eight-years’ SLI use. The second one (BDU-S) was at rest for ca. eight years,
infrequently charged for maintenance requirements. The third battery (CDU-N) was
ordered from a local store to substitute the AGN-8 Pb-acid battery. The hybrid EIS mode
was utilized in the experiments to examine the EIS behavior at different frequencies. After
each measurement, the consumed energy was approximately estimated and charged back in
the Pb-acid battery. The battery was considered to be fully charged after overnight charging
at a current of less than 1.00 A with a voltage no more than 13.5 V.

Figure 7 [41] shows the Nyquist plots of three Pb-acid batteries obtained at the load of 5 A.
The interesting curve is the one collected from the AGN-8 battery after eight-year’s SLI
service in vehicle. The battery has been running for eight years and approximately close to
its cycle life for the SLI work. The loop curve is clearly different from other Pb-acid batteries
near the high frequency side. However, the curves simulated from the circuit diagram
[Ra(RiQ1)(R2Q2)L] are well agreed with the collected impedance data during the battery test,
particularly at 1 A load of current. At the high frequency side, the change related to the
anode surface (Pb/PbSOs) appears to be the major reason for the shape change of the
impedance loop. A carbon plate functioned as a capacitor was attached to the negative plate
(Pb/PbSOs) [39] in order to improve the anode performance and slow down the electrode
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degradation rate. Not only the burden at the negative electrode is significantly lowered, the
rate performance and pulse capability are also considerably improved because of the
capacitance behavior from the attached carbon electrode.
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Figure 7. Nyquist plots of three batteries tested at 5A load [41].
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Figure 8. Non-destructive tests of the defective BDU-S battery at 1 A load [41].

The BDU-S battery was also analyzed based on the EC simulation with the circuit
[Ra(RiQ1)(R2Q2)L] (Figure 8 [41]). The simulated curve is well fitted to the measured
impedance spectra that presents the impedance behavior of the BDU-S battery when it was
operated at a load of 1 A and produced an output voltage of ca. 12.17 V [41]. However, it
was no longer capable of operation at the output level of 12 V due to battery failure. Further
diagnostics [41] shown that one cell in the BDU-S battery was suffering degradations. The
negative (Pb/PbSOs) electrode was in failure with inadequate charge retention because of
sulfation on the anode surface.

3.1.3. Future performance improvement of rechargeable batteries

The simulation of the complexity of modern power electronics is very difficult and
impedance-based battery models potentially provide useful physical elements and suitable
parameters for system dynamic evaluations. The battery performance is considerably non-
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linear and the dynamic performance is determined by numerous parameters such as battery
life-time, operating temperature, SoC, and depth-of-discharge (DoD). EIS is a useful tool to
get suitable chemical and physical parameters for simulation of battery power systems. The
development of high-rate long-life HEV batteries and deep-cycle long-life EV batteries is
significantly important for future batteries in vehicle applications. Flat thin-plate structures
have been designed and made further improvement for cranking power needs and deep-
cycle requirement. The amount of lead used in the battery has been greatly reduced using
this related technology. It is necessary for future work to examine battery chemistry and
advanced electrode processes, estimation of mass transfer limitations, and exploration of the
failure mechanisms. Numerous important factors including active material, utilization of
active material, current collector, support configuration, electrolyte, separator, and system
safeguarding (thermal management and gas recombination) are related to battery
performance and operating life-time. For SLI applications nearly more than 100 years, Pb-
acid batteries have been utilized to provide automobile reserve power requirements. This is
because the Pb-acid battery provides the greatest cost/performance ratio among all batteries.
The battery designs using advanced concepts and structure enhancements likely produce
novel battery power systems with required performance. These efforts potentially stimulate
the further technical developments for the deep-cycle and high-rate power needs in energy
storage and power reserve applications.

3.2. Ni-MH batteries

Unlike the traditional Ni-Cd and Pb-acid batteries based on the dissolution-precipitation
mechanism with dendrite formation possibility during charge and discharge, the
mechanism for a Ni-MH battery is the movement of hydroxide ions between a metal
hydride (MH) electrode and nickel hydroxide electrode. This simple mechanism produces a
long battery cycle life of more than 1000 cycles, higher power capability, and a dense
electrode structure [42]. The battery has natural protection against overcharging and over-
discharging with oxygen and hydrogen recombination inside the cell to form water. The
overcharge process, over-discharge process, capacity retention, and the in-situ SoC
parameter are quite important to the battery cycle life and calendar life time. The
improvement of the battery energy storage and conversion efficiencies will significantly
increase the overall energy efficiency and prolong the HEV’s traveling miles per unit fuel
use.

3.2.1. Ni-MH chemistry and hybrid operating range

Enhanced energy storage efficiency means less production of CO:2 greenhouse gases and
lower emissions of NOx and SOx for improving acid rain environment. Battery energy
storage and fuel efficiency are significantly important for the HEV fuel economics. The
charge acceptance, power output capability, and battery cycle-life are key factors for its
application in the energy rapid storage considerations. The basic principles and
electrochemical reactions occurring in the Ni-MH cell are described as follows [43, 44],
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At the positive electrode,

_ Discharge -

NiOOH + H,0 + e —Charge

Ni(OH), + OH™ ,E® = 0.49 V vs.SHE (5)

At the negative electrode,

Discharge —

MH + OH™ —Charge

M+ H,0 + e~ ,E® = —0.83 V vs. SHE (6)

The overall cell reaction is written as

Discharge —

NiOOH + MH — Charge

Ni(OH); + M ,E2,;; = 1.32V vs.SHE )

The nickel electrode is thermodynamically unstable in the sealed cell and oxygen-evolution
occurs at the electrode as a parallel and competing reaction. The parasitic reaction during
charge and overcharge is expressed as

Charge above 70%~90% SoC —
Overcharge -

40H™

2H,0 + 0, + 4e~ ,E° = —0.41V vs.SHE )

This reaction happens during the battery processes of charge and overcharge. Reaction (8)
starts as a parallel side-reaction, competing with the primary charging Reaction (5) at a
certain state-of-recharge (SoR, i.e. the actual charge input as percent of the battery-rated
capacity). At a higher charging rate, the difference between SoR and SoC may even start
earlier due to higher potential and mass transfer limitation of the electrolyte. Hence, the
HEV storage application preferably uses the 70%~80% SoC level as the higher hybrid
operation limit. However, the nickel-based battery is normally designed that the cell
capacity is limited by the positive electrode. The negative to positive capacity ratio varies
from 1.5 to 2.0. The evolved oxygen from the positive electrode diffuses to the MH electrode
and recombines to form water. Typically, the discharge reserve is approximately 20% of the
positive capacity [43]. The range from 0 to 20% SoC level is called as deep discharge region.
In order to ensure proper power output capability, the HEV energy storage considers the
20~30% SoC level as the lower hybrid operating limit [34].

3.2.2. Impedance test and equivalent circuit simulation

The impedance tests were conducted by the same equipment and measurement connection
used for the tests of the Pb-acid batteries. Small amount of the consumed capacity of the Ni-
MH battery was estimated and charged back after each test of impedance measurement.
After the Ni-MH battery was prepared for impedance measurement at another SoR, the
Gamry impedance system together with an electronic load, operating in hybrid impedance
mode, modulated the current information from the working battery at load. At the same
time, the current signal at the electronic load was sent back for the computer data
management. The Gamry system collects these measured data and creates the data files for
further impedance data processing and circuit simulation.
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The Ni-MH battery was charged to a certain level of SoR at a 0.2 C rate and then conducted
impedance tests with an electronic load. The battery capacity was measured as 3.7 Ahr at 0.2
C rate and impedance data were collected in condition of 0.37 mA load and 5 mV ac voltage
at ca. 50% SoR. The ac impedance data were analyzed and the Nyquist plot of the Ni-MH
battery is shown in Figure 9. The simulated curve via an EC model of [R(QaRa)(Q[RQn])] is
well agreed with impedance data in the above Nyquist plot. This EC model is a modification
based on the one illustrated in Figure 6. CPEs are used to replacing the pure capacitors and
the Warburg element in order to take in account the non-ideal effects. In considering of
energy efficiency, inefficient charge, capacity retention rate, power output needs, battery
cycle-life, as well as Nelson’s valuable work, the Ni-MH battery for on-board energy storage
is preferred to work at 50+10% SoC with an operating limitation of 50+20% SoC. It is easy to
accurately measure various battery parameters during the battery off-board break, but the
challenge is to dynamically determine the current SoC level for on-board energy storage and
in-time energy release when the battery pack is being operated inside a moving vehicle.
Energy efficiency is important for HEV fuel economics and further improvement of system
efficiency means less greenhouse gases and lower emissions. Although the ultra-capacitor is
an alternative solution to the burst energy storage, the battery with a suitable capacitance
behavior is still an ideal solution in considering of the total cost of the energy storage and
conversion system.
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Figure 9. Simulated curve via an EC model of [R(QuRa)(Qc[RcQn])] well agreed with impedance data in
the Nyquist plot of the Ni-MH battery.

4. EIS applications to proton exchange membrane fuel cells

Both the energy quick consumption and alternative fuel development require further
improvement of energy efficiency for lowering costs and reducing emissions. The zero
exhaust is the most attractive advantage of fuel cells over other energy conversion
technologies. In comparison with batteries, fuel cells require a continuous fuel supplement
as long as they convert chemical energy to electricity. The first fuel cell can be traced back to
William Grove's "gaseous voltaic battery" developed in 1839 [45]. This prototype
successfully proved that the reaction of hydrogen and oxygen could produce electricity.
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After many attempts at improving the “gas battery” by several investigators, Ludwig Mond
and Carl Langer significantly achieved the practical one. Their “new gas battery” published
in 1889 [46] was considered as the prototype of current fuel cells. However, it was not until
1960s when the commercial application of a fuel cell was realized for the first time in
NASA's Gemini program [47]. General Motors produced their hydrogen powered fuel cell
vehicle in 1967 [47], inspiring the research and development of fuel cells to be commercially
applied to automotives and replace combustion engines.

Generally, fuel cells are classified into five main types based on different electrolyte [16].
Alkaline fuel cell (AFC) utilizes aqueous alkaline solutions as electrolyte. It is now able to
operate below 100°C. Proton exchange membrane (PEM) fuel cell is featured by the solid
polymer electrolyte. Its low temperature operation and high energy conversion efficient
make it become one of the most promising solution to combustion engines. Phosphoric acid
fuel cell (PAFC) uses concentrated or liquid phosphoric acid (HsPOs, abbreviated to PA) as
electrolyte and operates at around 200°C. Molten carbonate fuel cell (MCFC) and solid oxide
fuel cell (SOFC), operating at extremely high temperature, overcome the poisoning issues of
the other three types and reduce operation costs. An electrical efficiency of 60% were
reported to be achieved in 2009 by a natural gas powered SOFC device (Ceramic Fuel Cells
Limited).

Fuel cell systems produce much higher efficiency than combustion engines; however, two
major challenges, high cost and low reliability, have to be overcome to implement its
successful commercialization. Properly designed fuel cell systems can be a reliable and
durable method to provide high efficient and environmentally friendly power sources for
many applications, including global transportations, portable devices, and residential
backups. Integrated systems, consisting with the subsystems of fuel processor, fuel cell,
power electronics, and thermal management, can successfully fulfill the production of both
electricity and heat simultaneously from the same power source, called combined heat and
power (CHP) [15].

Comparing to battery investigations, EIS dedicated more contributions to the development
and diagnostics of fuel cells. Impedance measurement, analysis and EC simulation can be
conducted to investigate component fabrications, interfacial processes, transfer mechanisms
and cell degradations of several types of fuel cells. Current fuel cell investigations are
mainly focus on cell degradation, recoverable poisoning, state of MEA health, and stability
of long-term operation. The EC models, plausible explanations, and remaining problems of
conventional PEM fuel cells and high temperature PEM fuel cells will be reviewed and
presented in this section.

4.1. Conventional proton exchange membrane fuel cells

4.1.1. Impedance measurement

The Ballard Nexa™ fuel cell system [19, 30, 48] was connected to the measuring circuit
(Figure 2 [19]). The power module contains one PEM stack consisting of 47 single planar fuel
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cells, each with an active area of ca. 122 cm?. It provides an unregulated dc power output of
1200 W at nominal output voltage of 26 Vdc. The rated output current of the stack reaches
44 A and its open circuit voltage normally rises up to 41 V. A controller board is embedded
in the module to facilitate the automated stack operation. Measurement of the stack without
the embedded controller board were accomplished by electrically isolating the PEM stack
from the controller subsystem.

