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ABSTRACT

This thesis aims to propose a robust whole-body locomotion controller for legged robots.
To this end, it offers the centroidal momentum observer control algorithm, which could be
a very useful tool for providing robust dynamic motion control in eliminating parameter
uncertainty for legged locomotion. The control method based on centroidal momentum
dynamics is essential for whole-body control. The method considers floating base dynam-
ics when synthesizing controllers such that the base frame is not firmly connected to the
ground; the base frame is freely floating. Therefore it can be applied to a wide range of
mobile robotic systems. The method was tested using a simulated one-legged robot and
whole-body humanoid models. As a result, we observe that the centroidal momentum
observer control algorithm could be beneficial for whole-body robot robustness and stabi-

lization.
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OZETCE

Bu tez, bacakli robotlar i¢in giirbiiz bir tiim viicut hareket kontrolorii 5nermeyi amaglamaktadir.
Bu amacla, bacakli hareket i¢in parametre belirsizligini ortadan kaldirmada giirbiiz di-
namik hareket kontrolii saglamak icin cok yararli bir ara¢ olabilecek merkezi momentum
gozlemci kontrol algoritmasini sunar. Merkezi momentum dinamiklerine dayali kontrol
yontemi, tiim viicut kontrolii i¢in esastir. YOntem, temel koordinat sistemi zemine sikica
bagli olmayacak sekilde kontrolorleri sentezlerken seyyar koordinat sistemi parametrelerini
dikkate alir; temel koordinat sistemi serbestce yiizer. Bu nedenle ¢ok c¢esitli mobil robotik
sistemlere uygulanabilir. YOntem, simiile edilmis tek bacakli bir robot ve tiim viicut insansi
modelleri kullanilarak test edildi. Sonug¢ olarak, merkezi momentum goézlemci kontrol al-
goritmasinin tiim govde biitiinciil robotunun giirbiizliigii ve stabilizasyonu i¢in faydali ola-

bilecegini gozlemledik.
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CHAPTERII

INTRODUCTION

The desire to wonder about the how humans and animals move, and to make devices
that improves life quality of people accordingly, led to the development of various legged
robots. Biological systems in nature show outstanding performance in load capacity, sta-
bility and dynamic behaviour. For this reason, it can often be considered a crucial source
of inspiration in designing legged robotic systems for aspects ranging from mechatronics
design to motion planning and gait. For example, skating athletes maintain orientation,
balance, and speed in the face of the variety and complexity of oscillating, gliding, and
moving their bodies through space on the ice. In another example, seeing that a child starts
by crawling first, goes from crawling to walking, and from walking to running and jumping
over time raises an exciting curiosity about people’s legged control mechanisms [3]. They
are great interest in animals for their locomotion mechanisms, as they move quickly and
reliably from tree to tree in a forest, swamp or rocky environment. One of the best ways
to learn about animal and human movement mechanisms is to build machines that move
using legs.

In the early twentieth century, it was necessary to create kinematic connections that
would produce the appropriate stepping motion. Design walking robots, it is called quest-
static walking [4]. Nevertheless, it was realised that a link that provided constant movement
may not accomplish the act of dynamic walking or running. Towards the end of the twenti-
eth century, very efficient walking robots with good performances were designed, suitable
for practical applications carrying significant loads with the corresponding flexibility and

versatility [5].



The scientific study of legged movement began with Muybridge examining the move-
ment of a horse in 1957 [6]. The first actively balanced machine was based on an automati-
cally controlled inverted pendulum. Miura and Shimoyama built the first actively balancing
walking machine [7] in 1984. Mark Raibert stated that interest in legged locomotion has
two main aims in 1986. These are the high potential for mobility and the need to understand
the movements of animals and humans. Since wheeled movement is primarily limited to
flat surfaces, it is seen as unfavourable in terms of high mobility. Raibert demonstrated the
advantage of legged robots over wheeled systems by showing that legs use isolated feet for
support, whereas wheels or tracks require a continuous support path in 1986 [6]. Walking
robots have been researched since the beginning of robot technology to overcome the limi-
tations of wheeled systems by inspiring from walking solutions in nature. The legs provide
better mobility over unstructured terrain than wheels or tracks because these robots can use
isolated legs that optimize support and traction. This feature is a tremendous advantage for
increasing speed and efficiency on rough terrain in a legged system.

Using a legged design; the tools used by humans and communication with the environ-
ment can be for functional purposes such as the development of bipedal movement. Some
humanoid robots may be modelled only a part of the human body, the behaviour and con-
trol of a one-legged robot can be used as a basis for each piece of the multi-legged system.
Legged robots can be used in industry, medicine, entertainment, agriculture, animal hus-
bandry, transportation and education as well as many other fields. These robots are used in
a wide range from aircraft construction to disaster scenarios, from robotic rehabilitation to
active walking support [8—11].

Despite several studies, the robustness of legged systems is still an active research ques-
tion. The dynamic model of legged robots is not as linear as predicted, and it is pretty
challenging to model how the robot interacts with its environment with all uncertainties.
For this reason, the control of legged robots can make the job a little more complicated.

The controller is essential in realizing the stable periodic movement of the legged robots.



The primary purpose of the controller is to ensure the stability of the robot as it provides
a dynamically balanced walk. A legged robot is statically balanced when controlled kine-
matically with negligible inertial forces.

Differently, if a robot is dynamically balanced, it can be balanced by the movement
of the robot, taking into account inertial forces and manipulating them correctly. In line
with these facts, it can be verified that dynamics play an essential role in the control of
legged robots. Various topics related to dynamics, trajectory planning and control have
been covered to enable legged robots to walk, run and balance.

One of these studies often uses the zero-moment point (ZMP) for model building and
gait control. This method does not require precise knowledge of the robot dynamics, which
includes the total mass, the aggregate position of the center of mass. Thus, the accuracy of
the robot model may not be important [12, 13]. There are other that use abstracted models,
and since the controller knows little about the system structure, this approach relies on
feedback control [14, 15]. In this method, they often use an inverted pendulum model.
In the second method, the researchers proposed a gait control and patterning method in
which dynamic bipedal gait was successfully performed in simulations and experiments
[16]. However, since the method creates a stable gait by changing the foot placements, the
desired efficiency could not be obtained on flat surfaces. Therefore, in pendulum-based or
ZMP-based methods [16—18], it is assumed that an abstracted model represents the robot
dynamics, which may require dynamics filtering [19].

In response to that matter, optimization-based control methods emerged in recent years.
In these methods, the controller is synthesized via solving a real-time optimal control prob-
lem in which an abstracted model is used to derive an approximate value function [20,21].
Despite this, the method can still deal with the dynamic and contact constraints that arise
due to full robot dynamics.

When regulating whole-body robot behaviour, angular momentum appears to be an



important quantity [22,23]. Kajita et al. proposed resolved momentum control to automat-
ically coordinate upper and lower body movements [24]. Abdallah and Goswami [25] use
a momentum controller to absorb disruptive effects. They suggest that people can absorb
the impact of significant external disturbances by maintaining momentum for a certain pe-
riod. After the effect is absorbed, the character regains his stance. Orin et al. derived the
notion of centroidal momentum for a multibody floating-base system [26, 27] which led
to the synthesis of synergistic whole-body humanoid control. [2]. Furthermore, recently
developed optimization-based algorithms allow the centroidal momentum-based trajectory
control in real-time [28,29].

Note that the notion of centroidal momentum is sensitive to parametric uncertainties,
as it is a model-based algorithm. This creates a particular disadvantage in yielding robust
locomotion control behaviour, potentially limiting its applicability to settings with internal
and external disturbances. Meanwhile, disturbance observer (DOB) is frequently applied
and has been found to be effective in parameter uncertainties for motion control. It is a very
useful robust control tool, owing to its efficacy and real-time applicability [30-32]. It can be
intuitively adjusted to the desired bandwidth as it plays an essential role in robust control.
It is also widely used in robotics, industrial automation, and automotive because of its
effectiveness in compensating for distortion and the effect of model uncertainties [33, 34].

