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Abstract— A wearable robot is constantly in contact with its
user. To properly and safely perform tasks together with the
wearer, such as walking and load carrying, it is important that
the robot is able to control its joint torques. To enhance the per-
formance of torque/force controllers, feedforward controllers
such as velocity and friction compensation are commonly used.
Although such controllers are able to enhance the torque closed-
loop bandwidth, they can also significantly reduce the system’s
robustness. For coupled systems, such as wearable robots,
the soft human skin and the compliance of the human/robot
attachment pose additional challenges to the performance and
stability of such controllers. In this paper we investigate the
robustness issues associated with the force control on coupled
systems, performing thorough analyses of the torque loop
sensitivity, including how the attachment stiffness and the
human impedance may influence it. Based on these analyses,
we propose two potential control solutions that may improve
both the disturbance attenuation and torque reference tracking
on wearable robots.

I. INTRODUCTION

Robots are often in contact with the environment, people,
or other objects. Wearable robots, such as exoskeletons
and limb-prostheses, are in addition inherently coupled to
a wearer. This close attachment allows the robot to sym-
biotically move with the user, providing e.g. physical as-
sistance or power augmentation. In these and other typical
applications of wearable robots, it is desirable to control
the forces/torques the robot applies to the user and to the
environment. Such robot force control capabilities allow an
easy implementation of advanced control methods such as
impedance [1] and admittance control [2], operational space
control [3], inverse dynamics control, virtual model control
[4], as well as the control of the contact and interaction
forces. Note that throughout this paper the terms force and
torque are used interchangeably.

Joint force control is clearly an important and advanta-
geous feature for wearable robots. To enhance the perfor-
mance of such force controllers, control designers commonly
make use of feedforward controllers, such as viscous friction
compensation [5]. Another important phenomenon in the
force dynamics, which can also be compensated for through
model-based feedforward control, consists of an intrinsic
load velocity feedback present in the open-loop force dynam-
ics [6] no matter what kind of actuation system is employed
[7]. Because of this natural load velocity feedback, the
open and closed-loop robot force dynamics may be strongly
limited by the characteristics (e.g. stiffness, inertia, damping)
of the load driven by the robot actuators. For wearable robots,
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in particular, besides the robot links, the human is also part
of the load seen by the robot. Therefore, the characteristics of
the human as well as of the human/robot attachment impose
additional challenges in the robot force control.

Coupled systems, in general, have a coupling stiffness
that is usually orders of magnitude more compliant than
the rest of the mechanical structures. In wearable robots,
this soft attachment consists normally of elastic bands that
connect the human limbs to the robot links. In addition,
human soft tissues make such human/robot coupling even
more compliant [8]. In terms of force control, this soft
coupling element causes a phase drop into the open-loop
force dynamics at low frequencies [9], reducing the system
robustness at frequencies which are usually of interest for
locomotion and manipulation. In this paper we will use
a simple abstraction of a coupled system to illustrate the
human/robot interaction dynamics on wearable robots. The
main contributions of this work can be summarized as
follows: 1) A sensitivity-based analysis of the robustness
of closed-loop force controllers on coupled systems with
feedforward control; and 2) Proposition of two potential
control designs to enhance the system robustness: a notch
filter and a lead compensator.

Last but bot least, it is important to highlight that although
the focus of this paper is on wearable robots, the issues
presented and discussed in here may be relevant to broader
areas of robotics in which the robot is not physically attached
to a user. This includes the control of robots with mechanical
compliance, such as series elastic actuators [10], [11]; and
the control of robots that are in constant interaction with
unknown environments, like legged robots, which have their
feet temporarily coupled to the ground every time they are
in stance.

II. MODELLING

In this section we will derive two conceptual models with
1 Degree Of Freedom (DOF) which are simple enough to
use intuition, and yet include the limitations caused by the
human/robot attachment into the robot force control. The first
model will describe the force dynamics in robots that are not
attached to a human, called throughout this paper ordinary
robots. The second model will illustrate a wearable robot, in
which a human is attached to the system.

