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1. Introduction

Series elastic actuators (SEA’s) are an emerging technology to
achieve high fidelity force control of high power density motors
[1]. In fact, series compliance can dramatically improve explicit
force control robustness [2,3]. Series elastic joints have been suc-
cessfully applied to humanoid robots (e.g. NASA’s Valkyrie [4], Vir-
ginia Tech’s THOR [5] and IIT’'s COMAN [6]), quadrupeds (e.g. ETH’
s StarlETH [7]), modern rehabilitation and assistive robotics [8-
11] and cooperative robots (e.g. RethinkRobotics Baxter [12]). Most
of these applications are based on impedance control and need to
deliver forces with a high level of safety and accuracy. While safety
is a primary need for robots that interact with humans or with un-
structured environments, the demand for high accuracy is increas-
ing only recently. As an example, this requirement is pushed by
novel haptic interfaces which have been proposed in the last years.
Among others, Basafa et al. designed a haptic laparoscopic device
with three degrees of freedom actuated by SEA’s [13]; Zinn et al.
proposed a haptic interface with large workspace based on the Dis-
tributed Macro-Mini concept where the macro actuation is given
by SEA’s [14]; Oblack et al. proposed a multi-purpose rehabilitation
haptic device using series visco-elastic actuators [15]; Parietti et al.
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designed a haptic device with a series visco-elastic elements for
very fine force rendering, in the range of the human sensory accu-
racy [16]. In these haptic devices, the choice of SEA’s has been usu-
ally motivated by the decoupling effect of the series spring which
allows to mask the motor inertia and allows the accurate rendering
of even very low forces. Differently from traditional haptic inter-
faces, existing impedance controllers for SEA’s make use of explicit
force feedback, meaning that the force is explicitly measured and
fed back to the control system. This is because implicit force con-
trol (where the force is delivered in open loop by controlling the
motor current) cannot mask the motor inertia and cannot damp
the series spring oscillations.

The control problem of physical interaction (with humans or
with unstructured environments) involving explicit force feedback
is considered a hard challenge in robotics. Most of the proposed
solutions are based on the passivity interaction paradigm, which
provides a high level of stability robustness [17]. In particular pas-
sivity of the controlled robot is a sufficient and necessary condi-
tion to guarantee a stable interaction with any passive environ-
ment [18] including humans who are usually assumed as passive
systems [19]. Consequently several passivity-based control (PBC)
algorithms have been proposed to shape the output impedance
or the output force of SEA’s. The first passive force controller for
SEA’s was proposed by Pratt and Williamson [1]. Their solution
is based on acceleration feedback that forces the motor to have
the same acceleration of the environment, thus compensating for
load motion and leading to robust performance, i.e. predictable
error dynamics. Quite surprising this important feature was not
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explicitly highlighted neither in the original work nor in the fol-
lowing literature which has been focused more on stability robust-
ness rather than performance robustness. Another investigation on
PBC of SEA’s has been conducted by Vallery et al. where a veloc-
ity sourced impedance control schema was considered [20]. They
found out that “SEA cannot display a higher pure stiffness than
the spring stiffness if passivity is desired”. Thus the spring design
cannot be arbitrarily compliant but must be tailored to the max-
imum desired stiffness leading to a trade-off between force con-
trol robustness (which requires compliance) and the maximum dis-
playable stiffness.

One of the outcomes of the research described in this paper
is to show that the same limitation highlighted by Vallery et al.
holds for several existing control architectures: admittance con-
trol [21], impedance control [22] and parallel force-position control
[23]. The admittance control architecture was proposed by Pratt
et al. to reduce the force control bandwidth requirement in high
impedance rendering [21]. We will show that even this algorithm
cannot passively render a stiffness higher than the stiffness of the
physical spring. A similar outcome emerges by analyzing the pas-
sive impedance control of the DLR lightweight arm where a paral-
lel force-position architecture is implemented [23].

In conclusion, we will show that at the current state of the art
there exist no passive algorithms that allow to overcome the physical
spring stiffness. Further limitations arise when a virtual Voigt model
impedance is desired, i.e. the parallel of a spring and a damper. For
example an impedance controlled SEA with velocity controlled mo-
tor cannot passively display a pure Voigt model [24] and we will
show that the same result holds for other control architectures.
Thus, the first contribution of this work is to derive missing pas-
sivity conditions for existing impedance control architectures pro-
viding a coherent framework of passivity results.

