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Abstract—The humanoid robot, specifically the NAO robot must
be able to provide a highly dynamic performance on the soccer field.
Maintaining the balance of the humanoid robot during the required
motion is considered as one of a challenging problems especially
when the robot is subject to external disturbances, as contact with
other robots. In this paper, a dynamic controller is proposed in order
to ensure a robust walking (stabilization) and to improve the dynamic
balance of the robot during its contact with the environment (external
disturbances). The generation of the trajectory of the center of mass
(CoM) is done by a model predictive controller (MPC) conjoined
with zero moment point (ZMP) technique. Taking into account the
properties of the rotational dynamics of the whole-body system, a
modified previous control mixed with feedback control is employed
to manage the angular momentum and the CoM’s acceleration,
respectively. This latter is dedicated to provide a robust gait of the
robot in the presence of the external disturbances. Simulation results
are presented to show the feasibility of the proposed strategy.

Keywords—Preview control, walking, stabilization, humanoid
robot.

[. INTRODUCTION

qualified and practical robotics system has been
developed to be used in human environments, known
presently as humanoid robots or human-like robot [1]-[4].
Humanoid robot research field is still emerging and active.
Over the past decade, many mechanical improvements have
been proposed which permit to this class of robots to operate,
collaborate, support and interact with humans. This
improvement accommodates the cooperation with the human
and appropriately adapts to his disorganized and large
environment. Among the important challenges of this kind of
robots are whole-robot motion modeling, movement
coordination and dynamic control. For example, the desired
activity for human-like robots is not restricted to the
characterization of the position and/or orientation of a single
effector. But the characterization of the desired activity may
include incorporation of coordinates linked with the limbs, the
legs, the head-camera, and/or the torso among others. Several
criteria associated with the human-like posture and its internal
and environmental constraints may be assigned to the residual
freedom of motion. Consequently, the design complexity of
the kinematics and dynamics of humanoid robot make the
implementation of control techniques very challenging.
Latterly, NAO robot [5] has drawn significant attention
from the scientific community due to its capability to
participate in many areas even daily activity. Since 2008,
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NAO is the main robot used in the RoboCup Standard
Platform League [6]. In this competition, the stabilization of
the walk and the collaboration of the team play a significant
role in the game results. RoboCup competition provides an
excellent examination conference for balance control,
formation control and many dynamic skills for humanoid
robots [7]-[9]. The implementation of these controls in real
robots still stays an open problem. In this paper, we
concentrate on the dilemma of walking robustness and effect
rejection of external disturbance for NAO robot. Various
approaches dedicated to the biped walking pattern generation
can be classified into two categories. The first group uses
accurate knowledge of the dynamic behaviour of the robot,
like the location of the centre of mass, inertia of each link and
mass to provide walking pattern [10], [11]. Unlike the first
group, the second one uses limited knowledge of the dynamics
of the robot, such as the absences of the exact location of the
centre of mass and total angular momentum to prepare the
walking pattern [12]-[14]. This approach is known as the
simplified dynamic models of the humanoid robot and
stability criteria. So, the walking pattern developed in this
paper is inspired from the second group.

The most frequent stability criterion is based on the ZMP
idea [15]-[17]. The ZMP defines the point on the ground
where the tipping moment acting on the robot equals zero
because of gravitational and inertial forces [17]. This point
always exists inside the limits of the support polygon or
convex hull. Contrarily, gravitational and inertial forces would
cause a moment around an axis located at the nearest side of
the support polygon. Practically the accurate position of ZMP
is not available due to the requirement of complex and heavy
computation. In this case, the legged robot is modeled as
inverted pendulum by focusing robot’s all mass at the location
of the CoM. Applying 3D linear inverted pendulum mode
(3D-LIPM) [18] permits to linearize the nonlinear dynamic of
CoM and present it by second order linear differential
equation. This configuration allows for the ZMP’s desired
path to implement the preview approach to the design of CoM
trajectory [17], [19]-[21].

Despite the exceptional success of the walking pattern
generation strategies by incorporating 3D-LIPM and ZMP,
they ignore the rotational inertia of the upper parts of the
robot, which plays a significant role in walking balance [22].
So, the presence of even small external disturbances can
negatively influence the stabilization of the robot. In such
case, the control of angular momentum can be used to
overcome the influence of external and unexpected
disturbances [23], [24]. To solve the mentioned problem, a
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resolved momentum control strategy [25] is developed to plan
the trajectory of the robot’s joints by associating both the
CoM'’s linear momentum and angular momentum throughout
the CoM. Additionally, ankle, hip and step approaches [26]
are combined in order to reject the effect of the external
unforeseen disturbances. In fact, the implementation of
approaches that help to reduce or to reject the effect of
external disturbances and unforeseen forces presents a
challenge in the real environment and requires a sophisticated
algorithm to reduce them. Note that there is a big difference
between the real physical model of the robot and the
simplified dynamic model that make it difficult to implement
these approaches in the presence of limited computing
resources, delays and noisy of the sensors.