The tests were conducted on three PEM stacks numbered #308, #515, and #881, identical to
each other. There were totally five sets of impedance tests of the stacks published with
different scales listed below [19, 30, 48]. The impedance data of the stacks were collected at
different current levels without embedded system controller in most of the tests. However,
several sets of impedance data were collected from the stacks together with the embedded
controller board. The Gamry FC350™ fuel cell monitor connecting to a TDI-Dynaload®
RBL488 programmable load was employed to obtain impedance data. Different small ac
signals were chosen according to different scales of the tests, ensuring the accuracy of the
data without scattering.

1. Single cell tests

The single planar fuel cells in the stack #308 were tested separately at the temperature of
26°C under varying current loads of 0.2 Adc, 0.5 Adc, and 1.0 Adc, without the embedded
system controller [30]. The single cells are numbered from the anode side to the cathode
side. An ac voltage signal changed from 10 mV to 20 mV was set as the desired voltage
perturbation in hybrid mode, according to different system current loads. The impedance
data were collected from the single cells numbered #10, #15, #25, #31, and #47. Three sets of
them are shown in Figure 10 [30]. The impedance behavior of the 47t cell in the stack
obviously differs from the impedance behaviors of others. It has the lowest ohmic resistance
because the humidified air inlet increases the cell humidity. However, the observable mass
transport losses are caused by impurity build-up. For each single cell, no significant
difference in ohmic resistance is observed when the current changes. However, cells closer
to the anode side bear higher resistance due to less humidity.

2. Group cell tests

Four fuel cell groups consisting with different number of single cells (12, 24, 36, and 47 cells
respectively) in the stack #308 were tested at the temperature of 26°C and a current load of
0.2 Adc without the embedded system controller [30]. A desired ac voltage signal of 10 mV
was set for the cell groups in hybrid mode. There are no significant changes between the
ohmic resistances of each group; however, the polarization resistance, which dominates the
cell impedance, increases proportional with the increase of cell numbers.

3. Single stack test

The single stack tests were conducted individually on the stack #308 [30], #515, and #881 [19,
48]. Impedance data of the stack #308 were measured with and without the embedded
system controller at relatively steady state under each current load using an ac current signal
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of 500 mA in galvanostatic mode over a frequency range from 10 pHz to 20 kHz. The #515
and #881 PEM stacks were measured at varying dc current loads with a desired ac voltage
signal of 150 mV in hybrid mode over a frequency range from 10 mHz to 10 kHz, both with
(Figure 11a [19]) and without (Figure 11b [19]) the embedded system. Though the
impedance collected with the embedded system is larger than the one without, both sets of
impedance spectra have the same behavior and change tendency.
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Figure 10. Nyquist plots of single cells numbered #10, #31, and #47 of the PEM fuel cell stack #308 in the
Nexa™ PEM system [30].
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Figure 11. Nyquist plots of the PEM fuel cell stack #515 in Nexa™ PEM system. (a) The PEM fuel cell
stack is equipped with embedded controller, compressor, and other electronic devices; (b) The PEM fuel
cell stack is running while its controller board and other electronic devices uses an external power
source [19].

4. Group stack tests — two stacks in series

The PEM stack #515 and #881 were operated in series as one power source [19]. The
impedance of the stack group with the embedded system controllers was measured with a
desired voltage perturbation of 150 mV in hybrid mode. The current of 5 Adc, 10 Adc, 15
Adc, and 30 Adc were loaded to the whole power system. The impedance spectra present
the similar behavior as the single stack (Figure 12a [19]).



In-Situ Dynamic Characterization of Energy Storage and Conversion Systems

5. Group stack tests — two stacks in parallel

The PEM stack #515 and #881 were operated in parallel as one power source [19, 48]. The
impedance of the stack group was measured following the same procedures as the
measurement of the series stack group. A desired ac voltage of 150 mV was employed in
hybrid mode. The current of 10 Adc, 21 Adc, 30 Adc, 40 Adc, and 60 Adc were loaded to the
whole power system. The impedance behavior and variation tendency are consistent with
the data set collected from the single stacks and the series stack group (Figure 12b [19]).
However, the impedance of the parallel stack group is reduced to about one quarter of the
series stack group. Thus, the parallel connection is preferred for commercial applications.
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Figure 12. Nyquist plots of the PEM fuel cell stacks #515 and #881 (a) in series and (b) in parallel
operation embedded with system controller, compressor, and other electronic devices [19].

4.1.2. EC simulation

A three time constant diagram, [Ra(R«Ca)(ReCe)(RmCm)L], was applied to the sets of impedance
data measured from the single PEM fuel cell stacks (#515 and #881 separately) and the two
stack groups (#515 and #881 in parallel and in series). The Nyquist plots of measured
impedance data and the simulation curves calculated from the EC model are shown in Figures
9, 10, and 11. It is possible to determine the bipolar plate contact and membrane electrolyte
resistance from ohmic resistance Ra by switching the embedded control system to an external
power supply and subtracting the wiring and contacting resistance. The following three
parallel (RC) sub-circuits break down the polarization impedance into different parts
contributed by different processes, including the anode activation process (R«Cs), the cathode
activation process (R.Cc), and the gas diffusion process (R»Cwn). The catalyst loading level at the
cathode side is two to three times higher than that at the anode side [49]. Thus, the cathode
activation impedance is determined to be the large arc at middle frequency region, the
resistance calculated from the EC model of which is about two to three times larger than the
one ascribed to the anode activation impedance dominating the high frequency region. The
stack impedance is mainly dominated by the cathode activation impedance, but with the
increase of current loads, its contribution significantly decreases. Meanwhile, the contribution
of the gas diffusion impedance greatly increases with the increasing current load, even up to
almost half of the total stack impedance.
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It can be observed that at high frequency region (the smaller semi-circles closer to the origin
of the coordination) the simulated curves are well fitted to the measured data. On the other
hand, the simulated curves at lower frequency region (the large semi-circle dominating the
stack impedance) derivate from the measured data. The (R»Cw) sub-circuit may not be
accurate enough to simulate the impedance arc at low frequency region. Since it is
determined to be a finite gas diffusion process, an O element should be much more suitable
for the simulation. From the aspect of its physical meaning, an O element also facilitates
data interpretation. The (RnCwm) sub-circuit was kept other than being substituted by an O
element to facilitate the following PSpice simulation. Although the impedance spectra
simulated by the EC model slightly deviated from the impedance of the real PEM system,
the pulse load test simulated in PSpice by this EC model presented acceptable results [19].
This preliminary test provided a realistic method for further design, operation, and control
of an integrated system.

4.2. High temperature proton exchange membrane fuel cells
4.2.1. High temperature membranes

The performance of a conventional PEM fuel cell is limited by its operating temperature.
The traditional perfluorosulfonic acid (PFSA) membrane exhibits great conductivity,
excellent thermal and chemical stability, and considerable economic efficiency, but suffers
from severe degradations at the temperature higher than 100°C. Thus, it is desired to
develop alternatives to PESA membranes to overcome this drawback.

Generally, the alternative membranes can be classified into three groups according to
different methods of membrane fabrications. One is to attach charged units to a
conventional polymer [50]. Most attentions to this type of alternative membranes have been
paid to sulfonated polymer membranes and their composites [51]. Another group of
membranes is named inorganic-organic composites or hybrid, which are fabricated by
incorporating a polymer matrix with inorganic compounds [50]. Modified PFSA membranes
[51], especially modified Nafion membranes [52, 53], are highly recommended due to
competitive advantages of PFSA membranes in PEM fuel cell applications over others.
Modifications of PFSA membrane are mainly focused on the proton conductivity at higher
temperature, water uptake and retain at higher temperature, low humidification operations,
and mechanical stability at higher temperature.

The third group of alternative membranes is acid-base polymer membranes. This type of
membranes is complexes fabricated by doping strong acids or polymeric acids in
conventional polymers [50]. So far, phosphoric acid (HsPOs, abbreviated to PA) doped
polybenzimidazole (PBI) has been found to be one of the most commercially promising
materials for PEM fuel cell operating at temperature higher than 100°C. The advantages of
PBI over other polymers, including low cost [54], high glass transition temperature [55],
excellent textile fiber properties [56], and great thermal stability [57], promised it to be an
excellent polymer for membrane fabrications. One of the most significant advantages of a
PA doped PBI membrane over a PFSA based membrane is that its conductivity no longer
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relies on the water content due to its unique proton conduction mechanism [50, 58-60], but
strongly depends on the PA doping level [50, 61-63] and the operating temperature [50, 63,
64].

4.2.2. Impedance study

There are only limited studies of EIS applications to high temperature PEM fuel cells.
Impedance measurement was pioneered to study the electrical conductivity of PBI-based
films at the end of 1990s. Fontanella and his co-workers [65] utilized impedance
measurement to study the conductivity of PA doped PBI films at the temperatures below
100°C at a pressure up to 0.25 GPa. Soon after that, Bouchet and Siebert [61] published their
work of measuring the conductivity of acid doped PBI films with the help of impedance
measurement. However, in these works, impedance measurement was utilized only as an
auxiliary method.

EIS was not applied to a membrane electrode assembly (MEA) or a fully constructed PEM
fuel cell based on high temperature membrane until 2005. Xu [66] employed impedance
analysis to study the effect of relative humidity (RH) on oxygen reduction reaction (ORR)
kinetics for a high temperature PEM fuel cell manufactured from Nafion-Teflon-
phosphotungstic acid (NTPA) membranes. Almost at the same time, Ramani [67] published
their impedance measurement to a PEM fuel cell based on PA doped Nafion membrane at
120°C and 35% RH.

Several EIS studies on PA-PBI based high temperature PEM fuel cells emerged from 2006
[68-72]. Jalani and his co-workers [68] published their impedance analysis of a single cell
assembly, named Celtec®-P series 1000 MEA (BASF Fuel Cell). Qi and his group [72] applied
EIS to study the performance and degradation of a PA-PBI based PEM fuel cell at 180°C
under a current density of 0.2 A cm? However, both groups did not perform EC
simulations of the cell impedance. At the same time, a more completed EIS application was
published by Jingwei Hu and his co-workers [22, 69-71], which included a series work of
impedance measurement and analysis, EC simulations, and degradation tests of cell
performance.

The published applications of EIS on high temperature PEM fuel cells, although limited,
present different measurement results one from another. Several different EC diagrams
were proposed to interpret measured impedance data. An ohmic resistance, introduced by
cell components (electrodes, membranes, gas diffusion layers, and other supporting plates)
and connections, and a wiring inductance were involved in impedance analysis of all
published works. Main differences exist in the analysis and interpretation of polarization
impedance. Cells tested with different configurations and operating conditions perform
differently from each other; however, they should behave certain characteristics in common,
especially the cells with the same type of membrane. The EIS applications to high
temperature PEM fuel cells based on PA doped PBI membranes will be summarized and
discussed in the following section. The emphases are placed on EC simulations and data
interpretations.
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4.2.3. EC simulation and data interpretation

So far, up to three arcs have been reported in Nyquist plots of measured impedance spectra,
but they were not well separated in all cases. One arc overlapped with its neighboring ones
when they shifted to a similar frequency range with the change of cell operating conditions.
In some circumstances, one arc decreased to be negligible. The processes involved in data
interpretation mainly include charge transfer process, mass transfer process, and gas
diffusion process. However, some groups observing two impedance arcs in Nyquist plot
preferred to classify the impedance arcs into anodic and cathodic processes [73-78].

1. Ohmic resistance

Ohmic resistance, Ro, is the sum of resistances of membranes, electrodes, catalyst layers, and
gas diffusion layers, contact resistance, and any other resistances introduced by the
hardware connected to the measuring circuit, such as wires, heaters, blowers, and controller
boards. Although it is difficult to break down the total ohmic resistance according to
different contributions, its change with varying operating conditions of cells mainly reflects
the conductivity of membranes. Thus, the proton conductivity mechanism of PA doped PBI
membranes can be studied with the help of ohmic resistance.

Ra was reported as a set of scattered numbers with increasing current density in Jalani’s
work [68]; however, a trend of decline was still observable from the published data. Later, it
was confirmed in many other experiments that Ro decreases with increasing current density
[77, 79-82]. Following Zhang's theory [79], it was accepted that the decrease of Ra was
resulted from an increase in the proton conductivity of the membrane due to higher water
productivity at higher current density. However, Zhang [79] also expected a constant level
of Ra at a current density larger than 1.0 A cm? because of a constant water uptake of the
membrane balanced between produced and purged water. This constant level was observed
in Andreasen’s experiments both on a 1 kW cell stack [78] and a single cell MEA [83] even at
a current density lower than 1.0 A cm?2.