The second contribution is a novel algorithm that allows in the-
ory to passively overcome the physical spring stiffness and to pas-
sively display a pure Voigt model. This algorithm is inspired by the
seminal work by Pratt and Williamson [1] who used load acceler-
ation feedback to control the SEA output force and to cancel out
the influence of load dynamics in force control. We will formally
show that by taking advantage of load dynamics cancellation it is
possible to passively render any passive impedance. The intuition
behind this approach is that by exactly compensating for the load
motion, load (or environment) uncertainties disappear. In partic-
ular we refer to (perfect) load motion compensation as the ability
to move the motor homokinetically with the load or the environ-
ment. Thus load motion compensation is a way to obtain virtual
backdrivability, i.e. to backdrive a non-backdrivable motor by con-
trol. Indeed, the force to accelerate the motor is transferred to the
motor input by control and it is used to compensate for the motor
inertia. In the past, the concept of load motion compensation has
been already discussed in the force control literature and a generic
framework of solutions is presented in [25]. However, the effects
on impedance rendering and passivity have never been analyzed.
Other examples of SEA’s force control where the load dynamics is
explicitly taken into account includes disturbance observer archi-
tectures [4,26-28], adaptive [29,30], robust [31] and sliding-mode
[32] controllers. However, none of these works investigates the ef-
fect of load motion compensation on impedance rendering. We
highlight that the terms “load” and “environment” can be often
considered as equivalent: they both refer to the dynamics the SEA
or the robot is in contact with. A typical case is physical human-
robot interaction (pHRI) where the environment include or is iden-
tified with the human.

To address the issues described above, the paper is organized
as follows. To introduce the reader, Section 2 summarizes exist-
ing impedance control algorithms for SEA’s. Section 3 derives pas-
sivity conditions that are currently missing in the literature and

provides a summary and easy-to-compare view of passivity results.
Section 4 proposes a novel impedance control algorithm based on
positive acceleration feedback. Section 5 experimentally compares
the existing algorithms to our solution from the point of view of
stability robustness and impedance accuracy. Finally, conclusions
are drawn in Section 6.

2. Impedance control of series elastic actuators

Impedance control aims at shaping the dynamical relation be-
tween the actuator position (or velocity) and applied external
forces. Impedance control can be implemented using an inner force
loop and an outer position loop or using the dual configuration:
an inner position loop and an outer force loop. The latter case is
usually called admittance control. In both architectures the desired
impedance/admittance is implemented in the outer loop while the
inner loop must be fast enough to have negligible dynamics [33].

An impedance relation mapping the velocity uel,, into the
force yeL,, or equivalently an admittance relation mapping the
force u €Ly, into the velocity y € L,, is passive if there exists a con-
stant B such that

/T u(t)y(t)dt > B, Yu € Ly, VT > 0 (1)
0

where —f represents the initial system energy [18,34]. If we con-
sider that (u,y) is a flow and effort pair we have that the system
output energy will never be greater than its input energy, over an
arbitrary observation time starting from t=0. The passive interac-
tion paradigm is based on the assumption that the environment is
a passive system and on the fact that negative feedback connection
of passive systems is still passive, thus stable.

Passivity of impedance controllers depends on several factors:
the control architecture, the inherent system dynamics and the de-
sired impedance. In particular, given a control algorithm applied
to a system, the set of impedance values that can be passively
rendered is called Z-width [35]. Established results in PBC liter-
ature show that the controlled system dynamics cannot be too
far from the inherent system dynamics [36]. In particular, Colgate
et al. found that the virtual inertia of a current controlled motor
cannot be reduced beyond one half of its physical inertia, using
non-collocated proportional force feedback [17]. Similarly, Vallery
et al. showed that the virtual stiffness of a SEA cannot be increased
over the physical spring stiffness, considering a velocity sourced
impedance control architecture [20].

Hereafter, several impedance control schemas are reported and
their passivity is analyzed. We will start by introducing the com-
mon modeling and notation where linear and rotary quantities are
regarded as equivalent.

2.1. Modeling

The following SEA model is considered
7o = k(0 —q) (2)

J6 =t — 1 3)

where 7. is the spring force exerted on the environment (or torque
in the case of a rotary joint), 8 is the motor position, q is the joint
position and 7, is the (current-controlled) motor input force (or
torque). Fig. 1 shows an equivalent linear representation of the sys-
tem, which translates torques into forces and angular positions into
linear positions. For the sake of generality, in this paper linear and
angular quantities are used interchangeably. The SEA parameters
are the spring stiffness k and the motor inertia J. In the existing
SEA-passivity literature, the friction dynamics is usually neglected
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Fig. 1. A model of linear SEA interacting with an environment. Equivalent linear
representation which translates torques into forces and angular positions into linear
positions.

Table 1

Acronyms.
Acronyms Meaning
SEA Series elastic actuator
PBC Passivity-based control
VM Voigt model
~VM Approximated VM
BIC Basic Impedance Control
VSIC Velocity-Sourced Impedance Control
CAC Collocated Admittance Control
CIC Collocated Impedance Control
AB Acceleration-based

q!‘ - *l 1
2 s1(5) »i» Cr ()30 7o

q

Fig. 2. Basic Impedance Control (BIC) which uses an outer non-collocated position
loop to shape the impedance and an inner force control loop.

leading to a worst case condition: friction is dissipative and would
help to meet passivity. The same choice is made here to ease the
comparison with similar results in the literature while keeping the
focus on the methodology.

2.2. Notation

Abbreviations and notations are listed in Table 1 and in the fol-
lowing points:

+ The position and force control blocks are named Cp(s) and Cg(s),
respectively.

The impedance and admittance controllers are named I(s) and
A(s), respectively.

The position reference is qr, which describes the equilibrium
position of the desired impedance.