In light of these facts, we propose a method called the Centroidal Momentum Observer
(CMD), in which a disturbance observer block is adapted to a centroidal momentum-based
motion control scheme. This study aims to increase the legged systems’ robustness to
internal and external perturbations while addressing balancing control. Therefore, the main
contribution of this work is to pave the way for robust whole-body control schemes for
legged systems in which centroidal momentum control is synergistically combined with a

disturbance observation scheme.



CHAPTER 11

CENTROIDAL DYNAMICS

In this chapter, floating base dynamics, centroidal momentum and matrix calculations will

be discussed.

2.1 Floating base dynamics

Legged robots are designed as robotic mechanisms with various configurations, e.g., one-
legged, bipedal, quadrupedal, etc., depending on the application scenario, environment,
and the speed of use. During this progress, it became essential to implement multi-body
dynamics. A fixed-based robotic system is tightly coupled to an inertial frame and in case of
no mechanical failure, the fixtures are supposed to ensure that the base is stationary despite
robot motion. On the contrary, this is not the case for a floating-based robotic system and
the motion of floating base is tightly coupled with robot motion.

Legged robots are could appear in various configurations depending how they are bal-
anced statically and dynamically. They may have variable design parameters and could
move with excessive joint accelerations. Therefore, there are times they may not be dynam-
ically balanced if the center of pressure (CoP) reaches at one of the edges of the polygon
that is formed by the support legs. For this reason, the control of legged robots is more
challenging than expected, and dynamics play a significant role in obtaining stable motion.

Therefore, the first thing to do is to estimate the position and direction of this floating
base before applying the desired control. Suppose that the floating base is represented with

the underscript f. A legged robot’s floating base, could be described with 6 coordinates



(qy); three linear coordinates and three angular coordinates along the x-y-z axes, respec-
tively.
qf

q= (1
qr

Currently, there is no sensor that allow direct measurement of the absolute position and
orientation. To overcome this issue, one can use motion capture systems.

The dynamic model of a legged system can be acquired by a set of equations obtained
using the physical laws of motion. It is easier for a legged system with fewer links and
joints to obtain the equations of motion, while for systems with a complex legged with
many links, finding the equations of motion is more complicated. Various techniques
have been presented to facilitate the derivation of equations of motion. The derivation
and propagation of the equations of motion have an essential place for dynamic analysis. A
multi-body dynamics equation formulated for many applications in floating-based robots

is shared below.

M(q)i+b(q,9)+g(q)=t+J(q)"F )

In the above equation M(q) is mass matrix, ¢,¢ and § are generalized position velocity
and acceleration vector, b(g,q) are Coriolis and centrifugal terms, g(q) is gravitational
terms, T is external generalized force. J(g) is the Jacobian matrix of a contact, where F
denotes the external wrench acting on the given contact.

While one can utilize Lagrangian and/or Hamiltonian approaches to derive dynamics
symbolically, the expressions could gets larger and larger for sytem with multiple degree
of freedom. To remedy this issue, one can use Newton-Euler algorithm which recursively

computes the robot dynamics in a computationally efficient fashion.



Figure 1: Force acting between links

2.1.1 Newton-Euler Method

The Newton-Euler algorithm recursively computes the velocities and forces that are propa-
gating from one link to another. When dealing with the equations of motion of multi-body
systems, it is an appropriate method to separate all bodies from joints and treat each body
as a single unit while considering the propagation between the links. For this reason, the
restraining forces at the joints should be considered external forces acting on each body
when freely modelled. For all the bodies, Newton’s 2nd law and Euler’s equations of mo-
tion can be applied to all bodies that are subject to external forces and moments. Multi-body
systems can exhibit movements compatible with the constraints imposed by the joints that
limit the relative motion between the links. Considering the i’/ body in Figure 1 and Figure

2, the following equations are obtained.

F.= chi (3)

N =D 4w x “Tw 4)

In (3) and (4), N; and F,; are the resultant moment and force acting on the /" link CoM.

m is the mass of i link, V,; is is linear acceleration of the i* CoM, I inertia tensor with



Figure 2: Momentum exerted between links

respect to the center of mass(CoM), w and w are the angular velocity and acceleration of
the link. The ¢; frame has its origin at the i’ link CoM and has an identical orientation with

the i link frame. To derive the angular acceleration propagation from link to link;

"Wip1 = "wi+'i11RQi1Si11 (%)

In Equation (5), iwi+1 angular velocity of the (i + 1)”‘ link respect to i link, ‘w; angular
velocity of the i’ respect to i link, /;, | R rotation matrix of the (i + 1)’ link respect to i'"
link ,Q;, joint velocity vector of the (i + 1) link, S;;| unit vector along the rotation
axis. All differentiations need to take place for vectors represented in the inertial frame.
If a vector is represented in a body frame, first perform a coordinate transformation to the
inertial frame, then differentiate, and lastly perform a coordinate transformation again back
i+1

to the body frame. Therefore, to compute ™" w; | from equation (5), multiplying both sides

of the equation by °;, | R before the differentiation;

0 pitl 0  pitl pic. 10 pi -
iR Wi =" R iR'wi + i1 1R i+ 1RQi+1Si+1 (6)

This equation can also be represented as follows.

Owitr =i+ % 1RO 1541 (7)



If we differentiate both sides of (7), the following is yielded.

Nisr =i+ 1RO 1Si1 + "Wirt x *ip1RQi41Si41 &)
If we multiply the both sides of (8) with {T1)R, the equations below can be derived

sequentially.

i+1 p0.. i1 p0.. | i+l p0 . 1 10 0 -
LR =T oR W+ 0R 1RO 1Sic1 + T oR Wity X Vi 1RQi1Sie1 (9)

i+l 1o 4 i+1 0 :
Wi =T Wi+ Qi1 Sipr 7 Wit X Ui 1RQi1Si (10)
Observing (10), i+1wi+1 needs to be avoided, so when the i+1wi+ | expression is put

back in its place;

iy =N+ Or1Sivt + (TR wi + Qi18i41) x i 1RO 18141 (11)

This equation can also be represented as follows.
Fhigy =R+ iR Wi X Qi 1Sip1 + Qi 1Si 12)

Examining (12), angular acceleration is obtained. For translational acceleration, let us

first start with the linear velocity expression as follows:

Vipr = Vit i x Py (13)

Equation (13), V;, translational velocity of the (i + 1) link respect to i* link, 'V
translational velocity of the i’ respect to i’ link, ;| P origin of the (i + 1)/ link as seen
from the origin of i/ link ,'w; angular velocity of the i’ respect to i"* link. We multi-
ply both sides of (13) with %R and then differentiate it to obtain the following equations,

subsequently:



QR Vi1 = "RVi+ "R w; x "R Py (14)

Wir1 =% 4%, x SR P (15)

Since translational acceleration is required, both sides of equation (15) must be differ-

entiated,

i1 = OO x SR Pt 4 Owi x (Owy x CiR Py y) (16)

Once again, multiplying both sides ‘R to get the translational acceleration desired in

the equation (16).

"OROVii1 = 0ROV; + 0ROy x '0R%GR Py + 0R%W; x (\oR%w; x oR%GR™Piy)  (17)
Thus, the following equation is obtained;

Vigr = Vi + i X Py 4+ 'wi X ('wi X Py (18)

Finally, multiply both sides of the (18) equation by ‘ + 1;R to get the desired transla-

tional acceleration.
LRV = "THR(V+ 5y X Py +'wi x ('wi X 'Pyy)) (19)
The simplified version of the equation is as follows:
H’IV' _i+1‘R lV i oip, i i oip. 20
i+1 = l( i+ Wi X l+1+le(WlXPl+l)) (20)
Likewise, translational acceleration of an individual link is computed as follows;
Vei = Wi x P+ 'wi x ('wi x 'Py) +1V; (21)

10



Figure 3: Torque and force exerted between links

When the equation (3) is considered again in the direction of the angular and transla-
tional accelerations obtained above, the following equation can be obtained from the figure

3.