The effect of operating temperature on Roe is more complicated than current density. And
lots of attentions were paid to it since the activation behavior closely relates to the proton
conductivity mechanism of membranes. Some reported that Ro decreased with increasing
temperature [77, 79, 83]. The proton hopping mechanism proposed by Bouchet [60, 63] was
applied to explain this thermal effect [79]. The membrane conductivity o based on this
mechanism is expressed as [50, 61]:

—E, A —E,
o= %exp () = Fexp (32 ©)
where ¢” and A are pre-exponential factors, E. is the activation energy, and R is the ideal gas
constant.

But, inconsistent with these results, many other researchers reported an increase of Ro with
increasing temperature when the temperature went higher than around 140°C [73, 80, 82].
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2. High frequency (HF) impedance arc

This arc appears right after the wiring inductive loop as frequency decreases in Nyquist plot.
And generally it is quite a small semi-circle comparing to the following impedance arcs. It
dominates the region of frequency from above 100 Hz up to 1000 Hz [68, 78, 79, 81-84], or even
higher. The effects of temperature [79, 82] and current density [81, 82] on this impedance arc
are observable but not as significant as on other impedance arcs dominating lower frequency
regions. The resistance of this HF impedance arc decreases with increasing current densities,
and its time constant decreases with increasing temperature. The latter can be observed in
Nyquist plot as the impedance arc shifts toward higher frequency, or “shrinks”. Kinetically,
this phenomenon can be explained as the process occurring faster at higher temperature.

It was validated and discussed in many published works that this HF impedance arc is
contributed by charge transfer processes. Its impedance is generally simulated by the (RetCa)
sub-circuit in EC models. The R« refers to charge transfer resistance and the Cus refers to
double-layer capacitance introduced by the charge accumulation and separation in the
interface of electrode-electrolyte. In some cases, the double layer capacitor may be
substituted by a CPE to reflect the non-ideal characteristics of the interface. Many
researchers preferred to ascribe this HF arc to the charge transfer process occurring on the
anode, that was the charge transfer process involved in hydrogen oxidation reaction (HOR)
[73, 77,78, 80]. Some other groups stated that the charge transfer processes of both HOR and
ORR contributed to this HF impedance arc; however, the contribution of HOR was
negligible at low current density [79, 82].

3. Middle frequency (MF) impedance arc

This arc is contributed by the most dominating process occurring in the cell. It usually
appears as the largest semi-circle in Nyquist plot and spans from 100 Hz to 1 Hz [68, 78, 79,
81-84]. A consistent interpretation proposed for this arc were widely accepted in published
cases that an activation process related to ORR contributed to this polarization loss.

In some cases, only one impedance arc was observed in Nyquist plot [22, 69-71, 85, 86]. The
low frequency (LF) arc does not perform significant contribution to the total impedance at
all circumstances (discussed later in the part of “LF impedance arc”). And sometimes, as
mentioned in the discussion of HF arc, the HF arc shrinks to be hardly noticed. Thus, the
only arc observed can be explained as mass transfer processes. In this case, the HF arc
actually merges with the MF arc and the total impedance appears as one arc.

4. Low frequency (LF) impedance arc

This arc only appears in some certain cases when the contributions of concentration
processes to cell impedance are comparably significant. Generally, it dominates frequency
region below 1 Hz down to around 0.1 Hz [68, 78, 79, 81-84]. The impedance of this arc
strongly depends on the compositions of cathode inlet gas, generally consisting of air,
oxygen, or a mixture of them. The LF arc enlarges with the increase of current loads and
dominates the total impedance at high current loads instead of the MF arc. Studies on
oxygen stoichiometry can provided further information for the study of diffusion processes.
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5. Conclusions

This chapter emphasizes the existing necessities for the improvement and development of
energy storage and conversion systems and highlights the competence of Electrochemical
Impedance Spectroscopy (EIS) to dynamically characterize electrochemical systems. As the
background, this chapter briefly provided fundamental knowledge of impedance
measurement and data interpretation. The EIS applications are mainly focused on Pb-acid
batteries, Ni-MH batteries, conventional proton exchange membrane (PEM) fuel cells, and
high temperature PEM fuel cells based on phosphoric acid (HsPOs, abbreviated to PA)
doped polybenzimidazole (PBI) membranes. For the rechargeable batteries and the
conventional PEM fuel cells, investigation examples are presented with discussions on
research challenges and further development. The high temperature PEM fuel cell is a
freshly emergent research area. There are obvious differences between the behavior and
variation tendency of impedance data collected from different systems. Several equivalent
circuit (EC) diagrams and their physical interpretations were proposed for different high
temperature PEM fuel cells. However, more experiments and impedance data are required
to develop a consistent, validated, and generally accepted theory. Developed for over a
hundred years, EIS will continuously contribute to the characterization, diagnosis, quality
control, and further advanced areas of energy storage and conversion systems for energy
economic considerations.
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1. Introduction

The administrators of the distribution networks have to face the insertion of the
decentralized electricity production of renewable origin. In particular, wind and
photovoltaic electricity generation know a fast development supported by satisfying
technical maturity, greater environmental concern and political will expressed by financial
and statutory incentives.

However, one of the main handicaps of many renewable energies - and quite particularly
wind energy and solar energy - is the temporal variation of the resource and the weak
previsibility of its availability. Thus, connecting wind or photovoltaic farms to electrical
networks is an important challenge for the administrators of distribution and transport
networks of electricity. They impact on the planning, on the operation of distribution
networks and on the safety of the electric systems.

For grid connected renewable generation, as long as the penetration rates of these
productions are marginal, the network compensates, within few minutes, for the fast
variations thanks to the power reserves, which is for example mobilized hydroelectric
power reserve, or gas turbines in rotating reserve (which produce greenhouse gases). These
power reserves have a cost that must be take into account in the economic analysis of the
deployment of distributed renewable electricity generation.

On a regional scale, the presence of renewable generators often induces additional costs for
network reinforcement to limit the risks of congestion. Indeed, the favorable conditions for
wind energy exploitation are often found in remote area (windy coast, offshore) where the
network infrastructures are weak or non-existent. Since a regional network is sized
according to the maximum transit power, to prevent power congestion, it is necessary to
size the network infrastructures to match the total installed capacity. As the load factor of



272 Energy Storage — Technologies and Applications

wind energy is about 25 %, the ratio of the cost for network strengthening over the
aggregated energy produced for wind (or solar) energy is higher to that of the other (non
intermittent) sources of energy.

The renewable generations capacity will have to take into account the preservation of the
reliability and the safety of the networks. The objective is that renewable generators must
not entail the degradation of the supply security nor imply dramatic cost increase for the
consumers.

Energy storage technologies are identified as key elements for the development of electricity
generation exploiting renewable energy sources. They could contribute to remove the
technical constraints that limit the contribution of renewables into electrical networks. As
mentioned above, these technical limits are present both on the regional scale and on the
scale of the whole network.

More generally, energy storage could propose valuable services by reducing the
instantaneous variations of the injected power. A simple approach consists in storing a part
of the random production that would be add up to the future production to decrease the
amplitude of variation of the injected power. That approach, however, does not guarantee
the availability of stored energy, nor the level at which the power will be injected to the
network. Furthermore, a trade-off must be estimated carefully to ensure the benefits will
surpass the cost associated with the deployment of energy storage facilities.

In this chapter, we present an advanced approach that uses power production forecasts to
dynamically manage the power flow to and from the battery and the networks for grid
connected wind or solar electricity production. The objective is to guarantee, some time in
advance and with a predefined error margin, the level of power that will be sent to the
network, allowing a more efficient management of these stochastic energy resources and the
optimization of the sizing of the storage facility. We also propose, through an in-depth
analysis of the wind to power transfer function, a discussion about the power limit setting
and the sizing of storage capacity in the context of congestion management.

The chapter will be organized as follow. First, we review the available storage technologies
through the lens of their compatibility with the proposed approaches including a short
discussion on the envisaged power converter solution for coupling of renewable generations
and storage. Then, we demonstrate the advantage of an in-depth analysis of the wind to
power transfer function and the use of energy storage for the sake of the optimal sizing of
transmission line capacity in the context of the transport of wind-originated electricity. The
role of energy storage is emphasized further in the presentation of an advanced power flow
and energy storage management scheme. We complete the chapter with the presentation of
the results obtained by applying the proposed approach during a simulation using real wind
energy production data. The interest of the proposed method is that he permits to guarantee,
within a pre-set margin of error, the power that will be sent to the grid by automatically
dispatching the power flows between the wind plants, the energy storage facility and the
electrical network. We conclude the chapter with a short discussion on energy storage
management dynamic strategies and the improvement perspective of such approach.
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2. Energy storage technologies for renewable energy power smoothing

Energy-storage technologies are vital for the large-scale exploitation of renewable energies
since they could ensure secure and continuous supply to the consumer from distributed and
intermittent supply base.

Many techniques can be used to stored electrical energy [1]. First, it must be transformed
into a storable form of energy that could be mechanical, chemical or thermal. Then, there
must be a process that gets back the stored energy into a usable form. Within the scope of
this chapter, we will focus on energy storage technologies for electrical applications.

The common belief that electricity cannot be stored at a realistic cost comes from the fact
that electricity is mainly produced, transmitted and consumed in AC. Today, energy storage
capacity roughly represents less than 3% of the total electricity production capacity.
However, the emergence of cost effective power electronic solutions that can handle high
power levels makes it possible to store electricity for grid applications.

The past decade was marked by strong evolution of the technological context in storage of
energy [2,3]. At the same time, the static converters knew a strong development in the range
of powers from the kW to about few MW, carried in particular by the development of the
photovoltaic and wind productions. As shown in Figure 1, pumped hydroelectric storage
represents more than 97 % of the total of 120 GW reported storage capacity, followed by the
classic compressed air with 440 MW (250 times less). Other technologies adapted for a
deployment in the electrical distribution networks comes then, with only some tenth of % of
which a majority of NAS (sodium-sulfur) batteries.
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Figure 1. Installed capacity of various energy storage systems (from [2])
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A summary of the various applications of energy storage aimed to support the electrical

network expressly in the case of high rate of intermittent generations is reported in [3-7].

These articles review the characteristic of energy storage system in the scope of electrical

networks with high renewable energies penetration rate.

The potential and opportunities of the storage of energy in the distribution networks is

investigated in [2]. This study focuses on the technologies of storage susceptible to be
installed on the levels of tension of distribution networks (unit power capacity in the range

(USA) and 290 MW

Typology Mechanical energy storage Electrostatic
energy storage
Technology PHES CAES FES SC
Rated Energy 500 MWh - 8000 {500 MWh - 3000 5 kWh - 25 kWh 10 kWh
MWh MWh
Rated Power 10 MW -1 GW Two plants in the Few kW up to 10 IW-1MW
world: 110 MW MW

(Germany)
Cycle Efficiency |65% —80% 70% 85% - 95% 85% - 98%
Response time Minutes Seconds to minutes |<1/50 sec. <1/200 sec.
Cycling tolerance {50000 30000 >10 million 1 million

in operation in the
world

Self discharge Very low: water Very low: thermal  |Continuously; 1%/day. Increase
evaporation for loss in the storage completely with temperature
long storage time  |tank. Pneumatic discharged within  |and SoC.

leaks. minutes
Power capital cost [500-1500 €/kW <100 €/kW 400-25000 €/kW 1000-20000 €/kW
Application
dependent

Energy capital 10 - 20 €/kWh 570 €/kWh 400 - 800 €/kWh 6800 — 20000

cost €/kWh

Maturity status ~ |Mature technology |Mature technology |Mature technology; |Mature technology

but only two plants |numerous units for embedded

deployed in grids for
frequency

systems. Some
stationary units

need to be planned

to be planned

regulation. reported.
Environmental or |Rely on favorable |Rely on favorable |[No environmental |Limited risk of
statutory topology topology and risk. No emission.  |toxicity,
constraints availability of flammability of
natural gas some used
material.
Recycling ability |Dismantlement Dismantlement need [100%. No chemical |Dependent on

compounds.

