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ABSTRACT Most of the controllers for quadruped robots are based on the planning of their centers of mass
(CoM), with the assumption that the CoM locates at the geometrical center of the robot trunk. However, this
assumption rarely meets the fact of the robot prototype and introduces apparent influences to the system. This
article proposes a CoM estimation and adaptation method for quadruped robots in dynamic trot gait based
on the model predictive control (MPC) of the trunk. The influences of the CoM offset on the robot states are
inherently analyzed. The CoM components on the horizontal plane are taken into consideration and estimated
based on the speed errors and the contact force differences, which are compensated to the robot controller.
In the case of payload changes, the identification method for the mass of payload is proposed based on the
estimated CoM. Simulation results verify that with the proposed approach, the robot successfully adapts
to the CoM payload changes while the locomotion is not interrupted, and the state errors are significantly

reduced.

INDEX TERMS Quadruped robots, model predictive control, center of mass adaptation, mass of payloads.

I. INTRODUCTION

Many controllers for legged robots [1], [2] are based on their
dynamic models [3], to which the inertial parameters are
of great importance, especially for those performing high
dynamic locomotion [4]. For simplification, some motion
controllers [5] of legged robots is based on the center of
mass (CoM) trajectory planning of them [6], [7], with the
assumption that the CoM locates at the geometrical center
of the robot trunk [2], [8]. Although the hardware compo-
nents are designed to distribute uniformly using the computer
aided design (CAD) software in advance, additional factors,
such as, different configurations of mission payloads, make
it almost impossible for the CoM of the prototype to coincide
with its geometrical center.

Inaccurate estimation of the CoM position is easy to
cause the zero moment point (ZMP) running out of the sup-
port region for bipedal robots [9], [10], and thus, leads to
instability. Although quadruped robots have larger stability
margin than bipeds in most cases, the model errors introduce
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heavy disturbances to the locomotion. The stability criteria
can be severely affected by the CoM offset for quadruped
robots in static walking gait [11], [12] and tumbling may hap-
pen. In some cases, the CoM error leads to asynchronous leg
motions and impulsive contact forces, which result in attitude
oscillation and even mechanical damages [13]. Quadratic
optimization is commonly used to distribute contact forces
based on the virtual model control (VMC) [14] or the model
predictive control (MPC) [15], [16]. The CoM offset causes
state tracking errors of the robot using this kind of controller,
mainly including the lateral speed error and the attitude
error.

There are many factors that can affect the CoM position of
quadruped robots, such as the transformation of the robot con-
figuration, the reconstitution of different function modules,
and the operating motions of the mission payloads, in which
case the total mass of the robot maintains constant. Other
cases exist whenever the amount and loading position of the
payloads change, which have effects both on the robot mass
and CoM.

The errors between the CAD model and engineering
prototype bring inertial parameter errors to the robots.
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Stephens [17] designed a state estimator for the humanoid
robot in the presence of unknown modelling errors, but did
not allow the COM offset and the external force disturbances
simultaneously. Muscolo et al. [18] presented an approach to
minimize the CoM error between the ideal virtual model and
the real platform of the humanoid robot using force/torque
sensors mounted on the feet, but did not introduce the
reflecting method for payload changes. Focchi et al. [19]
designed a method for the quadruped robot HyQ [20] to
estimate the CoM position offset from its CAD model by
collecting numerous sets of sensor feedback in static poses.
Alai et al. [21] designed an estimator based on Kalman Filter
to estimate the CoM position and velocity of the humanoid
robot. But this method is only valid when the angular accel-
eration and the speed of the robot are small.

In some cases, the quadruped robot suffers the time-varying
CoM. This can be caused by the incidents such as the recon-
figuration of hardware components, the changes of payloads,
and the consumption of the fuel. When the robot stands
statically, the support region surrounded by its four legs
provides large stability margin, which results in the tolerance
to CoM changes. The wheel-legged robot CENTAURO [22]
carried 17 Kg payloads with its dual arms in static pose.
But for robots running in dynamic gaits, the stability margin
decreases and the CoM variations need to be taken into
consideration and compensated into the controllers.

Some researchers focus on the adaptation to payload
changes of legged robots. Kim et al. [23] developed a ZMP
control methods for a passenger-carrying humanoid robot that
coped with variable passenger weights. Tournois et al. [24]
proposed an online payload identification method for
quadruped robots walking in static gait. However, the forward
locomotion of the robot was suspended in the case of payload
changes and resumed after the adaptations and adjustments
were accomplished.