'Fo="fi =i (22)

As can be seen in equation (22), ! f; force exerted on the link i by link i and ;| force
exerted on the link i+ 1 by link i. According to Newton’s 3rd law, as link i exerts fiy
on link i+ 1, link i+ 1 exerts — f;+; on link i. Thus, the equation (22) holds true. If the

equation rewrite,

F="fi—"Ri1'fi1 (23)

We follow a similar procedure for (4) to obtain joint torque.

INi="ni—"nig1 + (=P x'f;) — (Py1 —"'B,) < 'fira (24)

11



In the above equation ‘n; torque exerted on link i by link i, ‘n;,| torque exerted on link
i+ 1 by link i, ' f; force exerted on the link i by link i and ’f;, | force exerted on the link
i+ 1 by link i, /;, 1 P origin of the (i+ 1)" link as seen from the origin of i'" link, ‘P, origin
of the CoM of i"” link as seen from the origin of i, link. Since it is computed with respect

to i, it can be used equation which is that —iPC,. = “P,. Thus, if equation (24) is rearranged,

i i ip T i pitl i i pitl i i pitl
'‘Ni="n;—"Rip1'ip1—Pei X' F;="Pe; X't 1R fi1 = "Pp1 X it R fip 1 +'Pey X il R fig
(25)

The simplified version of the equation is as follows:

‘N ="n; —"Ris1'iv1 — Poi X 'F;—"Pryy X i R figg (26)

When the last equations (23) and (26), 'F; and ‘N; are rewritten to yield ‘ f; and n; ;
‘fi="Fi+Ripi' finr 27)

ini =N+ Riy1'iv1 4+ Poi X 'Fi4+ Py xR fy (28)
2.2 Centroidal Momentum

The spatial momentum vector of a robot consists of linear and angular momentum. Fol-
lowing the derivation provided in [2], the spatial momentum concerning the i link is

calculated as below:

h; = =Lvi=1 29)

In (29), h; is the spatial momentum of the /" link which consists of angular momentum
k; and linear momentum /;. Likewise, v; stands for the spatial velocity concerning the i*"

link, including angular velocity w; and translational velocity v; . The spatial momentum
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can be obtained by multiplying v; with the spatial inertia /; which can be computed as

below.
[ I; m;S(c;) (30)
m;iS(c))T  m;

As observed in (30), I; is calculated using mass m;, relative center of mass position
ci, and rotational inertia of the i/ link. Furthermore, S(c;) is the skew-symmetric matrix
concerning the c; vector. The centroidal momentum of a multi-dof system can be obtained
through the sum of individual momenta of each link, provided that they are projected onto
the CoM. To do so, we place a coordinate frame onto the CoM, named {G} which is
oriented in an identical manner to fixed frame of reference (FFR) {0} [2]. Keeping this in
mind, the sum of indiviual momenta can be computed as follows:

Np

ho =Y X (31)
i=1

In (31), 'X[ is the spatial transformation matrix defined between the i link and {G}.
It is computed as in the following:
X = R RSl (32)
0 OR;
where ‘R and ‘pg are the rotation matrix and position vector defined between the i"" link
and {G}, respectively.

The centroidal momentum can also be expressed as follows,

hc = Agq, (33)

where Ag(g) is the centroidal momentum matrix, mapping Ag to ¢. The vector g € R(+6)

stands for the generalized velocities, including actuated joints and floating coordinates.

One can also compute the net wrench acting on the CoM by differentiating (33):

13



fo=he=Aci+Agq (34)

The main function of the CMM (Ag(q)) is to provide a linear mapping between the
generalized velocities and the centroidal momentum. To derive the (Ag(g)) matrix, float-
ing base dynamics can be used [35]. To this end, 6D vector approach is deemed to be
computationally efficient [36]. For a general robotic system, the equation that governs

rigid body dynamics is expressed as below,

M(q)i+C(q,4)q+g(q) =7 (35)

where g € R("9) stands for the generalized coordinates and M(q) € R("+0)x("+6) jg the

joint-space inertia matrix, C(g,q)g € R(*+0)

is the vector of Coriolis and the centrifugal
terms, g(q) € R("*+6) s the gravity term, T € R(+6) is the generalized force. The eq. (35),

can be re-written to separately express floating-base and actual joint components [36]:

My M, g1 Cig+sgi Ty
' + = (36)

M. M., Gx C*q—l-g* T
In (36), the terms with the underscript {1} are associated with the floating base coordi-
nates. Likewise, 7; is associated with floating base, such that 7; = 0 as they cannot produce

force. Although the floating base is not actuated, the following equation is derived via the

principle of virtual work [37]:

olfi=1 (37)

In (37), @ can be derived via floating-base kinematics [2,38], and it maps 7; to the net
wrench acting on the floating base, namely f;. Considering the gravitational force as an

external force, the net wrench acting on the floating base can be yielded as in the following:

fi=(@]) ' (M(q)G+C(q,4)q) (38)
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Figure 4: {0} is the fixed frame of reference (FFR) , {1} is the floating base coordinate
system that is fixed under the foot and, the center of gravity {G}coordinate system is at-
tached to the CoM. This figure is adapted from [2].

In (38), U; is defined as U; = [lgx6 Ogxn|. Using the spatial transformation matrix be-

tween the frames {1} and { G}, the net external wrench acting on the CoM can be obtained.

fo="Xfi (39)

Combining (38) with (39), the following equation is yielded.

fo = 'XG(@])"U1(Mj+Cq) (40)
= Agi+Acq 41
It is known that the eq. (41) holds true for an arbitrary choice of generalized accelera-

tion, . Therefore, the CMM A can be obtained as below.

Ag = "X (@) 'UiM(q) (42)

This result imply that one can compute the centroidal momentum using the generalized
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coordinates and velocities, which consist of floating base and actuated joint coordinates.
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CHAPTER III

CENTROIDAL MOMENTUM-BASED LOCOMOTION CONTROL

Legged robots are increasingly proficient in performing various tasks such as running,
jumping, jumping, balancing against impacts, and climbing stairs. However, state-of-the-
art controllers usually focus only certain subset of these tasks. Contrary to the situation,
humans can multitask and respond instantly to any loss of balance. Based on this fact,
whole-body control was developed to respond to the demand for human-like dexterity.
The control method based on centroidal momentum dynamics is essential for whole-
body control. Due to the fact that centroidal dynamics govern the complete behaviour
of any given system using such controllers. When performing actions such as walking,
running, and squatting in humanoid and legged robots, it is possible to react and balance

when an unexpected perturbation is received instantly.

3.1 Momentum-Feedback Control

The centroidal momentum feedback control can be seen in Figure 5. In the centroidal
momentum feedback control, reference joint velocities can be obtained based on the desired
linear and angular momenta. For this operation, the inverse of the Ag(g) matrix must be
used. The calculation of Ag(g) was as described in the section Centroidal Momentum;
see Chapter 2. Floating base dynamics are also used to calculate matrices. The floating
base coordinates should be measured and inserted into the centroidal momentum matrix.

In practice, this can be done using IMU sensors and state estimators [39].
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Figure 5: Controller Model of Centroidal Momentum Control. The momentum reference
is determined by trajectory planning.
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Figure 6: The controller schematic of the proposed Centroidal Momentum Observer.
Capped parameters are obtained by estimation. The parameter f is low pass filter gain
which is tuned empirically. The momentum reference is determined by trajectory planning.