material used

Table 1. Characteristics of energy storage systems
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metals

treatment of
solid sodium

Typology Electro-chemical energy storage
Conventional Batteries High temperature Batteries Redox flow Batteries
Technology |PbA Li-ion ZEBRA NaS ZnBr VRB
Rated Energy 1 kWh - 40 1 Wh-50 Up to 100 400 kWh —-245 |100 kWh-2 |2 MWh -120
MWh MWh KWh MWh MWh MWh
Rated Power [IW to 10 MW |Few W-50 |5kW->500 [50kW ->10  |kW to MW kW to MW
MW kW MW
Cycle 70% — 85% 80% - 90% 85% - 90% 85% - 90% 75-80 DC 80%-85% DC
Efficiency 65-70 AC/ 65%-75% AC
Response 1/200 sec. 1/200 sec. 1/200 sec. 1/200 sec. 1/200 sec. 1/200 sec.
time
Cycling <1500 at 80% |Up to 7000 at |3000 at 80 %  |4500 at 90 %  {1000-2000 at 80|>13000 at 100%
tolerance DoD 80% DoD DoD DoD % DoD DoD
Self discharge|1% to 5% per [2% to 10% per |Due to thermal |Due to thermal|1l %/h due to  |Up to 10% due
month month loss loss diffusion of  |to auxiliary
(up to (up to dibrome consumption
18%/days) 20%/days) through the
membrane
Power capital |<500€/kW 500 — 2000 - €/kW 1500-1800 1000-2000 1750€/kW
cost €/kW €/kW €/kW
Energy <50€/kWh (car (700 — 500€/kWh 200 - 250 600 — 800 215 €/kWh —
capital cost  |batt.) 1500€/kWh €/kWh €/kWh 450
to
250€/kWh
Maturity Mature Mature Commercial ~|Commercial |Prototypes Prototypes
status technology for |technology for |units for units for and few and
large number |handheld embedded stationary industrial demonstration
of applications |electronic applications. |application units units.
devices. Few stationary |(small market) Few industrial
Numerous demonstrators. units
demonstrators
for electric cars
and >1 MW
stationary
units.
Environment |Explosion risk |Need Low Low Limited Low
al or statutory/|if electrolyte |electronic environmental |environmental |environmental |environmental
constraints  |gases leak. supervision of |impact if impact if impact if impact.
each cell for  |reactants are |reactants are |reactants are
safe operation. (adequately adequately adequately
confined confined confined.
Possible H2
emission to be
accounted for.
Recycling 90% Recycling of  |Up to 100% Up to 98% Recycling of
ability the electrode with specific the electrolyte

Table 2. Characteristics of electrochemical energy storage systems
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of 10 to 20 MW in production and less than 40 MW in consumption). The author highlights
the technologies that do not present major environmental or statutory constraints that could
limit their deployment and that are susceptible to reach both technical and commercial
maturity by 2015.

In this chapter, we consider energy storage technologies to tackle congestion relief and to
smooth wind power variations on short time scales (up to several minutes). We are treating
applications where energy storage systems are required to inject or absorb power during
period of time in the order of minutes. Through these specific applications, we aimed to
demonstrate the advantage of dynamic management of energy storage to raise the
acceptance level of variable renewable energy sources for electricity generation.

Several criteria have to be analyzed to identify the storage technologies that are pertinent for
the aforementioned applications. These applications require storage technologies with high
power, short discharge period and good resilience to high number of charge-discharge cycles.
Tables 1 and 2 report the main characteristics of a selection of energy storage technologies.

2.1. Tables nomenclatures

PHES: Pumped Hydro energy storage
CAES: Compressed Air Energy Storage
FES: Flywheel energy system

SC: Supercapacitors

PbA: Lead-Acid

Li-ion: Lithium-Ion

ZEBRA: Sodium Nickel Chlorides
VRB: Vanadium-Vanadium

ZnBr: Zinc — Bromine

NaS: Sodium - Sulphur

3. Pumped hydroelectric energy storage

Pumped hydroelectric storage (PHES) systems exploit gravitational potential energy.
Energy is stored by pumping water from a lower reservoir to an upper reservoir. The
amount of stored energy is proportional the volume of water in the upper reservoir. When
needed, water flows from the upper reservoir to the lower reservoir to release the stored
energy with round trip efficiency in the range of 70% to 80%. PHES is the major energy
storage technology; it account for 97% of the world total storage capacity [2]. The energy can
be stored several days and high power ramp can be achieved during both the charge and
discharge phases (0-1800 MW in 16 s at the Dinorwig pumping station for example, [8]). The
PHS technology suffers low modularity and can only be installed on site with particular
topology. PHES is a key asset for wind energy as it enables the grid to operate securely
while incorporating high wind penetrations. There may be additional benefits when using
PHES that can charge and discharge at the same time (see Figure 2). This can be achieved in
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a single PHES facility by installing two penstocks as point out in [9]; a double penstock
system enables the PHES to store excess wind energy while at the same time providing
ancillary services to the grid. The results of the techno-economic studies [9] suggest that, the
double penstock system could be economically credible while enable the wind energy
penetration to increase above 40%. However, the economic value of PHES is sensitive to
changes in fuel prices, interest rates, and total annual wind production.

Upper Water Reservoir

Lower Water Reservoir Generator

Figure 2. A double penstock PHES system

4. Batteries

The terminology “batteries” encompasses electrochemical storage cellular technologies that
consist of an arrangement (in series or in parallel) of cell units. Each cell is made of two
electrodes and an electrolyte secured into a sealed container. Batteries store chemical energy
and generate electricity by a reduction-oxidation (redox) reaction. Batteries energy storage
systems have been studied for almost 150 years, most research effort now aimed at cost
reduction and high power application. The following section proposes a description of some
promising batteries technologies. An overview of electrochemical energy storage systems is
given in [10].

4.1. Lead-acid batteries

Lead-Acid batteries are the most used devices for low to medium scale energy storage
application. Lead-acid batteries have a low-cost ($300-600/kW), high reliability, high power
ramp capabilities and efficiency in the range (65%-80%). However, the performance of
Lead-Acid battery will deteriorate quickly in the case of frequent charge-discharge cycles.
The weak tolerance to high number of cycles limits the use of PbA batteries in application
such as wind variations smoothing.
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4.2. Lithium-ion batteries

Lithium-ion batteries are ideal for portable applications; they are widely use in mobile
phone and in almost any other electronic portable device. They tolerate over 3000 cycles,
have 95% efficiency at 80% depth of discharge and have high power ramp capability.
Nowadays, the emergence of electric cars drives numerous researches on Li-Ion technology
and materials to obtain reliable high power system [11]. Since their lifetime is related to the
cycles” depth of discharge, Li-lon should not be use in application where they may be fully
discharged. In addition, Li-Ion technology must be operated with a protection circuit to
ensure safe voltage and temperature operation ranges.

4.3. Sodium-sulphur batteries

NaS batteries are one of the most promising options for high power energy storage
applications. The anode is made of sodium (Na), while the cathode is made of sulphur (S).
The electrolyte enables the transfer of sodium ions to the cathode where they combine with
sulphur anions and produce sodium polysulphide (NaSx). During the charge cycle, the
opposite reaction occurs; sodium polysulphide is decomposed into sodium and sulphur.
NaS batteries have good resilience to cycling (up to 4500 cycles), and can discharge quickly
at high power [2-4]. NaS technology is modular; a single unit’s rated power starts from 50
kW. Additionally, NaS batteries have low self-discharge and require low maintenance.
However, the operating temperature must be kept at about 350°C.

5. Flow batteries

Flow batteries store at least one of its electrolytes in an external storage tank. During
operation, the electrolytes need to be pumped into the electrochemical cell to produce
electricity. Unlike conventional batteries, the power capacity of flow batteries is
independent of the storage energy capacity and self-discharge is almost inexistent. The
energy capacity depends on the stored volume of electrolyte and the power delivered
depends only on the dimension of the electrodes and the number of cells. Additionally, flow
batteries have a very short response time, can be fully discharged without consequences and
are able to store energy over long period of time. Compared to conventional batteries, flow
batteries have an unlimited life in theory and no memory effects. However, the necessity to
control the electrolytic flows induces high operating cost.

5.1. Vanadium redox-flow batteries (VRB)

Among the various redox-flow batteries technology (Zinc Bromine, Polysulfide Bromide,
Cerium-Zing, ...), VRB exhibits the best potentiality, thanks to its competitive cost, its
simplicity and since it contains no toxic materials [12]. Energy is stored in two reservoirs; a
catholytic reservoir and an anolytic reservoir. VRB low specific energy, <35 Wh/kg, limits its
use in non-stationary applications.
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Figure 12 illustrates one major advantage of flow batteries. The maximum number of cycles
tolerated during the lifetime of the batteries is plotted versus the depth of discharge for four
technologies; PbA, Li-ion, NaS and VRB. The tolerable number of cycles decreases for PbA,
Li-ion and NaS but remain constant at a relatively high value for VRB.
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Figure 3. Cycling ability of various energy storage systems (from [2])

6. Super capacitors

Battery systems do not seems fully adequate for smoothing wind or solar power
applications due to their limited tolerance to large number of charge - discharge cycles.
Super capacitors (SC) or ultracapacitors, are electrochemical capacitor with remarkable high
energy density, as compared to conventional capacitors, and high power density as
compared to batteries. Moreover SC tolerate over a million charge — discharge cycles [13,14].
However, the voltage of an ultracapacitor tends to decrease during discharge. This affects
the efficiency of the subsequent power converter and can undermine the energy utilization
of the capacitor. In [15], parallel-series ultracapacitor shift circuits are employed to improve
the energy utilization and minimize the voltage drop. The principal drawback of SC is its
high cost (up to 20000€/kWh).

7. Power conversion solutions for coupling of renewable generations and
storage

The present chapter deals with the combination of renewable electricity generation with
energy storage system for the sake of renewable power smoothing. The preceding section
focuses on the appropriate storage technologies. For wind or solar power smoothing, the
storage technology should tolerate high number of cycles with partial DoD, be capable of
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high power ramp and short response time while keeping high efficiency. In addition, a
chain of power conversion is necessary to pair the energy storage system with renewable
energy sources and to adapt the voltage output of the ensemble to the network’s voltage.
The Figure 4 shows the structure of a DC-coupled hybrid power system with renewable
sources and energy storage along with its control chain.

DC-coupled structures are flexible since they can accommodate with different type of
energy sources and energy storage technology [12]. In a DC-coupled structure, the
renewable energy sources and the energy storage devices are generally connected through
static power converters to a DC bus. These power converters can be either:

e DC/DC buck-boost converters; to control the voltage variations of DC energy sources
such as supercapacitors.
e AC/DC inverters; for storage devices requiring a mechanical training with variable

speed, such as flywheel.
Power flows to the electrical grid from the DC-bus through a DC/AC inverter and a grid
transformer.
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Figure 4. DC-coupled renewable and energy storage power conversion system (source [16])

The structure of the control chain involves four different levels explained below:
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1. The Switching Control Unit (SCU) is the active interface between the power converters
and the control units of higher level. The SCU opto-couplers and the modulation
modules generate the power converters’ transistors ON/OFF signal.

2. The Automatic Control Unit (ACU). The ACU’s control algorithms calculate the
modulation indexes of each power converter in accordance with the reference values set
by the PCU.

3. The Power Control Unit (PCU) performs the instantaneous power balancing of the entire
hybrid power system. The PCU’s algorithm calculates the values of the parameters for
the regulation of the voltages and the currents in accordance with the power reference
values set by the MCU.

4. The Mode Control Unit (MCU) supervises the entire power system. The MCU sets the
operating mode and the power references by taking into account the grid requirements
from the network operator and the state of the power system. The state of the power
system may include: the renewable energy generation capacity that is a function of the
local climate, the SoC of the energy storage system and the grid operating condition at
the injection point (voltage and frequency measurements).

The extent of the functions to be performed by the control chain and the level of complexity
depend on the considered application and more specifically, on the typology of the storage
system. Including for example, an imperative supervision at the level of every element in
the case of Li-ion. In every case, this real time supervision of the storage unit is useful to the
diagnosis in case of default or for the anticipation of needs in maintenance.

8. Sizing the storage capacity for the management of wind power induced
congestion.

This sub-section discusses the sizing of transmission line capacity in the context of the
transport of wind-originated electricity. A regional network is sized according to the
maximal power that could transit through it. To prevent power congestion, it is
necessary either, to size the network infrastructures to match the maximal expected
power production or to limit the level of power that could transit through the
transmission lines.

This last strategy calls for judicious arbitration between the loss of income due to the power
limitation and the associated infrastructure cost reduction. A refine analysis of the
production on a given site allows the developer to size sensibly the power level limit above
which excess production will be rejected. To reduce energy waste, the excess of energy
could be stored and re-injected later, during periods of low production. The aim here is
mainly to avoid congestion while reducing the costs linked to infrastructures reinforcement
and maximizing the energy output of the installation.

