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ABSTRACT: Humanoid robots, designed to resemble human structure with a head, arms,
and legs, stand out among various robot types due to their ability to interact with human-
designed environments. Their kinematic structure, composed of links connected by joints,
enables humanoid robots to perform tasks such as walking on uneven terrain, lifting objects,
and opening doors. Walking is a critical function for humanoid robots, but it shifts their center
of mass (CoM), which can lead to instability and falls. The inverted pendulum model is a
widely used approach to humanoid robot walking, particularly on uneven surfaces, enabling
CoM projection and balance adjustment. However, disturbances from floor unevenness,
mechanical issues, and other factors can still cause the robot to fall. This underscores the need
for effective control systems to stabilize movement and maintain balance. The Linear
Quadratic Regulator (LQR) is a suitable control approach for humanoid robots, particularly
in multiple-input, multiple-output systems. It stabilizes the robot while managing
computational load, generating complex humanoid movements through linear
approximations. To address uncertainties and adapt control gains, fuzzy control can be
integrated, thereby enabling smoother transitions and improved disturbance handling. When
walking on uneven terrain, a humanoid robot's body orientation may shift, causing the CoM
to exceed tolerance limits and leading to falls. Thus, a control system that adjusts the walking
pattern to maintain CoM stability is essential. In conclusion, humanoid robots, with their
human-like structure, can perform complex tasks in human environments. Control systems,
such as LQR and fuzzy control, are critical for maintaining balance and stability, even under
challenging conditions, thereby enabling humanoid robots to keep their trajectory and prevent
falls.

ABSTRAK: Robot seperti manusia (humanoid), direka menyerupai struktur manusia dengan
kepala, lengan, dan kaki, menonjol dalam pelbagai jenis robot kerana keupayaannya
berinteraksi dengan persekitaran yang direka oleh manusia. Struktur kinematiknya, terdiri
daripada pautan yang dihubungkan oleh sendi, membolehkan robot humanoid melakukan
tugas seperti berjalan di permukaan tidak rata, mengangkat objek, dan membuka pintu.
Berjalan adalah fungsi penting robot humanoid, tetapi pergerakan mengubah pusat jisim
(CoM), menyebabkan ketidakstabilan dan jatuh. Model bandul terbalik adalah pendekatan
biasa digunakan bagi robot humanoid berjalan, terutama pada permukaan tidak rata,
membolehkan unjuran CoM dan pelarasan keseimbangan. Namun, gangguan ketidaksamaan
permukaan lantai, masalah mekanikal, dan faktor lain masih boleh menyebabkan robot jatuh.
Ini menunjukkan keperluan pada sistem kawalan berkesan yang menstabilkan pergerakan dan
mengekalkan keseimbangan. Regulator Kuadratik Linear (LQR) adalah pendekatan kawalan
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sesuai untuk robot humanoid, terutama dalam sistem masukan dan keluaran berganda. la
menstabilkan robot sambil menguruskan beban pengiraan, menghasilkan pergerakan
humanoid yang kompleks melalui pendekatan linear. Bagi menangani ketidakpastian dan
menyesuai keuntungan kawalan, kawalan kabur boleh diintegrasikan, menjadikan peralihan
lebih lancar dan pengendalian gangguan lebih baik. Apabila berjalan di permukaan tidak rata,
orientasi badan robot humanoid mungkin berubah, menyebabkan CoM bergerak melebihi had
toleransi, yang mengakibatkan jatuh. Oleh itu, sistem kawalan penyesuaian corak berjalan
bagi mengekalkan kestabilan CoM adalah penting. Kesimpulannya, robot humanoid, dengan
struktur seperti manusia, dapat melakukan tugas kompleks dalam persekitaran manusia.
Sistem kawalan seperti LQR dan kawalan kabur adalah penting bagi memastikan
keseimbangan dan kestabilan, walaupun dalam keadaan mencabar, membolehkan robot
humanoid mengekalkan trajektori mereka dan mencegah jatuh.
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1. INTRODUCTION

Robots come in various forms, optimized to perform specific functions and tasks [1].
Among the different types of robots, humanoid robots stand out due to their human-like
structure [2][3]. Structurally, humanoid robots typically have a head, two arms, and two legs.
Kinematically, these robots consist of links connected at joints that function like human joints,
forming kinematic chains [4]. The resemblance to the human form enables humanoid robots to
interact with equipment and environments designed for humans, such as walking on uneven
terrain, lifting objects, opening doors, and running [5].

Walking is a fundamental capability for humanoid robots to interact with and adapt to
human-designed environments effectively [6]. While a humanoid robot is stable when both feet
are on the ground, movement causes its center of mass (CoM) to shift, which can lead to a loss
of balance and potentially a fall [7]. One of the most common walking models for humanoid
robots, particularly on uneven surfaces, is the inverted pendulum model. This model places the
robot’s CoM above its foot, which acts as the pivot, resulting in a projected motion of the CoM
during walking [8]. Based on this inverted pendulum model, the foot placement can be
calculated to balance the robot's body movement during walking [9].

However, despite accounting for balance during walking, humanoid robots can still fall
due to various disturbances, such as uneven floors, mechanical misalignments, or other factors
[10]. A sloped walking surface can cause the robot to fall as the CoM shifts towards the
gravitational force acting on the inclined plane. This highlights the need for a control system
to stabilize the humanoid robot’s movement and maintain balance in line with the intended
walking pattern.

