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Actuation Saturation of Joint Torque and Ground Friction
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Abstract— In normal operations, when quadruped manipula-
tors with impedance control experience external disturbances,
they may become unstable and lose balance due to actuation
saturation, affecting their stability, safety, and compliance with
the environment. To address this issue, we propose a whole-
body compliance controller to prevent unstable behaviors like
slip, oscillation, and overshoot, which arise from actuation
saturation. The controller includes an admittance scheme with
a set-valued operator as the internal feedback, to constrain
joint torques within actuators’ limits and ground reaction forces
within friction cones to ensure stability against disturbances.
Then, it formulates a hierarchical optimization problem using
the Hierarchical Quadratic Programming (HQP) to impose the
output of the admittance scheme while ensuring physical con-
sistency to maintain compliance behaviors. Unlike traditional
compliance control with one-dimensional torque limitations, our
approach considers both joints torque limits of manipulator
joints and friction cones of quadruped ground reaction as ac-
tuation saturation. This ensures overall compliance and stability
for the quadruped manipulators, even under significant external
forces, regardless of where they are exerted on the robot. We
demonstrate through experiments involving variable stiffness
environments and external forces during normal operations how
effective our approach is in enhancing the safety of quadruped
manipulators.

I. INTRODUCTION

The quadruped manipulator, shown in Fig. 1, is a versatile
platform consisting of a mobile quadruped and a manipulator.
Its advantage lies in its ability to interact with and modify the
environment, which is crucial for Human-Robot Interaction
(HRD) [1]-[3]. However, due to hardware limitations and sta-
bility requirements for legged robots (i.e., friction cone [4]),
sudden external forces from the environment (e.g., changes in
payload or contact with stiff surfaces) can cause its actuation
saturation. This includes actuators’ torque limits and the sta-
bility margin edge in the friction cone. Such situations lead to
undesirable behaviors like slips, oscillations, and overshoots
that may damage robot hardware or surrounding objects and
even injure people. Therefore, achieving compliance with
quadruped manipulators for saturated cases is an important
HRI task.
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Fig. 1. An illustration of a quadruped manipulator consisted of an Aliengo
platform of quadruped robot and one 6-DOF Kinova manipulator.

Legged robots have widely used compliance control, in-
cluding impedance and admittance control, as reported in
previous studies [5]-[8]. Compliance control allows the robot
to specify the force produced in response to environmental
motion by setting the impedance (i.e., stiffness and damping).
However, it is a trade-off between task performance and
robustness against unexpected environmental interactions.
High impedance improves tracking performance and distur-
bance rejection but can lead to actuation saturation when the
quadruped manipulator comes into contact with a highly stiff
environment, such as a rigid wall. It may generate commands
that are out of the robot’s motion and violate stability
conditions, leading to slipping [9]. Decreasing impedance
prevents actuation saturation but results in poor responsive-
ness against contact forces, making it unsuitable for many
applications [10]. An alternative approach is to model torque
limits and stability requirements as constraints of linear
inequalities combined with the whole-body controller (WBC)
[11]-[13] in order to ensure that these constraints are not
violated. However, WBC is unable to eliminate snapping-
back behaviors that result from actuation saturation, with can
cause overshoots and oscillations. This becomes particularly
problematic when a large external disturbance force is ap-
plied to the robot’s body or base, where using any force
sensor is difficult or impossible. In such cases, significant
deviations between the robot and commands can lead to
unpredictable behaviors under actuation saturation.

These unsafe problems caused by actuation saturation have
received widespread attention recently. To be specific, the
work in [14]-[16] employed the proxy-based sliding mode
control (PSMC) to achieve a smooth and overdamped recov-

11123



ery from the saturation in the compliance control, thereby
avoiding unsafe behaviors. Moreover, the work in [17] and
[18] utilized the mathematical transformation between the
set-valued signum function and a nonsmooth operator (i.e.,
the set-valued normal cone) to allow for more quicker
desaturating. This method is equivalent to the conventional
compliance control as long as the actuator torque is un-
saturated but yields external force without overshoots or
oscillations when the torque is saturated. However, since
linear controllers (e.g., proportional-derivative-integral (PID)
position controller) are widely used among these methods,
they may not perform well for nonlinear systems or even
violate physical consistency. Meanwhile, they are limited to
one-dimensional systems and cannot be extended to multi-
dimensional robots like the quadruped manipulator, which
are more prone to instability due to the coupling influence
of each joint and long-link chain. In particular, the motion of
quadruped manipulators is coupled with locomotion and ma-
nipulation [19], requiring controllers to consider full system
states.