As the load factor of wind energy is about 25 %, the ratio of the cost for network
strengthening over the aggregated energy produced for wind (or solar) energy is higher to
that of the other (non intermittent) sources of energy.
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In [17], the authors proposed an in-depth analysis of the wind speed variations and the
related electrical power variations, based on a probabilistic approach that gives, for a
specified wind speed range, the distribution of the expected wind farm power output. This
method is used here to evaluate with more precision, the load factor of wind energy, in
order to size the level of power curtailing and to estimate the required storage capacity to
avoid energy waste.

Concerning the wind speed to electrical power conversion, many studies have investigated
wind turbines response to wind variations. Figures 5 shows the plots of a two-months (61
days) sequence of wind speed and associated wind farm power output. Under the influence
of meteorological conditions wind speed fluctuates over time. These variations occur on
different time scales: from seconds to years. The response of a wind turbine, in term of
power output variations, depends on the wind turbine technology [18,19]. Some smoothing
effect can also be obtained due to the turbine inertia and size. For a group of turbines,
further smoothing can be expected due to the spatial distribution of the turbine within the
area. For large area, wind energy overall variability can be much lower than the variability
of a single wind turbine since the meteorological fluctuations do not affect each wind cluster
at the same time.
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Figure 5. A two-month sample of wind speed and wind power.
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To further investigate the wind speed — electrical power relationship, various tools from the
Fourier analysis can be used. The plots in Figure 6 are the power spectral density of a sample
of wind speed and electrical power produced by a cluster of wind turbines. The spectra are
plotted for the frequency range between 1.3x10+ Hz and 2x102 Hz using the periodogram
method. Within this frequency range, no frequency peak can be observed from the two
spectra. Moreover, we calculated the magnitude square coherence between the wind velocity
Vuwind and the power signal Peuster. The magnitude square coherence is defined by:
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Figure 7. Magnitude square coherence between wind speed and electrical power

It is equal to the cross spectrum of Vuwind and Peuster divided by the product of the power

spectra of Vwind and Peuster. This quotient is a real number between 0 and 1 that measures the

correlation between Vuwini and Paustr at the frequency f. The plot of Figure 7 shows the
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coherence Cvr dropping below 0.2 for frequency above (2.10° Hz). This indicates a weak
coherence between wind speed and power fluctuations for time scales lower than 8 minutes
(frequencies larger than 2.10-° Hz).

The plot of the gain of the wind speed- cluster’s electrical power output transfer function
completes the plot of the magnitude square coherence. The transfer function is the quotient
of the cross spectrum of Peustr and the power spectrum of Vuwina. The gain of this transfer
function, plotted in Figure 8, drops by more than 10 dB below its maximum value (obtained
for large time scales) for frequencies larger than 2.10% Hz. The phase of the transfer function,
plotted in Figure 9 remains close to zero for frequencies below 2.10® Hz. From both the
magnitude square coherence and the gain and phase of the transfer function, we deduce
that, on large time scales, power variations are well correlated with wind speed variations.
The large time scales wind variations affect the whole wind farm almost simultaneously. On
the other hand, the short time scales power variations are not correlated with the variations
of the wind speed.
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Figure 8. Gain of the wind speed - electrical power transfer function
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Figure 9. Phase of the wind speed - electrical power transfer function
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Another way to represent the wind to power mapping is to consider the conditional
probability that the observed mean electrical power Py grer takes on a value less than or
equal to a given threshold P, given a mean wind speed Vjy ;4. This conditional probability is
the conditional cumulative distribution function:

F(Pl_VWind) = prOb(TJCluster < PlT/Wind) ()

The value of the threshold P is expressed as a fraction of the transmission line capacity. Initially,
we choose to set the transmission line capacity to PMAX; monens = 6.3 MW, the maximum
observed wind farm power output over the two months test period. This value is also close to
the wind farm installed capacity. In figure 10, the iso-percentages of the function F(P| Viyina)
are plotted in the plane (Viying , %PLine capacity) for an averaging time equals to 5 minutes.

The conditional cumulative distribution function gives the probability that the power
produced by a wind farm, exceeds a given power threshold. It is now possible to precisely
set the level above which, the wind power will be stored or dumped rather than sent
through the transmission line.

In the example illustrated in Figure 10, the probability that the instantaneous power exceed
55% of the initial transmission line capacity is 10%. Thus, setting the level of the curtailment to
55% of PMAX ymontns, ensure that 90% of the production will not be rejected. The remaining
10% can be stored and re-injected whenever the transmission capacity is not fully used.

In the presented case, the excess electrical energy, produced when the wind farm power
exceeds 55% of the transmission line capacity amounts to Eexcess; montns = 26.8 MWh,
which represents 1.2% of the total produced energy ETOTALj 1onens = 2.26 GWh for the two
months period.
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Figure 10. Iso-percentages of the conditional cumulative distribution function of the wind farm output
power as a function of wind velocity. The power threshold levels are expressed as percentage of the
transmission line capacity which, here, equals PMAX; montns-
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The objective is to optimize the use of a transmission line by reducing its capacity while
avoiding line saturation. Therefore, we set the transmission line capacity to 55%
of PMAX; months- A generic energy storage system is used to store all or part of the excess
energy. We tested different level of storage capacity. For the tests, we set the storage system
efficiency to 75% and limit the depth of discharge (DoD) to 80%.

If, during the test, the state of charge (SoC) of the storage system reaches 100%, the
subsequent excess energy will be rejected as long as the SoC remains at 100%. To limit this
event, as long as the SoC remains above 20%, the stored energy will be discharged whenever
the instantaneous wind farm output power drops below 50% of PMAX; ponens- This
contributes to keep the storage SoC below 100% as often as possible, allowing more excess
energy to be stored and redirected through the grid.

Table 3 gives the percentage of energy effectively sent through the transmission line in
respect with ETOTAL; 1montns, @s a function of the storage system capacity. These elements
added with a cost analysis of power transmission lines, enable calculations to investigate the
profitability of such a power curtailment scheme.

The plots of Figure 11 show the evolution of the storage system SoC and its temporal
derivative (storage’s charge and discharge power) during a test conducted with a capacity of
storage equals 1.33 MWh, which represents 5% of Eexcess; monens- These results demonstrate
the benefit of this approach. With a relatively limited storage capacity, it is possible to
exploit 99.92% of the energy produced by the wind farm while limiting the transmission line
capacity at 55% of the maximum wind power observed during the two-months test period.

Storage system capacity Energy sent through the transmission line
(%Eexcess; months) MWh (%ETOTAL montns) GWh
0% (no storage) 0 98,81% 2,2353
1% 0,269 99,40% 2,2486
5% 1,34 99,92% 2,2603
10% 2,68 99,98% 2,2617

Table 3. Percentage of energy sent through the transmission line as a function of the storage system
capacity

The ideal storage system characteristics could be deduced from this analysis. For the
presented case, the adequate storage system should have a rated power of 2,5 MW, a rated
energy of 1,5 MWh and efficiency around 75%.

9. Dynamic energy storage management for wind electricity injection
into electrical grids
In the application presented above, the power variations induced by the wind’s fluctuations

are not anticipated for. We propose here to consider the potential benefit of wind energy
production forecast to improve the reliability of wind-originated electricity.



Dynamic Energy Storage Management for Dependable Renewable Electricity Generation 287

100
< 2
-~ =
e 80 s
S— S 1
0 o
o 60 2
w 2 0
g’ 40 o
()
o o 4
2 g
» 20 9
» -2
0 s L s L s .
0 20 40 60 0 20 40 60
Time (Days) Time (Days)
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Figure 12. Iso-percentages of the conditional cumulative distribution function of the wind farm output
power as a function of wind velocity. The power threshold levels are expressed as percentage of the
curtailed transmission line capacity which, here, equals 55% PMAX; ymonths-

Efficient forecasting scheme that includes some information on the likelihood of the forecast
and based on a better knowledge of the wind variations characteristics along with their
influence on power output variation is of key importance for the optimal integration of wind
energy in power system. In [20], the author has developed a short-term wind energy
prediction scheme that uses artificial neural networks and adaptive learning procedures
based on Bayesian approach and Gaussian approximation. We propose to illustrate how such
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a prediction tool combined with an energy storage facility could help to smooth the wind
power variation and improve the consistency of wind electricity injected into utility network.

Energy storage technologies could be valuable to the development of wind and PV
electricity generation. The main objectives of an energy storage management scheme for the
sake of wind or photovoltaic electricity productions are:

e To guarantee energy on-demand application for stand-alone renewable generation

¢ Toinform, in advance, about the dispersion of the incoming production.

e To guarantee the power level of the injected electricity by limiting the variability of the
production with the help of energy storage systems.

e To guarantee optimized and safe exploitation of the energy storage system.

We seek, in this section, to illustrate the advantage of using energy or power prediction to
develop an energy storage management scheme aimed at reducing the uncertainty on the
incoming wind power that will be injected into the grid while maintaining a reasonable
storage capacity.

10. The energy prediction scheme

The proposed method is based on the very short-term prediction scheme of the wind energy
outlined in Figure 13. At any given time t, a neural network (referred hereafter as the
predictor) gives an estimation of future wind energy values Ey,4(t + 7), with 7 the horizon
of prediction. The energy function Ey;,4(t) gives the energy produced by a group of wind
turbine during the 30 minutes period preceding time ¢.

The input of the predictor is made of n;,, recent samples of wind power values, [Pwmd (t —
Tshort_mem),w,Pwmd (t)]. These n;,, components of the input are chosen from the values
measured during the time interval preceding t; [t = Tshort_mem» t].

In order to adjust the predictor's parameters continuously, the optimization of the
parameters is performed every time a prediction is needed, during an adaptive training
session. Throughout this training session, the predictor learns to emulate the desired input-
output relationship using a collection of recorded inputs-outputs called the training set.
Extensive description of neural network’s training algorithm can be found in [21].

The predictor’s training set is made of inputs [PWind(ti - Tshort_mem),~~~,PWind(tl-)] along
with their associated prediction targets Ey;,q(t; +7), with t; € [t = Tiong_mem — T t]. Once
the neural network’s optimization is judged successful, the trained predictor is used to
calculate the prediction Eyy;,,4(t + T) using the most recent input vector available at time t.

The Figure 14 illustrates prediction scheme’s performance. Three values of the horizon of
prediction were tested; v = 15 minutes, T = 30 minutes and 7 = 45 minutes. The overall
performance is good when compared with the benchmark persistent based prediction
model. However, the level of improvement with regards to the persistent prediction model
tends to evolve unfavorably with the horizon of prediction. An evaluation of this adaptive
prediction scheme is reported in [22].
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11. The dynamic power-scheduling algorithm

Once the predictor anticipated the energy production of the wind farms ahead in time. A
scheduling algorithm is able to calculate Pg.peq. In this chapter, we report the result of tests
were Psp0q estimates the power level at which electrical energy will be delivered to the grid,
throughout the future time interval [t + 15minutes,t + 45 minutes]. Therefore, the grid
operator will have, 15 minutes ahead in time, valuable information about the availability of
wind energy. The Figure 15 gives a sketch of the power-scheduling plan.

To comply with the power assignment P4, the electrical energy will come from the wind
farm, supported if needed, by an energy storage system. The value of the scheduled
power Pgpeq is calculated under the following constraints:

1. Energy must be delivered to the grid at power levels that remain within the +/- 5%

interval around Pgpeq-

2. If the actual instantaneous wind power is above the top of this interval, the energy
excess is sent to the energy storage. The algorithm takes into account the charging
efficiency of the storage system. We set the charging efficiency to 85%.

3. If the actual instantaneous wind power falls below the bottom of this interval, energy
discharged from the energy storage compensates the energy shortage, as long as the
energy in the storage system is larger than a pre-set level to account for the lower DoD
limit. The algorithm also takes into account the storage system’s discharging efficiency.
We set the discharging efficiency to 85%.

Dynamic Scheduling Algorithm

N

> /A

N =

electrical
Storage network

A=

R

Figure 15. Dynamic power-scheduling

At any given time t, the scheduling algorithm evaluates Pgcpoq from the predicted energy,
the current storage reserve level and the previously observed deviation between the actual
and predicted energy.

