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ABSTRACT

The application of two-wheeled self-balancing robots to real-world tasks critically depends
on their ability to actively reject disturbances. The objective is to design two active
disturbance rejection controllers (ADRCs) for body angle and displacement, respectively, for
a two-wheeled self-balancing robot system, which is difficult to control due to strong
coupling, nonlinearity, and parameter uncertainty. Based on the system dynamics, an ADRC
control framework is designed to estimate and compensate for modeling errors and
disturbances online. Numerical simulations are used to demonstrate the effectiveness of
ADRC in different controller combinations, using Simulink MATLAB 2022a and tuning
parameters by genetic algorithm (GA) to ensure good temporal performance and assist in
the design parameter selection process. Studies on a real two-wheeled self-balancing vehicle
show that the constructed ADRC scheme allows the vehicle to operate more than 90% more
stably and effectively than the assumed control strategy, which can effectively realize the
self-balancing and steering process with the performance of fast adjustment speed, high
accuracy, and strong robustness as well when compared with the PID (proportional-
integral-derivative) controller under the same parameter setting.

Keywords: Two Wheel Self-Balancing Robot (TWSBR), Active Disturbance Rejection
Control (ADRC), Proportional-Integral-Derivative (PID) control, Genetic Algorithm (GA).

1. INTRODUCTION

A very unstable wheeled dynamic system with substantial coupling, parameter uncertainty,
and nonlinear properties is the two-wheeled self-balancing robot. As a result, it requests a
higher level of the controller design (Ye et al,, 2013). The primary emphasis of research on
two-wheeled self-balancing robot controllers is how to select an appropriate control
algorithm to produce consistent and dependable control effects of the robot body over an
extended period of time. Presently, popular self-balancing algorithms include pole
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placement, LQR, and PID algorithms. The two-wheeled self-balancing robot is very
nonlinear; therefore, linearization will result in an imprecise model and suboptimal control
consequences. Furthermore, the classic control algorithms' anti-interference capabilities
and dynamic reactions are insufficient. Fuzzy control is the primary method of intelligent
control; it can manage nonlinear unknown systems without mathematical system modeling,
increasing the system's dynamic response and anti-jamming capabilities; however, the fuzzy
control algorithm's control accuracy is dependent on the establishment of the fuzzy rule
base; as control degree accuracy improves, the number of fuzzy rules grows exponentially.
Furthermore, the expert's experience plays a major role in the system's control impact
(Paulescu et al., 2021). A control technique that maximizes PID control's features without
relying on the plant model is called active disturbance rejection control, or ADRC. It has
evolved into a model for the engineering application of contemporary control theory and can
handle control issues with high coupling between the various variables by straightforward
static decoupling. It has numerous successful engineering applications both domestically
and internationally (Han, 2002; Ibraheem and Ibraheem, 2016). In this research, ADRC is
used to control a two-wheeled self-balancing robot and produces some very good
displacement and angle control results.

Active Disturbance Rejection Control (ADRC) is a well-recognized and established control
technique in the field of control. It simplifies the description of the system by grouping all
endogenous disturbances, which depend on internal variables such as states, outputs,
control inputs, unmolded parametritis, and nonlinearities, and exogenous disturbances,
which are caused by external factors like the environment or interactions with other systems
(Sira-Ramirez et al., 2017). Since the ADRC views the entire disturbance as an extended
state, which is estimated accurately and in real-time by an Extended State Observer (ESO),
and subsequently canceled by a feedback control action, its primary characteristic is its
estimation/cancellation nature (Han,2009). Because of this characteristic, the ADRC
approach is easy to use, elegant, and effective in a wide range of systems, including electric
servomechanisms and machines (Linares-Flores et al.,2015; Linares-Flores et al., 2012;
Sira-Ramirez et al., 2014), CD/CD power converters (Sira-Ramirez et al.2016;
Hernandez-Méndez et al.,, 2017), renewable energy combined with cooperative control
(Hernandez-Méndez et al.,2017), and so on.