This manuscript proposes a whole-body compliance con-
troller for the quadruped manipulator to avoid unsafe be-
haviors (e.g., slips, oscillations, and overshoots) caused by
actuation saturation due to external disturbances, inspired
by [15] and [17]. The method considers actuator torque
limits of manipulator and friction cone of ground reaction
force of the legged body as actuation saturation and stability
requirements. To eliminate coupling effects, locomotion and
manipulation are decoupled into independent subsystems.
Then, an admittance scheme with a set-valued normal cone
is designed to prevent unsafe behaviors due to actuation
saturation. Finally, a hierarchical optimization problem is
formulated to impose the admittance scheme’s output for the
robot while satisfying physical consistency. As a results, the
proposed methods enables the robot to be stabilized under
large external force disturbances, regardless of whether the
force is exerted on force/torque sensors.

This work offers the following contributions:

o This manuscript presents a new method for whole-
body compliance control for multi-dimensional systems
under actuation saturation, particularly the quadruped
manipulator. The method ensures the robot’s stability
under large external force disturbances, regardless of
its exerted point on the robot.

« To prevent unsafe behaviors such as slip, oscillation,
and overshoots caused by the actuation saturation, the
method considers both the torque limitations and fric-
tion cone of ground reaction for legged robots as forms
of saturation to enhance the overall stability.

o The proposed method has been validated through vari-
ous experiments and compared with previous methods.

Additionally, it has been made open source'.

To the best of the authors’ knowledge, this is the first
time to solve the actuation saturation problem for quadruped
manipulators.

The code is available at https:/github.com/skywoodsz/qm_control

Sos

Fig. 2. The quadruped manipulator’s frames (inertial Z, base B), external
contact wrench Fe, Fp, and ground reaction forces f, ; subjected to the
friction cone.

II. PROBLEM FORMULATION
A. System Modelling

In Fig. 2, the frames of a quadruped manipulator are
shown. Then, the dynamics of the quadruped manipulator
can be described using the two frames: the right-hand inertial
coordinate frame {Z : Oy — x;y;z;} and the body frame
{B:0p — zpyp2p}:

M, My My, 4y np .
My M; M, g |+ | n | =J, Fy
Mab Mal Ma ija N,
—_——
M v n
JZt,b Jf,b O6x1
+ %]Ez Fo + 055"><6 Fe+| 7
0na><3nC Je7a Ta
gz JT T
(D

where M is the inertia matrix, n represents the nonlinear
effects (i.e., Coriolis, centrifugal, and gravitational terms),
0 = [Gi, G]G0 )T € ROT™Fna s the stacked vector of
generalized accelerations, a ZYX-Euler angle parameteri-
zation is assumed to represent the base’s orientation, the
subscripts b, [, a and e stand for the base, legs, arm and
arm’s end-effector, respectively, n;, n,, n. denote the number
of DoFs %f leg, arm, and contact feet, respectively, F', =
[ L T?;] € RS denotes the external wrench acting on the
base, For = [£as, Faryr

T
reaction forces, F', = fz, TZ;| € RS denotes the external
wrench acting on the arm’s end-effector, J, J s and J, are
matrix of stacked contact Jacobians defined by base, contact
feet and arm’s end-effector, respectively, and T is the vector
of actuators’ torques.

,fL 1T € R®« are the ground
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Transforming the dynamics (1) into the operational space
[20], one has:

A@)é +p(z,2)i + Fy=F, + F.+J. "JLF, (2)

where & € RS is the arm’s end-effector pose expressed in the
inertial frame, & = J. v, & = jev +Jev, Fy € RS is the
gravity, A(z) = J, T MJ,~! € R6*6 represents Cartesian
inertia, p(x, &) = J, (n — MJeflJ.e) J. 1 € R6%6
represents Cartesian Coriolis and centrifugal matrix, and
F.=J. "t +J.7"JLF, € R® is the input force.
Therefore, the input force is composed of actuators’ torques
T and the ground reaction forces F';.