For the calculation of Pgcpeq, the algorithm takes into account the stored energy only at the
level of 50 % in case the previously observed deviation between the actual and predicted
energy is positive and 0 % if the deviation is negative. The objective is to ensure there is
some energy left in the storage system to compensate the power shortage and possible
prediction errors at a later time.
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The Figures 16 and 17 below, show the injected and scheduled power plots superimposed to
the actual wind power plot. This nine-hours demonstration started with zero energy in the
energy storage system. The dynamic scheduling algorithm manages to maintain the injected
power within the +/- 5% of Ps.peqinterval while maintaining the energy reserve strictly
above zero as shown by the plot of Figure 17. Notice that the required energy capacity
remains relatively low, around 3% (less than 500 kWh) of the total energy supplied by the
wind farms during the whole duration of the demonstration (about 15 MWh supplied in
9 h). The required charge or discharge power of the storage system is estimated at 500 KWW
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Figure 16. Scheduled and injected electrical power superimposed to the actual wind power
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Figure 17. Evolution of the energy reserve of the storage system
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The interest of the proposed method is that he permits to guarantee the power at which
energy will be sent to the grid by automatically dispatching the power flows between the
wind plants and the energy storage facility.

12. Conclusion

Energy storage technologies are identified as key elements for the development of electricity
generation exploiting renewable energy sources. In this chapter, we have illustrated,
through two simulations cases, how they could contribute to remove the technical
constraints that limit the contribution of renewables energy sources into electrical networks.

The sector of energy storage technologies sees new solutions to emerge every day. The
arrival on the market of electric vehicles contributes largely to this profusion of innovation.
Our objective was to show that a dynamic approach of the management of the charge and
the discharge at the level of the energy storage system insures a good quality of service
(energy efficient power curtailment, power smoothing and uncertainty reduction) with a
reduced storage capacity.

We illustrated our proposed approaches by dealing with the case of wind energy. However,
the proposed methods are immediately transposable to the case of the photovoltaic
electricity production given preliminary preprocessing of the solar insolation and
photovoltaic-production data.
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1. Introduction

In the last decade, power generation technology innovations and a changing economic,
financial, and regulatory environment of the power markets have resulted in a renewed
interest in on-site small-scale electricity generation, also called distributed, dispersed or
decentralized generation (DG) (Abdollahi Sofla & Gharehpetian, 2011). Other major factors
that have contributed to this evolution are the constraints on the construction of new
transmission lines, the increased customer demand for highly reliable electricity and
concerns about climate change (Guerrero et al, 2010). Along with DG, local storage directly
coupled to the grid (aka distributed energy storage or DES) is also assuming a major role for
balancing supply and demand, as was done in the early days of the power industry. All
these distributed energy resources (DERs), i.e. DG and DES, are presently increasing their
penetration in developed countries as a means to produce in-situ highly reliable and good
quality electrical power (Kroposki et al, 2008).

Incorporating advanced technologies, sophisticated control strategies and integrated digital
communications into the existing electricity grid results in Smart Grids (SGs), which are
presently seen as the energy infrastructure of the future intelligent cities (Wissner, 2011).
Smart grids allow delivering electricity to consumers using two-way (full-duplex) digital
technology that enable the efficient management of consumers and the efficient use of the
grid to identify and correct supply-demand imbalances. Smartness in integrated energy
systems (IESs) which are called microgrids (MG) refers to the ability to control and manage
energy consumption and production in the distribution level. In such IES systems, the grid-
interactive AC microgrid is a novel network structure that allows obtaining the better use of
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DERs by operating a cluster of loads, DG and DES as a single controllable system with
predictable generation and demand that provides both power and heat to its local area by
using advanced equipments and control methods (Hatziargyriou et al, 2007). This grid,
which usually operates connected to the main power network but can be autonomously
isolated (island operation) during an unacceptable power quality condition, is a new
concept developed to cope with the integration of renewable energy sources (RESs) (Katiraei
et al, 2008).

Grid connection of RESs, such as wind and solar (photovoltaic and thermal), is becoming
today an important form of DG (Mathiesen et al, 2011). The penetration of these DG units
into microgrids is growing rapidly, enabling reaching high percentage of the installed
generating capacity. However, the fluctuating and intermittent nature of this renewable
generation causes variations of power flow that can significantly affect the operation of the
electrical grid (Tiwaria et al, 2011; Kanekoa, 2011). This situation can lead to severe problems
that dramatically jeopardize the microgrid security, such as system frequency oscillations,
and/or violations of power lines capability margin, among others (Serban & Marinescu
2008). This condition is worsened by the low inertia present in the microgrid; thus requiring
having available sufficient fast-acting spinning reserve, which is activated through the MG
primary frequency control (Vachirasricirikul & Ngamroo, 2011).

To overcome these problems, DES systems based on emerging technologies, such as
advanced battery energy storage systems (ABESSs), arise as a potential alternative in order
to balance any instantaneous mismatch between generation and load in the microgrid
(Molina, 2011). With proper controllers, these advanced DESs are capable of supplying the
microgrid with both active and reactive power simultaneously and very fast, and thus are
able to provide the required security level. The most important advantages of these
advanced DESs devices include: high power and energy density with outstanding
conversion efficiency, and fast and independent power response in four quadrants (Molina
& Zobaa, 2011).

Much work has been done, especially over the last decades, to assess the overall benefits of
incorporating energy storage systems into power systems (Hewitt, 2012; Schroeder, 2011;
Mabharjan et al, 2011; Qian, 2011). However, much less has been done particularly on
advanced distributed energy storage and its utilization in emerging electrical microgrid,
although major benefits apply (Molina, 2011; Vazquez et al, 2010). Moreover, no studies
have been conducted regarding a comparative analysis of the modeling and controlling of
these modern DES technologies and its dynamic response in promising grid-interactive AC
microgrids applications.

In this chapter, a unique assessment of the dynamic performance of novel BESS technologies
for the stabilization of the power flow of emerging grid-interactive AC microgrids with
RESs is presented. Generally, electrochemical batteries include the classic and well-known
lead-acid type as well as the modern advanced battery energy storage systems. ABESSs
comprise new alkaline batteries, nickel chemistry (nickel-metal hydride-NiMH, and nickel-
cadmium-NiCd), lithium chemistry (lithium-ion-Li-Ion, and lithium—polymer-Li-po), and
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sodium chemistry (sodium-sulfur-Na$S, and sodium-salt-NaNiCl) (Molina & Zobaa, 2011;
Molina & Mercado, 2006; Iba et al. 2008). In this work, of the various advanced BESSs
nowadays existing, the foremost ones are evaluated. In this sense, the design and
implementation of the proposed ABESSs systems are described, including the power
conditioning system (PCS) used as interface with the grid. Moreover, the document
provides a comprehensive analysis of both the dynamic modeling and the control design of
the leading ABESSs aiming at enhancing the operation security of the AC microgrid in both
grid-independent (autonomous island) and grid-interactive (connected) modes.

Section 2 details the general considerations for selecting batteries. Section 3 summarizes the
key features of selected batteries. Section 4 defines the parameters to be considered in each
type of battery and reviews some of the existing models for batteries. Finally, section 5
proposes a general model of batteries developed in MATLAB/Simulink and implemented in
a test power system.

2. Selection criteria of BESS technologies

Unlike other commodities, there are not significant stocks or inventories of electricity to
mitigate differences in supply and demand. Electricity must be produced at the level of
demand at any given moment, and demand changes continually. Without stored electricity to
call on, electric power system operators must increase or decrease generation to meet the
changing demand in order to maintain acceptable levels of power quality (PQ) and reliability.

Electricity markets are structured around this reality. Presently, generating capacity is set aside
as reserve capacity every hour of every day to provide a buffer against fluctuations in demand.
In this way, if the reserve capacity is needed, it can be dispatched or sent to the grid without
delay. There are costs, at times considerable, for requiring the availability of generating
capacity to provide reserves and regulation of power quality. However, economic storage of
electricity could decrease or even eliminate the need for generating capacity to fill that role.

For the selection of a specific energy storage technology in order to participate in the power
reserve of a grid-tied AC microgrid, storage capacity must be defined in terms of the time
that the nominal energy capacity is intended to cover the load at rated power. All storage
technologies are designed to respond to changes in the demand for electricity, but on
varying timescales. Thus, various types of existing storage technologies are adapted for
different uses. Then, the power reserve range can be divided into two kinds:

e Power quality management (shorter timescales): Demand fluctuations on shorter
timescales—sub-hourly, from a few minutes down to fractions of a second —require
rapidly-responding technologies which are often of smaller capacity. Responding to
these short-timescale fluctuations keeps the voltage and frequency characteristics of the
grid electricity consistent within narrow bounds, providing an expected level of power
quality. PQ is an important attribute of microgrid electricity, as poor quality
electricity —momentary spikes, surges, sags (dips), or severe contingencies like
outages—can harm electronic devices.

297
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Energy management (long timescales). Daily, weekly, and seasonal variations in
electricity demand are fairly predictable. Higher-capacity technologies capable of
outputting electricity for extended periods of time (up to some hours) moderate the
extremes of demand over these longer timescales. These technologies aid in energy
management, reducing the need for generating capacity as well as the ongoing
expenses of operating that capacity. This is the case of serious failures of generation or
disconnection of the MG from bulk power system. Variations in demand are
accompanied by price changes, which lead to arbitrage opportunities, where storage
operators can buy power when prices are low (hours of low consumption) and sell
when prices are high (peak hours).

As a result, the permanent participation of the storage system in the AC microgrid is

required for both situations: to control severe contingencies and to balance the demand and

continuous changes of minor contingencies. In the first case the level of storage system

performance is lower than in the second, but the power requirements and dynamic response

are significantly higher. Conversely, in the case of energy management events it requires

more energy, but less rapidly.

Based on the previous considerations and taking into account the considered grid-tied AC

microgrid applications the following criteria for selection of battery energy storage systems

are proposed:

The possibility of build medium-scale units (MW), according to the size of the MG.
Commercially available technology with applications in electric power systems. It is
required that the technology has been proven by industry to ensure a real solution.
High reliability. It is necessary that the equipment incorporated into the MG ensures
high availability when required.

Minimum requirements to allow the location of the storage systems next to the loads as
a distributed energy storage device.

Competitive costs (Installation and Operation-Maintenance). Storage devices should
hold costs competitive with the benefit incorporated into the operation of the MGs.
Long lifetime, exceeding 2000 cycles. Studies on the efficient use of new storage devices
show that it takes more than 2000 cycles of charge/discharge to consider possible
implementation in MGs.

High electrical efficiency, defined as the ratio of the energy used to fully charge the
storage device and the maximum extractable energy from it. This requirement
requires maximum use of the device electrical storage, which will improve operating
costs.

Minimal environmental impact.

Discharge time (bridging time) greater than a minute. According to the size and
operation of the microgrid can be extended to several minutes or hours.

Very short time response (less than a second), to improve the response of other
alternatives.
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e High discharge rate, which allows quickly cover large imbalances of power. This action
will significantly improve regulation and reduce the impact of any disturbances in the
main power system.

e  High re-charge rate, to quickly restore the lost reserve from the BESS units and to allow
quickly absorb large excesses of energy. For this particular case, it must maintain a state
of optimal storage load to ensure a minimum level of storage when required by the
control system.

These general guidelines serve as a basis for the selection of the storage device, but it should
be taken into consideration that the final evaluation of the BESS device should be carried out
conjointly with the power system with it is to interact and taking into account the policies of
control-economy established.

3. Overview of BESS technologies

The term Battery contains the classic and well-known lead-acid (Pb-acid) type as well as the
redox flow types batteries, and also include the so called advanced battery energy storage
systems (ABESSs). ABESSs comprise new alkaline batteries, nickel chemistry (nickel metal
hydride-NiMH, and nickel cadmium-NiCd), lithium chemistry (lithium polymer-Li-po, and
lithium-ion-Li-Ion), and sodium chemistry (sodium sulfur-NaS, and sodium salt-NaNiCl).
Based on the selection criteria previously described, the following batteries are studied:

e Lead-acid batteries

e  Nickel cadmium and nickel metal hydride batteries
¢ Lithium ion and lithium polymer batteries

e  Sodium sulfur batteries

3.1. Lead acid batteries

Each cell of a lead-acid battery comprises a positive electrode of lead dioxide and a negative
electrode of sponge lead, separated by a micro-porous material and immersed in an aqueous
sulphuric acid electrolyte. In flooded type batteries (with an aqueous sulphuric acid
solution) during discharge, the lead dioxide on the positive electrode is reduced to lead
oxide, which reacts with sulphuric acid to form lead sulphate; and the sponge lead on the
negative electrode is oxidized to lead ions, that reacts with sulphuric acid to form lead
sulphate. In this manner, electricity is generated and during charging this reaction is
reversed. Valve regulated (VRLA) type uses the same basic electrochemical technology as
flooded lead-acid batteries, except that these batteries are closed with a pressure regulating
valve, so that they are sealed. In addition, the acid electrolyte is immobilized (Divya &
Ostergaard 2009).