To overcome the shortcomings above, this article devotes
to the adaptive control method for quadruped robots with
unknown CoM offsets and payload changes. The real CoM
position is estimated based on the state deviation of the
robot, which implements a MPC based controller. Further,
the mass of payload is calculated in the case of payload
changes. Both the mass and CoM offsets are compensated
to the robot controller. The novelty of this work states that,
it proposes a locomotion controller for the quadruped robot
while taking the real CoM into consideration, with which
the robot realizes online self-adaptation to real time CoM
changes. Besides, the forward locomotion of the robot is not
interrupted whenever the CoM changes.

This article is organized as follows. Section II briefly
introduces the robot and its simulation model. Section III
presents the model and control architecture for the robot
with the compensation for CoM offsets. The CoM esti-
mation and payload identification method is described in
Section IV. Section V shows the effectiveness of the proposed
algorithm through simulations. Section VI gives the
conclusion.
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Il. SYSTEM OVERVIEW

The hydraulic actuated heavy-duty quadruped robot Scalf-1IT
was released by our group in 2018, which was designed for
payload transportation tasks and had interfaces for onboard
mission units to execute specific tasks. The robot is mainly
composed of the power unit, the mechanical unit, the elec-
tronic control unit, and the perception unit. There are three
joints in each leg, one for adduction and abduction and two for
flexion and extension. This work is based on the simulation
model which has the same topological structure and parame-
ters as the Scalf-III, as shown in Fig. 1. The main dimension
and inertial parameters are listed in Table 1. In the mechanical
structure design of legged robots, light-weight actuators and
materials are usually used to construct the legs so that the
legs are as light as possible. For Scalf-III, the mass of the
legs is pretty small comparing to that of the trunk, and thus
we neglect the mass of the legs in the simulation model.

a Power
| unit

(b)

FIGURE 1. The prototype and simulation model of the quadruped robot,
(a) the prototype of the Scalf-11l, (b) the simulation model of the Scalf-ll.

TABLE 1. Main parameters of the quadruped robot and the simulation
model.

Specifications Syml.)ols Values
/Units

prototype  model

mass my, | Kg 275 300

body length Ly/m 1.36 1.36
width Wy /m 0.57 0.57

mass mieq | Kg 15 1

leg upper link length L%) /m 0.045 0.045
middle link length Ll1 /m 0.451 0.451

lower link length Lé /m 0.405 0.405

Ill. MODELING WITH CoM ADAPTATION

Most controllers for quadruped robots regard the geometrical
center of the trunk as the robot CoM, but it is far from the truth
for the Scalf-III. As shown in Fig. 1(a), the components of the
robot, especially the power unit, are asymmetric and unstruc-
tured, which makes it impossible that the CoM coincides with
the robot center. For some quadruped robots used for goods
transportation, the changes of the payload mass and position
may cause variations of the CoM. In some cases, quadruped
robots are used as mobile platforms with mission units such
as detection equipments on them. The reconfiguration of
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mission payloads may cause sporadic CoM changes of the
robot.

The CoM offset introduce disturbances to the system.
Fig. 2 shows the mechanism of the effects. F; = [Fi,,
Fiy, F ,-,Z]T is the contact force of the standing leg. The iden-
tifier i = f,h stands for the front leg and the hind leg.
Yeom = [Cx, Cy, cZ]T is the position of the CoM with regard
to the base frame, namely the CoM offset. The x4iqg-axis
passes through the two diagonal contact points. When the
robot knows nothing about the CoM offset, it regards the
body center as the CoM, and regulates the locomotion while
taking the body center as the force bearing point. In this
case, the robot regards the condition in which the body center
locates in the vertical plane passing through xg;4¢-axis as the
balancing state. However, once the true CoM deviates from
the body center, the resultant moment generated by contact
forces and the gravity around x;4¢-axis is nonzero since the
arm of the gravity r, # 0. This nonzero resultant moment
leads the robot to tip towards one corner, which conflicts with
the requirement that the robot should maintain the horizontal
body posture. In this case, the robot losses either the accuracy
of its posture or the precision of other states, unless the
controller compensates for the CoM offset based on the value
of the CoM.

Swing
leg

Trunk
center

Tipping
moment F,

Xdiag-AXLS

FIGURE 2. The influence of the CoM offset to the robot.

An intuitive way to compensate for the CoM offset is to
adjust the positions of the standing feet to make the gravity
vector pass through the connecting line of the contact points.
In this way, the tipping moment generated by the gravity
becomes zero. The adjustments on the sagittal plane and
coronal plane are shown in Fig. 3. ¢, and ¢, are the horizontal
components of the CoM. Since the tipping moment does not
vary when the CoM shifts in the vertical direction, the z
component of the CoM offset is neglected in this work.