- The motor is modeled as a pure inertia 1/Js? according to Eq.
(3).

The environment block is marked with the letter E and its
input-output port is the pair (g, ). However, for ease of rep-
resentation we considered the velocity integrator included in
the environment block letting the position q be the environ-
ment output. Equivalent diagrams can be drawn considering ¢
as output.

2.3. Impedance control architectures

Fig. 2 represents the basic arrangement for SEA impedance con-
trol. The inner force controller Cg(s) is fed by an outer loop I(s)
that measures the load position and computes the force reference
needed to obtain the desired impedance. For example, to render a

Fig. 3. Velocity-Sourced Impedance Control (VSIC) which uses an outer non-
collocated position loop to shape the impedance and an inner force control loop
with a nested velocity controller.
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Fig. 4. Collocated Admittance Control (CAC). The position loop is closed on motor
position 6 (collocated) instead of on joint position q. The outer force loop shapes
the impedance.

Voigt model (VM) impedance, the outer controller should be
sI(s) =dgs + kg (4)

where k; and dy are the desired (positive and constant) stiff-
ness and damping coefficients. The inner force loop may use
a proportional-derivative action while the integral term is often
avoided due to the passivity constraint [1]. We call this control ar-
chitecture Basic Impedance Control (BIC). Examples of this schema
are in [22,37].

A common improvement of this schema is to add an inner mo-
tor velocity loop as shown in Fig. 3. This solution is often called
“velocity-sourced” and helps to deal with friction in the trans-
mission system [38,39]. Moreover, passivity allows for an integral
action within the force loop [20,24]. We name this architecture
Velocity-Sourced Impedance Control (VSIC).

2.4. Collocated admittance architecture

Fig. 4 shows an admittance control approach with a motor po-
sition loop and an outer force feedback [21]. The position control
loop on @ is collocated since the sensor is located on the same rigid
body of the actuator (i.e. the encoder is on the rotor) [40]. A posi-
tion control loop on g would be non-collocated and so more diffi-
cult to stabilize [41].

To render a visco-elastic impedance, the force controller com-
putes the position reference as

0 _ A A(s) _ 1 —kq/k
mref = T Tg e s kg+sdgy,

(5)

where k; and dg,,, are the desired stiffness and motor-level damp-
ing. Differently from classical admittance implementations [33],
the position feedback is closed on the motor position instead of
on the joint position, thus avoiding the non-collocation issue. For
this reason we refer to this schema as Collocated Admittance Control
(CAC). Unfortunately this architecture cannot render a pure VM dy-
namics because the “virtual” damping cannot be rendered at joint-
level (as it would require a non-collocated measure) but only at
the motor side. In the ideal case of an infinitely fast inner control
loop, the controlled actuator dynamics would be

Ay + kqq = —Te, (6)

meaning that the virtual damper can only act at the motor level
and not at the joint level, thus resulting in an approximated Voigt
model (~ VM). On the contrary, the BIC and the VSIC architectures
can display a joint level damping leading in ideal conditions (in-
finitely fast inner loops) to the VM dynamics

dyg + kyq = —Te. (7)
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Fig. 5. Collocated Impedance Control (CIC). The architecture refers to its energetic
interpretation as explained in [23]. The main difference with respect to BIC is that
motor position is fed back instead of joint position.

2.5. Collocated Impedance Control

An alternative impedance architecture has been proposed for
controlling the DLR lightweight arm [23]. This robot is modeled
with flexible joints because of harmonic drive dynamics. From the
modeling point of view a flexible joint is similar to a SEA except
for the higher magnitude of elastic and damping parameters. Con-
ceptually, the impedance controller of the DLR lightweight arm is
based on a Collocated Impedance Control (CIC) architecture where
an inner force loop is fed by an outer (collocated) motor position
loop, as shown in Fig. 5. Similarly to the CAC case, collocation pre-
vents virtual joint-level damping. In particular the outer controller
can be computed as

sI(s) = dam$ + kam (8)
where dg,,, is the desired motor-level damping and kg, is the de-
sired motor-level stiffness. By posing kg, = kkjﬁd, it is possible to
set the desired joint-level stiffness leading, in ideal conditions, to
the desired dynamics (6) where
kk
_ kkam 9)
k + kdm
Consequently, the physical spring limit k; = k can never be reached

and can only be approached for very large (theoretically infinite)
values of kgp,.

kd

3. Passivity of existing solutions

This Section analyzes the passivity of existing impedance con-
trol architectures. In particular two kinds of desired impedance
are considered: a pure spring dynamics (sI(s) = k;) and a paral-
lel spring-damper dynamics (sI(s) = k4 + sdy). A compact overview
of passivity results will then be summarized in Table 2.

Considering a linear time invariant system with impedance Z(s)
the passivity definition (1) is equivalent to the conditions (i) Z(s) is
stable and (ii) Re[Z(iw)] > 0 Vw € R™. In the following subsections,
the conditions (i) and (ii) are derived for each control architecture,
where Z(s) is the impedance seen at the environment port (e, G),
ie e =—Z(s)q [18,34].