B. Problem Statement

To actively contact with environments with compliance,
the manipulator’s end-effector first needs to behave as a
constrained mass-damper-spring system [21] as follows:

F.= A&+ (p(x, &) + Dy) & + K & (3a)
s.t. T min S T S T max (3b)
Fst eC (3C)

where C is the friction cone between the robot feet and
ground, Ag € R5%6 D, € R6%6 and K, € R5%6 are the
desired Cartesian inertia, damping and stiffness, respectively,
while = & — L4, T=a— Zg4, and T = x — x4 are errors
of the acceleration, velocity and position, respectively. The
actuation saturation is composed of actuators’ torque limits
(3b) based on the hardware and friction cone constraints (3c)
to avoid slipping.

Without loss of generality, we assume that the interaction
wrench F'. at the arm’s end-effector is measurable, since
a force sensor can be easily attached, while the interaction
wrench at the base F', is immeasurable. Moreover, the de-
sired acceleration &4, velocity &4, and position x4 are known
smooth functions defined by the operators. The controller’s
objective is to achieve an improved postsaturation behavior,
ensuring the quadruped manipulator’s stability when actua-
tors’ torques 7T reach limits as in (3b) or stand forces F'y;
reaches to the friction limits as in (3c), caused by external
force disturbances.

III. PROPOSED CONTROLLER DESIGN

A. Admittance scheme with set-valued operator

As the interaction wrench at the base F';, is immeasurable,
F'y, can be regarded as an unknown disturbance. Taking (3a)
into (2) and making Ay = A(x), we have

F,=F,+ A@)&, + p(x, &)ty — Da® — K&, (4)

Transforming F', = J67T7+J67TJZ;F315 € RS in (2) into
the joint space, the compliance controller input is as follows:

O6x1 ']st b J

|+ JL, | Fu= %XG F,. (5
Ta Ozux?mc e a

T Jh J7

Since the contribution of the legs’ torques 7; in the (5) is
not significant, one can extract the top six rows and the
bottom n, rows. Then, the compliance controller input can
be decoupled as:
T T
Joy
{ Tt Fst ] = { Jf ] (6)

Ta

where J Z:t.bFst controls the locomotion of the base, and
T, controls the each joint of the manipulator. Through
(6), the quadruped manipulator is decomposed into 6 + n,
independent systems.

Let us define the variables 7, = [ FLJgp T2

and 78 = [ Jep Jea ]TFT from (6). To simultaneously
satisfy the torque limits and stability requirements of legged
robot as in (3b) and (3c¢), let us extend the admittance scheme
in [17]:

}T

L+ 14 - Ng(t,) € M, (G, — Go) + (7a)
D, (4; —4o) + Ko(qs —qp),a=q,—q (7b)
To=M,4,+K,(q,—q)+ D, (4, — q) + Lsa (7c)

where g, € RS is the position of proxy, g, € R6T"a
is the desired position defined by the operators (Sec. II-
B), g € R6+"u is the measured position of the controlled
object, 77 is the measured or estimated augment torque of
To. The inertia M, € R(E+n)x(6+na)  yiscosity B, €
R(6+71a)x(6+na) and stiffness K, € R(O+7a)%(6+1a) pyjld
the dynamics of the proxy, the notation Nz(7,) represents
the normal cone of the set F at 7,, which can be written
as: Nz(1,) 2 {z | 2¥(r: —1,) < 0,Y7 € F} with
the set F = [Fy, F3]5"™a being the limit. The equation (7b)
represents a PID position controller with a feedforward of
the desired acceleration. The coefficients K, D,, and L,
are proportional, derivative, and integral gains, respectively.
Different from the work [17], the set F in the nonmsooth
operator N=(7,) not only considers the torque saturation
levels in (3b), that is, torque limit [Tmin, Tmax] Of each
joint of the manipulator, but also the friction cone (3c) of
legged base, that is, the square pyramid to approximate
the friction cone with linear constraints [22]. Therefore,
F = [f min> Fmax) for the base’s locomotion is defined as

fmax = [uf27ufzafmax7 fmaxa fmaxafmax]T
fmin = [_lufm _Mfzv fmin; fmin7 fmina fmin]T

where p is the friction coefficient and f, is the z-component
of J Z;best. Therefore the augment variable 7, is bounded
by the Nx=(7,), subjected to (3b) and (3c).