The adaptability to CoM variations without interrupting
the robot locomotion is essential for quadruped robots. This
section designs the trot gait controller for the robot while
compensating the CoM offset to the standing phase and swing
phase, respectively.

A. MODELING OF STANDING PHASE
For the quadruped robot running in trot gait with the duty
factor of 0.5, the robot has two diagonal legs standing on the
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FIGURE 3. Adaptation of standing legs to the CoM offset. The legs in
black color denote the positions of standing legs before adjustments,
the gray ones denote the positions after adjustments, and the swing legs
are not shown.

FIGURE 4. Dynamic model of the trunk in standing phase.

ground which provide driving powers. The dynamic model
of the robot trunk in standing phase is depicted in Fig. 4.
{Op} is the base frame locating at the center of the trunk.
ri = [xi, i, 71T is the moment arm of the standing leg. g
is the gravitational acceleration.

Different from most of the existing methods, this work
builds the rigid body dynamic model of the robot trunk at the
real CoM instead of at the origin of the base frame. The CoM
offset is compensated to the arms of the contact forces as in

—0O=w

dr

d

—w)= Y (ri = reom) X Fi @Y
dr i=f.h

d. 1

b= Y F+G

dt my +mpy[ i=f,h

where ® = [y,9,<p]T and P = [x,y, z)7 are the attitude
angle and the position of the trunk, respectively. I is the
inertia tensor of the trunk. w is the angular velocity. my;
is the mass of payloads. The pseudo roll angle y and
pseudo pitch angle 6 with respect to the base frame are
used in the dynamic model, which helps avoid global state
observations. To achieve rough terrain adaptation, the abso-
Iute roll angle o and pitch angle S, which represent the
topography, are introduced into the gravity compensation
term G = [gcosasinp, —gsinacosf, —gcosa cos B]7.
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The onboard manipulator in Fig.1(b) is mounted only for the
purpose of simulating the situation in which the robot suffers
time-varying CoM positions, and it is not involved in the
dynamic model of the robot.

‘When the robot maintains the stable orientation, the term
w X (Iw) does not contribute significantly to the dynamics
of the robot comparing to the term /@ [19], [25], [26], which
means % (Iw) = ox({w)+Iw ~ Iw. Encapsulating the states
and inputs with the state vector X = [@T, PT o, PT, GT]T
and the input vector U = [Fy, F] »17, (1) can be rewritten in
the state space formation and discretized with the extremely
small time interval A¢. The iterative equation of the system
state can be obtained as

Xk + 1) = A(k)X (k) + B(k)U (k). (2)

The system matrix and the input matrix in (2) are calculated
as

A3x3 03x3  A3x3Ar 0343 03x3
03x3  A3zxz  03x3  AszxzAr 0343
A(k) = | O3x3  O3x3  Asx3 033 033
03x3  O3x3 03x3 A3x3  A3x3At
| 03x3 03x3  Os3x3 03x3 A3x3
3)
i 033 033
033 033
Blk) = | I'[ry —reomlx At I7 'y — reomlx At
Az 3At/(my + mpy) A3z At/(my + mpy)
L 033 033

“

where A3x3 is the identity matrix and [W]x indicates the
skew-symmetric matrix of the vector W. A(k) € Ry5415 does
not vary with the time. B(k) € Ri5x6 is determined by the
desired state of the robot at each sampling instant.

The MPC-based controller takes the state trajectory in the
prediction horizon into consideration. The state trajectory
is a sequence of the desired states of each iteration, which
contains the desired motions of the robot in the prediction
horizon, such as, the velocities and the attitude. The robot
states can be predicted from the current one, as in

X = A’X(0) + B’U (5)
where
X =[x xy x' ] ©6)
[ A0)
A(0)?
AP =1 . @)
L AQY
B(0) 015%6 O15x6  O15%6
A(0)B(0) B(1) O15x6  O15x6
B = : ) )
: : 015%6
| A(0)'71B(0)  A0)'~2B(1) B(l—1)
®)
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The force distribution of the standing legs are transferred
into a quadratic programming (QP) problem with the con-
straints of the friction corn, as in

min (X — X,r)? QX — X,or) + UTRU
0 < Fi,z(k) < Fzmax

st |Fix(k)| < wF; (k) ©)
|Fiy(0)| < wF;i (k)

where O € Ris;x151 and R € Rg;x¢; are diagonal positive
definite matrices indicating the weights of each state and
input. w is the frictional coefficient between the foot and the
ground, which depends on the material of the foot and the
terrain. F g, is the maximum output force of the leg in the z
direction that the actuators can achieve.