A. Ordinary robots

Force is always generated over an element that is de-
formable or compressible, i.e. an impedance. Impedances
(e.g. springs), by definition, have velocity as input to their
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Fig. 1: The actuator inertia m, is accelerated by an external force, and its
velocity is transmitted to a compliant transmission, with stiffness k¢, which
connects the actuator to the robot link with inertia m,. and damping b,.. In

case there is a relative motion between actuator and robot link, a force is
generated at the transmission.
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Fig. 2: Block diagram for a generic actuator acting on a robotic link through
a transmission stiffness. The robot velocity X, (s) is clearly being fed back
into the robot force dynamics. This is the open-loop dynamics, i.e. there is
no controller depicted in the diagram.

dynamics and force as output. Admittances (e.g. masses,
inertias), on the other hand, have the opposite input/output
relation, that is, forces as input and velocity as output.
Therefore, because of causality reasons, an inertia should
always be connected to another inertia through a spring [1].

By applying such concepts to robots, we can say the joints
of a robot are driven by an actuation system composed
of an inertia and a compliant transmission. In one hand,
the actuator inertia m, (e.g. a rotor in an electric motor)
moves and transmits a velocity ¢, to the transmission, In
other words, the actuator inertia can be seen as a velocity
source to the transmission stiffness. This actuator inertia is
accelerated by an external force f, (e.g. electromagnetic
forces generated by the stator). On the other hand, the
transmission is the most compliant element which connects
the actuator inertia (i.e. rotor) to the load inertia m,. (e.g. the
robot link inertia). This transmission, generally few orders of
magnitude more compliant than the actuator inertia, converts
the inertia velocity into a force, which is then applied to
both actuator and load inertias. An example of transmission
could be a gearbox or a harmonic gear that connects the rotor
of a motor to the link of the robot. Series elastic actuators
have a spring as transmission, which is also used to measure
the transmission force f, in most of the cases. Although
we assume in here the transmission to be a pure spring, it
could include also damping without loss of generality. This
conceptual case is illustrated in Fig. 1.

fr :k't (i‘a_i'r‘) (1

The dynamics of the force transmitted from the actuator to
the load is defined by Eq. 1. As we can see, this dynamics is
characterised not only by the transmission stiffness k; and the
actuator dynamics, which determines how quickly z, can be
changed, but also by the robot rigid body dynamics through
&,. This interaction between transmission force and load
velocity is intrinsic to the physics, no matter the actuation
technology and load characteristics, and it can be mathemat-
ically seen as a load velocity feedback [12]. Equation 1 can
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Fig. 3: Wearable robot schematics with a human block (in red), with mass
myp,, and variable stiffness k5 and damping by,. The human/robot attachment
is depicted as a pure spring with stiffness kqt¢. A compression/extension
on the attachment will produce an interaction force f;.

]

Fig. 4: Block diagram for a generic actuator acting on a wearable robot
link (in blue), which is attached to a human (in red). The interaction force
F;(s), through a feedback, couples robot and human dynamics.

be expressed by the following transfer function:
F.(s) k: (my.s + by.)

Xa(s) - S (mrs + br) + kt (2)

where F(s) and X, (s) are the Laplace transforms of f, and
T4, respectively.

An important consequence of the load velocity feedback
into the force dynamics is the presence of a load dependent
zero, as it can be seen in Eq. 2. This zero, usually located
at low frequencies since the load damping b, is kept as low
as possible in real applications, may severely limit the force
control performance [7].

B. Wearable robots

Wearable robots are intrinsically attached to a user through
some compliant element, e.g. an elastic band fixed by Vel-
cro®. From the robot actuator perspective, the load char-
acteristics completely change by attaching a human to the
robot links. Besides the human/robot attachment dynamics,
the human may apply forces using a large range of joint
impedances during tasks such as walking for instance [13],
[14], [15].