The equation (7) constitute a pair of simultaneous equa-
tions with two unknowns 7, and §,. When the 7, is within
the limit, i.e., 7, € JF, the equation (9) is equivalent
to the conventional admittance scheme, which tracks the
commanded augment torque 7¢ by tracking the proxy states
G,. When the 7, is saturated caused by the external force
F, or Fy, ie., T, ¢ F, the set-valued algebraic feedback
will force the deviation between the proxy position g,
and the actual position g to be limited. By doing so, the

(8a)
(8b)
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: Proposed whole-body compliance controller
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Fig. 3.

Quadruped Manipulator

The block diagram of the proposed method for the quadruped manipulator whole-body compliance controller with actuation saturation. Firstly,

the compliance controller input is decoupled as the manipulation 7, and the locomotion J éTt »F'st based on the operdtor s input and the state estimator.

Then, an admittance scheme with a set-valued operator generates proxy states g, and T, based on commands 7-

, eliminating unsafe behaviors caused

by actuation saturation. Finally, with the proxy states ¢, and T,, an optimization problem is formulated by HlCl‘dICthdl Quadratic Programming (HQP)
to impose the admittance scheme’s output for the robot while satisfying physical consistency.

method tracks the commanded augment torque 7¢ by the
proxy rather than tracking it directly. It can avoid the huge
deviation between T, and 7¢ when the actuation saturation
occurs. Thus, it mitigates safety issues like oscillations, and
overshooting that typically arise when the controller tries to
eliminate the huge deviation with actuation saturation.

With the help of the set-valued operator in (7), the
compliance property of the admittance scheme is adjusted
based on T,. Specifically, when 7, is within the limit,
the compliance property approximates the desired Cartesian
impedance defined in (4). When 7, reaches the limit, the
compliance property is kept as the low impedance to yield
to external forces or recover from a huge deviation between
commands Tg and the robot.

To discretize (7), the equivalently transforming relation
z+ Nx(z) > y & z = projg(y) is used [17], where
proj£(y) is the saturation function that projects y onto the
set F and can be written as: projz(y) := argming. z(§ —
y)2. Therefore, (7) can be discretized using implicit Euler
discretization [23] as follows:

q;(k) == q,(k — 1) + Tug(k) (9a)
pu(k) = pg, A 2k T% Tua(k - 1) (%)
q* (k) == q(k) + (¢, (k) — ¢, (k))(K + M/T*)~"  (9d)
Th(k) := 8287 'qi(k) — Saq” (k) (%e)
To(k) == projz (7, (k)) (9f)

where T is time stepping size, k € Ny is the index of time
stepping, K := K+ D,/T+TL,, S, :== E+T?K ,(M ,+
TD,)™ ', 8y = K + M,/T? S3 := M, + TD, are
the gains, and 7,(k) is the output torque of the admittance
scheme. The set-valuedness in the original equation (7) is

TABLE I
THE TASKS USED IN THE WBC. EACH TASK IS ASSOCIATED WITH
A PRIORITY (1 1S THE HIGHEST).

Priority ~ Task

1 Physical Consistency
Contact Motion Consistency
Torque Limits
Friction Constraints

2 Compliant Tracking with the position
Swing Leg Motion Tracking

3 Compliant Tracking with the force

implicitly preserved in the algorithm (9). The intermediate
variables g (k), us(k) and a(k) are updated as follows:

a5 (k) = M oGy(k)+Dogy(k) + Koqo(k) + 74 (k) (10a)

wi(k) == (Mous(k — 1) + T(q5(k) — T2(k)))S5" (10b)
q,(k) = q* (k) + 7(k)(K + M/T?)~" (10c)
us(k) == (q,(k) —q,(k = 1)) /T (10d)
a(k) :==a(k — 1)+ T (q,(k) — q(k)). (10e)

B. Hierarchical optimization

The PID position controller with feedforward of desired
acceleration, calculated using equation (7), may not per-
form optimally for nonlinear systems like the quadruped
manipulator. To maintain the compliance properties of the
admittance scheme, avoid unsafe behaviors caused by actu-
ation saturation, and ensure physical consistency, we solve
a hierarchical optimization problem based on HQP [24] to
find optimal actuators’ torques. The solver finds solutions for
lower-priority tasks in the null space of higher-priority tasks
without conflicting with them. Tab. I lists prioritized tasks
used in the hierarchical optimization problem where smaller
numbers indicate higher priorities.
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Let £ = [07, FL)T € RO+m+natdne pe the optimization
variable. The solver searches for the optimal £, in tasks and
then calculates the optimal actuators’ torques.