Active disruption researchers formally presented rejection control, an enhanced PID-based
control technique, (Han, 2009). It is composed of three components: the extended state
observer (ESO) the tracking differentiator (TD) and the nonlinear state error feedback
(NLSEF). The foundational concepts of ADRC are error estimation and compensation.
The majority of unknown variables and unmolded plant components can be thought of as
the overall disturbance, which ESO can estimate. After that, the control variables are created
to make up for the mistakes (Han, 2009). As a result, understanding the intricate
mathematics of the plant is not required. All that is required of us is the model's order and
high-frequency gain. Furthermore, ADRC inherits the benefits of conventional PID control:
the removal of variation in accordance with variation. ADRC was first proposed more than
20 years ago, and other specialists have since expanded on it. Among them, (Gao, 2003)
addressed the nonlinear connection and put out the LADRC idea, which facilitates the
selection of control parameters and encourages the continued use of ADRC (Zheng and Gao,
2016). Traditional ADRC tuning techniques are widely available (Liu et al.,2011; Kang,
2019; Qi et al.,2013). While LADRC tuning techniques are also widely available (Tan and
Fu, 2017; Li et al., 2015).

169



N. A. Ameer and L. K. Ibraheem Journal of Engineering, 2025, 31(3)

Underwater robots (Wang et al.,2019), microgrid inverters (Mtolo et al,, 2021), linear
induction motors (Alonge et al., 2017), and other sectors are among the many applications
for ADRC that are currently in use. We are considering applying ADRC control technology to
the TWSBV platform in order to enhance its dynamic performance, given its benefits.
Because TDs vary so much, control legislation, ESOs, and a variety of ADRC arrangements.
Nevertheless, the current successes (Curiel-Olivares et al., 2021; Abdul-Adheem et al,,
2020), that combine ADRC with self-balancing vehicles emphasize numerical modeling over
physical implementation. Furthermore, it is not obvious to notice the control effects of
different structures because there is no comparative simulation of the various ADRC
controller architectures.

Through previous experiments and methods used on this system, we find that the proposed
method is better in terms of performance, response speed, achieving balance in shorter
periods than before, reducing energy consumption, strong durability, and maintaining the
required balance in the event of any sudden disturbance.

This article's contributions: Initially, utilized two ADRC controllers focusing on managing the
body angle and displacement of TWSBR. Additionally, a genetic algorithm (GA) technique
was implemented to enhance performance metrics while also ensuring reduced power
wastage. Comparative simulations were carried out between the ADRC designs and their
traditional PID counterparts, remarkably confirming that our models provide superior
disturbance reduction as well as smoother controller operation. Lastly, various conditions
were employed when appraising system improvements in terms of response times, handling
disturbances control-wise, and overall robustness.

2. TWSBR MATHEMATICAL MODEL

A two-wheeled self-balancing robot can be thought of as an inverted pendulum installed
atop a vehicle, which makes the analysis of its dynamic model more difficult. Newton's
equations of motion serve as the foundation for the balanced robot model: Typically, a two-
wheeled self-balancing robot is made up of one kind of battery, electronics, controllers, and
two wheels fastened to a body frame. The three primary components of system modelling
are as follows:

e Linear DC motor model.

» Wheels model.

* Chassis model.

The way a two-wheeled robot that can balance on its own moves straight depends on four
things. These are how far it goes in a straight line, how fast it moves, the direction it faces,
and how quickly it turns. Obtained the following mathematical model, per reference (Ye et
al,, 2013):

o 2KmKe . 2k . ..
(I, + My1*)6, — %Wex + =2V + Mpgl sin 6, = — Ml ¥cos 6, (1D

The above equation can be rewritten as follows:

_ 1 2kmke . 2km .y, . _ .
0 _(1p+Mp12)( ., X TR Vo — Mpgl sin6, — M,l ¥cos Hp) (2)

The above equation can be rewritten as follows:
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Ty = (2My + 25 Mp)E + 215k + Myl Gyc05 6, — Myl 62sin6, (3)
. 1 kake ka
" ( 2MW+2’W+Mp)( Rrw2 V Myl 6 cos by + My o7 Sinbp ) @

2.1. Final State Space TWSBR

Four factors determine a two-wheeled self-balancing robot's position and condition as it
walks in a straight line: the robot's body's angular velocity, vector and angular velocity, and
straight-line displacement. These variables are the robot body's angular velocity (8p), angle
(6p), straight-line displacement (x,), and velocity (x,). The state space TWSBR that follows
is obtained in accordance with (Ye et al., 2013):