The dynamics of such coupled system can be represented
by the block diagram shown in Fig. 4. This block diagram
shows that the robot and human dynamics are in series, and
the interaction force F;(s) that couples both systems is also
fed back in the diagram. In this case, the transfer function
F,(s)/X4(s) has numerator of order 4 and denominator of
order 5. Considering an additional second order dynamics
with gain 1 for the actuator velocity:

Us(s) 82+ 2€,wes + w?

where U,(s) is the actuator input (e.g. a voltage), w, the
natural frequency, and ¢, the damping, the denominator
becomes of order 7. Since its symbolic expression does not
provide meaningful insights, we are not going to show it in
here. Instead, we will perform a numeral analysis using, for
instance, m, = 5, b, = 50, my = 10, b, = 20, k; = 100,

1014



Fi(5)/Ua(s)

—— Ordinary
—-—-Wearable

B
-
o
)

Magnitude (dB)
3

| | ——Ordinary
—-—-Wearable
-270 ¢ ; . 3

0 2
Frequency (Hz)

Fig. 5: Bode plot of the open-loop transfer function Fi(s)/Uq(s) for
ordinary (solid blue line) and a wearable (dash-dot red line) robot. The
coupling with the human dynamics causes a resonance followed by an
antiresonance at low frequencies. It also produces a large phase drop at
the same frequencies. Such features are the most relevant differences in
terms of force dynamics between an ordinary and a wearable robot.

ke = 10, ko = 103, w, = 1250, and &, = 0.5, all in SI
units.

The frequency response of the open-loop transfer function
F,.(s)/Uq4(s), shown in Fig. 5, illustrates the core difference
between an ordinary robot, which is not attached to a user,
and a wearable robot, which is intrinsically coupled with the
user: a phase drop at low frequencies. Such drop in phase is
caused by a resonance/antiresonance pair introduced by the
soft human/robot attachment. As we will show next, such
phase drop in the force dynamics increases the sensitivity
of the closed-loop system at these low frequencies, possibly
making the system unstable in practice. Also, generally such
low frequencies are in the range of most of the common
human tasks, such as walking and running.

The integrator present in the wearable robot force dy-
namics is due to the human stiffness kj. This means that
the robot force f, raises linearly when the robot pushes
the human away from its reference position. Furthermore,
the high frequency resonance, common to both ordinary and
wearable robots, is a result of the transmission dynamics. It is
usually located in frequencies above those of interest in com-
mon applications, not posing big issues on the closed-loop
performance and stability. The frequency of this resonance is
mainly related to the transmission stiffness k; and the robot
mass m,-. At even higher frequencies, around 200 Hz in this
case, we can also notice the dynamics of the actuator, which
consists of 2 complex conjugated poles.
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Fig. 6: Block diagram for the closed loop robot force control. It uses a feed-
back controller C(s) and a feedorward velocity compensation controller.
The coupled system dynamics is influenced by both the robot, human, and
attachment dynamics.

III. CONTROL

As seen in the previous section, the human/robot coupling
considerably changes the load characteristics and conse-
quently the open-loop dynamics of the force that is delivered
by the actuator. In this section, we will close the robot force
loop and investigate possible impacts of such coupling on
the closed-loop performance and robustness.

A. Velocity compensation feedforward command

To achieve good fast convergence times and good closed-
loop force tracking responses, it is paramount to compensate
for the natural velocity feedback present in the force dynam-
ics [7], [16], [17]. An intuitive way for compensating this
load velocity influence is to measure it and to continuously
provide, with our actuator, an extra velocity Z., = Z,. In
this case, the robot force dynamics would be given only
by fr = ki ((Zq + Tex) — @) = kyq. Such feedforward
compensation notably increases the closed-loop force band-
width, as we can see in step responses shown in Fig. 7. Such
velocity compensation has been successfully used in high-
performance torque-controlled robots [18], [19]. A block
diagram depicting the use of such controller is shown in
Fig. 6.

Although it is possible to achieve better tracking perfor-
mances with the velocity compensation feedforward control,
its practical use in coupled systems as illustrated in Fig. 3
has been proven challenging. Differently than the uncoupled
situation of ordinary robots, the system tends to become
unstable at low frequencies when perturbed. Therefore, in
the next section we present the sensitivity function of the
closed-loop when using such compensation.

B. Sensitivity function

The sensitivity transfer function is the closed-loop transfer
function that maps both the disturbances D(s) to the robot
force F.(s), and the force reference F). _,(s) to the tracking
error E(s) = F,. . (s) — Fy(s), that is:

1 F.(s) E(s)

15 L) D(s)  Fr(s) @

where L(s) = C(s) (¥+(8)/u,(s)) is the Loop gain, being
C(s) the transfer function of the controller.

