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Impedance Control of Humanoid Walking on Uneven Terrain With
Centroidal Momentum Dynamics Using Quadratic Programming

Joonhee Jo!'? and Yonghwan Oh!

Abstract— In this paper, we propose the stabilization strategy
for a soft landing in a biped walking using impedance control
and the optimization-based whole-body control framework.
Even though proper contact forces and desired trajectories
of the robot are given, the robot can be unstable easily if
unexpected forces are applied to the robot or impulsive contact
force is produced in the landing state while the robot is walking.
Therefore, the impedance control approach using contact forces
is performed to obtain the modified references that regulate the
modified desired position, velocity and acceleration of the swing
foot, and improves the walking stability. Moreover, we perform
a whole-body control using quadratic programming (QP) that
tracks the modified trajectories constrained with the centroidal
momentum dynamics. To validate the algorithm, a walking task
on uneven terrain using a humanoid robot is shown.

I. INTRODUCTION

Humanoid robot is designed to perform a variety of tasks
including interaction in complex environments. A walking
task is the basic interaction task with the ground/environment
considering the contact forces. If the ground contact force
is properly controlled, the balance control can be obtained.
Throughout the research, the balancing control of humanoid
robot is studied in a variety of ways such as the center of
mass (CoM) tracking using inverse kinematics [1] with float-
ing base [2], and inverse dynamics onto independent space
of contact forces by using an orthogonal decomposition [3].
A model-based torque control approach is also performed to
show compliant interaction [4].

These approaches have difficulties in considering unilat-
eral contact forces from ground. To consider the unilat-
eral contact forces, constrained optimization techniques with
friction approximation are developed. This approximation
is performed using quadratic programming (QP) that leads
to finding joint torques with constrained ground contact
force and given tasks [5]-[7]. In addition to this, centroidal
momentum based control with QP is also studied [8]-[10].
This paper used centroidal momentum dynamics to resolve
the acceleration of the generalized coordinates and ground
contact forces with the friction approximation by using QP
while the tasks are tracked.

In addition, the walking trajectory generation has been
studied while having balance control to improve the stability
of the robot. For decades, CoM trajectory generation algo-
rithms are introduced with linear inverted pendulum mode
(LIPM) [11]. The conventional trajectory generation using
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LIPM is not robust to unexpected external forces. Hence, on-
line trajectory optimization algorithms have been researched
[12], [13]. These methods consider the modification of the
robot’s step location. However, if there is unexpected contact
force from the ground, it produces instability of the robot
walking because it disturbs the swing leg’s landing if there
is no additional feedback such as vision sensor feedback.
Hence, soft landing control of the walking robot should also
be considered in the landing state.

Unexpected contact force at the foot occurs when a robot
walks on an uneven terrain which changes the height or alti-
tude of the terrain. To resolve the problem, some researches
proposed real-time walking state adjustment strategy using
slope mode judgment [14], virtual spring-damper to absorb
the shock at landing between the hip joint and ankle joint
[15], and at ankle [16], at foot [17]. Some research used time-
domain passivity methods to reduce the z-axis impact energy
[18], with tiled posture of robot at pitch axis [19]. Those
algorithms presented the landing force reduction by passivity
control. On the other hand, impedance control based landing
control is researched to obtain the reference trajectory for
the computed torque method [20]. In addition, position
modification is obtained in [21] and roll-pitch motion at ankle
[22].

The landing task is defined as 1) maintain the position at
contact, 2) regulate the velocity as fast. When the foot comes
to contact, uneven terrain yields the unexpected landing in
the z-axis of position and x-axis & y-axis orientation most.
To regulate the velocity of the landing foot in three axes, the
impedance control based reference trajectory modification
algorithm is applied in this paper. The algorithm works at
the swing phase because the stance foot is assumed to be
having zero acceleration.

The walking trajectory is given from LIPM that generates
CoM-ZMP trajectories [23]. During the walk, if the robot has
steps on irregular ground, the impedance controller modifies
the walking trajectory, velocity, and acceleration to adapt
the unexpected landing, and generates modified reference
acceleration to apply to the QP framework as input.

This paper proposes soft landing control with impedance
control based reference modification in section II and derives
the equation of motion of the biped robot with contact
constraints in section III for tracking and balancing control.
In addition, the optimal contact force is obtained from
QP with inequality/equality constraints and control input is
formed with reference tasks. Using the proposed control
framework, the simulation is performed to establish the
improved performance and results of an experiment are
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Fig. 1. A humanoid robot. n joints are equipped in active joints, and
6 passive joints in the body. Each contacts on the ground are considered
as frictional point contact. {B} is the body frame, {G} is the center of
mass(CoM) frame, {€} is End-effector frame, {Cj} is the contact frame,
{Z} inertial frame.