Control systems play a crucial role in regulating a robot's motion, ensuring it follows the
planned walking pattern. One modern control system suitable for humanoid robot walking,
particularly in systems with multiple inputs and outputs, is the Linear Quadratic Regulator
(LQR) [11][12]. LQR can address disturbances within the system and stabilize it while
maintaining lightweight control with manageable computational requirements [13]. It uses
linear approximations to generate complex humanoid movements.

To handle uncertainties and adapt control gains in response to disturbances, a fuzzy control
system can be implemented. Fuzzy control addresses the limitations of rigid gain scheduling,
providing smoother transitions and better adaptation to changing conditions. When walking on
uneven terrain, the robot’s body orientation may shift with each step, causing the CoM to move
outside the tolerance limits, which can lead to a loss of balance and a fall. Therefore, a control
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system that adjusts the walking pattern to maintain the CoM within these tolerance limits is
essential for ensuring the robot remains upright on uneven surfaces.

In summary, humanoid robots, with their human-like structure, can perform activities like
those of humans, such as climbing stairs, lifting objects, and opening doors. As these robots
are further developed, they will be able to better adapt to human-designed environments [14].
The most common concept in humanoid robot modeling is the Linear Inverted Pendulum
Model (LIPM), known for its simplicity and effectiveness in generating stable movement [15].
However, sudden stops or uneven surfaces can cause robots to lose balance, underscoring the
need for control systems that can maintain stability during unexpected conditions. Using LQR
and fuzzy control, humanoid robots can maintain balance, walk, and make sudden stops even
in challenging environments, ensuring that their CoM remains stable and within the desired
trajectory. This paper is organized as follows: Section 2 outlines the problem statement;
Section 3 describes the system design; Section 4 presents experimental results and performance
analysis; and Section 5 concludes.

2. PROBLEM STATEMENT

Humanoid robots face significant challenges in maintaining balance, especially during
sudden stops or when walking on inclined surfaces. When a robot is abruptly stopped, it tends
to lose balance due to unpredictable foot placement and reactive forces generated by the sudden
deceleration. If the robot cannot quickly counteract these forces, it will fall. This issue is further
complicated when the robot walks on inclined surfaces, where the projection of its center of
mass (CoM) shifts with the incline, increasing the risk that the CoM moves outside the robot's
support polygon and leads to a fall.

To address these challenges, the humanoid robot’s balance is controlled by calculating the
required joint torques, specifically along the roll and pitch axes of the servos. A full state
feedback control using the Linear Quadratic Regulator (LQR) method is applied to determine
the necessary torque [16]. The Inertial Measurement Unit (IMU), which includes
accelerometers and gyroscopes, is used to measure the robot's orientation and inclination angles
(pitch and roll) during both walking and sudden stops.

The walking pattern of the humanoid robot is generated using forward kinematics, based
on the Denavit-Hartenberg (DH) method, to compute the CoM trajectory. Inverse kinematics
is then employed to determine the joint angles required to achieve the desired foot positions,
thereby ensuring that the robot follows the predefined walking pattern.

To enhance stability, the system is designed to maintain the robot's CoM projection within
the support polygon by employing a heel strategy that adjusts the ankle angles to preserve
balance. The LQR controller optimizes the system by minimizing the error between the
reference and actual states, producing torque commands that adjust the robot's motion to align
with the reference walking pattern. This approach ensures that the humanoid robot can maintain
balance during sudden stops and when navigating inclined surfaces, thereby preventing falls
by continuously adjusting the CoM to keep it within the robot's support polygon.

3. SYSTEM DESIGN

3.1. System Model

A humanoid robot is a type of robot that resembles the human form. Structurally, a
humanoid robot consists of one head, one body, two arms, and two legs. Due to their human-
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like structure, humanoid robots are continually being developed to perform and assist with
human tasks and to operate human tools in human environments.

W
pitch

Figure 1. Roll, pitch, and yaw rotations [17]

Humanoid robots are powered by actuators, typically motors, with the number of motors
corresponding to the desired degrees of freedom. The motors drive the robot's joints, which
rotate about the yaw, pitch, or roll axes. Yaw rotation occurs along the z-axis, pitch rotation
along the y-axis, and roll rotation along the x-axis. Figure 1 illustrates roll, pitch, and yaw
rotations. Each humanoid robot has actuators that function like human joints. Every joint in the
robot is referred to as a "joint," and each joint is connected to a rigid mechanical component
called a "link." The combination of joints and links forms various parts of the humanoid robot's
body, such as the arms, thighs, and knees.

Figure 2. Link and joint of a humanoid robot

The humanoid robot used in this research is equipped with 12 servos, arranged with 10 in
the legs and 2 in the arms. Figure 3 shows the robot's global coordinates from a rear view. The
robot's x-axis points forward, the global y-axis points to the robot's left, and the z-axis points
upwards.

The humanoid robot used in this research is a modified Bioloid Type-C robot, with a height
of 32.3 cm and a total mass of 1.38 kg. Each servo on the robot represents a single rotational
degree of freedom (DoF). The humanoid robot can be modeled as an inverted pendulum,
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simplifying the complex joints into a more straightforward representation. A single torque input
to a servo represents one controlled degree of freedom. The configuration of the servo
identification numbers for the humanoid robot in this research is shown in Figure 4.