3.2 Momentum Feedback and Centroidal Momenum Observer

A possible disadvantage with centroidal momentum-based control is model dependency,
so it may not be able to deal with factors such as parameter uncertainty and internal dis-
turbances. When parameter uncertainty and internal disturbances cannot be dealt with, the
desired whole-body control may not be achieved. To resolve this issue, the disturbance ob-
server can be used, as it is known to provide robustness even in the presence of modelling
uncertainties [30,40], so whole-body behaviour can be improved. Furthermore, reactive
balance can be achieved in models such as legged robots, humanoid robots or exoskele-

tons, despite external factors.
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Figure 7: Phases Portraits of Angular momentum

A simplified block diagram can be seen in Figure 6, where we combined a centroidal
momentum feedback control and a disturbance observer. The forward calculation of the
centroidal momentum matrix is provided as feedback to the momentum reference. Kj, is
the control parameter for the momentum feedback control.

In order to investigate the stabilization capability of the proposed centroidal momentum
observer method, we use the one-legged robot model in Fig. 10. For this purpose, external
angular momenta of -0.1 Nms, -0.3 Nms, -0.5 Nms, 0.1 Nms, 0.3 Nms and 0.5 Nms are
applied to the robot CoM when DOB is in effect in accordance with the controller displayed

in Fig. 6. Moreover, we repeat the same study when DOB is not in effect. The phase
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portraits concerning both cases are displayed in Fig. 7.

As may be examined in Fig. 7(a), the system maintains its balance upon being per-
turbed. Regardless of the amplitude of the perturbation within the £0.5 Nms range, the
rate change of angular momentum eventually converges and the robot recovers its balance.
In our simulation studies, the proposed controller attenuated disturbances up to +0.9 Nms.
On the contrary, the system could not be stabilized when the DOB is not in effect. Its
rate change of angular momentum grows exponentially; see Fig. 7(b). This intermediate
result indicates the stabilization capability of the proposed centroidal momentum observer

method.

3.3 Baseline Controller for Comparison: ZMP Feedback

The zero moment point (ZMP) indicates the point where the dynamic reaction force of the
foot when it comes into contact with the ground does not produce any moment, that is, the
point where the sum of the momenta due to inertial and gravitational forces is zero [17].
ZMP has an essential place in motion planning for legged and humanoid robots. Since it
is desired to perform movements, such as walking and running, the trajectories must be
planned by considering the dynamic balance of the whole body. This could make control
very challenging, especially when the robot has greater mass and inertia distributed some-
what equally. For ZMP-based control, the support-polygon region must first be defined,
and it is measured by the distance of the zero moment point from the boundaries of this
region. The ZMP position is affected by the mass and inertia of the robot body and may
require wide range of torques as they are intended to provide stability during movement.
In order to eliminate the aforementioned situation, small body movements can be used to
stabilize the robot’s posture. New planning methods have been developed to define the tra-
jectories of the legs so that the robot’s body is oriented to reduce the ankle torque required
to provide movement. When the trajectory planning is correct for the leg joints, the ZMP

does not go out of the predefined support polygon, the robot’s motion follows the desired
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Table 1: The values of the parameters used in the X, equation

A ] 0.008
w | 2%pi*0.5
B | 0.02

g | 9.81 m/ s

trajectory, and the selected motion command is applied.
Following the derivation provided in [41], the ZMP equation is calculated in the x and

y direction, assuming the rate of change of angular momentum around COM is negligible

as below:
Xomp() = (1) — Zxﬁgzm 3)
Xonprer = Asin(w(t — 1)) +0.01271(Re ferenceValue) (44)
Zeom = —(B(w?)sin(w(t —1))) (45)
Zeom = Bsin(w(t — 1)) +0.27787 (46)
Kcom = —(A(W?)sin(w(t —1))) (47)
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F=YF (48)

=1

Xomp = (x1F;1 +x2Fp +x3F;3 +x4F.4) | F (49)

In Table 1, the parameters used for the trajectory obtained with the help of this equations
(44), (45), (46), (47), (48), (49) are given. In this equation (49), x1,...,x4 represents the
point on all four sides of the foot, and F;y, ..., F;4 represents the force acting on the ground
at those points. These values are found by measurement.

A simplified block diagram can be viewed in Fig. 8, where the ZMP feedback con-
troller is constructed. The parts mentioned as Reference ZMP Input, ZMP Measurument
and Feedback Linerarizaiton in the block diagram are given in Table (1). In principle,
this method includes a PID controller and a feedback linearization block, and once the
CoM is obtained, joint velocity references are computed using the inverse of Jacobian.
When the size of the Jacobian matrix is large, the inverse algorithm will be difficult, so the
joint velocity and angles vector is divided into two as measurable values depending on the
floating base and joint angles and velocities. Then, in one of the iterative methods, as in
The Arnoldi Iteration, the jacobian matrix corresponding to these velocities is divided into
columns similarly. Then the inverse operation can be applied.

Since this method is one of the basic control methods and is a frequently used method,

it is calculated to compare with newly designed controllers.

3.4 Centroidal Momentum Observer for a Whole Body Humanoid

In this section, we will talk about the application of Centroidal Momentum Observer Con-
troller for multi body systems. A block diagram can be seen in Figure 6, where trajectory
planning for the lower body is with the help then inverse kinematics and PD control. The
disturbance observer (DOB) method is applied to the upper body of the robot model by

using the centroidal momentum observer method, using the planned trajectories and the
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angular part of the centroidal momentum matrix. This controller yields the upper body
joint velocities in a way to counteract the angular momentum, that is induced due to per-
turbations. The obtained velocities can also be passed through the high pass filter and
integrated and feedback to the system as the position reference.

Calculating angular momentum in equation (70) is a physical quantity related to the in-
herent balancing capacity of the angular momentum system [35,42,43]. Even if the robot
is not disturbed, the angular momentum oscillates due to difficulty setting the PD gains pre-
cisely or uncertainties in the robot model. In this case, the centroidal momentum observer
(CMD) supports the system as it will regulate the system’s overall angular momentum, thus

making the robot more stable and robust.

3.5 Robot Models via Centroidal Momentum Computation
In this section, the robot models used during our simulation studies are explained.
3.5.1 One legged robot

The one-legged robot used in this study consists of 3 active joints, including a hip joint, a
knee joint and an ankle joint, all along the pitch axis [1]. ¢;(i = 1,2,3) denote the relative
angles between the links (i — 1) and the link (i). ¢;(i = 1,2,3) represents joint velocities
corresponding to each angle. Dynamic parameters of the one-legged robot are given in
table 2. Since this robot is a planar one, table 2 includes parameters only x and z axes.
CoM, and CoM, values in the table are the distances of the center of gravity between each
joint and the joint relative to the joint frame. MSC Adams simulation model was created
using the parameters while the actual robot and its MSC Adams model is displayed in
Fig.10. Fig. 11 displays the joint configurations of the one-legged robot and the coordinate
systems used for floating base dynamics. The floating base frame was placed at the foot
center and the dynamic calculations were performed accordingly. As given in the eq.1, if it
is desired to define the joint position and velocity vectors, one must consider floating base

parameters, and real joint values robot. Thus, the generalized coordinates can be described
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Table 2: Parameters of the one-legged robot [1]

Mass(kg) | Length(m) | CoM,(m) CoM_(m) Momento fInertia(kgm?)
mp=5.376 | lo=0.175 | cox=-0.0124 | cp,=0.1750 | Ip=0.05763

m1=1.76 | [1=0.150 | c1,=-0.0136 | c1,=-0.0327 | I,= 0.00469

my=1.88 | [p=0.150 | c2,=0.0068 | c2,=-0.0330 | L= 0.00547

m3=1.32 | [3=0.035 | ¢3,=0.0073 | c3,=0.0174 | 3=0.00361

as follows. The generalized velocities are the derivative of the joint position vector.

-
9 = | 49r1 4912 4913 44 4f5 4df6 49r1 4r2 493 o (30)
L 41X

4 = 1411 4952 453 44 4f5 qr6 4r1 4r2 43 o (D
L 41X

In the direction of the generalized coordinates and velocities, the mass matrix, the spa-

tial transformation matrix and other matrices required for the A, matrix are obtained as

given in equation (42). Mass matrix calculation is as follows.