Fig. 2. Foot system modelling for the impedance control. The force from
the ground to the foot is the input and the position/angle are the output.

discussed in section IV. Finally, concluding remarks are in
section V.

II. COMPENSATION USING IMPEDANCE CONTROL

During the walk, it is assumed that the walking trajectory
is given, and the legs travel from the stance to swing state
according to the given trajectory. The robot controller needs
proper control gains to keep tracking the given trajectories.
Higher proportional control gains can cause of instability at
the contact moment. In addition, lower proportional control
gains can cause insufficient tracking performance and it also
can cause the break of the stability. In the case of damping
gain, overdamping can cause oscillations so it has limit to
be increased. Hence, two approaches to overcome can be
considered : 1) to lower the proportional gains and higher the
damping gains at the moment of contact, 2) to modify the
desired trajectory to adapt the unexpected landing. This paper
is based on the second approach using impedance control
using F/T sensors mounted between the foot and ankle. The
impedance control enhances in reduction of the impact force
by unexpected landing and regulation of velocity in swing
phase.

The desired impedance of the foot system described in
Fig. 2 is

My, (z'éck — dﬁck’d) + By (ﬂbck - Ci?C,ﬁd) (D
+ Ky(xc, —xc,.a) = Ac, -

where M, By, K; are the desired mass, damping, and
stiffness gain. xc, = [0 0 z¢, ¢cy .0 Poyy O]T and Ag, is
the contact force. The reference acceleration satisfying the
desired impedance of (1) can be obtained and it becomes
modified acceleration

Fcpm = Eoy.da+ My (A, + Baéc, + Kaec,) (2)

where ec, = x¢,.q — ©c,. Modified velocity g, ,, and
modified position xg, ,, can be achieved by numerical
integration. In addition, the modified trajectories satisfy the
impedance behavior. Hence, new reference acceleration for
the foot at the contact moment can be defined

Ec, =%, m+ Ky (Eoym—zc,) +Kp(To,m—xc,) (3)

and modified reference acceleration is based on the
impedance control to adapt the unexpected contact especially
in the case of early contact and used in the QP framework.
If there is no contact at foot, originally planned reference
trajectory will be input. In addition, if there is unexpected
contact at foot during swing phase, the modified reference
induced by A¢, will be input.

III. ROBOT MODELLING AND PROBLEM FORMULATION

For a humanoid robot which has n+ 6 degrees of freedom
(DoF) including a floating body with 6 DoF and legs with
n DoF, generalized coordinates velocity is defined as

. pB
€= |wB
q

c §Rn+6 (4)

where pg,wp € RO are linear and angular velocities of the
floating body and g € R"™ is joint velocity.
A. A robot model

The equations of motion (EoM) of the robot system
described in Fig. 1 are expressed as

Mg | Cpl, gs
[MQ]£+ {Cq}g—i_[gq]
—— ——— ——

M c g
N,
_ 0 - ngB _
- [BJ T +§{ 77 |pow Ne=rl )
~——
B ng
E 0
where - Xoyp = [3(170313) E3]
k

where M,C € R("+6)x(n+6) are an inertia and a Coriolis
and Centrifugal matrices of the body and g € R("+6) s
a gravitational force vector of the body. B € R(+6)xn
is a selection matrix. X¢, B, jck are the part of Jacobian
where the former is related to the body velocity and the latter
is related to the joint velocity. $(x) is the skew-symmetric
operator and A¢, = [fE ,ug]T € R* is the ground contact
force vector. Joint torque 7 is dependent on joint acceleration
g and A¢,.
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Fig. 3. Friction model used in quadratic programing formulation. It is
unilateral contact in the frame {Cy}.

B. Centroidal momentum dynamics

Total external force and moments applied to the {B} are
related to the robot dynamics

N
A=Y X pAe, —gs=Mpé+Cp€.  (6)
k

In addition, sum of external forces including ground contact
force which are applied to the robot is equal to the rate of
change of centroidal momentum,

he = AgéE + Agé = XGhhp = XGE(Mpé + Cpé)

Ne
= X5 Xt A, —gB). 7
k

where hG is the centroidal momentum and h B is the body
momentum. Ag, AG is the centroidal momentum matrix and
its derivative. X, ¢ is the adjoint transformation matrix
from {G} to {Cy} and X¢p from {B} to {G}. Additionally,
gc = mg (QT OT)T and g is the gravity vector.