A humanoid robot maintains its balance by counteracting the forces generated by changes
in posture during leg swinging. The torque generated by the kicking leg alters the angles about
the pitch and roll axes of the inverted pendulum model. The error caused by the change in body
tilt must be zero for the robot to remain balanced; therefore, a torque opposite to the kicking
torque is required on the robot's supporting leg.

The general equation for an inverted pendulum is shown in Eq. Error! Reference source n
ot found.. An inverted pendulum is a pendulum where the mass is positioned above its pivot
point [17]. The position of a human when standing is modeled as an inverted pendulum. The
same concept is applied to humanoid robots, as shown in Figure 5. There are two assumptions
underlying the modeling of a humanoid robot as an inverted pendulum. First, the mass of the
entire body is concentrated at a single point called the Center of Mass (CoM). Second, this
point mass is supported by a leg that is assumed to be massless, with the axis of rotation located
at the ankle joint [18]. Figure 5 represents the model of an inverted pendulum where 7
represents the torque of the pendulum. 8 is the angle of pendulum deflection, r is the length of
the pendulum, and M is the mass of the pendulum.

1

Figure 3. Global Coordinate Axes (x, y, z) of the Robot

Position

Figure 4. Humanoid Robot Configuration
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Figure 5. Inverted Pendulum Model

Mrf — Mgr sinf =1 (D)

The deflection angle used in this study is 0.5°. sin 8 can be approximated as 6 because the
deflection angle affecting the humanoid robot's balance is relatively small. Thus, equation
Error! Reference source not found. can be rewritten as Eq. Error! Reference source not fo
und..

16 — mglo = 11, )
The inverted pendulum equation involves I, which is determined through mathematical

calculations and defined as I, and Iy,,,. I, is the moment of inertia on the x-axis, while I,,,, is

the moment of inertia on the y-axis. Equations Error! Reference source not found. and
Error! Reference source not found. show the equations for determining the moments of
inertia I, and [,

L = 1]:1=1 <IGxxj + m; (ylz + ij)> 3)

Ly =¥ <Inyj +m;(x7 + ij)> “4)

Eq. Error! Reference source not found. shows that I, is the moment of inertia on the x-
axis. I 1s the moment of inertia of each robot component, represented as a solid block on the
]

x-axis, m; is the mass of each component, and y; and z; are the coordinates of the center of
mass of each component relative to the robot’s rotational axis. Meanwhile, in Eq. Error!

Reference source not found., I, is the moment of inertia on the y-axis. I, represents the
J

moment of inertia of each robot component, represented as a solid block on the x-axis, and m;

is the mass of each component. x; and z; are the coordinates of the center of mass of each

component relative to the robot’s rotational axis.

Eq. Error! Reference source not found. shows the moment of inertia of a solid block.
IGxx = ;'l=1 (IGxxj +mj(y]'2 +Z]'2)> (5)

1
Ig,, = Em(b2 +¢?) (6)
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Based on Egs. Error! Reference source not found. and Error! Reference source not
found., I;,, . and lg,, are the inertias on the x and y axes of the body, respectively, for each
J J

component j; x; and y; are the distances of the center of mass of each component j from the
axis of rotation on the x and y axes; and m; is the mass of each component j [19].

The moment of inertia is a measure of a robot’s resistance to changes in its rotational
motion. The moment of inertia depends on the object’s mass, shape, and size. The humanoid
robot does not change mass, shape, or size; therefore, the change in its moment of inertia is
very small and has almost no effect on its balance. Therefore, the moment of inertia value of
the humanoid robot in this model is assumed to be constant.

The moment of inertia measures a robot’s resistance to changes in its rotational motion
and depends on the object's mass, shape, and size. Since the humanoid robot maintains constant
mass, shape, and size, variations in its moment of inertia are minimal and have negligible
effects on its balance. Therefore, in this model, the humanoid robot's moment of inertia is
assumed to be constant.

The center of mass (CoM) of each part of the humanoid robot is determined through
forward kinematics calculations using the Denavit-Hartenberg (DH) method [20]. These
calculations yield transformation matrices that encode the servo positions and rotation
directions. The positions of the humanoid’s CoM along the x, y, and z axes are calculated
sequentially using the equations Error! Reference source not found., Error! Reference
source not found., and Error! Reference source not found..

Ymix;

Xcom = erij] (7
xm;jy;j

Ycom = Z":j] (8)
Ymiz;

Zeom = Z,,jjj )

where m; is the mass of each component, and x;, y;, and z; are the distances of the center of
mass of each robot component from the leg’s supporting point along the respective axes [21].

| &ata Support Polygon Boundary on Y-axis
= = = Support Polygon Boundary on X-axis
Support Polygon Area
' ' I Footprint

1 " ® Center of Mass

.

0.144 m
~

- 0,097 m -
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Figure 6. Calculation of the Robot’s Support Polygon Area

The balance controller in this study employs a stabilizer control system to manage the
CoM, ensuring it aligns with the walking pattern. The robot follows a static walking model, in
which the center of mass never extends beyond the support polygon. For the robot used,
tolerance limits or the maximum reach of the foot-support area (support polygon) are
determined by calculating the support-polygon area for each foot, as illustrated in Figure 6.