The dimensions of A” and B” in (5) are determined by
the length of the prediction horizon [ that A”? € Rys;x15
and B? € Rjs;xe. The larger value of / can improve the
robustness of the system, since the controller finds input
forces for the legs for more future steps. However, this will
increase the scale of the QP problem, which leads to longer
calculation time, and thus the lag of the system. Through
each solving process of the QP problem, the controller gets
a sequence of the input forces for the future / steps as U =
[Fr(0), Fr(0), --- , Fr(I—=1), Fp(I— D17, although only Fr(0)
and Fp,(0) are practically used as the desired forces at the
current time and new prediction will be execute with the
updated state X (0) and reference state trajectory Xr.

B. FOOT TRAJECTORY OF SWING PHASE

The landing point of the swing phase is also the starting
point of the standing phase. In order to realize the adjustment
shown in Fig. 3, the landing point is compensated in x and y
directions, as in

Xiand T x4 X —Xg

=— | [+K|. .7 |+cey 10
[yzand] 4 I:)’di| ”[y—yd} xy (10)
where Xjnq and yjunq are the landing position and 7 is the gait
cycle. x4 and y,4 are the desired velocities of the trunk and
K; = diag(k;, k;) is the coefficient matrix. ¢y y = [cx, cy]T.
The foot trajectory is designed as a curve cluster that varies

with the robot state, as in

Xiand — Xsw(k)

Xsw(k + 1) = xg0(k) + WAISW

Yiand — Ysw(k) Aty an
0.5T —¢

Zsw(t) = —Hp + hy[gp sinnt/T)

Yswlk + 1) = yg(k) +

where ¢ is the passed time of the current swing phase and
Aty is the servo interval. Hp and hgep are the stand height
and step height of the robot. The swing legs are controlled to
follow the designed trajectory from the inspiration of virtual
model control (VMC), in which a three dimensional virtual
spring-damping model is fixed on the foot. The details are
not elaborated in this work for the sake of brevity.
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IV. CoM ESTIMATION AND PAYLOAD IDENTIFICATION

This section analyzes the influence of the CoM offset
quantitatively and qualitatively, and then gives the estima-
tion method. With the approximation that %(1 w) ~ lo,
the Newton-Euler dynamic model of the trunk in (1) can be

rewritten as
]® _ [rf_rcom]x [rn — Tcomlx Ff
mP — G) A3x3 A3x3 Fp |
(12)

where m = m, + myy. There are six variables with
six force inputs in (12). However, the coefficient matrix
D € Rgxe is not a full rank matrix. Generally, the rank
of D is five. When 7y = zj, the rank of D reduces to
four, but this is practically impossible since the moment
arms use the feedback positions of standing legs and have
noises and errors. To solve this problem, the control of
robot motions in a certain axis (usually the y-axis) is aban-
doned in some researches. For the MPC based control
approach in this work, the solution of the QP problem finds
a balance for the robot performance in all the six degrees
of freedom through appropriate weight coefficient in the
matrix Q = diag(qi(1), --- . qi5(1), q1(2), -+, q15(2), - - -,
ql(l)9 T 6]15(1))

A. ESTIMATION OF ¢y

The CoM is unknown for the controller at the initial moment,
and is set to be zero. It is an ideal situation that when the robot
maintains upright attitude, the torque applied by the contact
forces around xp-axis satisfies

Ty = —zFry — 2pFpy + e Fr o + YuFh s (13)

However, as discussed above, the CoM offset is difficult to
avoid. Once the CoM shifts from the trunk center, the addi-
tional torque applied to the x,-axis by the gravity is

ATy o = —m;gcy. (14)

The intuitionistic influence of this extra torque is that the
trunk tends to generate a nonzero angular acceleration to
break the stable pose. The weigh matrix Q in the QP problem
determines the priorities of each robot state. To ensure the
safety and stability of the robot, the maintaining of upright
attitude usually has higher priority than the speed tracking
performance. That is, the attitude angles are given more
weights than the velocities in the MPC controller. To remedy
the deviation of the roll angle, the robot will apply additional
forces to the standing feet to satisfy that

Ty = ATy — zp(Fy y + AFp ) — 20(Fpy + AFpy)
+yr(Ff o+ AFf o) + yu(Fhz + AFp) =0 (15)

where T is the resultant moment applied on the x,-axis by

the contact forces and the gravity. Being restricted to the

limitation that Fy , + Fj, = m,g, the adjustable range of
the contact forces in z direction is very small (AFy ; ~ 0 and
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AFp, . ~ 0). Substituting (13) into (15), it can be obtained
that