Ideally S(s) should be low at the frequencies of interest,
meaning disturbances would be attenuated and tracking error

S(s)
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Fig. 7: Step response for the closed-loop robot force transfer function
F,.(s)/Uq(s) for the wearable robot case. A simple feedback P controller,
in blue, was tuned to K, = 4.57 - 10™% to give phase margin ¢, = 45
deg. When the feedforward velocity compensation (VC) is used, the system
significantly increases its raising time while keeping the desired phase
margin.

would be small at such frequencies, and high at higher
frequencies to attenuate measurement noise [20], [21]. Fur-
thermore, the peak of the sensitivity function S(s) is also
directly related to the stability properties of the system,
including the phase and gain margins [22]. For instance, a
peak M; = max|S(jw)| = 1.5 is approximately equivalent
to a phase maulJrgin ¢m > 40 deg. The larger the sensitivity
peak, the closer to instability. Also, the sensitivity peak tends
to be a more reliable indicator of relative stability than the
gain and phase margin. It is possible to find situations where
the gain and phase margin seem adequate, when actually a
large sensitivity peak informs us of a very critical stability
condition [23].

To asses the impact of the velocity compensation in both
coupled and uncoupled systems, we performed a sensitivity
analysis using both standard feedback controller with and
without the velocity compensation. For the coupled case
a simple P feedback controller was used, since the plant
already has an integrator. For the uncoupled case, a PI was
used in order to have comparable closed-loop plants. The
results depicted in Fig. 8 highlight two important character-
istics: a) both velocity-compensated systems increase their
bandwidth, i.e. the frequency where their magnitude crosses
0.708 (—3 dB), in about 4 orders of magnitude; and b)
the velocity-compensated sensitivity for the wearable robot
system has a dent around the human/robot attachment natural
frequency. This latest characteristic means the system, at that
frequency, will be less robust to disturbances and system
variations, and the closed-loop tracking response will be
worse. Such findings do match our empirical experience in
force control of coupled systems. In addition, Fig. 8 also
shows that in case a perfect velocity compensation could be
achieved, by hypothetically having infinitely fast actuators
and a perfect model, both coupled and uncoupled systems
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Fig. 8: Magnitude of the sensitivity function S(s) for both ordinary (red)
and wearable (blue) robots with different controllers. As we can see, the
velocity compensation (VC) feedforward command remarkably increases
the bandwidth for both systems. However, for wearable (coupled) systems,
the VC critically affects the sensitivity around the human/robot attachment
natural frequency, which is about 2 Hz in this case. The VC also pushes
the sensitivity above 1 at high frequencies, with a peak at the natural
frequency of the actuator dynamics, which is 200 Hz in this example.
However, if the actuator dynamics is hypothetically neglected, a perfect
velocity compensation would be achieved, and then the sensitivity would
be smooth and with no peaks, as shown in green.

would have an ideal and smooth sensitivity function.

In order to get additional insights on how some of
the parameters influence the force dynamics sensitivity, we
performed further analyses by varying these parameters in
a specific range. As shown in Fig. 9, variations on the
attachment stiffness k,;; are the most critical ones in terms of
robustness. More specifically, the more rigid the attachment
the higher the sensitivity at the attachment natural frequency.

In the next sections we will propose two different but
possibly complementary control solutions to improve the
robustness of the force controller in low-frequencies.

C. Notch filter

The dent, or notch, caused by the velocity compensa-
tion feedforward controller on the sensitivity function of
the wearable robot case is an undesirable side effect, as
previously discussed. Such feature is caused by the res-
onance/antiresonance pair introduced by the human/robot
attachment on the system magnitude, which leads to a phase
drop. The shape of such characteristic connotes the use of a
notch filter, which would be able to add some phase at that
particular frequency, minimally affecting other parts of the
plant frequency spectrum [22], [20].