Based on these measurements, the upper and lower tolerance limits for CoM movement
along the robot's x and y axes are established. Specifically, the CoM projection relative to the
support polygon has tolerance values of +£0.0485 meters along the global x-axis and +0.072
meters along the global y-axis when the robot stands on two feet.

The humanoid robot's walking pattern is derived from a three-dimensional linear inverted
pendulum equation, generating reference coordinates for the CoM movement along the x, y,
and z axes. The CoM position is obtained from forward kinematics calculations using the DH
convention. The walking pattern is divided into four phases:

e Shifting CoM: Preparing to lift a foot by shifting the CoM.
e Foot Lift: Lifting the foot off the ground.
e Stepping and Placement: Moving the foot forward and placing it down.

e CoM Adjustment: Adjusting the CoM to the final position.

servo for
controlling the
robot's roll angle

. servio for

controlling the

robot's pitch
, angle
e ¥ i+ o

Front View Side View

Figure 7. The location of the servos to be controlled

To ensure the humanoid robot's movements align with the reference walking pattern, a
combination of an IMU and forward kinematics is used to determine deviations between the
robot's current position and the reference pattern. LQR control is employed to determine the
optimal gain values for system optimization.

The system uses the BNOO055 IMU, which integrates an accelerometer, gyroscope, and
magnetometer with an internal sensor fusion engine (Bosch BSX3.0) to provide absolute
orientation in Euler angles. This module ensures high stability for short-term control
applications, with heading errors typically below +3° and pitch/roll below +1° after calibration.
Since the scope of this study focuses on short-duration stabilization, specifically the transition
from perturbed to steady-state posture, the impact of long-term IMU drift is negligible.
Therefore, additional sensor fusion, such as vision-based tracking, is unnecessary for the
intended control objective.
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As depicted in Figure 7, the servos controlled are located at the robot’s heels and facilitate
movement in roll and pitch. The control system inputs are the deviations in roll and pitch
angles, as well as their angular velocities at the ankles, compared to the reference values. The
system outputs torque values that represent the energy required to adjust the robot toward the
reference walking pattern. This is achieved by comparing the measured robot position with the
reference pattern and calculating the necessary response speed to correct the position. The roll
and pitch servos at the ankles generate the appropriate torque to move the robot and shift its
CoM projection, ensuring alignment with the reference walking pattern.

3.2. Walking Pattern Design

The walking pattern design is required to determine the trajectory of the projected center
of mass (CoM) during walking. Adjusting this point will affect the robot’s joint motion and
control. The Zero Moment Point (ZMP) principle is the most widely used method for
determining the CoM projection trajectory, and, based on this principle, the Preview Control
walking pattern was developed. This concept ensures that the CoM always follows the ZMP
pattern, thereby simplifying the concept of walking balance.

It is important to note that the preview control in this study is computed offline during the
walking pattern generation stage. The resulting ZMP trajectory serves as a reference for the
LQR—fuzzy controller. Because the computation is not performed online at each control
iteration, it imposes no real-time computational delay, thereby allowing the control loop to
remain responsive and efficient.

ZMP p CoM trajectory X
[T — I a B
L o P -
l‘: . | ] | ] =f= e ]‘:a,': ) L ﬂ”&_;-'_
1 i E-Hl 1 ] L a I—“l L] L]

Figure 8. Cart-table model inputs ZMP and outputs CoM motion [22]

Figure 8 illustrates the Preview Control walking pattern, where the ZMP equation can be
formulated in state-space form, as shown in Eq. Error! Reference source not found..

<=l o R

0
1o o o
p = [10—ZC]H

(10)

Next, the state space Eq. Error! Reference source not found. is converted into a discrete-
time system equation using a sample time A¢, resulting in Eq. Error! Reference source not
found..

u

Xk+1 = Axk + buk
Pr = CXg

an

where
X, = [x(kAt) x(kAt) x(kao)]”
Uy u(kAt),
pr = p(k4t),
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0 1 0 A
6 2
A= ,b = ,C = el el I
gggjb sre=[t 0 ~(3)]
At

The Preview Controller calculation produces a CoM pattern representing the target ZMP.
The graph showing the CoM pattern representing the ZMP can be seen in Figure 9. Once the
CoM pattern is obtained, the footstep pattern will use a quadratic Bezier curve to generate the
stepping pattern for the left and right feet during movement. The footstep pattern will be
combined in accordance with the CoM pattern. This pattern is then combined to form a walking
pattern, as shown in Figure 10.

zmip ref 1

—

'[}.2 | - — Zmp n

e e eed zmp ref |
| —?
| — Zmp

zmipy [m]

|
=
=]
A

1

1

time [z]

Figure 9. CoM Pattern Generated by the Preview Controller
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Figure 10. Visualization of the robot's walking pattern using a preview controller

3.3. Control Design

A control system is required for the humanoid robot to walk according to the desired
pattern. The control system for the humanoid robot can be modeled as a two-dimensional
inverted pendulum to control the ankle's roll and pitch. This inverted pendulum model
represents the dynamics of the humanoid robot.