In this paper, a dynamic controller is proposed in order to
ensure a robust walking (stabilization) and to improve the
dynamic balance of the robot combined with a robust
algorithm. It permits to reject the external disturbances and
unexpected forces. An MPC is applied and combined with
ZMP and 3D-LIPM in order to perform the CoM trajectory.
Taking advantage of the availability of sensors in NAO robot,
we use a feedback controller in order to improve the stability
and disturbance reduction operation during walking. The first
feedback control is adopted to control the angular momentum
taking into consideration the characterization of the rotational
dynamics of the whole-body system. The controller employs a
proportional action (P) to manage the acceleration of CoM,
which means that the 3D-LIPM is expanded by the angular
momentum, taking advantage from its capability to increase
the effect of the disturbances. This combination allows
increasing the balance performance. Using this controller
helps to avoid a large tracking error of ZMP caused by the
trajectory of CoM generated by MPC. This control is a
powerful technique which is used to reduce the disturbances
and unexpected forces. The incorporation of these techniques
helps us provide a robust control able to ensure a satisfactory
walking pattern with very high stabilization and balancing
algorithm against the external disturbances.

The rest of the paper is organized as follows: A kinematic
description of NAO robot is presented in the next Section. A
MPC is described in Section III. Angular momentum problem
and control strategy are given in Section V. In Section V, we
present some simulation results. A conclusion and future work
are discussed in the last section.

II. THE HUMANOID ROBOT NAO

NAO is a biped robot, made by Aldebaran Company. It has
0.57 m of height and 4.5 kg of weight with 25 degrees of
freedom (DOFs): 5-DOFs for each arm, 1-DOfs for each hand,
2-DOFs for the head, and 12-DOFs for the legs (each leg has
six rotational joints) see Fig. 1. The movement of the leg joints
connected to the pelvis are constrained in such a way that one
actuator performs symmetrical rotations which complicate the
solution of inverse kinematics [27].

NAO robot is equipped with a set of sensors providing a
state feedback of the robot that allows controlling it. Among
them, two cameras are used to localize the objects and

generate the walking trajectory of the robot. An accelerometer
and gyrometer measurements are installed to provide a
direction and orientation motion of the robot. In addition,
sonar sensors and force-sensitive sensor are located under its
feet to provide the feedback of the contact forces with the
environment. All these feedbacks help improve the balancing
of the walk.

(b)

Fig. 1 (a) The NAO humanoid robot designed by the Aldebaran
Company [6], (b) Kinematic chain of NAO’s legs

III. GENERATION TRAJECTORY OF COM

The motion of CoM plays an important role in maintaining
the balance of NAO robot. The generation of the CoM’s
trajectory is still an emerging area. However, the ZMP
stability criterion remains the most used to achieve a robust
walking of the robot. The ZMP criterion usually neglects the
rotational inertia of the NAO robot, which considered the
main shortcoming of this criterion. Neglecting rotational
inertia can be acceptable in the presence of limited
disturbances. But, in the environment such as soccer game
with unexpected disturbances, this assumption is invalid to

578



International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:13, No:8, 2019

complete a robust gait. For this purpose, we mixed the CoM’s
trajectory with feedback controller with the objective to adapt
it to unexpected disturbances during interaction with
environment or other robots.

It is important to know that the ZMP stability criterion
forces the ZMP to stay in the support polygon of the NAO
robot in order to keep it balanced. In this case, we used 3D-
LIPM to compute the ZMP position. This approach is valid
based on two assumptions: 1) the NAO robot acts as a single
point located in CoM and 2) the movement of this point is
limited to a horizontal plane. Now, let us plan the CoM’s
trajectory that allows precise tracking of the desired trajectory
of ZMP. Based on the 3D-LIPM model, the relationship
between the CoM’s state and ZMP is given by [27]:

#=20x—p) (1)

where x and Z are the CoM’s positions, p is the ZMP’s
position in the sagittal plane and G is the gravitational force.
There are many solutions for CoM’s trajectory given a
reference ZMP’s trajectory. To solve the problem of CoM
trajectory, we used MPC approach to obtain CoM’s trajectory
that minimizes both the tracking error of the trajectory ZMP’s
reference and control input. MPC has been shown to be an
effective control strategy that is well suited to solve complex
problems. Based on the optimal control theory, it is widely
applied in the industry. The objective of MPC is to obtain
predicted state trajectories using the current states and the
predictive computed control signals. The main motivation of
the use of MPC in the NAO robot is its ability to handle many
limits and constraints. Indeed, MPC has the ability to handle
the dynamic limits in an explicit way by including them in the
optimization process which is used to obtain the predictive
control laws. The MPC technique uses an explicit model of
plant control to predict future output behavior. Employing this
prediction, an optimal control solution can be ensured online,
where a minimization solution of tracking error can be
obtained between the expected output and the desired
trajectory is over a future horizon [20].