X2
X1 aq+aycosxq X az Sinxq Qa4SINX1 COSX1 2 as+ag €OS X1
562 _ | 1-21c0s%x4 4 1-A4cos2x4 1-2A;cos%x4 2 1-A4c0s%x4 (5)
X'3 - X4 |
)'C4 B1t+p, cosxy B3 sinxq,cosxq B4sinx, 2 Bs+Becos xq
ll—llcosle 4 1-21;cos%x4 1-2A;cos%x, 2 1-2A;cos%x4 J
Where
x1=0,,x2=0p , x3=x, and x4 =%,
The Variables
2 _ —2km ke
A= - am B == Ta
Up+Mpl?)(2My +- R 2 (2Myy+ 25+ Mp)
B, = 2kmkeMpl By = l2M2 9
2
Rry (Jp+Mp12) (2Myy + "”;+Mp) Up+Mpl2)(2Myy + ]“2’+Mp)
B, = My 1 By = 2k B = 2k Mpl
YT oM, 2y ]W+Mp) ’ R1y (2Myy+=2% ]W+Mp) 6T (Up+Mpl2)(2M,+ r]W+Mp)
_ 2kmke 2kmkeMp 1 ~Mpgl
= Uiy 427 2 2w S TR YE:
w\Up 14 Up"‘Mpl )(ZMW"'_"‘Mp) 14 p
—2M?y, 12 2k 2kmMp 1
Ay = 2 2]w ’ aS_R M..12) ’ Qe = 2 2Jw
Up+Mpl?)(2My+ 25+ Mp) Up+Mpl?) R7w (Jp + Mpl?) (2My+725+Mp)

3. PROBLEM STATEMENT

The challenge for the controller of this type of system is to maintain TWSBR balance while
tracking the intended course on level ground and rejecting disturbances because of the
system's high levels of nonlinearity, instability, and parameter uncertainty. The solution is
an Active Disturbance Rejection Control (ADRC) structure that consists of a linear Extended
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State Observer (LESO) that estimates the total disturbance as well as the system's states, a
tracking differentiator (TD), and a PD controller.

4. ACTIVE DISTURBANCE REJECTION CONTROL (ADRC) DESIGN

Generally speaking, ADRC consists of a state and total disturbance observer (e.g., LESO), a
signal profile generator (e.g., TD), and a nonlinear controller (e.g., SEF). The features of each
of these parts are mentioned below. Fig.1 depicts the general LADRC's organization. This
paper will construct two second-order LADRC units (one for the attitude (x) and two for the
altitude (z) subsystems of the 2-DoF TWSBR system. For the TWSBR subsystems, the LESO
of the LADRC unit equals two and estimates the states up to the relative degree (p) of each
subsystem (Ibraheem, 2020).

Ref. i Ulpd

i rl el
signals h 4 Nan-linear
— .| T + ( 3 ) LSEF . system r
—
2 e2

Y

z2

LESO |«
z1

Figure 1. LADRC structure.
The proposed LADRC of Fig. 1 is composed of three basic units, namely:

4.1 Tracking Differentiator (TD)

In Fig. 1, it is called the "signal profile generator"” and is intended to handle transitions and
replicate the derivative of the reference signal. The TD is suggested to be:

=7

v, = —rsign (rp, —v(t) + % (6)
Provides, up to the acceleration limit of r, the fastest tracking of v (t) and its derivative. This
is why (6) is referred to as v (t)'s "tracking differentiator.”

4.2 Linear State Error Feedback (LSEF)

In Fig. 1, it is also referred to as the linear controller. The LSEF reduces error and improves
system performance when the LESO estimates the total disturbance, or z3. By omitting the
integrator, a modified PID controller is used; this new controller is known as a linear
proportional derivative (LPD) controller. The LESO will estimate all uncertainties,
exogenous disturbances, and other discrepancies in the system and remove them from the
nonlinear system by subtracting these estimated undesired signals from the input channel
in a real-time behavior. This is where the idea to ignore the integrator portion comes from.

172



N. A. Ameer and L. K. Ibraheem Journal of Engineering, 2025, 31(3)

The outcome is a linearized system with a series of integrators leading to the relative value
of a nonlinear system’ relative degree (p), and the system already incorporates the
integrator action. The recommended LPD controller is built as:

d
u (1) = kye(t) + kg —e(t) (7)
From TD and LESO as:

e =1 -2z (8)
€ =T —2; 9)

Sub. Equ. (8) & (9) in Equ.(7) as:

ULPD = kpel + kdez
Upp = kp(r1 — 21) + kq(ry — 23) (10)

Once the whole disturbance has been subtracted from the input channel, the net control
signal that activates the nonlinear system is as follows:

U=Uppp - Z_z (11)