In this study, the control system will use four states as the basic reference for the control
parameters. These four states consist of:

e Roll angle (¢)
e Pitch angle (0)
e Roll angular velocity (¢ )
e Pitch angular velocity (8)

The general dynamics of the inverted pendulum are reduced to a simplified state-space
model, as presented in Eq. Error! Reference source not found., which serves as the
foundation for the control design.

L —mglsing =14 (12)

Before converting to the state space equation, the ¢ angle and its derivatives are
symbolized by y;, which represents the system outputs, and 74 is symbolized by u,,
representing an action in the form of torque along the roll axis. Additionally, the variable I,
is rearranged to obtain a general model equation, shown by Eq. Error! Reference source not
found..

. mgl 1
imT = th (13)
Eq. Error! Reference source not found. is then classified based on the variables y and u
along with their derivatives as follows
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. _ mgl
a1 = 0;a;, = -

1
bos = 0;by; = 0; by = —

xx

Auxiliary variables f, x, and x are needed to derive the state space equation for the
inverted pendulum along the pitch axis, as shown by Equation Error! Reference source not
found.:

Bo1 =bo1 =0
P11 =b11 —a11801 =0
1

P21 = b1 — a11f11 — 2101 = Ton

X11 = Y1 — Bo1Us = Y1
X21 = Y1 — Porlis — P11t = Y1

X11 = X1 + P11y = X1 (14)
. mgl 1
X21 = —Qz1X1 — A11X21 T+ ﬁ21u1 o —X1 + E%
x x11 0
11] mgl + 2w
X21 Lex

Vi = [1 0] [x21] +0u
The same process is applied to derive the state space equation for the pitch axis:

Ly —mglsinf =1
Iy, —mgld =1

. mgl 1
V2 __I Y2 =_I Uy
vy yy
Thus:
. _ mgl
a1, =0;a,, = .
yy 1
b02=0;b12=0;b22=1—
] yy
. _ _mg
a1, =0;a,, = .
yy

With auxiliary variables S, x, and x:

Boz = by =0
P12 = b1z — a12B02 =0

P22 = by — a13P12 — Az22B02 =
yy

X12 = Y2 — Pollz = Y2
X2 = Y2 — Boxlz — B12Uz = Vs
X1z = X2 + Br2Uy = Xgp

. mgl 1
Xz = —Qp2X1p — QqXpp + Porly = _I X + I_uz
Yy yy
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0
Xlz] lmgl l ] + lil U,
X22 X22 Iy
x
y2=1[1 0] [XZ] +0u,

From the inverted pendulum modeling and the four states mentioned above, the state space
equations Error! Reference source not found. and Error! Reference source not found. are
then combined to obtain the overall state space equations, shown in equations Error!
Reference source not found. and (17).

(15)

-0 1 0 0 0 0
l 1
o1 | o ol[?] [= o
0 _ Lyx 0 Lyx Uq 16
s=10 o o 1lle|t|o o]l (16)
é o o M oollel [ L
- Iyy - - Iyy
X A X B u
yit1_ 11 0 0 01/, 10 o7
[3’2]_ [0 0 1 o] (0] +[0 O”uz] (17
(0]
y C X D u

Explanation:
e 0O =Pitch angle
e 0 =Pitch angular velocity
e = Pitch angular acceleration
e ¢ =Roll angle
e ¢ =Roll angular velocity
e ¢ =Roll angular acceleration
e u, = Pitch action
e u, =Roll action
e [, =Moment of inertia about the x-axis
e [,, = Moment of inertia about the y-axis
e g = Gravitational force of the Earth
e y; = Pitch angle output
e y, =Roll angle output
e m = Total mass of the robot

e | = Distance from the center of mass to the sole of the foot
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The control system employed is an LQR controller in a closed-loop configuration. The
primary goal of LQR control is to find the gain K matrix for full-state feedback. LQR is a
control method that can be applied to a robot model represented in state-space form. The LQR
control in the humanoid robot system with state space equations requires the K gain to stabilize
the system. The block diagram of the control system is shown in Figure 11. This gain K is used
to determine the system action value, u. The LQR method is a regulator control system,
designed to drive the system towards a state with a reference value of zero. Adjusting the
reference to a specific physical state can be achieved using a reference state (Xrer). Xrer
consists of Oy, éref, ®res, and <ﬁref. This allows the system to either maintain a zero
condition or sustain a particular state based on the new reference (X, ). For a humanoid robot,
control is necessary to ensure that it can walk according to a specified reference trajectory. If
the system output does not match the reference state, the system will repeat the process until
the desired state is achieved.
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Figure 11. Block diagram of the proposed Fuzzy-LQR control system with gain adaptation based on
fuzzy rules for humanoid stability on uneven terrain.
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Figure 11 shows the block diagram of control using gain K. The angle sensor within the
smart servo measures the angular motion of each servo. These angles are used in forward
kinematics to determine the position of the robot's center of mass along the robot's x, y, and z
axes. The use of sensor fusion (accelerometer and gyroscope) can provide additional reference
points for determining the robot’s center-of-mass motion. The predefined reference state will
serve as a basis for comparison with the robot’s new state. The difference between the reference
state and the new robot state is multiplied by the gain K value, which is then used as a new
action in the system. The system's output is the position and velocity of the center of mass,
which are converted into servo angles via inverse kinematics, thereby driving the robot's
motion.