(mid gy Jyi + L RAR] J,i) (52)

-

M(q) =

i=1

In the above equation, m is the mass of the i link, J, and J,, are the Jacobian matrix
linear and rotational parts. R; indicates the rotational matrix of the i'" link, while I; indicates
the rotational inertia of the i*" link. r shows the number of links, including the floating base
parameters. Since the ¢ vector has a size of (9x1), the size of the matrix M(q) is (9x9).
In addition, the matrix U; consists of a size of (6,6) unit matrix and a size of (6x3) zero
matrix, as, it is expressed as U; = [1gy6 Ogy3]- The remaining two matrices can be calculated

as follows.

P = (53)
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X1 = SRy “RiS('pg)T (54)
0 YR

In the above equations, ' R and ! p¢ are the rotation matrix and position vector. Frame
0, frame 1 and frame G are shown in figure 11 . O is the fixed frame of reference (FFR), 1
is the floating base coordinate system that is fixed under the foot, and the center of gravity
G coordinate system is attached to the CoM.The ! p¢ is calculated by taking the difference
between the absolute base frame and the center of mass of the one-legged robot. Then,
the skew symmetric form of the ! p; is computed and its transpose is taken; see eq.(54).
Finally, the centroidal momentum matrix, Ag, can be obtained by using all these matrices
in the order given in the eq.(42).

Since floating base parameters are used in the centroidal momentum matrix, the first six
terms belong to floating base parameters. For the one-legged robot, the joint velocity vector
(q) is a (9x1) vector, and the centroidal momentum vector (h¢) is a (6x1) vector. Therefore,
when the angular and linear x, y, and z axes are written separately, a (6x9) centroidal
momentum matrix (Ag) matrix is obtained. It is also possible to calculate joint velocities
using the centroidal momentum and the centroidal momentum matrix. The joint velocity
vector is obtained by multiplying both sides by the inverse of the centroidal momentum
matrix in the equation (33). However, since the centroidal momentum matrix is a (6x9)
matrix and the joint velocity vector is (9x1), it is necessary to use different methods to get
the inverse. Yet one can resolve the Ag matrix to express submatrices float are related to
floating bae and actual joint parameters.

, qr
hé=Ac4=| Ag1 | Agx | ... | Ago ' (55)
qr

In (55), Ag denotes the submatrix related to the parameter ¢;. As seen in (55), the

resolution of A enables us to isolate ¢, as finite following.
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hG_{AGl | AG2 | | AG6]‘?f:|:AG7 | AGg | Acg}(?r (56)

1
Qr:[Am | Acs | AG9] (hG_[AGl | Ag2 | - | AGG}qf) (57)

In (57), one can use Moore-Penrose inversion and Arnoldi Iteration to compute globally
minimum ¢,. At the same time, all joint parameters (¢, g,) were tried to be computed with
the complete Ag matrix, and the system would assign the optimal values to the floating

coordinates, but this could not match their actual value.

3.5.1.1 Verification of Centroidal Momentum and Centroidal Momentum Matrix of
One-Legged Robot

To verify our computations, we conducted a similar study. For this reason, since they
are uncontrolled, the joint velocity vector for the Jacobian was calculated using velocity
kinematics in line with the reference velocities given. In this calculation, the following
equation was used. For this reason, since they are uncontrolled, the joint velocity vector for
the Jacobian was calculated using velocity kinematics in line with the reference velocities

given. In this calculation, the following equation was used.

V =J(qr)4r (58)

V = [VxVz.Wy|T is the cartesian velocities, and ¢, = [§1¢2¢3]7 represents the joint ve-
locities. Vx, represents the linear velocity in the x-axis, Vz, represents the linear velocity
in the z-axis and Wy represents the body angular velocity in the y-axis. J(g,) is the Jaco-
bian matrix in eq.(58). In the following equation, the joint velocity vector is obtained by

multiplying both sides by the inverse of the Jacobian matrix

qr = J(Qr)_lv (59)
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Table 3: Reference Velocities
Vxe | 0.02(2pi0.5cos(w(t —3)))
Vze | 0.044(2pi0.5cos(w(t —3)))
Wy | 0

Thus, thanks to eq.(57) and eq.(59) obtained by velocity kinematics, it was possible to
compare joint velocities and to control the calculation of Ag matrix thanks to the velocities
found with the well-known Jacobian method.

In addition, another control method is to compare the momentum obtained from the
centroidal momentum and the momenta by going from the jacobian velocities obtained to
the momenta.

A simulation model was created in MSC ADAMS for the one-legged model to apply the
mentioned calculations. The primary purpose of the simulation is to compare the momenta
obtained from the Jacobian and centroidal momentum. In the simulation, the squat motion
was chosen for the ADAMS model. The main reason for selecting this movement is that if
the robot completes the movement in line with the references without tipping over, it can
form the basis for other movements, and the developed algorithm can be used for other
movements such as walking, jumping, etc.

Firstly, a 5 degree polynomial function was used in ADAMS to the squatting position,
and the initial position was obtained after assigning 45, —90, 45 degrees to the hip, knee and
ankle angles. In periodic motion, the velocities obtained using eq.(59) are used. Since the
squatting motion was chosen, the angular velocity of the torso on the y-axis was set to zero.
The linear velocity trajectories in the x and z axis are given in the table below.

Since the squatting motion is desired, the reference velocity in the z-axis was chosen
larger. Then, using equation (59), the joint velocities found via velocity kinematics and
they are multiplied by the total mass to obtain the momenta; that is, the linear momenta
in the x and z axes, Py, P,. Because of the robot’s motion, the linear momentum P, in the
y-plane is zero. Also, the angular momenta L,,L, in the x and z planes are zero. As for

Ly, the angular momentum in the y plane, the calculation can be made using the formula
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below:

Ly = ICoMQref (60)

Ore r 1s computed as follows;

Oref = (zcomt — xcom?) | (Zoops +X2orr) (61)

Icopm 1s the inertia of the entire body of the robot. Joint velocities and momentums ob-
tained with the help of these two methods can be compared in the simulation environment,
and their accuracy can be shown; see figure 12. Also, zcopr and xcopr are the position of the
center of mass of the robot in the x and z axes. X and 7 are velocities obtained with the help
of Jacobian with the joint velocities measured from the robot.

As shown in figure 12, after obtaining the desired position in the model and measuring
the joint angles as the output value in ADAMS, these joint angles obtained were used in
the calculation of angular momentum, Jacobian matrix and centroidal momentum matrix.
As given in eq.(60), the angular momentum Ly is calculated. By using equation (58),
the obtained joint angles were differentiated and multiplied with the Jacobian matrix to
obtain the reference velocities Vxcom,Vzcom- These obtained velocities were multiplied
by the total mass of the one-legged robot and linear momenta Py,P, were calculated. The
centroidal momentum was calculated using the equation (33) and the derivatives of the joint
angles were used to obtain the centroidal momentum vector.

As a result of all these calculations, both the momenta obtained with the centroidal
momentum and matrix and the momenta obtained with the help of velocity kinematics
can be compared. When looking at Figures 13, 14 and 15, the error of P, P, and, L,
can be observed respectively approximately. When the error graphs of the momenta are
compared, the error is zero for linear momenta, P, and P,. There is a max error of 0.06Nms
in the angular moment Ly; the main reason for this difference is that it cannot be obtained

like linear momenta since Q. is computation includes approximations.
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After comparing the momentum values and making sure flow the centroidal momen-
tum, the next step was taken. The purpose of this step is to calculate the inverse of the
centroidal momentum matrix and arrive at the joint velocity vector given in eq.(57). At the
same time, by taking the derivative of the joint angles obtained from the ADAMS model,
the joint velocities can be found and compared. The scheme of the simulation study is
given in Figure 19.

When looking at Figures 16, 17 and 18, joint velocity of Vi, joint velocity of V, and
joint velocity of V3 can be seen respectively. When the graphs are compared, it is seen that
the joint velocities obtained from both methods are almost exactly the same. Looking at
the error graphs and joint velocities graphs, it can be ensured that the centroidal momentum
algorithm works correctly.