3.1. Basic Impedance Control (BIC)

For the BIC case a proportional-derivative force control law is
considered
Cr(s) =P+sD (10)

where P and D are positive constants. A pure integrator would vi-
olate the passivity of the inner force loop [1]. The impedance Z(s)
at the environment port (7., ) can be computed as
Ce(S)I(s) +Js
- F()(]) J. (11)
Cr(s) + %82 +1

which is a stable transfer function. In the case sI(s) = k; one can
compute

a(kqD + d4P) — PDky + CL)ZDde + CL)ZDJ
@+ wlD?

Re[Z(iw)] = (12)

wherea=P+1-— a)zﬁ + iwD. Solving for Re[Z(iw)] > 0 [34] the fol-
lowing condition is derived:

kq +a)2]<1 - ’;j) > 0. (13)

Thus, passivity is equivalent to k; <k, meaning that a desired stiff-
ness higher than the physical spring stiffness is not allowed by passiv-
ity.

In the VM case, where sI(s) = ky + sdy the condition (13) be-
comes

D[kd +a)2](1 - ’;j)} +dd[P2 +P — w*(D? —%)] >0 (14)

which is implied by k; <k and P < ¥D2. Since D is usually small
to avoid noise amplification, the force proportional gain should be
limited as well. This implies a bandwidth limitation for the inner
force controlled system. Interestingly the bandwidth limit depends
on the actuator bandwidth, i.e., the location of its mechanical reso-
nance.

3.2. Velocity-Sourced Impedance Control (VSIC)

Sufficient passivity conditions for the VSIC schema have been
reported in [20,24] considering sI(s) = k; and the following struc-
ture for the force and motor velocity controllers

I I
CF(S):Pf+?f, Cv(s)zP,,+?". (15)

Here a more general sufficient condition is reported, which is de-
rived in Appendix A.1: passivity of the VSIC architecture is guaran-
teed if

Pr  PfP,
ky <ok, Ip+1,-L < L2 (16)
P~ ]
where o >0 depends on velocity and force gains
2P,
vlf (17)

o = < 1.
In conclusion

1. passivity limits the maximum desired stiffness to (less than) the
physical spring stiffness,

2. given a sufficiently low value for %, no upper limit exists for
the velocity and force proportional gains,

3. pure integrators are allowed both within the velocity and force
loops, with limited integral gains. The smaller the integral gains
the more k; can approach k.

Finally, it has been shown that in the case sI(s) = ky + sd; the
VSIC architecture is not passive [24].

3.3. Collocated Admittance Control (CAC)

For the CAC case a passive position controller is considered
Cp(s) =P +sD (18)

where P and D are positive constants. The impedance Z(s) at the
environment port is

e skI(s)(Js% + Cr(s)) .
&7 S[sI(s)(Js2 + G (s)) — (k — kq) — skI(s)] q

where A8) has been substituted with 1;,’:;1)/ X For the case sI(s) = kq

passivity is equivalent to k; <k, meaning again that a desired stiff-
ness higher than the physical spring stiffness is not allowed by pas-
sivity. In the ~VM case, where sI(s) = k4 + sdy,, a sufficient and

(19)




Table 2
Passivity of existing impedance controllers.

Control Architecture Inner Control Impedance Z-Width / Passivity Constraints
PS passivity<=- kg < k
O
m Cp(s) =P+ sD passivity<= kg < k, % < D%
qr - - . .. .
bandwidth limitations for the force
+ K- SI(S) + CF('S) + T VM
controlled system, depending on the
actuator bandwidth.
passivity<= kg < ak < k,
P PP,
I+ [vif < v
s PS Py J
O — 2f
= Crp(s)=Pr+ s pure integrators are allowed with
> — Iy
q’; sI(s) BOHCr(s) Cv(s)=Po+ 2 limited integral gains [20]
& +
VM not passive [24]
q _ _
PS passivity<= kg < k
O
5 Cp(s) =P +sD VM not allowed
qr passivity<=-
2 a 0 P dy D
A v 1 = _%dm
is) > Cp(s) [ i s dam |:D Tk J} <ka<k
m
~VM a lower limit for the desired stiffness
may arise depending on position
bandwidth, motor inertia and desired
damping
PS passivity<=- kg < k
O
O Cr(s)=P+sD
qr s > 1 1
»O—> sI(s) [ Cr(s) [ = T2 >0 k Te VM not allowed
m
0 ~ VM passivity<= kg < k

stiffness.

see (7)) and approximate VM (~ V M, see (6)), respectively.