1) Compliance Tracking: The compliance tracking task
realizes the admittance scheme’s output and is divided into
two sub-tasks. One is compliance tracking with the po-
sition, which controls the robot to track the proxy state

T
[qST ,qf,qﬂ directly with high priority. Therefore, we

have:
[ H6><6 Onlxnl Hnaxna O3nc><3nc ]52
Go+M7'Dy (4, —4) + M K (g, q).
The other is compliance tracking with the force, which

controls the robot to track 7, with low priority. Therefore,
we have:

Y

[0 JZ&,b 1€i=1[T6x6 On,xn, |To (12a)
[ Mab Mal Ma *Oz;axgnc ]S =
—no+JL Fe+ [ Osxs Inyxn, |To.  (12b)

T
The solver prioritizes tracking proxy state [qg, qf, ijz

over force 7, with varying priorities. As a result, if 7,
violates physical consistency, it will be relaxed to ensure
that the compliance properties of the admittance scheme can
be realized.

2) Physical Consistency: The dynamics of the quadruped
manipulator in (1) sets a relationship between contact forces
F'; and motion v. To enforce physical consistency constraint
in the relationship, the floating-base dynamics from the top
six rows of (1) is used as:

[My, My My, —J5)6=—ny+J,Fe. (13)

3) Contact Motion Consistency: The solution found by
the solver should ensure the null accelerations of stance legs
at the contact points. Therefore, we design:

[Jst 03nc><3nc] 6 = _jstv

for each stance leg.
4) Torque Limits: To avoid violation of actuator’s torque
limits, we design d. < C.§ < d., with

(14)

[ —N + T min
d = ’ 15
- | —TNa + JzaFe + T a,min :| (15a)
My, M, M, -J)
CT = st,l 15b
Mab Mal Ma _Ona X 3N ( )
5 [ —n; + T,max
dr = | —Na + Jz,aFe + T a,max :| (15¢)

5) Friction Constraints: To avoid slipping, contact forces
should be constrained to stay in the friction cone. We
approximate friction cones with square pyramids to express
them with linear constraints: [Os,, x (64n;4+n.) Frr] € < 0
with

0 0 -1

F, - 0 10 —p

Ffr = .. 7Flc - -1 0 —K
0 --- Fy 8 11 —

-1l =K

Comparison of end-effector's response
T T

0.5

position (m)

force —
-0.5F disturb
period

-0.7

t (sec)

Fig. 4. Motion response along the x-axis for the manipulator’s end-effector
caused by controllers when an external force of 50N is applied to the end-
effector at the third second for 2 seconds. The red line is the response caused
by the cI, denoting the approach consisting of an impedance controller and
WBC [11]. The blue line is the response caused by our approach.

6) Swing Leg Motion Tracking: Each swing leg is built
into this task to track the pre-defined desired swing trajectory
[25]. The task is defined as

[ Jsto Jota 0 ]&=¢"+hod+ked o
_[ Jst,b Jst,l 0 }Iv

where q~5 and (f) € R? are_the position and linear velocity
error, respectively, and ¢)d € R3 is the desired linear
acceleration of the pre-defined swing trajectory, kp and
kp € R are control gains for the position and linear velocity,
respectively.

7) Torque Computation: With the optimal accelerations
and contact forces £, solved by optimization, the optimal
torques for the legs and the arm can be computed as:

T | _| My M; M, ~Jh
Ta Mab Mal Ma _Onax?mc d

0 A7)

ny 7 n; X6

L L e
IV. EXPERIMENTS

The quadruped manipulator for validating the proposed
methods consists of a torque-controllable quadruped robot,
Aliengo [26], a 6-DOF manipulator, Kinova gen2 [27],
and a force/torque sensor from SRI [28]. Therefore, the
robot has n; = 12, n, = 6, with twelve and six DoFs
describing legs and the arm. The full control framework is
depicted in Fig. 3, and all of the modules run on the user’s
computer (Intel Core 17-11700F@2.50GHz). The proposed
approach was validated in a simulator developed in the
Gazebo environment [29]. The admittance scheme with set-
valued operator (Sec. III-A) and hierarchical optimization
(Sec. III-B) run at a frequency of approximately 1000Hz.
The hierarchical optimization (Sec. III-B) based on the HQP
is solved by QPOASES [30]. The state estimator used in the
controller is based on the work in [31] fusing measurements
from the motors’ encodes and IMU. We use Pinocchio [32]
to generate the model of the kinematics and dynamics of
the robot. For the sake of space, experiments present the
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Simulation results of whole-body compliance control with an external force of 50N applied to the manipulator’s end-effector at the third second