4.3 Linear Extended State Observer (LESO)

Its purpose is to measure and track uncertainties and disturbances. In Fig. 1, it is also
referred to as the state and total disturbance observer. The design's proposed LESO
equations are shown in (12):

71 = 7, + pre

Z, = 73 + fye + byU (12)

Z3 = Pse
Where e = (y - z1), f1 = 3wy, B2 = 3w,y?, B3 =wy3 , wy is the observer's bandwidth and should
be optimized to give the minimum estimation error, z1, z2 are the estimated states of the
nonlinear system, and z3 is the estimated total disturbance, representing the unwanted

dynamics, uncertainties, and exogenous disturbances. As illustrated in Fig. 2, the TWSBR
system is a multi-loop system.

Up
Xdp —p U
TWSBR
@ 0

) _>. -

Figure 2. TWSBR system with LADRC configuration.
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There is linear ADRC compensation in the position (x, y) controllers. We shall be focusing on
the location (x) and angle (8) systems in this study

5. SIMULATION AND RESULTS

MATLAB/Simulink is used to implement the TWSBR model with the LADRC, and the
sampling time is set to ts = 0.01 seconds. As shown below, the LADRC unit's optimal
parameter values are determined by using Genetic Algorithm (GA) optimization to the multi-
objective OPI index minimization issue(Allawi et al., 2019). The performance of the entire
system was also assessed in this work using a practical multi-objective Performance Index
(MOPI) shown this in Fig.3.

\eiilfil,/
Performance index MOPI

Initialize weights:0 <W; < 1
Wi +Wot...+W; =1

Initialized system parameters
in the range [0,1]

Start GA process

Evaluate MOPI

~ MOPI \
, .
>

Optimun-y

RS
@
Figure 3. The flowchart of (GA).

It is expressed as follows and gauges how effective the suggested plan is:

OPI = wy *ISU + wy x ITAE + w3 * ITSE (13)
Where ISU ,ITAE,and ITSE represent the objective performance index for the system,
respectively; wy, w, and w; are weighting factors. To treat the system equally likely, where
wy, W, and ws are the weighting factors that satisfy w; + w, + w3=1. According to that, they

are set to w;=0.4, w,=0.2 and w;=0.4. Table 1 shows the description and mathematical
representation of the performance indices.
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Table 1. The performance's description and mathematical representation

Pl Description Mathematical representation
ITAE Integral time absolute error fotf tle(t)| dt
ITSE The integral of the Square of the error tf
f e?(t)dt
0
ISU Integral of the Square of the control signal fotfu(t)z dt

Fig. 2 has a special drawing of a robot on two wheels that keeps itself balanced. This drawing
shows the robot's design based on a smart control method.
In our quest to evaluate this robot's equilibrium maintenance, we undertook tests under
certain distinct conditions presented in Table 2 these represent the parameters of the
robotic system. To simulate the system effectively, we employed an ode45 tool. The
configuration for ADRC and PID controllers was determined as displayed in Tables 3 to 6.

Table 2. Parameters of TWSBR system

Parameter | Units
M, 3kg
M,, 0.5kg
g 9.81 m/s?
1 0.1m
Iy 0.1m
Jp 0.04 kg.m?
Jw 0.0025 kg. m?
K, 0.0134 Nm/Amp
Ke 0.1061 Vs/rad
R 190

Table 3. LESOs parameters

parameter | X, Subsystem(0.8m)|0 Subsystem(0.8m) |X, Subsystem(0.2m)| ©® Subsystem(0.2m)
Wo 3.211 0.0885 19.012 0.204
b, 0.0756 0.09275 0.0756 0.09275
Table 4. TDs parameters
parameter | X;,0 Subsystem (at displacement 0.2 m) | X;,0 Subsystem (at displacement 0.8 m)
ri 0.2335 0.2568
I3 0.2611 0.2611
Table 5. LSEF parameters
parameter | X;subsystem 0 subsystem
K1 0.01190
ke 75.2131
ks 125.95
Ky 6.2352
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Table 6. PID parameters

parameter X, subsystem 0 subsystem
K, 43.2997 0.1340

Ka 30.3085 138.8370

Ki 75.7397 1.2232

It is evident from Tables 7 and 8's results that the optimization process involves making
trade-offs between the performance indices. After switching the controller from PID to
LADRC, which prioritizes reducing energy consumption, the Performance indices of the (x,
0) decreased. Utilizing LADRC to over 100% of the PID controller lowers the overall OPI at
displacement (0.8m) and over 100% at displacement (0.2).