Thus, the confirmation of the centroidal momentum and centroidal momentum matrix
is provided via velocity kinematics, which is a well-known method. The reason why it
is made in an one-legged robot is that the number of joints is relatively less, making the
confirmation study easier. At the same time, when the number of joints increases, the
computation time increases. Thus, using a one-legged robot model save time and makes

comparisons easier.
3.5.2 Atlas Humanoid Robot

Designed by Boston Dynamics, Atlas Humanoid Robot is an advanced humanoid robot
with state-of-the-art equipment and a compact mobile hydraulic system that has the strength
and balance capability to demonstrate human-like endurance. The Atlas Humanoid Robot
used in this study has 29 active joints and 1 fixed joint; see Fig.21. Its total mass is 174.25
kg. The real version of the Atlas robot can be seen in Figure 20. To create its robot model,
RaiSim is used for both simulation and algorithm calculations [44]. Values such as CoM
position, link inertia and mass are provided in RaiSim. ¢;(i = 1,2,3,...,29) denote the

relative angles between the links (i — 1) and the link (i). ¢;(i = 1,2,3,...,29) represents
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joint velocities corresponding to each angle. Since a joint is fixed, it does not participate in
the calculations of the joint angle and velocity vector. Figure 21, displays the simulation
model and joint configurations. Fig.22 displays the coordinate systems used to represent
floating base coordinates. The floating base was placed at the pelvis, a common point when
considering tree streets. As in the one legged robot, when the floating base parameters are
added to the joint angles and joint velocity vectors, the size of the joint coordinates becomes

(36x1). The joint position and velocity vectors are represented as below:

=
q :[lel a2 qr3 1.0 qra qrs qre g - q;’29:|(1x:36) (62)

C.[T:lqﬂ oy Y .. } (1x35) (63)

To compute A matrix, firstly the mass matrix(35x35) is obtained. Afterwards, the pro-
cesses continue in the same way and the size of the other matrices is obtained in accordance
with the vectors ¢ and ¢. In addition, the matrix U consists of the unit matrix size (6x6)
and the zero matrix with a size (6x29). In this case, it is written as U; = [lgys Ogx29]. For
the remaining two matrices, the rotation matrix and position vectors are calculated, as in
the case of one-legged robot. The position vector is computed by taking the difference
between the linear parameters of the floating base and the center of mass of the atlas hu-
manoid robot. Then the skew-symmetric form of their position vector is computed and
transpose. The final form of the obtained rotation and position vector is replaced in the
€q.(32). Thus, all the matrices necessary to obtain the centroidal momentum matrix are
calculated. Finally, the centroidal momentum matrix can be obtained by multiplying all the
matrices in the order given in the eq.(42). The size of our resulting Ag matrix is (6x35).
Since the matrix is extensive and covers all body joints, it is necessary to divide it into
submatrices to control robot links more easily. Accordingly, velocity and position vectors

can be split-fed in a similar fashion.
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Ag = AGf AGT AGLA AGRA AGLL AGRL (64)

-
9 = | 4qr 91 qrA 49rRA 4LL 4RL (65)

9 = | qr qr qra 4ra 4LL 4RL (66)

In (64),Ag o AGr, AG, s AGryAG,, and Ag,, respectively denote the seepiers related to
floating base, torso, left arm, right arm, left leg, right leg joint parameters. To enable whole-
body control, figure 9 can be used see section the 3.4 Centroidal Momentum Observer for a
Whole Body Humanoid. In order to design the Centroidal Momentum Observer, firstly, the
lower body trajectory can be given. To this end the robot comes to the squat position first,
and then the fifth-degree polynomial function can be used for the continuity of the squat
movement. Since centroidal momentum regulates the angular momentum of the system,
it may be more appropriate to base the angular part of the calculated momentum. A low-
pass filter provides the calculated and reference momentum as feedback to prevent phase

difference. Since the feedback output comes as momentum, velocity and position data are

needed to give it to the system. For this reason, the following equation is used.

—Hais = AG,qf +Acrqr +AG 1A +AGRraqRA +AG 4LL +AGR RL (67)

When using eq.(67), one must note that gz, and gg; were predetermined. Moreover, g ¢

can be measured. Thus, (eq.67) takes the following from;

AGr 4T +AG 914 +AGRGRA = Hais +AG 45 +AG, qLL +AGgr dRL (68)

The following equation can be expressed in the matrix form;
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qr
{ Ac; | Ac, | Acp } Gra | = Hais+Ac, 4y +AG, 9L +AGr dRL (69)
qRA
With the help of (69), the velocity vector can be obtained by using pseudo inverse;
qr .
gia | = { A, | Ac, | Acp, ] (Hais +AG,qf +AG, 4LL+AGy gre)  (70)
qRA
The most important thing to note in eq.(70) is that its size is (6,17) for the Atlas Humanoid
Robot, as the Ag matrix consists of the torso, left arm and right arm. In this case, the

pseudo inverse can be used. Afterwards, joint position vector can be obtained by passing

them through the high pass filter and integrating them.

qr

+
qrA :/({AGT | Ag,, | Acp | (HaistAcqr +AG, 41 +AGydre)) (T1)
4RA

Thus, the upper body position vector is obtained to be used in simulations with the help

of eq.(71).
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Figure 9: Controller scheme of the proposed Centroidal Momentum Observer for a Whole
Body Humanoid. The parameters with hat are obtained through estimation. The parameter
frpr s low pass filter gain and fypF is high pass filter gain empirically tuned.The momen-
tum reference is determined by trajectory planning.
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Figure 10: The one-legged robot [1], and its simulation.
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Figure 11: Floating base parameters of our one legged robot model. Adapted from [2].
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Figure 12: Momentum calculation scheme after calculating joint angles with the 5th order

polynomial function and the inverse of the Jacobian matrix
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Figure 13: P, Momentum Error (While the robot comes to the squat position in the range
of 0 — 3 sn, it ensures the continuity of the movement in the range of 3 — 10 sn.)
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Figure 14: P, Momentum Error (While the robot comes to the squat position in the range
of 0 — 3 sn, it ensures the continuity of the movement in the range of 3 — 10 sn.)
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Figure 15: L, Momentum Error (While the robot comes to the squat position in the range
of 0 — 3 sn, it ensures the continuity of the movement in the range of 3 — 10 sn.)

1.5+ ——V1( With Calculating Ac)

——VI(ADAMS) /\

=

N

)
T
[
—
L ——
—
L —
[ ——

V1 (Joint Velocities)
=
W (e
h—_‘_—-‘_-__
.--'—"_--—.—-_
—_
—
T ——
|t
-—'_'—-

1
—_

1
—_
(9]

.3 6
Time (s)

Figure 16: V| Hip Joint Velocity (While the robot comes to the squat position in the range
of 0 — 3 sn, it ensures the continuity of the movement in the range of 3 — 10 sn.)
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Figure 17: V, Knee Joint Velocity (While the robot comes to the squat position in the
range of 0 — 3 sn, it ensures the continuity of the movement in the range of 3 — 10 sn.)
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Figure 18: V3 Ankle Joint Velocity (While the robot comes to the squat position in the
range of 0 — 3 sn, it ensures the continuity of the movement in the range of 3 — 10 sn.)
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Figure 19: Calculation of joint velocities with the help of joint angles and centroidal

momentum

Figure 20: The actual Atlas Humanoid Robot from Boston Dynamics.
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Figure 21: Simulation Model and Joint Configurations of Atlas Humanoid Robot(In the
joint configuration of the robot, The torso consists of three parts: upper torso, middle torso
and lower torso.)

6 Virtual DOFs

Figure 22: Floating base parameters of Atlas robot adapted from [2]
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CHAPTER IV

SIMULATION EXPERIMENTS

In order to implement the proposed controller, namely, centroidal momentum observer, a
series of simulations were performed using 3D dynamic simulators MSC ADAMS [45] and
RaiSim [44]. Simulations were executed using a PC that possesses an Intel (R) Xeon (R)
W-2155 processor (3.3 GHz) with 32.0 GB RAM, running on a 64-bit Windows operating

system.