Forward kinematics helps recognize terrain differences during walking by mapping the
waist position relative to the foot surface and comparing it to x and y axis errors detected by
the IMU sensors. When the waist position matches the walking pattern, but x and y errors
exceed the reference movement pattern, the gain K will be adjusted to account for terrain
differences.
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Figure 12. Fuzzy error set on an uneven and sloped surface (relative to the front body of the robot).
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Figure 13. Fuzzy delta error set on an uneven and sloped surface (relative to the front body of the
robot).
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The gain K varies along the y-axis for sloped surfaces, and the fuzzy Mamdani method is
used to determine the appropriate gain K for stable robot walking. The method uses error and
delta error as inputs, where error is the difference between the angle setpoint and the executed
angle, and delta error is the rate of change of the error. To describe the error set on a sloped x-
axis, six linguistic variables are used: NK (Small Increase), NS (Medium Increase), NB (Large
Increase), TK (Small Decrease), TS (Medium Decrease), and TB (Large Decrease), as shown
in Figure 12. Two linguistic variables describe the delta error: “low” (indicating a small change
in error) and “high” (indicating a large change in error), as shown in Figure 13. These
correspond to the symbolic fuzzy labels K (small) and B (big) used in the fuzzy rule base, even
though they are not explicitly labeled in the figure.

The fuzzy error range is based on possible angle variations caused by different terrain
slopes, which necessitates the fuzzy control approach for robot stabilization on the y-axis
slopes. A fuzzy inference system (FIS) is then designed using the Mamdani method, which
employs fuzzy rules in the form of "If X = A, Then Y = B". The fuzzy rules based on the input
are shown in Table 1.

Table 1. Fuzzy Rules for the y-axis slope

Error
NB NS NK TK TS TB
DK QNS QNS QNTK QNTK QTS QTS
DB QNB QNB QNS QTS QTB QTB

Delta
Error

After forming the fuzzy rules, a defuzzification process is carried out to obtain an output
Q, which is used to calculate the appropriate gain K for maintaining balance on sloped surfaces.
The linguistic variables representing the output Q are QNTS (Small Increase-Decrease), QNS
(Medium), and QB (Large). The range of Q values are determined by finding the correct input
Q to stabilize the robot on various sloped terrains, both uphill (0° to 10°) and downbhill (0° to -
10°). The fuzzy set design for the output Q is shown in Figure 14.
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Figure 14. Fuzzy Set for Q on the y-axis slope

Therefore, Figure 12. Fuzzy error set on an uneven and sloped surface (relative to the front
body of the robot).depicts the fuzzy membership for the input error, while Figure 14 illustrates
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the output membership function for the Q gain adjustment, ensuring they represent different
stages of the fuzzy control process.

Although advanced control techniques such as Model Predictive Control (MPC) or
adaptive control may offer benefits in handling nonlinear dynamics, we consider them
unnecessarily complex for the scope of this study. The proposed stability control problem is
constrained to walking and sudden stopping on moderately uneven terrain, with small pitch
and roll deviations (within £0.5°). In such cases, the inverted pendulum model provides a
sufficiently accurate linear approximation, making LQR a practical and computationally
efficient solution.

Additionally, because the embedded system on the humanoid robot operates under limited
computational resources, implementing MPC, which requires solving an optimization problem
at each time step, would be unnecessary and impractical. Instead, integrating fuzzy logic into
the LQR framework enables adaptive gain tuning to handle terrain variation effectively,
without the complexity of full nonlinear or predictive control. This hybrid LQR—fuzzy
approach thus balances controller performance, robustness, and real-time feasibility for the
intended application.

Furthermore, the construction of the fuzzy rule base was performed using a hybrid
approach that combined experimental observation with automatic gain computation. For each
combination of body inclination error and delta error, the required LQR gain was
systematically calculated to keep the COM within the predefined tolerance limits of the support
polygon. These gain values were then grouped into fuzzy output sets and mapped to fuzzy rules
using the Mamdani inference method. This ensures that the fuzzy-enhanced controller can
dynamically tune the LQR gain in real time in response to terrain-induced disturbances, while
maintaining stability within the safe operating region.

The system's controllability was verified during controller design and confirmed through
simulation, ensuring that the state-space formulation supports LQR-based control. However,
formal derivation is omitted here to maintain focus and limit page length. Observability
analysis was not conducted because the control system employs direct full-state feedback
without state estimation. For the current application, which only requires a subset of
measurable states, the implemented LQR—fuzzy approach has proven sufficient. Nevertheless,
in future scenarios with more complex dynamics or incomplete state measurements, the
controller can be extended to a Linear Quadratic Gaussian (LQG) framework by incorporating
observer-based estimation, such as the Linear Quadratic Estimator (LQE).

4. RESULTS AND DISCUSSION

4.1. Testing of Walking Robot Stabilization

All results presented in this section are obtained from real-time experiments conducted on
a physical humanoid robot. The robot is a modified Bioloid Type-C equipped with 12 servo
actuators and an onboard IMU. No simulation data were included in this study to maintain
conciseness and practical relevance. The experimental results shown in Figures 15-19 reflect
the robot's behavior under real-world disturbances, including sensor noise, actuator delays, and
mechanical limitations.