Notation: I, P, D are positive integral, proportional and derivative gains. Desired impedance dynamics: pure spring (PS), parallel spring and damping (V M,

Note: The condition kg < k holds for all existing control architectures, meaning that the mazimum desired stiffness is upper limited by the physical spring

8—2€ (L10T) L SOOLDYIN /D 32 DIUDID) Y

574
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Fig. 6. Impedance control based on acceleration feedback. This architecture is iden-
tical to the BIC scheme in Fig. 2 except from the additional term u,.

necessary condition for passivity is

P 1(d
ddm[D - J(;f(’" +D>i| <kg<k (20)

where k=1 - k,—(d. This means that the desired stiffness may be

bounded from below. Interestingly, sufficient conditions for passiv-
ity are

P kd
ky<k, —=<-—"— 21
1=k p<gt (21)
meaning that the position gain P is upper limited. This implies
bandwidth limitations for the position controlled sub-system de-
pending on the desired impedance. Condition (21) also indicates that
a high derivative gain D helps to meet passivity. The proofs of
(20) and (21) are missed in the literature and are reported here
in Appendix A.2.

3.4. Collocated Impedance Control (CIC)

Passivity of the CIC architecture has been already investigated
considering an energy shaping interpretation [42]. In particular, the
motor kinetic energy is shaped via inner force feedback and the
potential energy via outer position feedback, then, the total energy
function is used as a candidate Lyapunov function. Considering our
modeling, passivity is equivalent to positiveness of P,D, kg, and
dgm- According to (9) setting a motor-level stiffness implies that
the maximum desired stiffness cannot overcome the physical spring
stiffness, i.e., kg <k. Details are reported in Appendix A.3.

4. Acceleration-based impedance control

The previous Section showed that all the existing implementa-
tions of impedance and admittance control are constrained to the
same passivity limitation, i.e. it is not possible to overcome the stiff-
ness of the physical spring. In addition, it is not always possible to
render an exact VM impedance due to passivity constraints and/or
architecture limitations. The only architecture that allows the pas-
sive rendering of an exact VM impedance is the BIC algorithm, if
the inequality (14) is verified.

This Section proposes an impedance controller based on posi-
tive acceleration feedback, which allows to overcome the passiv-
ity limitations of existing architectures.! This algorithm is designed
considering the BIC architecture and adding the following term to
the motor input torque

() = % 24(0) + 74(0) +Ji(0) (22)

where t; = sI(s)(gr — q) is the output of the outer impedance con-
troller, as shown in Fig. 6. The feed-forward term t,4(t) in (22) ac-
counts for the desired force reference and delivers it directly on
the motor input. The term %fd (t) considers the motor acceleration

1 A preliminary version of this Section appeared as abstract in the International
Symposium on Wearable Robotics, 18-21 October, 2016. La Granja, Segovia, Spain
[43].

needed to compress the spring, to reach perfect torque tracking. In
fact, the SEA model (2)-(3) can be rearranged as

Jq+£fe+fe=fm (23)

where the term %fe accounts for motor acceleration to compress
the spring and is peculiar of series elastic systems. Finally, the term
JG(t) in (22) provides the torque to accelerate the motor homoki-
netically with the environment leading to compensate for the in-
fluence of the environment dynamics. We highlight that some cau-
tion is needed when implementing the term J{(t): overestimation
of J leads to feedback inversion and to loose passivity. In real im-
plementation a slight underestimation of J is suggested to avoid
this issue as discussed later in this section. By considering u, it is
possible to write

e Cr($)I(s) +Js? . 1 y
TGO +I2+1T G +Is2+1

Then, the overall impedance seen at the environment port can be
computed considering the Laplace transform of (22)

a- (24)

Uy = (%sz + 1)1(s)q +Jsq (25)
and by substituting (25) in (24) one ends up with
~Te =1(5)q (26)

meaning that the shaped actuator impedance is equal to the desired
impedance. This leads to a novel result: the passive rendering of any
passive impedance, which is formally stated in the following Propo-
sition.

Proposition 4.1. Given the series elastic actuator (2)-(3) and the
control law

Tm = —Cr () (SOI(S) + Te) + Uq (27)
Ug = [<SZ£+1>51(5)+52]]q (28)

with I(s) passive and Cg(s) stable, then the controlled system is passive
at the environment port (e, q).

Hence, the knowledge of { allows to overcome the passivity con-
straint of all the existing architectures. In fact, the proposed control
law allows, theoretically, to render unlimited desired stiffness and
unlimited desired damping. Moreover, Eq. (26) states that, unlike
other architectures, the rendered impedance is equal to the desired
impedance over the entire frequency spectrum. Of course such the-
oretical expectations are too optimistic when compared to practical
implementations where the acceleration signal is usually noisy and
with limited bandwidth. In addition, it is known that “discrete con-
trol, time delays, actuator and sensor limitations and unmodeled
dynamics can compromise passivity, making the implementation
of passive control on real systems extraordinarily challenging” [36].
However, Proposition 4.1 provides a theoretical insight to motivate
the use of BIC endorsed with positive acceleration feedback and
the next Section shows experimentally that such architecture out-
performs the existing solutions in terms of both impedance accu-
racy and robustness. Before to proceed with the experimental part,
we highlight a practical issue with the acceleration-based (AB) law
(27) and (28). It has been reported in the literature that feeding
back the acceleration term J§(t) may lead to feedback inversion
and instability in the case the parameter J is over-estimated [1,25].
As mentioned before the term JG(t) provides the torque to accel-
erate the motor homokinetically with the environment, however, if
the parameter J is over-estimated the motor accelerates more than
the environment possibly leading to instability. For this reason a
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Fig. 7. The SEA prototype used as testbed: M is the motor, T is a torque sensor
(used for identification), S is a torsional spring and the angular quantities 6 and g
are measured by encoders E; and E,, respectively. L is a metal frame used as inertial
load in uncoupled conditions.