Pb-acid batteries are the most commonly used batteries in various applications worldwide.
They are within the category of less physical efficiency battery. They have also the lower
energy densities and power per weight and volume (20 to 40 kWh/ton and 40 to 100
kWh/m?3) (Nourai 2002). For this reason, Pb-acid batteries require more space and have
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greater weight than any other type of batteries. However, they have significant advantages
that positions best suited for applications requiring high power and speed. The units are
robust and secure, and allow extremely fast downloads, in periods of about 5 ms. The most
important features are its low cost and high electrical efficiency. The cost of these batteries is
in the order of $ 300 to $ 600 per kWh and performance can reach 90% (Chen 2009).

Another problem with these batteries is their relatively short lifetime measured in charge-
discharge cycles, which reaches 500 cycles for the batteries most basic to 1000 cycles for the
latest models (Chen 2009). The low amount of charge-discharge cycles is due to the high
volumetric density of lead. Another major problem they have is the charging time of around
three hours to the total load of batteries.

Despite these disadvantages, Pb-acid batteries have been used in many storage systems.
Among them are the system built at the plant of 8. 5 MWh/1h BEWAG in Berlin, Germany,
the system of 14 MWh/1.5h at the plant PREPA (Puerto Rico) and the greatest of all in
Chinese (California, U.S.) of 10MWh/4h (Chen 2009). The earliest transportable battery
system of lead-acid is located at the Phoenix distribution system is a multi-mode battery.
The battery switches between power quality (2MW up to 15 s) and energy management (200
kW for 45min) mode (Divya & Ostergaard 2009).

3.2. Nickel cadmium and nickel metal hydride batteries

Batteries of Ni-Cd type have a cadmium electrode (positive) and a nickel hydroxide
(negative). The two electrodes are separated by nylon and potassium hydroxide. With
sealed cells and half the weight of conventional lead acid batteries, these batteries have been
used in a wide range of portable devices. Today, due to environmental problems and
memory effect, Ni-Cd batteries are being replaced by Ni-MH or Li-Ion. Ni-Cd battery types
are affected by the so-called memory effect. Memory effect, also known as battery effect or
battery memory, is an effect that describes a specific situation in which Ni-Cd batteries
gradually lose their maximum energy capacity if they are repeatedly recharged after being
only partially discharged. The battery appears to remember the smaller capacity. The source
of the effect is changes in the characteristics of the underused active materials of the cell.

Ni-Cd batteries have the advantage of a long life (up to 2000 charge-discharge cycles) and if
they are charged and discharged properly maintain their properties to the end of its life.
Each Ni-Cd cell can provide a voltage of 1.2 V and have a capacity between 0.5 and 2.3 Ah.

ABB and SAFT companies have developed a system based on Ni-Cd batteries for
supporting the interconnected system of Alaska. The system is capable of delivering up to
40 MW during 15 minutes and is designed to act as a dumping reserve before activation of
turbo-gas plants. So far, this battery system is the largest in the world.

Ni-HM batteries share several characteristics with Ni-Cd batteries. Each Ni-MH cell can also
provide a voltage of 1.2 V and have a capacity between 0.8 and 2.7 Ah. Its energy density
reaches 80 Wh/kg. They improve Ni-Cd batteries by changing the nickel hydroxide
electrode and the other by a metal hydride alloy. Another advantage is that they have no
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memory effect. Their disadvantages are that they have less ability to release high peak
power. They have also high self-discharge rate and are more susceptible to damage from
overcharging.

3.3. Lithium ion, lithium polymer and lithium sulphur batteries

These batteries are built with alternating layers of electrodes, among which cyclically
circulate lithium ions. The Li-Ion batteries have no memory effect and support recharge
before being fully discharged. This is called the topping charge capacity. They have high
energy density of the order of 115 Wh/kg.

The first lithium batteries were developed in 1979 and had a great attraction due to its high
energy density, but low commercial development because of the risks of explosion.
Subsequently, thanks to improvements developed by Sony with the Li-Ion batteries in 1990
were popularized in electronic equipment such as laptops or mobile phones. In addition, the
flat design of the containers, the high energy density and the topping charge characteristic
make them ideal for automotive applications.

This type of battery has a ratio of energy density three times greater than Pb-acid batteries.
This difference is due to the characteristics of low atomic weight of lithium, about 30 times
lighter than lead. In addition to having a higher voltage than lead-acid cells, this means
fewer cells in series to achieve the desired voltage and lower manufacturing costs.

In addition to the strict selection of batteries with same voltage and internal resistance for
connection in parallel or in series, it is also necessary that each battery cell should be
charged to the same value as the other cells permanently. The voltage in the cell during
discharge should not be less than 2.6V. The self-discharge of the lithium battery is
approximately 5% per month. After a year unused, the capacity can be significantly reduced
as well as the voltage level.

The big drawback with Lithium-ion type batteries is that they are not adaptable to
permanent deep discharge duty cycles even in cases in which its nominal capacity is
respected. Even more, this type of battery does not accept overloads.

The lithium polymer batteries are a variation of the Li-Ion. Their characteristics are very
similar, but allow a higher energy density and a significantly higher discharge rate. The high
initial costs are the main drawbacks. It is expected that once the mass production of Li-po is
reached it will be priced lower than those of Li-Ion due to its simpler manufacturing.

Lithium sulphur batteries operate quite differently from Li-Ion batteries. The overall
reaction between lithium and sulphur can be expressed as:

16Li+ + S8 <> 8Li2S 1)

Based on the above complete reaction, sulphur cathode can offer a theoretical specific
capacity of 1675 mAh/g and a theoretical energy density of 2600 Wh/Kg (Li et al 2010).
Although investigated by many workers for several decades the practical development of
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the lithium/sulphur battery has been so far hindered by a series of shortcomings. A major
issue is the high solubility in the liquid organic electrolyte of the polysulfides that forms as
intermediates during both charge and discharge processes (Scrosati & Garche 2010)

The US the Department of Energy has sponsored a project by SAFT and SatCon Power
Systems to design and construct two 100 kW/1 min Li-ion battery energy storage systems for
use in providing power quality for grid connected micro-turbines (Naish 2008). Sanyo has
developed a lithium-ion mega battery system with one of the world’s largest capacities by
installing approximately 1000 units of 1.6 kWh standard battery systems (a total of
1.5 MWh). This installation in the Kasai Green Energy Park, a massive testing site for large-
scale, renewable power storage systems is located near Osaka (Japan). In the power storage
building, economical late-night power is mainly used to charge batteries, which is then
consumed during the day, while in the administration building, unconverted DC electricity
from photovoltaic modules is the main source of power for charging batteries and direct
consumption. The Standard Battery System for power storage is a storage battery unit with
a capacity of approximately 1.6 kWh; containing 312 cylindrical lithium-ion battery cells
often used in laptop PCs. Multiple systems can be connected to provide larger capacity.
Batteries have a charge/discharge efficiency of 98% and are designed to last at least 10 years
using the same rechargeable batteries (Panasonic).

3.4. Sodium sulphur batteries

Sodium sulphur batteries are one of the most favourable energy storage candidates for
applications in electric power systems. They consist of an anode and a cathode of sodium
and sulphur, respectively and a beta alumina ceramic material (beta-Al203) that is used as
electrolyte and separator simultaneously. The tubular configuration of these batteries allows
the change of state of the electrodes during charge and discharge cycles and minimizes the
sealing area favouring the overall design of the cell (Wen 2008). Figure 1 shows the tubular
design of each cell of sodium sulphur batteries.

The greatest advance in this type of battery has achieved very rapidly during the past two
decades as a result of the collaboration between the Tokyo Power Company (TEPCO) and
the NGK Insulators Company. TEPCO and NGK developed these batteries aiming at
displacing the use of pumping stations.

Sodium sulphur batteries, usually work at temperatures between 300 and 350°C. At these
temperatures, both sodium and sulphur and the reaction products are in liquid form, which
facilitates the high reactivity of the electrodes. In this characteristic lies the high power
density and energy of these batteries, nearly three times the density of lead acid batteries.
They are environmentally safe because of the seal system with which they are constructed,
thus not allowing any emissions during operation. Additionally over 99% of the battery
materials can be recycled. They have a high efficiency in charge and discharge and a lifespan
of approximately 15 years. The cells also have high efficiency (around 89%) and minimal
degradation, which contributes to the life cycle, much larger than other cells (Baxter 2005).
This type of battery has no self-discharge problems if they are kept at nominal operating
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temperature, which leads to having a high efficiency. For this purpose, the built containers
have embedded heaters capable of maintaining the temperature with low energy
consumption.

One of the most important characteristics of the sodium batteries is their ability to deliver
power pulses of up to five times of its rated capacity over a period of time up to 30 seconds
continuously. This is the fundamental reason because these batteries are considered
economically viable for both power quality and energy managements applications. The
pulse power capability is also available even if the unit is currently in the middle of a
discharge process (Nourai 2002).The module of sodium batteries offered by TEPCO/NGK
for power quality events have a nominal capacity of 50 kW, but the module can discharge
up to 250 kW for 30 seconds or more, and comply with lower power levels for longer
periods of time. Figure 2 shows the power vs. pulse duration of the discharge of a standard
module with a capacity of 50 kW nominal power (Bito 2005).

Beta Molten Na
Alumina
Tube

Figure 1. Schematic representation of a sodium-sulphur cell



304 Energy Storage — Technologies and Applications

600

400

300

200

Pulse Factor [% rated PS Power]

Time[hr]

Figure 2. Pulsed power vs. discharge time of a NaS battery module

At 100% depth of discharge, sodium batteries last approximately 2500 cycles. Like other
electrochemical batteries lower discharges extend its duration. At 90% depth of discharge,
the cell has a lifespan of 4500 cycles, while 65% have a life of 6500 cycles and 20% a lifespan
of 40 000 cycles. In practice, sodium battery discharge is limited to less than 100% of its
theoretical capacity due to the corrosive properties of sodium polysulfide (Na2S3). This is
the reason why the cells typically deliver 85-90% of its theoretical capacity. At 90% capacity
of sodium polysulfide composition corresponds approximately to 1.82 V per cell. At this
point, the main obstacles to large-scale applications of the sodium battery are its high cost of
production which depends largely on the quantity of batteries produced. The approximate
cost of these batteries, including the power electronic converters is $ 2500 to 3000 per kW
(Iba at al 2006). According to (Gyuk 2003), the total system cost for a typical multifunctional
NaS battery is $ 810 per kW, with 60% of this value attributable to the battery module.

Another obstacle in NaS batteries is given by the fact that the ceramic electrolyte is presently
only commercially manufactured by one company, i.e. NGK. Moreover, the protection of
intellectual property the company holds over the electrolyte difficult to study and
implement appropriate models to simulate their dynamic behaviour (Hussien 2007).

The greatest sodium BESS installed is about 34 MW in Aomori, Japan, forming a hybrid
system with a 51 MW wind farm. TEPCO/NGK commercializes sodium batteries under the
trademark NaS in Japan and USA. So far the batteries TEPCO/NGK were the only ones
available in the market for BESS, but POSCO, General Electric and Fiamm Sonick also



Dynamic Modelling of Advanced Battery Energy Storage System for Grid-Tied AC Microgrid Applications 305

develop sodium batteries. POSCO succeeded in developing a sodium sulfur battery for the
first time in Korea, with the goal of commercializing by 2015 with RIST (a research institute
wholly owned by POSCO). General Electric commercializes its Durathon battery which uses
sodium metal halide chemistry and Fiamm Sonick battery is made up of salt (NaCl) and
nickel (Ni). In China, research works began in the 70's and since 1980 the Chinese Institute
SICCA has become the only institution outside of Japan with research in the area of sodium
sulphur batteries.

4. Dynamic model of advanced BESS

The most important characteristics of a battery are determined by the voltage of their cells, the
current capable of supplying over a given time (measured in Ah), the time constants and its
internal resistance (Sorensen 2003). The two electrodes that supply or receive power are called
positive electrodes (ey) and negative (en), respectively. Inside the battery, the ions are
transported between the negative and positive electrodes through an electrolyte. The
electrolyte can be liquid, solid or gaseous. The electromotive force Eo is the voltage difference
between the electrode potentials for an open external circuit or at no load, defined as:

E,=Ee, ~Ee, @)

The above description of the behaviour of the battery is in open circuit and the value of Eo
depends on the reduction potential of redox couple used (see Appendix for more details).
During the initial discharge of the battery the battery voltage can be parameterized as:

V,=E,-7IR,, (3)

where [ is the current consumption of the connected load, Ro is the internal resistance of the
cell and n the polarization factor. The polarization factor synthesizes or summarizes the
contribution of complex chemical processes that can take part inside the cell between the
electrodes through the electrolyte and are dependent of the battery type. Figure 3 shows an
schematic with the potential difference across the cell with and without load.