—zf AFyy — 2 AF)y = mygcy. (16)

During the locomotion of quadruped robots, the height of
the trunk Hj is commonly expected to be a constant value,
which means zz = z; = —Hp. Thus, an instantaneous
acceleration of the trunk in the y;-axis appears with the value
approximating to gcy/H}p. Note that, as long as the controller
is not completely compensated for the CoM, the lateral accel-
eration exists. Thus, the y component of the CoM position
is estimated based on the errors between the feedback and
desired lateral velocities, in a recursive fashion as

&y(k) = &k — D)+ kS,( — ) + kGG — ) (17)

where &, and k;y are the proportional coefficient and dif-
ferential coefficient, respectively. The tilde on the top of a
symbol means it is the estimated value in this work.

Compensating the controller for the estimated CoM fol-
lowing the way described in Fig. 3, ¢, is added to the level
arms and (11) becomes

T, = —zFf, — anFy, + Of +E)Ff o+ On+Ey)Fh . (18)

Once the estimated CoM converges to its true value,
the item (¢,Fr, + ¢,Fp ) equals to m,gcy, which appro-
priately balances the extra gravitational moment in (14).
In this case, the contact forces in y-axis F ’ and F }’l , Tesume
their values when there is no CoM offset, namely AFy ;, =
AFp, ;. = 0. In this approach, the acceleration and velocity
error in y direction converge to zero as well as the estimated
CoM converges to its true value.

B. ESTIMATION OF cx
Similar to the case of y direction, the CoM offset in x direction
generates an unexpected torque around the yp-axis that is
unable to be balanced by the contact forces. The quadruped
robot has larger stability margin in its longitudinal dimension
than that in the lateral direction, and thus lower sensitivity
to the CoM error. In practical applications, the movements
of quadruped robots prefer to fore-and-aft locomotion rather
than sidewise. So, the robots require higher precision of speed
tracking performance in the x;, direction. With exorbitant
large weight for the pitch angle, the robot tends to produce
attitude oscillations when runs across rough terrains. Based
on the considerations above, the controller assigns more
weight for the tracking of roll angle than that for the y velocity
in the lateral direction. But this emphasis is less obvious along
the xp-axis. It leads to different effects on the robot by the
CoM offset, and thus different appearance of the robot states.
The longitudinal CoM offset leads the robot to nod and raise
its head repeatedly rather than the speed error laterally.
From this inspiration, the real x position of the CoM is
estimated based on the inconformity of the contact forces
of the front and hind legs. The value of the identifier is
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determined by the difference between the contact forces as
in
0, n<Fr,—Fy,<§

(19)
sgn(Fy z = Fi.2),

S =
flag otherwise

where £ > 0 and < 0 are thresholds for judgements. The
comparison of the contact forces is valid only when the two

standing legs both touch the ground, which represents

I @ = Ff!
(20)
L (@ > Fi

where 77 and 75, are joint torques. F}h and Fj" are thresholds.
To avoid misjudgment caused by disturbances, a slide win-
dow is introduced, with short length to reduce the hysteresis.
Along the window horizon, the identifiers are synthesized
into the variable N, which is calculated as

Ni = N1 + Sﬂag (21)

where k stands for the sampling sequence. The recursive
estimation of the CoM position in x direction is

Cx(k) = Cx(k — 1) + kp Nk + kg (N — Ne1) - (22)

where k;x and kj, are the proportional coefficient and dif-
ferential coefficient, respectively. Similar to the case of the
lateral direction, ¢, is also compensated into the level arms
of the contact forces. Along with the convergence of ¢, to
its true value, the pitch angle oscillation of the robot trunk is
weakened.

C. MASS OF PAYLOAD

There are two major situations that lead to the variation of the
CoG position of quadruped robots. One is that the onboard
manipulators execute motions while maintaining the total
mass of the robot constant. Another case is that the payloads
are added (loading) or cut down (unloading). Subjecting to
the limitation of stable standing height, the variation of the
robot mass has no obvious influence on the robot locomotion
on flat terrain. However, when encountering slops, the inaccu-
rate mass makes the reference values of contact forces cannot
match their actual demands. The identification of the payload
mass is essential. Based on the prior estimated CoM ¢, ,, once
the payload is loaded or unloaded, the CoM position drifts to

MyrCx.y & MpyiCpyl

n , loading
- m Mpyl
Cnew — . r mpy . (23)
Y T 1Cpyl .
Ly PPV unloading
my — Mpyi

where ¢y is the position of the payload with respect to the
base frame. The payloads are places in the cabin which is
designed at a fixed place, and thus cpy; is known and main-
tains constant. m, can be obtained from the contact forces
when the robot stands in a static pose initially, and updated
with the payload mass afterwards. The variation tendency
(loadlunload) is detected based on the comparison of the
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contact forces between different sampling periods when the
acceleration of the robot in the vertical direction closes to
zero. By collecting a vast array of data sets, the payload mass
is solved in the least square (LS) fashion, as in

n
2
min Z [mpyl(c]'-"w — Cpyl) — Mp(Cx,y — c}“w)]

j=1

> 0, load
s.t.m ’ 24
Pyl {< 0, wunload @4

where the subscript j means the j-th sampling. n is the scale
of the QP problem.