reduction gain 0 <k; <1 can be used in practical implementation
of (27) and (28) leading to substitute (28) with

Ug = [(sZ{—< + 1)51(5) + s2kﬂ]q. (29)

Fortunately, passivity of control law (27)-(29) is still verified, as
stated in the following proposition where a proportional-derivative
form for the controller Cg(s) is assumed. Within the proof one can
observe that - differently from Proposition 4.1 - a small k; causes
the rendered impedance to deviate from desired impedance. Thus,
the gain k; should be tuned as high as possible while allowing sta-
ble acceleration feedback.

Proposition 4.2. Given the series elastic actuator (2)-(3) and the
control law (27)-(29) with k; <1, I(s) passive and Cg(s) as in (10),
then the controlled system is passive at the environment port (Te, q).

Proof. By substituting (29) in (24) the following impedance rela-
tion can be found:

_(-k)s } Q (30)

—Te = |I(S) +
¢ [() Cr(s) + 452 +1

As the parallel interconnection of passive system is still passive
and I(s) is passive we just need to verify passivity of the remaining
term

(1 — k])_]Sz

T 31
P+sD+{s2+1 Gl

Le(s) =

which represents the deviation from the desired impedance I(s). It
can be verified that Re[l(iw)]> 0 is equivalent to w?D >0 which
holds because D>0. O

5. Experimental validation

This Section presents an experimental comparison of the de-
scribed control architectures in terms of experimental coupled sta-
bility and impedance accuracy. Experiments are conducted in a
physical human-robot interaction scenario where a human can ex-
ert forces on the impedance controlled joint of the SEA prototype
shown in Fig. 7. The prototype is composed of a geared DC motor
M connected in series to a spring S and then to a metal frame L.
Two optical encoders (E1 and E2) are used to measure the motor
and the load positions (with a resolution of 0.018 degrees) while
the torque is measured using spring displacement. The torque sen-
sor T is used only for identification purposes. Velocities are ob-
tained by measuring pulse inter-periods (using hardware timers
available on the encoder electronics) which give a better approx-
imation than using finite differences, as shown in Fig. 8. Acceler-
ations are obtained by numerical differentiation of velocities with

Velocity (Unfiltered)

15 euler i T T T T
10 interperiod
5
=
“§ 0
-5
-10
_15L . . . . . . . .
4 45 5 5.5 6 6.5 7 7.5 8
euler Acceleration (Filtered)
interperiod ) ) i i T

0.05

rad/s®
=

Fig. 8. Upper plot: comparison between velocity by numerical position differentia-
tion (blue) and inter-period measurements (red). Lower plot: comparison between
acceleration estimations. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 3
System parameters of the SEA testbed.

Parameter Symbol  Value
Spring stiffness k 2.49Nm/rad
Torque constant  k; 2.29Nm/A
Motor inertia ] 0.0208 kg/m?
Load inertia Jioad 0.0021 kg/m?
Table 4
Control tuning.
Gain Tuning
BIC Cr P 80
D 1.5
VSIC Cy P, 1
Iy 0.45
Cr Py 100
Iy 50
CAC Cp P 100
D 1
CIC Cr P 50
D 1
AB Cr P 80
D 1.5
k 038

an output stage filter at 20Hz. System parameters have been esti-
mated using a procedure similar to the one described in [44] and
are listed in Table 3.

The control system runs on a standard PC equipped with a
quad-core processor running a real-time process with kernel-like
priority. The control process runs at 3kHz and communicates with
the motor drive and the sensor electronics via Ethercat protocol
at the same rate. Position and force controllers have been tuned
in order to achieve the highest performance (maximum band-
width and minimum static error) within the allowed passivity con-
straint and without introducing noise into the system. Table 4
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Fig. 9. Experimental results. Column 1 (from left): experimental stability region, yellow cells represent stable responses while light and dark green cells represent critical
and unstable responses; red lines represents the theoretical passivity constraints. Columns 2-4: impedance accuracy of pure stiffness (cols 2 and 3) and pure damping (col
4) desired impedances (red lines). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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shows the controllers gains used in the experiments including the
proposed acceleration-based (AB) algorithm, which uses a propor-
tional derivative force controller as in (10). BIC and CIC algorithms
have been tuned satisfying conditions (14) and (20) which allow
for passive rendering of a VM and ~ VM impedance, respectively.
In particular for the BIC case one has P =80 < 9—‘D2 = 269.3 which
satisfies condition (14). The control algorithms have been imple-
mented in C++ and are open-source released within the Series
Elastic Library (http://metropolis.scienze.univr.it/altair/selib/).