for 2 seconds. The results only show saturated joints, which are the second and third joints of the manipulator (i.e., joint2 and joint3). (a) and (d) are the
motion responses of joint2 and joint3, respectively. The red solid line is the response caused by the ¢I [11]. The blue solid line and the green dotted line
are the actual and proxy responses caused by our approach, respectively. (b) and (e) are torque results caused by our approach. (c) and (f) are torque results
caused by the cI [11]. The red solid line is the time history of the measured torque, the blue solid line is the time history of the commanded torque, and

the green dotted line is the torque limit with 20V - m.

manipulator’s end-effector compliance for only x cartesian
dimensions, which is the most relevant one for stability in
legged systems. The other directions of the manipulator’s
end-effector are fixed. For the sake of clarity, the plots only
show the results of joints that are saturated.

The parameters were chosen as Ky, = 2000 and Dy,
20 in (4), where the subscript x stands for x-component. Let
us set M, = diag(10)", D, = diag(30)", K,, =
diag(300)", M,, = diag(5)", K,, = diag(2000)",
D, = diag(10), L,, = diag(5)™ for the manipulator’s
joints and M,, = diag(10)°, D,, = diag(700)%, K,,
diag(500)%, M, = diag(5)%, K, = diag(20000)°, D,
diag(400)%, L,, = diag(0)® for the base in (7), where the
subscripts a and b stand for the arm and base, respectively.
The actuators’ torque limit was chosen as Tyq0 = —Tmin =
20N - m for each manipulator’s joint, and the friction
coefficient was chosen as ¢ = 0.1. The timestep size was set
as T' = 0.001s in (7). The parameters of swing leg motion
tracking in the hierarchical optimization (16) were chosen as
kp =37, kp = 350.

For comparisons, we used the ¢l, an impedance controller
combined with the WBC proposed in [11]. The project
has been released on GitHub?, and the video submission?
supports all of the examples discussed in this paper.

A. Force on the End-Effector

In the 1st set of experiments, an external force of 50N was
applied to the manipulator’s end-effector along the x-axis at

2 Available at https://github.com/skywoodsz/qm_control
3 Available at https://youtu.be/gKTPCxNsuz8

the third second for 2s, i.e., F, = [50,0,0,0,0, O}T N. The
results are shown in Fig. 4 and Fig. 5, where the second and
third joints of the manipulator (i.e., joint2 and joint3) are
saturated.

From Fig. 4, when the external force was applied, the
manipulator’s end-effector was pulled away from the desired
position. After the external force was removed at the fifth
second, the motion produced by ¢l was overshooting and
oscillatory, whereas that produced by our approach was
rather smooth and monotonic. The reason is that our ap-
proach can eliminate unsafe behaviors caused by actuation
saturation, which will be explained in detail below. From
Fig. 5, when the external force was applied, commanded
torques of joint2 and joint3 generated by (4) far exceeded
the torque limit and were outside the robot’s range of
motion. It led to the actuation saturation and the separation
between the commanded torques and the output torques of
the controller. ¢l tried to eliminate huge deviations directly
resulting in snapping-back motions of joints with overshoots
and oscillations after removing the external force. Eventually,
¢l made the motion response of the manipulator’s end-
effector diverge, and the robot became unstable. However,
there was no unsafe behavior with our approach. This is
because our approach tracks the proxy in (7) rather than
tracking commanded torques directly like ¢I. From Fig. 5a
and Fig. 5d, when the external force was applied, leading
to the actuation saturation, the proxy followed the actual
position of joints rather than being controlled by commanded
torques. The compliance property of the admittance scheme
kept the low impedance to yield to the external force. Thus,
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Comparison of base's response under trot gait
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Fig. 6. Simulation results of whole-body compliance control with an external force of 50N applied to the base at the third second for 2 seconds. (a) and
(d) are motion responses along the x-axis for the base under stance and trot gait, respectively. The red solid line is the response caused by the I [11].
The blue solid line and the green dotted line are the actual and proxy responses caused by our approach, respectively. (b) and (e) are the x-component of
reaction forces J Zt, »F'st caused by our approach. (c) and (f) are the x-component of reaction forces J Zt’ »F'st caused by cI [11]. The red solid line is
the time history of the measured force, the blue solid line is the time history of the commanded force, and the green dotted line is the time history of the

force limit subject to the friction cone with friction coefficient p = 0.1.