V. SIMULATIONS AND RESULTS

To verify the effectiveness of the proposed method, simula-
tions are executed in the simulator Webots R2018a based on
the robot model described in Section II. The robot runs in
trot gait with the duty factor of 0.5 and the step frequency
of 1.5Hz, which means that there are two and only two
diagonal legs in contact with the ground (the standing phase)
at any moment, while the other two legs are in the air. Major
situations that cause the CoM errors are considered, including
the design error, the reconfiguration of mission units, and
the change of payloads. Note that, in this section, the CoM
with respect to the base frame is constant unless when the
manipulator moves or when the payload changes. In all cases,
the CoM is time-varying with respect to the world coordinate
frame, because the robot keep moving.

A. CoM ESTIMATION WITH PREDEFINED REFERENCE
VALUES

The CoM position of the robot can be assigned manually by
users in Webots. The quadruped robot is ordered to walk in
situ. In order to evaluate the accuracy of the CoM detection
results, the CoM of the robot is set to be at the position
Feom = [0.15m, —0.08m, 0.0m]T with respect to the base
frame, which is regarded as the real value. The estimation
result is shown in Fig. 5. The estimated CoM ¢, converges to
the real robot CoM within three seconds with the errors less
than 0.6 cm in x direction and 0.5 cm in y direction. The step
character of the x direction result is caused by the inherent
dead zone of the estimation mechanism in (19) ~ (22). To test
the robustness of the proposed method to the external distur-
bances, both lateral and longitudinal impacts are exerted to
the robot in this simulation. The robot is knocked by a 50 Kg
pendulum bob, which falls from the horizontal position to

0l5sm N
MV\/\N\/W 'VVV""-"V‘-'-’\-:-
2 ol / P i
= P —X component
Lateral Longitudinal
% A impact impact *y component
U O ~‘. N XN bl
—0F T g ogm, e ‘ .
0 15

1
time (s)

FIGURE 5. CoM estimaiton results.
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the bottom with the pendulum length of 0.7 m. The estimated
CoM returns to the real value within three seconds. The CoM
adaptation method does not conflict with the path planning of
the swing foot. As shown in Fig. 6, the oscillation of the roll
and pitch angles of the robot trunk is remarkably decreased
with the CoM adaptation approach.

—roll
--pitch|

—
[\

Longitudinal
impact

Lateral
impact

0.6

angle (10 rad)

f=}

. 10
time (s)

FIGURE 6. Roll and pitch angles of the robot.

B. RELIABILITY ANALYSIS

Repeated simulations are conducted with different prede-
fined CoMs, and the variances of the estimation results are
collected for one minute in the convergence horizon. The
five-number summary [27] is visualized in Fig. 7. The out-
liers are divorced not far from the box, which indicates the
reliability of the approach. The errors of the median values
are within 10% of the reference, which are small enough and
do not cause deviations of robot states.

L xF 0.1319 .1451
Lyt r0.09563 I:@ r0.09483
2 x| . 0.0649 I:ﬂ 0.0772

syl e #!.1124 I:ﬁ rl.11292

3 x| -0.0975 -0.0826
37Y i o Q06453 E@ 0.06568
4:x L o 01604 Eﬁfﬁ 01614,

4y | 007683 :@1 -9.07616

CoM (m)

FIGURE 7. Distribution of the estimated CoM in the convergence horizon.
The identifier _X at the y-axis indicates the result of ¢x and

_Y indicates cy. Repeated simulations with different reference CoMs are
included, e.g., the name 1_ stands for the reference value

cx,y =[0.15 m, —0.1m]7, 2_ for cx,y = [0.08 m, 0.12 m], 3_ for

cx,y =[-0.1m,0.07 m]”, 4_for cx,y = [-0.18 m, —0.08 m]”.