'
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Fig. 2 The diagram of MPC scheme

Fig. 2 shows the overall scheme of the MPC solution. A
LIPM prediction model is utilized to expect the current output
variables. The error between the reference position and the
estimated position is considered as input to the optimizer
block as shown in Fig. 2. In this block, control computation is
performed at each step time to compute expectation.

Constraints on the input and output variables can be
introduced in either type of computation. The calculations are
based on current measurements and predictions of the future
values of the outputs. The objective is to determine a sequence
of control movements (i.e. manipulated input changes) so that
the predicted response moves to the set-point in an optimal
manner. The control is the jerk of CoM where the system
contains the position, velocity and acceleration of CoM.
Hence, the quantity of the jerk used to the CoM remains
constant for the period of control sequence and the state
equations turn into:

T? Lis
Xk+1 1T 5 Xk "
Yerr| =10 1 7[[**] |7 Xy 2)
Xk+1 0 0 0 Xk ’;

Upon the preview period, the cost function is a composite
of the squared ZMP tracking errors and the squared jerks
motion [20]. So, the solution or control input X, is given in
[20] such that:

T ((MgMu +20) 7 M (2 - gy )) ®

The state’s estimation of the system with respects to the
sample k is given by X is described by X, = [xy, X, %) ] and
the remainder matrix of function (3) is given such that:
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where p,:ef is the desired ZMP position. N = 100 presents the
number of reference samples and Iy.y is (N X N) identify
matrix. Also, R and Q are respectively, the weights for the
tracking error of ZMP position and minimum jerk with the
ratiog =10"1. T =10ms is sampling time, and CoM, =

260mm.

IV. WALKING BALANCE CONTROL

In the previous section, an approach is offered to perform a
walking pattern in order to give an appropriate rule for the
walk. A smooth trajectory of CoM is provided to keep the
gravity and inertial force of the robot in the support polygon.
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While examining this method, the walking robustness is
questionable since it assumes that the feet are flat on the
ground, the robot's motors skillfully follow the planned
trajectory, fully neglect the rotational inertia of whole body of
the robot and disregard any presences of external disturbances.
In this section, two feedback controllers are developed with
the goal to eliminate all the previous simplification of the
model and to provide robust gait of the NAO robot.

A.The Angular Momentum Dilemma

As we discuss above, MPC approach uses a simplified
model of the robot which permits to generate the CoM
trajectories. However, the interaction of the robot with an
unknown or external force, for example, when NAO robot
kicks a ball, this action leads to inclination of the feet plane. In
this case, the support polygon or convex hull decreases to a
line or point which considers the borders of the sole touch
with the ground, which causes a reaction force acting to be
located outside the convex hull. In such situation, the ZMP is
converted to an FZMP (fictitious zero moment point), where
ZMP can only occur within the convex hull boundary. The
slope of the sole support causes an offset between the CoM's
state and the inner MPC’s state. Thus, the position of the
FZMP cannot meet the ZMP determined by the MPC because
it uses an inexact CoM state.

For illustration, if the reference position of ZMP is
established to a fixed point located between the NAO's ankles
of the robot, the CoM's path acquired from the MPC approach
will go to the perpendicular projection of the ZMP over the
constant height level. Without feedback control, this reference
will be preserved despite the external disturbance. In this case,
the sole plane will incline and the FZMP will shift far from the
location of the ZMP since the NAO robot experiences a
disturbance. While the amplitude of perturbation is decreased,
the torque produced by the FZMP on the boundary of the
support polygon will decrease the rotational velocity of the
NAO robot and will meet the flexion point. In this latter case,
the rotational velocity of the sole plane will change its sign
and will begin to retrieve the horizontal position while the
length between the ZMP's reference position and the FZMP
will be maximum. In such case, the amplitude of the rotational
velocity has increased when the sole retrieves the horizontal
position, which implies that the NAO robot has accumulated a
certain angular momentum that will turn it in the opposite
direction.