when the external force was removed, there was no huge
separation between the proxy and the actual position, avoid-
ing oscillations and overshoots. The compliance property of
the admittance scheme kept the low impedance to recovery
from a huge deviation between command torques and output
torques produced by our approach. In the non-saturation
case, the proxy tracks commanded torques by the admittance
scheme, and the compliance property of the admittance
scheme approximated the high Cartesian impedance defined
by the operator, which can be seen in Fig. 5b and Fig. Se. Fi-
nally, the end-effector smoothly reached the desired position,
and the robot remained stable.

B. Force on the Base

In the 2nd set of experiments, an external force of 50N
was applied to the base at the third second for 2 seconds,
ie., F, = [50,0,0,0,0,0]7 N, which can not be measured.
To illustrate the method’s effectiveness, the external force
was applied to the base under the stance and trot gait,
respectively.

The results of the base under the stance gait are shown
in Fig. 6a, Fig. 6b, and Fig. 6¢c. From Fig. 6b and Fig. 6c,
since the external force can not be obtained, the commanded
force generated by (4) had almost no change. Although the
command forces did not exceed limits and were within the
range of robot’s motion, output forces were pushed to the
saturation to resist the external force disturbance. Therefore,
this led to a huge separation between commanded and output
forces. After the external force was removed at the fifth
second, the huge separation made the output force produced

by cl repeated transitions between negative and positive
saturation. This further caused snapping-back motions of the
base with overshoots and oscillations, which can be seen in
Fig. 6a. However, the results produced by our approach were
different. From Fig. 6a and Fig. 6b, when the external force
was applied to the base, the output force was bounded, and
the proxy attached to the actual position of the base. After
removing the external force, there was no separation between
the proxy and the actual position. Thus, the output force
tracked the commanded force smoothly and monotonically,
avoiding repeated transitions between negative and positive
saturation. Finally, the base smoothly reached the desired
position, avoiding oscillations and overshoots.

Compared with the robot under the stance gait, it would
be more difficult to be stabilized when the robot is under the
trot gait. The results of the base under the trot gait are shown
in Fig. 6d, Fig. 6e, and Fig. 6f. From Fig. 6e, and Fig. 6f,
when the external force was applied to the base, output forces
produced by cI and our approach reached the saturation, and
commanded forces did not change. However, with the huge
deviation between commanded forces and output forces, cl
made the output forces repeat transitions between negative
and positive saturation, resulting in the robot’s overshooting
and oscillatory motion. Finally, ¢I pushed the robot to
be unstable. As for our approach, the base smoothly and
monotonically reached the desired position after removing
the external force. The reason is also that the proxy prevented
large deviation caused by actuation saturation, avoiding un-
safe behaviors such as slip, overshoots and oscillations.
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V. CONCLUSIONS

This paper presents a whole-body compliance controller
for a quadruped manipulator that improves overall stability
under actuation saturation. The controller considers actuator
torque limits and friction cone of the ground reaction force
of the legged body as actuation saturation, allowing the robot
to be stabilized even when force sensors cannot measure
external forces. By adjusting the compliance property of the
admittance scheme within set-valued operator constraints on
actuation torques and ground reaction forces, the controller
avoids unsafe behaviors caused by actuation saturation such
as slips, oscillations, and overshoots. Hierarchical optimiza-
tion is used to maintain the compliance property of the
admittance scheme while maintaining physical consistency.

Experimental results demonstrate that this method robustly
eliminates the effects of actuation saturation during inter-
actions with large external force disturbances. However, in
non-saturated cases, the method can only approximate the
desired impedance. Future work may address this limitation
by extending the proposed method’s application to build a
whole-body admittance controller with actuation saturation.
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