Hence, rate of momentum change can be described using
£ and Ac, - In this paper, centroidal momentum dynamics are
transformed into body frame dynamics to reduce the com-
putation. Since the equation of motion is derived w.r.t. {B},
no more computation is necessary but just a transformation
of centroidal momentum to body frame is required.

C. Friction cone approximation

In the right side of rate of change of momentum, ground
contact forces are free variable to be decided by QP with
constraints. The ground contact force is unilateral and mod-
eled as frictional point contact with Coulomb friction. The
Coulomb friction is the second order cone constraint which
cannot be solved sufficiently fast with conventional solvers,
and thus it is approximated by the m-dimensional polygon
[24]

- N,
3 _ f B) - Es Fo_
o= (1) =3 [ay | 5o
where ~ -
2 Un. 6xmN,
U= () 0y - 8(dn.) On | <"
Br = [ar - ay,]’ RN (8)

where Uy, is the basis matrix and d; is the vector from {Cy}
to each edge of the foot.

D. Control framework with task-space control

As described in (5), the control problem is to find the
generalized coordinates acceleration and contact force to
obtain the command torque 7¢

N,
k

where £*, Ag, are obtained from optimization and the
solution of QP satisfies the following tasks, constraints and
objectives.

The problem in this paper has tasks: tracking CoM position
& body orientation, tracking swing leg’s trajectories, trunk
orientation, and keeping contact constraints during support
phase. As one of tasks, (3) is used for the swing foot.

By combining the tasks and constraints, we form the QP
formulation:

z = Iﬁ.n;nl\MBE?blllivl + > l8.& — billiy,
Mk t

+ 11€] v, + > 118xl 3,
k

subject to
Ne
Mg€ + Cpé+gp =Y X, pRo, Ui
k
b.&+ DE=0 (in support state)
ApBr > 0
where
by = XLpheg, — Cpé
by = &, — i€ (10)
where Wy, .-, Wy are objective function weighting matri-
ces. In addition, task references become hg, = hgq +

K;, (hG,d — hg) + K f (hG,d — hG) dt and &, = x4 +
Ky (&g — @) + Kp (g — ). &, is the reference acceler-
ation of tasks such as swing foot, arms, trunk. x,x, are
current and the reference walking trajectory of the task.
&,y are the current and reference velocity of the swing
foot. &, @t are the task jacobian and it’s derivative. These
weighting matrices are determined for the walking motion.
The QP is solved in every step of the control to satisfy the
desired accelerations and the force intensities. Acceleration
constraints are changed according to the leg’s state.

IV. SIMULATION

As described in Fig. 1, the humanoid robot has 57 Kg of
weight including 20 K g for body, 10 K g for each legs, and
6 K g for each arms. It has 28 DoF with 22 joints (6 for each
legs, 4 for each arms, 2 for trunk). The body motion pgp,wp
are known by the simulator. The simulation is performed
using MuJoCo [25]. The control algorithms are programmed
by C++ and simulation is performed with 2 K Hz sampling
rate including the control rate of 1 K Hz.
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Fig. 4. Contact force comparison. Blue solid line is the contact force with
the proposed algorithm and orange dashed line is the contact force without
the algorithm. Green dotted line is the weight of the robot, shadowed area
refers to the stance phase, and DP refers to double support phase.

Since most of the unexpected landing occurs in the z-
axis position, x-axis & y-axis orientation, the simulation is
performed with/without the proposed algorithm as a valida-
tion process. Every simulation in this paper has been run
with the given x-direction walking pattern assumed with the
plane ground, 0.35m of stride, 0.7s of one step (0.56s for
single support phase, 0.14s for double support phase). In
addition, FT sensor has been mounted below the ankle so
the movement of the robot leg generates small varied forces
due to the foot dynamics. Hence, the force threshold hold is
set as 10N for z-axis and 3Nm for x-axis & y-axis rotation
axis. In addition, the modified values are initialized in the
supporting state to avoid abusing by the integrator.

One primitive task and two hard constrained tasks are
performed to compare the performance of the algorithm. The
tasks are stepping on the obstacle. One is z-axis varied and
two are tilted in x-axis and y-axis respectively. The obstacles
are in the middle of right foot path. No information is given
about the obstacle. The simulation has two steps. First is
stepping on the obstacle and second is stepping down to
the ground. In addition, complex task is given to overcome
the uneven terrain with multiple obstacles consecutively in
uploaded video.