The purpose of the suggested angular momentum controller
is to adjust the torque T produced at the borders of the polygon
support by modifying the CoM's trajectory acquired from the
MPC approach. The torque is changed to decrease the angular
velocity. As shown in Fig. 3, the angular momentum
controller creates an additional acceleration that performs an
inertial force f;. The latter moves the FZMP's position based
on rotational velocity. The performance of the proposed
controller is shown in Fig. 4 in two distinct cases. If (8 > 0), it
means that the perturbation is influenced the position of the
sole plane by 6 >0 with respect to the horizontal
coordination. The proposed controller produces a torque to

slow the rotational velocity by moving the FZMP away from
the rotation axis. If (§ < 0), it means that the sole plane
returns to its initial position or opposite position with value of
6 < 0. The proposed controller moves the FZMP in the
opposite direction in order to decrease the performed torque
which permits to keep a small rotation velocity.

. ]
f:f\:;:. §

4 N7y
FZMP, X e FIMP, v, of
2 1

Fig. 3 The CoM’s acceleration performed by the angular momentum
controller

B. Angular Momentum Control

Let us assume a CoM point located at world frame
(On, xmYmzZu) (see Fig. 1), the torque is expressed such that:

T=IXf (8)

where [ is the length from the CoM position to the rotation
axis, f is the force applied on CoM point. Note that the
rotation axis exists at the borders (one of its extremes) of the
sole support (x3). In this paper, we investigated the dynamics
of the robot only on the sagittal plane since similar results can
be obtained with dynamics obtained on the frontal plane. So,
the forces that participate on the sagittal plane can be
described as:

{fx = fix + fox = —MX + MG sin(9) 9
£, = fiz + faz = —MG cos(8) ©)

where 6 is the angle of rotation of z-axis around y-axis with
respect the world frame. M is the NAO’s mass and G is the
gravitational force. From the mentioned forces, we can define
the torque around x,, such that:

Tg = M(G(zsi n(0) — x, cos(0) + x cos(e)) - 5&2) (10)

Based on the sign of 8, the position of the limit of the sole
in contact with the world or with the floor, x; will be between
the toe and the ankle. In such case, the objective of the control
is to manage the acceleration CoM (¥) to reduce the NAO’s
angular momentum:

L=1I6 (11)

For the real physical parameters of NAO robot, the range of
x is within [—30 mm, 40mm], the CoM’s height is fixed to
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260 mm, which helps to simplify the model. Thus, any change
of the momentum () around the extremes of the sole support
makes it possible to treat it as constant. Therefore one obtains:

o =140 =14 (12)

We can conclude that the angular acceleration (8) is
relatively proportional to the torque around the sole limit (xp).
We can also remark from (10) a direct participation of the
acceleration of CoM (¥) to the torque around the sole limit
(xp). Therefore, a suitable control for CoM’s acceleration of
the proposed controller (x) is:

X =Ko 13)

Gyro, Accel. FSR

where K > 0. Integration of both side of (13) and
discretization with T period or sampling period time, we find:

xfk+1 = ka + KQkT (14)

Because of the angular momentum control, there is an
increase in the CoM's position as:

Xamr = KO, T (15)

Let us summarize the structure of the controller, (10) is
used to find the torque around the sole limit, and (15) is
employed to perform the control action. Via (12), we can
define the angular acceleration and its double integral to
obtain 8. Fig. 4 presents the schematic diagram of the
proposed controller.

Disturbances
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k
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> €
controller Xamk AN Xy

Delay €

Fig. 4 The schematics of the whole proposed balanced walking controller

C.ZMP Preview Controller

In this section we will present the ZMP preview control and
its extension proposed by [27]. Firstly, the ZMP equation can
be written as:

Z

Pr=x—% (16)
Z ..

Py =y =,V a7

where Z is defined in the world frame and it presents the
distance between the CoM position and the sole. Supposing
that u =X, the ZMP equation can be rewritten in the
following state space representation or Cart table model:

N 0 1 0] 0
E[D'C]=O 01 J'C]+Ou
X 0 0 olte 1

(18)

X

b0 -4

where p is the CoM’s state. To force the system to follow the
input reference, a digital controller is proposed. Let us firstly

discretize the system (18) using sampling time T as:

{xk+1 = Axk + Buk (19)
Pr = Cxy
T3

with: A=y 4 ,B=T_2,C=[1 0 —E].Let us
00 0 7

assume the incremental state by: Ax;, = xj, — x,,. The state is
k

augmented as ¥ = [pA(x )], therefore (19) can be reformulated
K

as:

{5(’;04_1 = Afk + Euk (20)