4.1 Simulation Scenarios

This section considers six different scenarios with different types of disturbances and situ-

ations.
4.1.1 Scenario #1: Unknown Load- One-Legged Robot

To check the robustness of a system, it must keep its balance despite parametric changes.
For this reason, a 5kg of extra load was attached to the one-legged robot body, and the
controllers were unaware of this load in this scenario. This load is not included in any
dynamic and static calculations. In other words, this extra load is not considered in the
calculations of the robot dynamics and centroidal momentum matrix. In this scenario,
it is desired to test the disturbance rejection capacity of the controllers when there are

parametric uncertainties.
4.1.2 Scenario #2: External Forces- One-Legged Robot

In this scenario, the question was what would the robot’s reaction be when an indefinite
amount of external force was applied and whether the controllers could maintain their ro-

bustness in this case. External forces were applied to the robot in the x-axis and z-axis
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Table 4: The gain values of the controllers

Scenario 1 Scenario2 Scenario 3
Parameter Value
CMC K, 1 1 1
K;, 0.3 0,3 0.3
CMD f 30 30 40
kp 0.6 0.6 0.6
ZMP k; 4.3 4.3 4.3

directions. When t = 2s, an external repulsive force of 30 N along the x direction and 100
N along the z direction were applied to the robot’s body. In line with these applied forces,

the controllers’ responses were examined.
4.1.3 Scenario #3: External Momentum- One-Legged Robot

What is desired in this scenario is to see how long the controllers will maintain the system’s
stability when the one-legged robot is exposed to external momentum. An external angular
momentum in the form of a 0.5 Ns amplitude step function along the y-direction and an
external linear momentum in the x direction as a 0.2 Ns amplitude step function were
applied over it when t = 2s.

For each scenario regarding the one-legged robot, three controllers were implemented.
Their respective performances compared, i.e. Centroidal Momentum Control [2] (CMC,
see Fig.5), the proposed controller Centroidal Momentum Observer ( CMD, see Fig. Fig.6)
and ZMP Feedback Control [41]; see Fig. 8. The ZMP feedback controller includes a
feedback linearization loop with a PI controller. The gain values for the controllers are

tabulated in Table 4.

4.1.4 Scenario # 4: Balancing while Perturbed from Lower Torso- Atlas Humanoid
Robot

In this scenario, the Atlas humanoid robot was initialized while standing with bent knees.
Then, by keeping it constant, an external force of 200N from the lower torso is given in

the x direction, and the movement in the presence and absence of the controller in the
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Table 5: Reference Cartesian Velocities and Filter Gains

Vee | 0.77 —0.05cos(2pi0.35¢)m/s
Vze Om/s

Wy | Om/s

fipr | 0.5Hz

fupr | 40Hz

direction of the external force is observed. This simulation scenario was also repeated with

no perturbation.

4.1.5 Scenario # 5: Balancing while Perturbed from Shoulder- Atlas Humanoid
Robot

In this scenario, similar to Scenario # 4, the Atlas humanoid robot was initialized while
standing with bent knees. Then, keeping the CoM position constant, an external force
of 100N in the x direction and 10N in the z direction is applied from the shoulder. In
other words, movement is observed in the controller’s presence and absence with the arm’s

external force. This simulation scenario was also repeated with no perturbation.

4.1.6 Scenario # 6: Squatting with Perturbation from Lower Torso- Atlas Humanoid
Robot

In this scenario, the Atlas humanoid performed squatting motion; see Table 5 for cartesian
velocity references and filter gains. While performing the squatting motion, the robot was
perturbed by an external force of 100N from the lower torso and with this perturbation,
the movement was observed in the presence and absence of the controller. This simulation
scenario was also repeated with no perturbation.

The controller mentioned in Chapter 3.4. Centroidal Momentum Observer for a Whole
Body Humanoid and shown in figure 9, is applied to the Atlas humanoid robot in all three
cases. The results in the presence and absence of this controller were compared with and
without disturbance. At the same time, the low pass gain and high pass gain values used in

the controller are given in Table 5. In addition, the PD gains can be seen in Table 6 .
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Table 6: PD gains
Kp Kd
Torso | 5000 | 360
Arms | 4000 | 355
Legs | 3000 | 350

4.2 Results

The results are displayed in Figures 23-31, in which black dashed lines indicate reference
variation, while solid blue, green, and red lines show response variations for the controllers
CMD, CMC, and ZMP, respectively. In continuation, the results are displayed in Figures
32,33, 39, 45, 46, where the blue lines show the response variations of the CMD controller.
In contrast, the red lines show the response variations without the CMD controller. Also,
the other results are displayed in Figures 34, 35, 36, 40, 41, 42, 47, 48, 49, where blue
lines show the robot’s response variations in perturbation. In contrast, the red lines show

the robot’s response variations without perturbation.
4.2.1 The Result of Scenario#1: Unknown Load- One-Legged Robot

In Figures 23, 24 and 25, the the x-axis CoM position (X), the z-axis CoM position
(Zcom), and the x-axis ZMP position (X,,,,) are displayed for this scenario, respectively.
As may be observed, the ZMP controller could not stabilize the robot in this scenario,
the robot tips over. In particular, the x-axis ZMP reached to the rear end of the support
polygon. On the contrary, both CMD and CMC could stabilize the robot. Among them,
CMD outperformed CMC. The RMS (Root Mean Squares) values of CoM tracking error
are 0.0267 cm and 0.193 cm for the x-axis, and 0.0922 cm and 0.473 cm for the z-axis,
concerning CMD and CMC, respectively. Likewise, the RMS value of X, variation in
the case of CMD is 3.054 cm. It is measured as 4.765 cm, for the case of CMC. These

results suggest that CMD is able to handle parametric uncertainties.
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Figure 23: One legged robot of the center of mass(CoM) on the x-axis
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Figure 24: One legged robot of the center of mass(CoM) on the z-axis

4.2.2 The Result of Scenario#2: External Forces- One-Legged Robot

In Figures 26, 27 and 28, the the x-axis CoM position (X.on), the z-axis CoM position
(Zcom), and the x-axis ZMP position (X,,) are displayed for this scenario, respectively. In
this case, all three controllers achieved dynamic balancing. Similar to Scenario #1, CMD
outperformed CMC and ZMP. CoM tracking errors are 0.02736, 0.187, and 5.137 for x-axis
and 0.0562, 0.468, and 0.703 for z-axis, concerning CMD, CMC, and ZMP, respectively.
The RMS values of concerning the actual X,,,,, are 7.324,7.717, and 3.756 for CMD, CMC,
and ZMP, respectively. Judging from these results, CMD appears to provide more favorable

balancing performance when the robot is subject to external forces, despite the variation in

Xomp-
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Figure 25: One legged robot of ZMP position on the x-axis
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Figure 26: One legged robot of the center of mass(CoM) on the x-axis

4.2.3 The Result of Scenario#3: External Momentum- One-Legged Robot

In Figures 29, 30 and 31, the the x-axis CoM position (X,.,), the z-axis CoM position
(Zcom), and the x-axis ZMP position (X,,,) are displayed for this scenario, respectively. In
this scenario, the controllers CMC and ZMP failed to stabilize the robot and is tip over,
whereas CMD was able to maintain dynamic balance. In order to counteract the external
angular momentum applied to the CoM, the robot automatically bent his torso in the op-
posite direction and maintain the balancing. The RMS values of X.,,, and Z.,,, error are
0.0232 and 0.0564 when implementing CMD. In addition, the RMS of X, was 3.957 for

this controller.
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Figure 27: One legged robot of the center of mass(CoM) on the z-axis
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Figure 28: One legged robot of ZMP position on the x-axis