C. SENSITIVITY ANALYSIS

The CoM in x direction is estimated based on the lateral
velocity, which is obtained by the differential of the foot
position, and ¢, is calculated relying on the force feedbacks.
To evaluate the sensitivity to sensor noises, Gaussian noises
with different characteristics, namely mean (i) and standard
deviation (o) (listed in Table 2), are set to the foot positions
and the contact forces. Since the sensors are usually calibrated
offline, the mean of the noise is set fixed, and different stan-
dard deviations are considered. The estimation results in the
convergence horizon are analyzed based on the five-number
summary, as shown in Fig. 8. The length of whiskers are
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TABLE 2. Sensitivity of the method to force and position noises.

Force Noise/102N  pu=l,0=1 p=1,0=2 p=1,0=3

[1.33,0.39] [2.17,0.46] [3.14,0.36]

p=1,0=4
[4.11,0.39]
[[Ews™|][ewsk||]/em [3.43,0.86] [3.99,0.56] [5.97,0.61] [6.67,1.11]

[lez]l;lley l}/cm

Position Noise/mm  p=0,0=1 p=0,0=2 pu=0,0=3 p=0,0=3.5
[1.23,0.20] [1.58,0.04] [0.64,0.66] [1.14,0.82]

[lewsk,[ws*|]/em [3.59,0.48] [2.94,0.67] [3.92,2.31] [3.42,3.77]

[H&.«I:Hsty”]/CIn

-0.04
E—OAOS [ ] x component|
) + ]y component
Z N —— whisker cap
©.0.12 median

-0.16 .

1X 1Y 2X 2Y 3X 3Y 35X35Y
(a)
= L

-0.08 —— ——
= [ ] x component]
E * [ |y component|
% -0.12 —— whisker cap
O —— median

-0.16
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FIGURE 8. Sensitivity to different force and position noises,

(a) convergence horizon of the estimation results with position noises,
the names at the x-axis encodes the noise characteristics and the
estimated components, e.g., the name 1_X stands for the x component in
the case of 5p = 1 mm, (b) convergence horizon of the estimation results
with force noises, the name 1_Y at the x-axis stands for the y component
in the case of o = 100N.

set as 1.5 times the inter-quartile range. Table 2 reports the
convergence errors and boundary errors in each cases. The
convergence error is used to evaluate the accuracy of the
results, defined as the distance between the median estimated
value and the true value

llexll = lex — Cxl

ley] = ley —&]

The dispersion of the results in the convergence horizon
is evaluated by the boundary error, which is defined as the

maximum of the distances from the upper and lower whisker
edges to the true value, as in

(25)

et = max (2 — e | — .
(26)
He;"sk ‘ = max (|E;p — cy} , 5;0 — cyD

where & and E;p are the values of the upper whisker edges,
and ¢ and Z‘i,” are the values of the lower whisker edges.
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D. ADAPTATION TO TIME-VARYING CoMs

Although the real value of the CoM can be designated man-
ually in simulation, it is difficult to know the real CoM of
a robot prototypes, which is also the necessity of this work.
In this section, we use a lightweight onboard manipulator
which moves with the 50 Kg load at the end-effector to sim-
ulate the case in which the robot suffers time-varying CoMs,
which may be caused by the reconfiguration of its hardware
components, the changes of payloads and the consumption
of the fuel. The end-effector is programmed to pass through
five waypoints following the sequence of O)-(D-2-3-®-©),
as shown in Fig. 9.

[03,-0.771 %
{-0.043, -0.100}

@

" 0.0, 0.0] 4+
(06,001 49,000, 0.000} [-0.9,-0.2]
{0.086, 0.000} © {-0.129,-0.029}
-
@® Xp Op <> Way point
y =3 [ oad path
® [x,y] Load position (m)
[0.3, 0.6] {x.7} CAD CoM (m)

*{().043,0.086}

FIGURE 9. Trajectory of the grasped load.

The robot is ordered to run in trot gait at different speeds,
in both x and y directions. Once the load arrives at a new
waypoint, the robot takes five seconds to detect and adapt to
the shifted CoM, and then the load moves to the next waypoint
taking three seconds. At each waypoint, the CAD software
SolidWorks is used to simulate the CoM of the combination
of the robot and the grasped goods, which is regarded as the
true value. The trajectory of the end-effector is limited to the
horizontal plane. The waypoint and the corresponding true
CoM values are shown in Fig. 9. Fig. 10 shows the CoM esti-
mation results during the entire process. The estimated CoM
value converges to the CAD model value at each waypoint,
with the error less than 15% in the x direction and less than
10% in the y direction.

—X component
**y component]

S ok
>
(=}
©-0.1
0% 10 20 30 40
time (s)

FIGURE 10. CoM estimation results when the robot suffers time-varying
CoMs.