5.1. Experiments to assess the stability region

The stability regions are evaluated in terms of maximum de-
sired damping and stiffness that can be stably rendered. During ex-
periments the system is manually perturbed with a torque of about
0.5Nm and the observed behavior is classified as stable, critical
or unstable. Critical means that unexpected dynamics is observed,
including undesired high frequency vibrations/chattering and un-
damped low frequency oscillations. Unstable means that divergence
is observed. For each algorithm, a desired stiffness in the range [k,
3k] and a desired damping in the range [O, 0.03]% have been
tested. Of course in the collocated cases (CAC and CIC) the de-
sired damping is considered at motor-level only, i.e., dg,;, instead
of d;. The experiments have been repeated several times until the
outcomes have been judged unanimously by three different sub-
jects experts in control. Experimental results are reported in the
first column of Fig. 9 where each cell in the grid-plots represents
the outcome of an experiment. Yellow cells represent experimen-
tally stable responses while light and dark green cells represent
critical and unstable responses, respectively. As a first observa-
tion we highlight that the stability region of the AB architecture
is larger than others according to the theoretical insight reported
in Section 4. A second observation is that for BIC, VSIC and CAC al-
gorithms the experimental stability agrees with the passivity con-
straints derived in Section 3, represented with red lines. In fact, a
passive system is also stable. The stability region of the CIC algo-
rithm is slightly smaller than the theoretical Z-width. This is be-
cause the limit k; = k cannot be reached unless kg, — oo which is
not realizable in practice. Of course stability can be observed even
outside of the passivity region. In particular, within the described
experimental conditions

1. the VSIC architecture can stably render a VM impedance,
2. for high desired damping values (dg;,), the CAC architecture is
stable even below the lower bound on k; given by passivity.

It is worth highlighting that because of missing passivity, these
observed stabilities are strongly related to the specific load con-
dition. For instance, we observed the VSIC algorithm cannot any
more stably render a VM impedance if we arrange small load iner-
tias.

Regarding the AB controller, we found instabilities only for
kq > 2k leading to a stability region twice larger than other archi-
tectures. Displaying a wider stability region agrees with theoreti-
cal results, however, the stability region is not infinitely large as
expected from the theoretical analysis. This is possibly due to ex-
isting unmodeled effects in the hardware (e.g. current loop dy-
namics, acceleration sensor bandwidth) and in the software im-
plementations (e.g. digital delay, numerical approximation) which
prevent to display arbitrarily large impedances. In other words,
Proposition 4.2 assumes no current dynamic and ideal acceleration
measurements (zero-latency, infinite bandwidth) which cannot be
found in practice. Experimentally, this translates in a wider but still
limited stability region. We highlight that a similar discrepancy can
be found in the practical implementation of almost all passive con-
trollers. Let us consider in example proportional-derivative posi-
tion or force controllers which are commonly assumed as passive

kq = 0.5k kq = 0.9k
0.025 [ ] 0.01 [ ]
0.02 0.008
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0.01 0.004
0.005 [ 0.002
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> >
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Fig. 10. Accuracy comparison terms of average impedance distance. Plot (a) com-
pares accuracy considering a pure spring impedance with k; = 0.5k, plot (b) consid-
ers a pure spring impedance with k; = 0.9k and plot (c) a pure damping impedance
with d; = OAOS%.

in continuous domain analyses. In both cases practical implemen-
tations easily show instability when the proportional or derivative
gain exceed certain thresholds. This is again because of digital de-
lay and neglected current and sensor dynamics. A more accurate
analysis of these phenomena should account for discrete time and
sampled data. In the case of algorithm (27)-(29) such analysis de-
serves a separate study and will be matter of future research.

5.2. Experiments to assess the impedance accuracy

The accuracy of different architectures is evaluated as follows.
The series elastic joint is controlled considering two kinds of de-
sired impedance: (a) pure spring impedance and (b) pure damping
impedance. In the case (a), the human starts holding the frame L
by hand and pushes it to reach an angular displacement of about
45°, Then, the human suddenly releases the frame which comes
back to its rest position accordingly to the desired impedance dy-
namics. In the case (b) the human rotates the actuator frame in
both directions and at different speeds. The duration of each ex-
periment is 15s. Results are shown in Fig. 9 considering force-
displacement plots (pure stiffness impedances in columns 2 and
3) or force-velocity plots (pure damping impedance in column 4).
The desired impedance is represented by a red line. The lower the
distance from the red line, the better the impedance accuracy is.
In particular the impedance error is computed for each sample (g,
Te) as the minimum distance from the red line. In the case (b)
samples (¢, Te) are considered. Average errors are summarized in
Fig. 10 showing that the AB controller is on average three to four
times more accurate than the other architectures. The other ar-
chitectures behave similarly except for the case of pure damping
impedance where
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1. the VSIC architecture shows a biased damping due to the inner
motor velocity dynamics,

2. the CAC and CIC architectures show lower accuracy because of
their collocated nature which does not allow to display an exact
VM.

A further observation is that when k; approaches k (in pure
stiffness impedance), the accuracy of each architecture improves.
This is because when k; is close to k the desired impedance is
similar to the inherent mechanical impedance. In other words, the
more k; approaches k, the less the motor needs to move; in the
limit case k; = k the motor just needs to stand still. For a simi-
lar reason, the accuracy of damping rendering is lower than stiff-
ness rendering. In fact, the inherent actuator dynamics is spring-
like and the controllers need to transform it into a damping-like
impedance.