Pr = ka

where A:[é C:f], B:[C;], C=[1 0 0 0]. The

proposed digital control is given as:
We = =i D=1 € — GxXi (21)

where e; = p — p™®/ is the ZMP tracking error, and g;, g, are
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respectively the gain of ZMP tracking error and the gain of the
feedback state. Due to the phase delay, the control (21) is not
able to force the system to follow the reference ZMP perfectly.
To resolve this problem, a new term has been added to the
controller (21) as follows:
W =—gi Xy e — guXie — X)er GpP™ (K + ) (22)
Note that the third term consists of the planned ZMP
trajectory to N samples in the future. It is named preview
controller since the control employs future information. The
term g, represents the preview gain. One second of future
reference walking is adequate for this controller to perform a
smooth motion. Based on incremental time step, the N can be
easily obtained such that: N = % A detail of the previous

control strategy as an optimal controller approach can be
found in [27]. The optimal g; and g, are obtained by solving
the discrete algebraic Riccati equation as follows:

p=ATpA— A"pB(R + BTpB) "BTpA+Q (23)

where § and R are positive weights. Hence, the optimal gain
can obtained as:

G=19: 9x)=(R+B"pB) 'B"pA (24)
So, the optimal preview gain is calculated recursively by
considering A, = A — B§ as:

gp() = (R + ET}"?;ET)_léTf(i -1 25)
(-1 =4"%i-1)
[1 0

0 O] and R=1X

where g = —g; [é], #(1) = ACTﬁ [é], Q=
1076,

V. CASE STUDY

In this section, we present the simulation results of the
suggested balancing strategy. This strategy was used with the
model of the NAO robot given in [28]. The simulation process
was done on Simulink under MATLAB (2018a) environment.
The first trial (Fig. 5) presents the results of a generation of
CoM using MPC approach, while in the second and third
trials, we tested the robustness balance of the NAO robot
against external disturbances using the proposed approach.

Fig. 5 shows the performance of MPC control in the sagittal
plane. It is clear from the plot that the generated ZMP is
overlapped with the desired ZMP position with acceptable
control input as we remark in Fig. 5. Also, the MPC control
keeps the trajectory of the CoM always within the ZMP
position, which means that the NAO robot maintains always
its balance.

Figs. 6 and 7 present the comparison results of the
evaluation balance of the NAO robot with and without angular
momentum control in presence of the external disturbances (at
t=5sto 65s). Itis clear from Fig. 7 that the NAO robot keeps

his balance without angular momentum control in the absence
of the disturbances where the angle (0) is relatively equal to
zero and CoM’s trajectory was within the generated ZMP
position. However, in the presence of the disturbances, the
robot lost his balance because the CoM trajectory exits from
the support polygon of the robot as shown in Fig. 6. The
efficiency of angular momentum control (74) appears clearly
in results of Fig. 7. Where, even in the presence of the same
disturbances, the proposed control drive the CoM trajectory to
stays within support polygon and the angle (6) remains always
converging to zero.

[ Generated ZMPx Evolution of ZMP tracking
5

18 7 —— Reference ZMPx |

-~ CoMx

1
g il..‘l' s e T i b e i B e e
0

0 5 10 15 20 25 30 35 40
Time (sec)
Evolution of control input in sagittal plane

Nm

0 5 10 15 20 25 30 35 0
Time (sec)

Fig. 5 The evolution of ZMP tracking and CoM by MPC control in
sagittal plane

Evolution of # angle

= —
S0 \ e
-1
0 1 P 3 4 s [ T . ) mn
Time (sec)
N Evolution of control input (74) in sagittal plane
20
z W N s
-0 =
[} 1 2 3 4 5 6 7 B 9 1m0
Time (sec)
., Evolution of CalMl CoMx
% Generated ZMPx
E o I’\ = _1{.’"-- —_ r———
-2
] 1 2 3 4 5 & 7 8 9 10

Time (sec)

Fig. 6 Evaluation the balance of NAO robot in the presence of
disturbances (at t=5s to 6s) without Angular Momentum control (tg)

VI. CONCLUSION

In this paper, we investigated a dynamic controller to ensure
the robustness of the balance system of the robot during the
walking process under external disturbances. An MPC is
applied and combined with ZMP strategy to perform the CoM
trajectory. The feedback control is combined with preview
control strategy to control the angular momentum and manage
the CoM’s acceleration taking into consideration the
characterization of the rotational dynamics of the whole-body
system. Simulation and comparison results are presented to
confirm the feasibility of the proposed strategy. In future
works, we are looking forward to implement this approach
with NAO robot.
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