Both the voltage Vo and the resistance Ro generally have a variable behaviour depending on
the state of charge, the depth of discharge and also according to whether is charging or
discharging the battery. That is why a more general and complete expression of equation (3)
is the equation proposed in equation (4).

Vi=E,-nIR;, (4)

being V.=V, -K Q, and R, =R, +K;Q,. The voltage Vi in open circuit decreases linearly
with the discharge Quin Ah, and the internal resistance R: increases linearly with Qu. That is,
the open circuit voltage is lower and the internal resistance is higher in a state of partial
discharge compared to the initial values Vo and Ro for fully charged battery. The constants Ko
and Kr are constants that can be determined by battery testing and reflect the characteristics
of the analyzed battery (Mukund 1999).
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Figure 3. Potential distribution in an electrochemical cell. Solid line: unloaded cell, dashed line: loaded
cell

The battery model taking into account equation (4) is very useful for steady-state studies,
where the parameters Ko and Kr are constant. Figure 4 shows this battery model in
schematic form.

In studies where it is necessary to study the dynamic behaviour of the battery system,
possible variations of values of Ko and Kz should be taken into account. In these cases, the
voltage and internal resistance of the battery does not have a linear behaviour as the one
proposed in equation (4). The following sub-section briefly describes some characteristics of
different types of batteries required for proposing a general model of the advanced BESSs.

& N Load

Figure 4. Equivalent electrical circuit of a steady-state battery
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4.1. Analysis of performance characteristics

This sub-section discusses major performance characteristics curves of advanced BESS
devices, obtained from the literature and by own experimental set-ups. These curves show
indistinct of variations in voltage and/or internal resistance depending on the state of charge
(5OC). In some of these curves instead of SOC they indicate the state of discharge (SOD).
The relationship between these two states is given by equation (5).

SOC =1-SOD )

Batteries of Pb-acid type are characterized by an internal resistance which varies depending
on the state of discharge. Figure 5 shows the variation of the internal resistance per cell vs.
depth of discharge (CIEMAT 1992). This figure shows not only a nonlinear variation but
also a hysteresis loop that clearly differentiates the broad difference that has the internal
resistance in charging or discharging state.

In the case of Ni-MH batteries, Figure 6 shows the variation of open circuit voltage (Voc)
and the internal resistance (Rseries) for different states of charge. This figure was
constructed from testing a 750 mAh Ni-MH cell with discharge pulsed current from 75 mAh
up to 750 mAh (Chen & Rincon-Mora 2006). As shown, the open circuit voltage varies with
the SOC, but is almost independent of the depth of discharge. The internal resistance
however, depends largely on the current drawn from the battery.
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Figure 5. Internal resistance in charging or discharging state as a function of SOD for a Pb-acid battery
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Figure 6. Variation of internal resistance (a) and voltage (b) depending on the state of charge for Ni-MH
battery at room temperature.

Figure 7 was built from a test of a 850 mAh Li-Ion Polymer battery with discharge pulses
from 80 mAh to 640 mAh (Chen & Rincon-Mora 2006). This figure shows the variation of
open circuit voltage (Voc) and the internal resistance (Rseries) for different charge states. As
shown, the open circuit voltage varies with SOC but is almost independent of the depth of
discharge. On the other hand, in such batteries it can be seen that the internal resistance is
not only independent of the state of charge, but also of the depth of discharge. The internal
resistance remains almost constant from 20% SOC.
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Figure 7. Variation of internal resistance (a) and voltage (b) depending on the state of charge for Li-ion
polymer at room temperature

Figure 8 shows that for the case of NaS battery type, voltage changes with the depth of
discharge of the battery (Hussien 2007). Due to their internal reactions, the electromotive
force of the sodium battery is relatively constant, but decreases linearly after 60 to 75%
depth of discharge (Van der Bosche 2006). Figure 9 also shows that depending on the state
of charge, charge direction and the temperature at which the battery is operated, the
internal resistance can vary up to four times its base value (Hussien 2007). It also clearly
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shows a hysteresis loop similar to that observed for lead acid batteries (Figure 5), in which
the internal resistance value varies not only with temperature and SOD, but also whit the
direction of current flow.
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Figure 8. Voltage variation as a function of SOD for NAS-type battery cell
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Figure 9. Internal resistance variation depending on the state of charge/discharge for various
temperatures in a NAS-type battery cell



Dynamic Modelling of Advanced Battery Energy Storage System for Grid-Tied AC Microgrid Applications 311

4.2. Proposed general model of BESS

Figures 5 through 9 shows a large nonlinearity in the behaviour of the most important
batteries parameters. These features should be included in a model that wants to
accurately represent the behaviour of batteries in power quality or energy management
events.

Based on the analysis in the previous section, it can be seen that both, the battery voltage
and the current capable of being delivered at any given time, generally depends on several
factors. Among the most important ones are the following:

e  The room temperature

e  The amount of charge/discharge cycles the battery has been subjected to (cycles)
e  The depth of charge/discharge

o  The state of charge/discharge

If the aim of the battery model, for a given operating state, is to observe its behaviour in
power quality or energy management events, this action sets a time within which the
temperature can be considered constant for power quality-like events. While for energy
management events lasting over an hour it should be considered a change of temperature; it
may nevertheless be considered constant or studied to typical and/or extreme temperatures
which would be the battery subjected to. In this way, for both cases (power quality or
energy management events) the value of the parameters depends on the operating
temperature of the battery.

It has been considered for the realization of the model that the battery is in a state of charge
such that the characteristics curves are for the unit fully charged or discharged. This also
sets the initial conditions of the model regarding the influence of the numbers of
charge/discharge cycles that is capable of delivering the battery.

The depth of charge/discharge cycles influences not only the ability to the power or energy
that the battery can deliver, but also its lifespan. In this sense, the depth of discharge must
be taken into account in the maximum simulation time and the limitations recommended by
the manufacturer.

The state of charge of the battery is the most important factor of all the above and should be
taken into account directly in the model. This factor directly influences the value of
power/energy that the battery can deliver in time of occurrence of events.

From the graphs shown above (Figures 5 through 9) it can be inferred a general model to
simulate the battery considered. A model that includes all the batteries tested should
consider that the open circuit voltage and internal resistance varies with the state and
direction of the charge. The values of Kv and Kr can not be considered constant. The most
convenient solution is to use directly the curves described in Figures 5 through 9 with the
value of SOC.
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Given the battery type, operating temperature and the depth of discharge, a model that
takes into account these factors is show in Figure 10. This figure shows the outline of a
general battery model, depicted as an example for a NaS-type battery.
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Figure 10. Proposed general model of the BESS

4.3. Test of proposed BESS model

The developed model of the BESS was tested using a single cell in order to validate the
model. Figures 11 and 12 show the variation of internal resistance to changes of SOD for
discharging and charging, respectively, in a NaS T5 type cell at 320°C. Figure 13 shows the
electromotive force variation vs. SOD. Finally, Figure 14 shows a test system where a NaS
PQ-G50 module (Hussien 2007) is connected through an IGBT DC/AC Inverter to an infinite
bus. This module is a 50 kW pack consisting of 320 cells connected in series for obtaining a
higher capacity storage device with higher voltage.
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The module is simulated to perform a power quality event. From the simulation carried out
up to 10s, the NAS battery delivers 50 kW. At 10s (around 10% SOD), the battery is
commanded to deliver its maximum capacity (1 p.u. of 250 kW). Figure 15 shows the

variation of the output active and reactive power, P and Q, on the AC side of the battery
module throughout the duration of the simulation.
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Figure 11. Simulation of cell resistance vs. SOD at 320°C for a discharge situation
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Figure 13. Simulation of cell electromotive force vs. SOD
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Figure 14. NAS module connected to a test power system
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Figure 15. Variation of active and reactive power from the Battery module (AC side)

This model can be easily modified to operate also in energy management mode. Because of
methodology of modelling used, the model can be easily modified to simulate the
temperature variation.

5. Conclusion

With the exception of conventional lead-acid batteries, advanced batteries analyzed in this
chapter represent the cutting edge technology in high power density BESS applications. Li-
Ion batteries have the greatest potential for future development and optimization. In
addition to small size and low weight of the Li-Ion, they offer higher energy density and
high storage efficiency, making them ideal for portable devices and flexible grid-connected
distributed generation applications in microgrids. However, some of the biggest drawbacks
of Li-Ion technology are its high costs (due to the complexity arising from the manufacture
of special circuits to protect the battery) and the detrimental effect of deep discharge in its
lifespan (Divya & Ostergaard 2009). Although the Ni-Cd and Pb-acid batteries can provide
large peak power, they contain toxic heavy metals and suffer from high self-discharge.

Sodium sulfur-type BESS devices are best suited to the requirements set by modern
microgrid applications. These batteries can act in contingencies where rapid action is
required to maintain the adequate levels of the grid frequency, but also in the case of high
penetration of renewable generation, such as wind or solar photovoltaic, since the NaS
battery can operate as the perfect complement in valley hours. In this case, the excess energy
can be stored for delivery in peak hours. They are environmentally safe and have low
maintenance while operate at high temperatures; it does not represent a major drawback.
The biggest drawbacks are the cost and the limited information about these type of batteries
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which difficult the development of experimental prototypes and computer models. It is
expected however that the appearance of other vendors reduces costs and facilitate the
modelling.

Appendix: Oxidation reduction (Redox) reaction

The oxidation-reduction reactions (also known as redox reaction) refer to all chemical
reactions in which atoms have their oxidation state changed. Fundamentally, redox
reactions are a family of reactions that are concerned with the transfer of electrons between
species. Thus, in order to produce a redox reaction in the system, an element to yield
electrons and one that will accept them must exist. This transfer occurs between a set of
chemical elements, an oxidant and a reductant.

Oxidation involves an increase in oxidation number, while reduction involves a decrease in
oxidation number. Usually the change in oxidation number is associated with a gain or loss
of electrons, but there are some redox reactions (e.g., covalent bonding) that do not involve
electron transfer. Depending on the chemical reaction, oxidation and reduction may involve
any of the following for a given atom, ion, or molecule:

¢ Oxidation - involves the loss of electrons or hydrogen or gain of oxygen or increase in
oxidation state

¢ Reduction - involves the gain of electrons or hydrogen or loss of oxygen or decrease in
oxidation state

Oxidants are usually chemical substances with elements in high oxidation states (e.g., H202,
CrOs, OsO4), or else highly electronegative elements (Oz, F2, Clz, Brz) that can gain extra
electrons by oxidizing another substance. Reductants in chemistry are very diverse.
Electropositive elemental metals, such as lithium, sodium, magnesium, iron, zinc, and
aluminum, are good reducing agents. These metals donate or give away electrons readily.

In redox processes, the reductant transfers electrons to the oxidant. Thus, in the reaction, the
reductant or reducing agent loses electrons and is oxidized, and the oxidant or oxidizing
agent gains electrons and is reduced. The pair of an oxidizing and reducing agent that are
involved in a particular reaction is called a redox pair or couple.

When a net reaction proceeds in an electrochemical cell, oxidation occurs at one electrode,
the anode, and reduction takes place at the other electrode, the cathode. The cell consists of
two half-cells joined together by an external circuit through which electrons flow and an
internal pathway that allows ions to migrate between them. Since the oxidation potential of
a half-reaction is the negative of the reduction potential in a redox reaction, it is sufficient to
calculate either one of the potentials. Therefore, standard electrode potential is commonly
written as standard reduction potential.

The sign of the potential depends on the direction in which the electrode reaction has
elapsed. By convention, the electrode potentials refer to the semi-reduction reaction. The
potential is then positive, when the reaction occurs in the electrode (facing the reference) is
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the reduction, and is negative when oxidation. The most common electrode as a reference
electrode is called the reference or normal hydrogen, which has zero volts.

Finally, the voltage of a cell is determined by the reduction potential of redox couple used
and is usually between 1V and 4V per cell. A complete table of the type of potential
constituent of the electrode can be seen in (Linden & Reddy 2001).

Batteries in which the redox process is not reversible are called primary (non-rechargeable).
For this work, are of interest only secondary batteries (rechargeable) which are based on
some kind of reversible process and can be repetitively charged and discharged. In this way,
only this type of batteries are considered here when batteries are referred.
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