The notch filter should be added around the frequencies
of the attachment stiffness, aiming at minimizing its effects
at that frequency. In our case, we used a filter with complex
zeros, to attract the lightly-damped low frequency poles, and
two identical real poles:

0.0152 4 0.04s + 1
(s+13)2

(&)

Gnotch =
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Fig. 9: Sensitivity function S(s) for coupled systems using velocity compensation for different parameters. As we can see, rigid human/robot attachments
katt tend to dangerously increase the system sensitivity at low frequencies. Variations on the human inertia m;, and stiffness kj, also affect the system,
but in lower scales. For instance, the lighter the human (link) mass, the more attenuated the sensitivity dent at the attachment natural frequency. Changes
in the human stiffness kz, did not attenuate the middle sensitivity peak, but instead they changed its shape.

The result of applying such filter in series with the
feedback and velocity feedforward controllers is shown in
dashed black in Fig. 10. As we can see, the notch filter
manages to reduce the sensitivity at the attachment resonance
frequency, making it even lower than for the uncoupled
system. However, due to the unavoidable waterbed effect
[24], by pushing the sensitivity down at the attachment
frequency, the peak around the actuator frequency increased.
This also means the phase margin of the system decreases,
and it would be more oscillatory for high-frequency inputs.
However, this might be preferable since the performance and
robustness issues are shifted to higher frequencies, where the
robot usually does not operate.

D. Actuator dynamics compensation filter

As illustrated in Fig. 8, in case the actuator had no dy-
namics at all, the velocity compensation would be perfect and
both performance and robustness would be ideal. Although
such situation is not realistic, it brings important insights
on how to improve the velocity compensation robustness.
For instance, a lead compensator for the velocity compen-
sation feedforward command can be applied. Differently
than the notch filter, this compensator, or filter, would aim
at minimizing the effects of the actuator dynamics in the
feedforward path only. By applying a filter with twice the
natural frequency of the actuator w,, and complex zeros
around w,, an improved response is obtained and shown
in solid green in Fig. 10. As we can see, such filtering
in the feedforward path does not suffer from the waterbed
effect, and an attenuation of the sensitivity is achieved in low
and middle frequencies without compromising the sensitivity
peak.

IV. CONCLUSIONS AND FUTURE WORK

Because of a natural velocity feedback, intrinsic to the
physics of force transmission, the dynamics of the robot
actuator force depends not only on the actuator itself but
also on the load characteristics. For a wearable robot, this
is particularly relevant since the attachment with the user
introduces important features into the load dynamics. The
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Fig. 10: Sensitivity function for the closed-loop force dynamics with
different controllers. In dot-dashed red we show the uncoupled case using
a PI feedback controller together with a velocity compensation (VC)
feedforward. This uncoupled sensitivity does not present a dent at middle
frequencies (around 2 Hz). On the other hand, in dotted blue we show
the sensitivity for the coupled system with a P controller and the same
VC feedforward. In this case a dent appears because of the human/robot
coupling. In dashed black is a solution with a notch filter, which reduces
the sensitivity in middle frequencies but increases it at high frequencies.
Finally, in solid green we show the sensitivity when a lead filter to perform
an actuator dynamics compensation (ActComp) is added to the feedforward
path.

most critical one is a resonance/antiresonance at the natural
frequency of the attachment.

In terms of force control robustness, the human/robot
coupling significantly increases the sensitivity of the closed-
loop system at low frequencies. This tends to make the force
control more challenging at these frequencies, which are
usually in the range of common human locomotion tasks
such as walking and running. The exact frequency of this
local sensitivity peak depends mainly on the attachment
stiffness, and on the human characteristics, such as inertia,
stiffness, and damping. To minimize this intrinsic coupling
effect on the system sensitivity, we proposed two control
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solutions: a notch filter around the attachment resonance
frequency, and/or a lead compensator on the feedforward
path. Both solutions demonstrate potential to reduce the
sensitivity magnitude to values comparable to uncoupled
robots. Such lower sensitivity would lead, on its turn, to
a better disturbance rejection and reference tracking for the
closed-loop force controller.

Future work include the implementation and evaluation
of such control solutions on a real robot, and a thorough
analysis of the influence of human parameters such as joint
impedance into the force control performance and stability.
Ultimately, such algorithms shall be tested with human
subjects.
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