Walking Stability testing aims to determine the robot's response when walking. The test
was conducted with the robot's legs initially straight, parallel to the position in which both
knees were bent. We then set the walking order to a stride length of 0.025 meters and a
frequency of 30 Hz, using a preview-control walking pattern. This test uses the heel strategy
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as a control system. The heel strategy uses full-state feedback control that uses a gain K from
the LQR method to control the robot's heel servo so that the robot's movement can match the
walking pattern. The robot's center-of-mass response to motion was then observed and
compared with the reference center of mass derived from the walking pattern.

The balance control response graph of each gain when the robot is walking is shown in
Figures 15 and 16. The strengthening of K affects the system's feedback value, expressed as
the robot's heel angle, thereby shifting the center of mass. The value of K is obtained by tuning
the matrix Q in the control simulation. The most optimal K value is determined based on system
observations by comparing the responses of each Q matrix. The variation of the Q value is
based on the form of the response. This response is generated by the system and tested on the
robot. The greater the Q value, the greater the value of K gain. The resulting K value is entered
into the full-state feedback equation and will affect the torque produced. The smaller the
difference between the robot's center of mass and the reference center of mass, the more
optimal the system. Tuning the Q component in the simulation using a Python-based
application produces a K gain, as shown in Table 2.
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Figure 15. Balance control response on the x axis when the robot is walking

Table 2. The Q value of the LQR method to the full-state feedback K value.

Q K
10 0 0 O
Q, = 8 100 720 8 [6.06 324 0 0
P 0 0 29.68 3.51
50 0 0 O
Q; = 8 (1) 720 8 9,61 1,34 0 0
o 0 o0 1 0 0 2968 1,83
10 0 0 0
Q 0 50 0 O 6,06 7,11 0 0
5710 o0 750 0 0 0 2949 3,51
0 0 0 1
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Figure 16. Balance control response on the y axis when the robot is walking

Based on Table 3, it is shown that the optimal value of Q lies in the value of Q, because it
has the smallest maximum error among other values. This value is also considered the most
optimal because the robot's center of mass is always in the support polygon on the x-axis. There
is no error, and although there is an error in the y-axis, the robot can immediately overcome it,
so it doesn't fall and returns to the support polygon area.

In the x and y axes control response graphs, we can see that the value of the matrix Q
affects the robot's balance while walking. The Control system response to the x and y axes
when the robot is walking are shown in Table 3.

Table 3. Control response on the x and y axes when the robot is walking.

Q x-axis y-axis
Error Maximum Error Maximum
Ql 123 % 10—2 943 X 10_2
Q: ~0 8.48 x 1072
Q3 1.99 x 10—2 7.89 X 10_2

4.2. Testing of Sudden Stop Stabilization

Stability testing during a sudden stop aims to observe the robot's response when it receives
an order to stop abruptly, thereby inducing a thrust from within. In testing, the robot stop
indicator is implemented by adding an ultrasonic sensor to detect an obstacle in front of the
robot. When the ultrasonic sensor detects an object in front of the robot at a distance of up to
10 cm, the robot stops with unspecified leg condition.
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Figure 17. Balance control response on the x-axis when a sudden stop occurs.

This test uses the heel strategy as a control system. The heel strategy uses full-state
feedback control that uses K gain from the LQR method to control the robot's heel servo so
that the robot can still maintain its balance when it stops suddenly. From the previous test, the
most optimal Q results were also used for this test. In testing, the robot overcame its instability
when it was suddenly stopped at any leg state. Figure 17 and Figure 18 show a graph of the
balance control response when a sudden stop occurs.
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Figure 18. Balance control response on the y-axis when a sudden stop occurs.

Figure 17 and Figure 18 are graphs of the robot's balance control response resulting from
the same Q tuning as in the previous test. Figure 17 and Figure 18 show that when the robot is
suddenly stopped, the projection of its center of mass will pass the support limit of polygon 1
(SP1), thereby making the robot unstable. However, given the K gain from the heel strategy
control system, the pedestal can directly control the robot's balance so that the projection of the
center of mass can return to the polygon support, and the robot does not fall.

The heel strategy was selected due to its compatibility with the robot's limited number of
actuators and the requirement for real-time computation. While more advanced balance
recovery strategies, such as whole-body motion adaptation or reflex-based responses, may offer
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improved stabilization under extreme inertial forces, they demand additional degrees of
freedom and higher computational capacity, which exceed the capabilities of the current
platform. Future work will further explore these advanced strategies to improve robustness in
high-disturbance scenarios.

4.3. Testing on Uneven Surfaces

The robot's walking performance on different terrains is illustrated in Figures 15 and 16,
where the robot navigates flat terrain while maintaining its Center of Mass (CoM) within the
boundaries of the walking pattern defined by the preview control system. This indicates that
robots achieve balanced movement without falling. In contrast, when walking on inclined
surfaces, the CoM's behavior changes significantly, as shown in Figure 19. On inclined
surfaces, the CoM shifts toward the robot's support polygon, indicating increased demands on
balance control. Specifically, when walking uphill, the CoM moves ahead of the predetermined
walking pattern, approaching the front boundary of the support polygon as the slope angle
increases. Conversely, as the slope steepens, the CoM shifts backward relative to the walking
pattern, progressively approaching the rear support polygon.