Fig. 11 shows the comparisons of the major robot states
with and without the CoM adaptation approach. The oscil-
lations and errors of the roll and pitch angles are signifi-
cantly reduced when the CoM adaptation method is applied,
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FIGURE 11. Comparisons of the robot states with/without the proposed
CoM adaptation approach when the robot suffers time-varying CoMs,
(a) roll angle of the robot trunk, (b) pitch angle of the robot trunk,

() velocity in x direction, (d) velocity in y direction.

as shown in Fig. 11(a) and 11(b), which denotes that the
robot possesses higher stability. The velocity deviations
in Fig. 11(c) and 11(d) are remarkably decreased and the
robot runs following the desired commands more precisely
with the proposed method. Fig. 12 shows the comparison
of contact forces in the period of t € [2.0s ~ 6.0s],
during which ¢, varies from zero to a positive value. The
results show that when the proposed CoM adaptation method
is applied, the force discrepancy between the two standing
legs is remarkably decreased and the legs act more harmo-
niously. Fig. 13 consists of the snapshots of the robot during
this simulation, showing that the locomotion is uninterrupted
while adapting to the changed CoM, and the adjustments of
legs can be seen. Since the dynamics of the manipulator is
not involved in the robot controller, the movement velocity
of the end-effector is limited to relatively low values, but it
is enough for simulating the situation that the robot suffers
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FIGURE 12. Vertical components of contact forces of the right front and
left hind legs, (a) the proposed method is not applied, (b) the proposed
method is applied.

FIGURE 13. Snapshots of the simulation when the robot suffers
time-varying CoMs. The phases of the legs are marked beside them,

as S indicates the leg is in the standing phase and W indicates the swing
phase.

time-varying CoM. When the manipulator implements high
dynamic motions, it is possible that the ZMP runs out of the
support region of the robot, and thus causes tumbles.

E. MASS IDENTIFICATION OF PAYLOADS

Loading of the payload is simulated in this section, with
different predefined CoM positions (listed in Table 3) of the
quadruped robot. The robot starts to run in situ and the pay-
load is loaded at the position of [0.51 m, 0.20 m] (coordinates
in the horizontal plane with respect to the base frame) after the
estimated CoM ¢, tends to be stable. Payloads with different

TABLE 3. Mass identification results of the payloads.

Reference/Identified CoM Payload Mass / Kg
ccap/cm Ce,y /cm 20 40 60 80 100

[0.00, 0.00] [0.15,0.01] 19.13 37.14 52.66 7222 91.17
[9.00, -7.00] [8.23,-6.58] 20.06 3839 55.65 74.02 92.22
[-10.00,4.00]  [-9.05,3.74] 17.94 37.16 55.70 71.79 92.90

[-15.00, -8.00] [-14.05,-7.56] 20.09 38.45 56.82 75.80 95.17
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mass (20Kg, 40Kg, 60Kg, 80 Kg and 100Kg) are tested
in each situation. Once the robot has already adapted to the
newly changed CoM, data sets are collected by one thousand
continuous sampling to constitute the over determined system
of equations to identify the mass of payloads. The identifi-
cation results are listed in Table 3. The errors between the
estimated mass and the real mass are mostly within 8 %, and
the biggest error is 12.23 %. Since the robot never knows
the true value of the its CoM, once the estimated value ¢, y
reaches its convergence horizon (the fluctuation maintains
within a certain small range), it is adopted by the robot as
the real CoM and employed by the controller. The mass
estimation errors are mainly introduced by the error of the
CoM estimation. The result shows that, the quadruped robot
can accommodate to payload changes while its locomotion is
not interrupted, as long as the actuators can provide sufficient
forces.

VI. CONCLUSION

Most of the state-of-the-art CoM estimation methods for
quadruped robot either are offline or require specific trunk
poses, and thus lead to interruption of robot locomotion.
This work proposed the online CoM adaptation and payload
identification method for quadruped robots in trot gait based
on the error of velocities and the discrepancy of contact
forces. Multi-factors that may cause CoM offsets are involve
in simulations. It is proved through the analysis of accuracy,
reliability, and sensitivity, that the estimation results satisfy
the demands of the state tracking performance of the robot.
With the proposed method, the adaptation to payload changes
is also realized. In all the cases above, the dynamic trot gait
locomotion of the robot is not interrupted. CoM estimation
approaches may vary with different robot controllers, and this
work is conducted on the MPC-based one. However, it can be
expanded to all controllers that are based on the rigid body
Newton-Euler dynamic model of the trunk combining with
the optimization theory, which has inherent under actuated
characteristics.
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