A. Performance validation with and without the proposed
algorithm

The obstacle with the height of 4cm can be overcome
without the impedance control using the QP framework
as described in section III. However, it is difficult to be
overcome with the 5cm height obstacle. Hence, the impact
force, energy consumption can be compared in 4cm height
obstacle task.

Fig. 4. shows the contact forces with & without impedance
control algorithm. Walking started from a double support
state, and the right foot starts swinging from 4.892s to
5.592s. In the swinging phase, the robot faced with the
4cm height obstacle at 5.33s and stepping on the obstacle.
At the contact moment, the originally designed trajectory is
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Fig. 5. z-axis position, velocity, and acceleration. Blue and orange solid
line is the current state value with and without the impedance control, the
green dashed line is the originally given desired value, and red dotted line
is the modified desired value by impedance control.

throughout the obstacle so the velocity sign is changed and
high impact force is generated. In addition, the case also
shows weakness to interference from the left leg. However,
The robot with the proposed impedance control can over-
come the unexpected force and smoothly step on the uneven
terrain. It shows that the force from the left leg is reduced
because the left leg also shows impedance behavior.

The Fig. 5 (a) shows the z-axis position. As described in I
and II, tracking the desired trajectory after the contact makes
undesirable force and motion, and it results in the break of
stability. After contact, the impedance controller modifies the
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desired trajectory and it generates less tracking error.

The Fig. 5 (b) shows the z-axis linear velocity of the right
foot. When the contact occurs, the right foot tries to keep
going down to track the designed trajectory and it makes
oscillations so the landing becomes unstable as an orange
dashed line. However, the impedance controller compensates
for the oscillations so the velocity is regulated fast, and
landing becomes complete.

The Fig. 5 (c¢) shows the z-axis acceleration. At the
moment of contact, current state without impedance control
has high peaks in negative direction because the errors of
position and velocity make big acceleration to track the
desired trajectory. Hence, The robot foot continuously hits
the obstacle. In the case of the impedance control, the
acceleration is generated in the direction of decreasing the
velocity. It makes the robot landing stable.

The key idea of the proposed control is the generation
of the proper reference input by modified position, velocity,
acceleration altogether. Throughout, the performance of the
proposed impedance control for humanoid locomotion has
validated through the force and velocity figures.

B. Landing task on obstacle tilted by the x-axis & y-axis

As the performance of the impedance control is verified,
a harder task is given to investigate the marginal bound
of the controller. In the case without a proposed control
algorithm, a small tilting angle (< 1°) with a 4cm height
can be overcome. If the height of the obstacle is lowered as
3cm, the tilting angle (< 10°) could be considered.

On the other hand, the obstacle with the height of 5¢m and
tilting angle by 20° has given for the proposed controller. It
is difficult task because slip occurs easily so faster regulation
of velocity is much important. As shown in Fig. 6, at
the moment of contact, impulsive acceleration is generated
however impedance controller modified to be compliant.
Due to the modified acceleration, fluctuation of velocity is
regulated fast so does the orientation.

Y-axis variation is also tested and similar results are ob-
tained. In the case without the impedance control algorithm,
phenomenon is quite similar to x-axis tilted case. A small
tilting angle (< 1°) with a 4cm height can be overcome
and the tilting angle (< 9°) could be considered with a 3cm
height obstacle.

V. CONCLUSION

This paper proposed impedance control based humanoid
walking on uneven terrain, composed of the quadratic pro-
gramming(QP) using centroidal dynamics. The proposed
algorithm modify the desired position, velocity, and acceler-
ation to get proper reference acceleration that is input of the
QP framework to get the control torque. To investigate the
performance of the controller, humanoid robot is simulated
using Mujoco dynmaics engine. In the simulation, without
the knowledge of the object, the performance of the proposed
controller is compared with that of the torque control only
with the QP framework. The impedance control framework
with QP can walk tough uneven terrain without re-planning.
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Fig. 6. x-axis orientation, velocity, acceleration. Blue dotted line is the
desired value, orange solid line is current state value, red dotted line is the
modified desired value by the proposed controller.

Therefore, the controller shows better performance than the
control only with QP framework.

Meanwhile, when the robot faced with a higher or more
tilted terrain, slips in the direction of not considered in this
paper occur. Hence, Those slips also will be handled with
the proposed algorithm as future work.
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