As a final remark, we observe that - according to the theoretical
insights in Section 4 - the AB algorithm shows experimental evi-
dence of significantly higher stability and improved accuracy with
respect to other solutions. The experimental stability region is almost
doubled in size while the accuracy is more than tripled.

6. Conclusion

This paper reported our effort to motivate and foster posi-
tive acceleration feedback in impedance control. Improved stabil-
ity and superior accuracy with respect to existing solutions has
been experimentally shown and theoretically motivated. Beside
this methodology, this paper derived missing passivity results for
SEA impedance control solutions showing a common Z-width lim-
itation (e.g. the physical spring stiffness limit) that holds for all ar-
chitectures except for acceleration-based control. Also we derived
algorithm-specific limitations, summarized in Table 2, providing a
comprehensive and coherent comparison of controller passivity. Fi-
nally, the passivity results have been validated experimentally in
terms of coupled stability showing agreement with theoretical ex-
pectations.

Appendix A
Al. Deriving condition (16)

According to Eq. (9) in [20] the real part of impedance at the
environment port is proportional to

Re[Z(iw)] x w* (dsw? + dyg)

with
d4 = k[II%Pf(k = kd) - akkd] (A])
ds = k[(P2P; — af) (k — kq) + Pyk] (A.2)

where a = I,P + I¢P,. Sufficient and necessary conditions for sta-
bility are

d4 > 0, dG > 0. (A3)
The condition d4 >0 is equivalent to

I2P
kg < k-t (A4)

K
I%Pf + ak

which implies ky <k. Finally a sufficient condition for dg>0 is
P2P; —aJ = 0 which results in If+1,,1;—|f/ < Pflj Condition (16) is
then sufficient for passivity.

A2. Deriving condition (21)

Substituting (18) and (4) in (19) one gets
num(s)  os®+ pBs*+ys+34

Z(s) = den(s) ~ as*+bs3 4 cs?2 +ds (A3)

where

o :]dd’ ﬂ :.]kd + dde, Y = dde+ de, S = de, (AG)
_o B vk _ Lk

a_k,b_k,c_k+kD+ddm,d_k+kP+kd, (A.7)

with I-<=1—k,—<d. The real part of Z(iw) is proportional to

Re[num(iw)]Re[den(iw)] + Im[num(iw)]Im[den(iw)] , i.e.
Re[Z(iw)] o w?[ (DB — Pa)w? + (Py — D§)] (A.8)

where D = (dg,, + kD) and P = (k, + kP). Condition Re[Z(iw)]> 0 is
equivalent to

DB —Po>0APy —DS > 0. (A.9)
The inequality DS — Pa > 0 leads to
D ddm dﬁka + Dzddm (k — kd)
P kg PkgJ(k — ky) (A10)

which is implied by ky <k, B > d,f—d’". Also (A.10) can be further ar-
ranged as

P 1[(dy,
kd>ddm[D_]< ]—{ +D>}
which may lead to a lower bound for the desired stiffness. The

condition Py — D§ > 0 leads to
k2D + kP*dgy, > 0

(A11)

(A12)

which is implied by ky < k. Sufficient and necessary conditions for
passivity are (A.10) and (A.12) whereas (21) represents only suffi-
cient conditions. In the case of a pure spring impedance (d,, = 0)
the sufficient and necessary conditions (A.10) and (A.12) reduce to
kd <k.

A3. Passivity of Collocated Impedance Control

The idea underlying the CIC architecture is to shape the ki-
netic energy via force feedback and the potential energy via po-
sition feedback. Translating the multidimensional and non-linear
controller in [23] to our notation, the force loop is implemented
as

d.
T =Jf; u+ (1 J]d1)(fe + ku) (A13)
where J; <] is a desired inertia, d>0is a damping parameter
and u is an auxiliary input coming from the outer position loop.
When we apply (A.13) in (2) and (3) the following passive dynam-
ics (from 7, to ¢) is obtained:

(A14)

and the parameter J; can be used to shape the kinetic energy. To
shape the potential energy a collocated position feedback is used

.]dé:u_l'e

U= —kyn(® - qr) — dgnf (A15)

where lzdm, (fdm > 0, and 6, is the desired link position. With this
controller the dynamics of (A.14) becomes

.]dé + l?dm (9 - Qr) + Jdmé =—Te (A]6)
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where the control potential energy is shaped via I?dm and the dissi-
pation via rfdm. Thus, the joint level stiffness is given by the series
of k and j]‘ff(dm and the motor level damping is dy,,. From the
architectural point of view this energetic interpretation resembles
an impedance schema but with collocated position feedpack where
force gains are given by P= (1-Jj;'). D= (1-Jj;1)4 and posi-
tion gains by kg = JI; kgm. dgm =1 dgm- By choosing the total
system energy as Lyapunov function candidate passivity is ensured
by positiveness of P,D, kg, and dg,, [23].
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