4.2.4 The Result of Scenario#4: Balancing while Perturbed from Lower Torso- Atlas
Humanoid Robot

In Figures, the angular momentum changes of 32, 33, 34 are displayed for this scenario.
Joint angle changes in the figures 35, 36 and joint velocity changes in the figures 37, 38 are
displayed for this scenario, respectively.In this scenario, when there was the perturbation, in
the absence of the CMD controller, the robot could not stabilize and overturned, while the
CMD was able to maintain the dynamic balance. Also, when there is the disturbance, the
body angle on the y-axis cannot be controlled because the robot overturns without CMD,
and the angle increases to large values with its body weight. A larger angle is not a better

result because the robot falls, the PD cannot exert enough torque due to its weight as it
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Figure 29: One legged robot of the center of mass(CoM) on the x-axis

Figure 30: One legged robot of the center of mass(CoM) on the z-axis

falls, and the joint rotates randomly. In the absence of disturbance, it was observed that the
robot stabilized faster in the presence of CMD when the initial angles were adjusted in the
first seconds. Although the movement continued in the same position, there was a certain
oscillation in the absence of CMD due to the weight of the arms. RMS values were 1.9
and 3.693 with and without CMD, respectively, when there is without perturbation. When
these values are considered, a decrease of %48.5460 is observed when a CMD controller
is found compared to the other situation. For this reason, the CMD controller is vital to

ensure robustness and stabilization.
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Figure 31: One legged robot of ZMP position on the x-axis

4.2.5 The Result of Scenario#5: Balancing while Perturbed from Shoulder- Atlas
Humanoid Robot

In Figures, the angular momentum changes of 39, 33, 40 are displayed for this scenario.
Joint angle changes in the figures 41, 42 and joint velocity changes in the figures 44, 43 are
displayed for this scenario, respectively. In this scenario, while applying the distortion, the
robot stabilized in the presence of CMD, but was unable to balance and fell in the absence
of CMD. The CMD controller changes the body-x angle from about 1 to 2.5 degrees, the
body-y angle from about 2.5to 1 degrees, and the body-z angle from about O to 6 degrees.
Thus, it aims to maintain stabilization. It aims to maintain the stabilization of the robot
in the presence of CMD and to ensure the continuity of motion when any disturbance is
applied. Considering the CMD-free situation, when distortion is applied, the robot cannot
maintain its stabilization as it is in the other state, i.e. the non-distortion state. Also, when
distortion is applied, the CMD controller swings the shoulder-x angle between 0.3 and 0.7
and the shoulder-y angle between 0.15 and 0.45, causing distortion weakening. If there is
no CMD controller, the robot will crash in 3 seconds and will not be able to maintain its
stability. Thanks to the CMD controller, the robot creates a longer-term resistance mecha-
nism against the reaction it receives from the shoulder. For the scenario in which external
force is applied from the arm, the situation where there is no disturbance is the same as

that from the lower torso. For these reasons, the CMD controller played an essential role
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Figure 32: While external force is applied to the lower torso between t=1 and t=2 seconds,
the angular momentum at the CoM, y-axis (Nms); Scenario #4.

in providing robustness and stabilization in this scenario.

4.2.6 The Result of Scenario#6: Squatting with Perturbation from Lower Torso-
Atlas Humanoid Robot

In Figures, the angular momentum changes of 45, 46 and 47 are displayed for this scenario.
Joint angle changes in the figures 48, 49 and joint velocity changes in the figures 50, 51 are
displayed for this scenario, respectively. In this scenario, when there was the perturbation,
in the absence of the CMD controller the robot could not stabilize and overturned, while
the CMD was able to maintain the dynamic balance. CMD controller aimed to maintain
balance by changing the torso angle on the y-axis between 1.5 and 3.5 degrees. Without
CMD, the torso angle in the y-axis cannot be controlled, and the angle increases to large
values with its own body weight. A larger angle is not a better result because the robot
tips over; the system cannot provide enough torque due to its weight as it tips over, and the
joint rotates randomly. For this scenario, in the absence of perturbation, there is a certain

oscillation in the absence of CMD due to the weight of the arms. CMD tries to regulate
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Figure 33: While external force is not applied to the lower torso, the angular momentum
at the CoM, y-axis (Nms); Scenario #4.

the angular momentum so that it aims to keep the motion of the system constant in the
absence of distortion. In this case, RMS values were 2.2681 and 7.7350 with and without
CMD, respectively, when there is without perturbation. Considering these values, when a
CMD controller is found compared to the other situation, a decrease in the RMS value of
9%70.6780 is observed. For this reason, the CMD controller is vital to ensure robustness

and stabilization.

4.3 Discussion

Simulations were conducted with the proposed controller CMD in different scenarios for
two different robots. The proposed centroidal momentum-based control algorithm pro-
vides robust dynamic motion control and eliminates parameter uncertainty. To test these
features, the controller is not aware of disturbances. To this end, a disturbance observer
(DOB), frequently used in motion control literature, ensures robustness despite external in-

terference. In line with all this information, a one-legged robot model was simulated using
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Figure 34: The angular momentum at the CoM in the presence of CMD controller, y-axis
(Nms); Scenario #4.

MSC ADAMS. Then a centroidal momentum feedback controller and a Zero Moment Point
(ZMP)-based control algorithm were developed [41]. The performances of the controllers
were tested in the simulation environment following three different scenarios; 1) unknown
load, ii) external forces, and iii) external momentum distortions. The controllers were eval-
uated by comparing the center of mass (CoM) tracking along the x and z axes and the ZMP
positions on the x-axis. Then, with the Atlas humanoid robot simulation, three different
scenarios, fixed standing, lower torso and shoulder strength, and squat and strength from
the lower torso, were tried. In these scenarios, the CMD controller, which was successful in
the one-legged robot, was tried. The simulation results satisfactorily validated the proposed

centroidal momentum observer as it performed well in all tested conditions.
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Figure 35: Torso joint angle in the presence of CMD controller, y-axis (deg); Scenario
#4.
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Figure 36: Torso joint angle in the absence of CMD controller, y-axis (deg); Scenario #4.
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Figure 38: Torso joint velocity in the absence of CMD controller, y-axis (rad /s); Scenario

#4.
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Figure 39: While external force is applied to the lower torso between t=1 and t=1.1
seconds, the angular momentum at the CoM, y-axis (Nms); Scenario #5.
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Figure 40: The angular momentum at the CoM in the presence of CMD controller, y-axis
(Nms); Scenario #5.
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Figure 41: Torso joint angles with and without CMD controller, x-y-z axis (deg); Scenario
#5.
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(Nms); Scenario #6.
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Figure 49: Torso joint angle in the presence of CMD controller, y-axis (deg); Scenario
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CHAPTER V

CONCLUSIONS

This thesis presented a comparative study on robust control methods under various con-
trollers. In line with this study, two robots’ algorithms and simulations of control methods
were examined. A controller based on DOB and centroidal momentum feedback have been
proposed to ensure continuous and dynamically stable motion for these robots, and the per-
formance of this controller is based on a widely used conventional centroidal momentum.

For the one-legged robot, the performance of this controller was compared with a clas-
sical centroidal momentum feedback controller and a ZMP feedback controller, which are
used widely. The comparison study was realized considering three distinct scenarios in
which different perturbations were applied to the one-legged robot. As the main result, the
proposed CMD controller outperformed other controllers, providing relatively more robust
and favourable performance.

As a result of the centroidal momentum observer being more successful comparing
three different controllers in a one-legged robot, this controller was tested in Atlas Hu-
manoid Robot, with the thought that the behaviour and control of a one-legged robot can
be used as a basis for each part of the multi-legged system. For Atlas Humonaid Robot,
a controller based on DOB and centroidal momentum feedback have been applied to pro-
vide whole-body control and to achieve continuous and dynamically balanced motion. This
controller was compared in the presence and absence of the disturbance. As with the one-
legged robot, the presence of the CMD controller was more favourable in three different

scenarios than in the case without it.
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