Table 7. Position and Angle Performance indices after applying step input using PID and LADRC
controllers at the displacement command is 0.8(m).

Controller ITAE ITSE ISU OPI
PID 21.4360 5.0244 358600 1.4345e+05
LADRC 3.943525 0.069656 65.429655 26.9884

Table 8. Position and Angle Performance indices after applying step input using PID and LADRC
controllers at the displacement command is 0.2(m).

controller ITAE ITSE ISU OPI
PID 4.8479 0.23034 8833 1765.26
LADRC 1.113891 0.008279 27.058385 4.8490

A comparison of the displacement reference's setting results between ADRC and PID
controls:

Let's look at the outcomes achieved with Linear Active Disturbance Rejection Control
(LADRC) - Proportional Derivative (PD) and compare them to standard PID controls by
applying these different settings. The system starts in motion at the position. x,, = 0.8
meters, and 6, = 0, all under an interval of just 50 seconds. Look at Figs. 4 and 5; then start
in motion at the position. x,, = 0.2 meters, and 6,, = 0, at the same time, look at Figs. 6 and
7 to see how the body tilts and moves during the TWSBR system test; Look at Table 9 to see
state variables for state space for this system.

Table 9. State variables for the TWSBR system.

State variables x at (0.8 m,0 rad) x at (0.2 m,0 rad)
X1 8.734e-05 -0.0001727
X -0.01712 0.02571
X3 -4.217e-05 -6.23e-06
Xy 0.002902 -0.004291
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Figure 4. Output response of robot displacement at the shifting is 0.8(m).
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Figure 5. Output response of robot angle at the shifting is 0.8(m).
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Figure 6. Output response of robot displacement at the shifting is 0.2(m).
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Figure 7. Output response of robot angle at the shifting is 0.2(m).

The results of Figs. 5 and 7 demonstrate that the two LADRC controllers reduced the
transition process time by over 200% in Fig.4 and 4.2% in Fig.7 when overshoot was 200%
in Fig.5 and 5.26% in Fig.7 compared to the PID controller in the regulation of the robot
body angle. Based on Figs. 5 and 7, we can observe that the two LADRC controllers reduced
the transition process time by over 300% in Fig.5 and over 200% in Fig.7 the overshoot was
around 75% in Fig.4 and 53.11% in Fig. 6 of the PID controller when controlling the robot

shifting.
5.1. External Disturbance Case Study

The final test on the TWSBR system with a LADRC configuration aimed to guarantee
consistent, accurate tracking despite external disruptions. This was determined by
introducing an outside commotion in both (x,, 8) at [1.6, 0.5] N.m for timed periods of 20
seconds each Figs. 8 to 11 show the correlating responses. Fascinatingly, different
controllers had varied reactions! A notable example is how disruption led to considerable
performance dips in Proportional Derivative (PD)-using LADRC controller—it registered
drastic deviations over thirty percent from steady-state response levels during these

interruptions.
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Figure 8. Output response of robot displacement with case study at the shifting is 0.8(m).
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6. CONCLUSIONS

In this paper, a two-wheeled robot that could balance itself. It’s hard to control because it’s
complex; everything affects everything else, and we don’t know all the details. This research
used a special control method called ADRC. ADRC is good at handling systems with many
variables without getting confused; it can adapt to changes well and keep things stable and
separate, like the tilt and position of the robot. Tests have shown that ADRC works well at
controlling things even when there are a lot of interfering factors, and the improvement over
PID is over 90%, which is an excellent result for the TWSBR system.

NOMENCLATURE
Symbol Description Symbol Description
b, A rough approximation of the Ki Derivative gain for PD controller of angle
coefficient b.
g Gravity, m/s? 1 Length to the body’s center of mass, m.
Jp Inertia of the body, kg/m? M, Mass of body, kg.
Jw Inertia of the wheel, kg/m? Mw Mass of wheel, kg.
Km Motor torque constant, Nm/amp. R Nominal terminal resistance, ().
Ke Back EMF constant, Vs/rad. I'w Radius of wheel, m.
Kp proportional gain r The amplification coefficient
Ka Derivative gain IS Y) TD tuning parameter for position
Ki integral gain I3, I'4 TD tuning parameter for angle
K1 proportional gain for PD Xd Desired constant
controller of position
K Derivative gain for PD controller Wo The observer’s bandwidth
of position
Ks proportional gain for PD B23) Observer gains
controller of angle
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