Figure 19 demonstrates the relationship between the slope angle and the integral absolute
error of the balance control system. The graph shows that as the slope angle increases, the
integral absolute error also increases in both uphill and downbhill scenarios. This indicates that
maintaining balance becomes increasingly challenging as slopes become steeper. Importantly,
experimental results show that when the robot walks on sloped surfaces along the y-axis, it
experiences tilting along the x-axis. This tilting causes the CoM to shift outside the boundaries
of the support polygon on the y-axis, leading to a loss of balance and eventual falling. This
phenomenon is exacerbated as the slope angle increases, underscoring the limitations of the
standard control system in maintaining stability on uneven terrain.
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Figure 19. Balance control response when walking from a flat surface to an incline with slope
variations of 1, 4, 7, and 10 degrees.

To address these challenges, fuzzy logic control is introduced, which dynamically adjusts
the K-gain in response to variations in the slope along the y-axis. The integration of fuzzy logic
enables the robot to determine optimal control parameters in real time, thereby allowing it to
adapt to changing terrain conditions. The effectiveness of this system is evident when the robot
transitions between flat and sloped surfaces, where the fuzzy controller selects the appropriate
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K-gain to modulate the CoM's movement. This adjustment ensures that the CoM remains
within the support polygon, effectively preventing the robot from falling.

Moreover, the adaptability of the fuzzy control system is crucial for enhancing the robot’s
overall stability on both flat and sloped surfaces. The system’s ability to autonomously modify
the K-gain based on terrain variations allows for smoother and more reliable transitions
between different surface inclinations. This demonstrates the superiority of the fuzzy logic
control approach over traditional methods, especially in maintaining balance on complex
terrains, such as uneven or sloped surfaces.

The combination of preview control and fuzzy logic control provides a robust solution for
handling varying terrain inclinations. While preview control ensures balance on flat surfaces
by keeping the CoM within the walking pattern, fuzzy logic control enhances stability on
sloped surfaces by adjusting the K-gain to maintain the CoM within the support polygon. This
approach enables the robot to maintain balance effectively across a wide range of slope angles,
reducing the risk of falling and improving overall walking performance on both flat and
inclined terrain.

While the current experiments focused on walking over planar slopes ranging from 1° to
10°, the proposed controller structure is designed to be modular and adaptable. Terrain
inclinations exceeding 10° were excluded from the current study, as the system was not
designed or tuned for such extreme conditions, where stability may no longer be guaranteed
under the current fuzzy-LQR configuration. The fuzzy-LQR approach was chosen for its
simplicity, low computational demand, and effective performance in short-duration
stabilization tasks. Although direct benchmark comparisons with other advanced balancing
strategies, such as deep reinforcement learning (DRL) or adaptive impedance control (AIC),
were not included in this study, such methods are typically more complex and computationally
intensive. Given the application scope of this work, rapid recovery and transition to steady-
state, the fuzzy-LQR method offers a practical balance between robustness, efficiency, and
real-time feasibility. Future research will explore more diverse and unpredictable terrain
conditions, including uneven surfaces, ground compliance variability, and dynamic obstacles.
Additional sensor inputs, such as force sensors, IMUs, or vision-based terrain estimation, along
with comparative evaluations against more adaptive controllers, will be considered to validate
further and generalize the proposed approach.

In terms of generalizability, although the proposed control system was developed for a
rigid-body humanoid robot with a specific kinematic structure, its reliance on body inclination
and rate-of-change feedback enables adaptation to other bipedal robots with different degrees
of freedom. Only minor tuning of the fuzzy rule base and gain scheduling would be required,
without retraining or redesign of the core architecture. However, for configurations involving
soft robotics or highly compliant actuators, structural modifications to the control framework
may be necessary. This presents a relevant direction for future research on controller portability
across robotic platforms.

This study focuses on pre-fall stability and disturbance rejection, ensuring that the robot
can recover from moderate perturbations without losing balance. Fall detection and post-fall
recovery strategies, such as those based on whole-body reflex motion or impact mitigation, are
not included in the current framework. However, integrating such reactive mechanisms would
be a valuable future enhancement, particularly for improving resilience to high-magnitude
external disturbances that exceed the controller’s stabilizing range
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5. CONCLUSION

This study demonstrated the effectiveness of using a Linear Quadratic Regulator (LQR)
and fuzzy logic control to enhance the stability of humanoid robots, particularly during walking
on uneven surfaces and during sudden stops. By employing an inverted pendulum model, the
robot's center of mass (CoM) was controlled to maintain balance. The LQR controller
optimized the torque needed to adjust the robot's posture by minimizing the error between the
reference and actual states. Additionally, the fuzzy logic control helped adapt to varying slope
conditions, dynamically adjusting the gain to ensure stability. The results showed that, while
the CoM closely followed the reference trajectory on flat surfaces, walking on inclined surfaces
resulted in significant deviations. The use of fuzzy control allowed the robot to navigate these
slopes effectively, maintaining balance by continuously adjusting the CoM’s position to stay
within the support polygon. The combination of LQR and fuzzy logic control is a robust
approach to improving the balance and stability of humanoid robots on uneven terrain. These
control methods enable the robot to maintain a stable walking pattern, even in challenging
environments, making them suitable for applications in human-designed environments.
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