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Highlights

e Trajectory tracking control of a two wheeled self-balancing robot by using Sliding Mode Control
(SMC) was realized.

e The performance of the SMC controller has been examined under five different cases including
external disturbance and various parameter uncertainties and compared with PID and LQR methods.

e  Chattering problem inherent in the SMC method was eliminated by employing tangent hyperbolic
(tanh) switching function instead of signum function.

e Results showed that, PID control is extremely sensitive to disturbance inputs and parameter changes,
and the LQR controller provides a much better performance than the PID control in terms of response
speed and robustness. The results also showed that the proposed SMC controller not only offer as
good performance as the LQR controller in terms of response speed, but it is extremely robust and

almost insensitive to disturbance inputs and excessive parameter changes.
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ABSTRACT: Two-Wheeled Self-Balancing Robots are widely used in various fields today. These systems
have a highly unstable nature due to their underactuated structures. On the other hand, parameter
uncertainties and external disturbances significantly affect their control performance. The best way to deal
with parameter uncertainties that can easily lead controllers to instability is to use robust control methods.
Dealing with these uncertainties is particularly crucial in control of underactuated and unstable systems
such as Two-Wheeled Self-Balancing Robots. In this study, trajectory tracking control of a two wheeled
self-balancing robot by using Sliding Mode Control (SMC) was realized. The chattering problem inherent
in the SMC method was eliminated by employing tangent hyperbolic (tanh) switching function instead of
signum function. The performance of the SMC controller has been examined under five different cases
including external disturbance and various parameter uncertainties and compared with PID and LQR
methods. The results showed that the SMC method is much more insensitive to parameter changes than
the PID and LOR methods. It has also been observed that all three controllers maintain their stability
against disturbance inputs, but the SMC method offers a better control performance.

Keywords: Sliding Mode Control, Two Wheeled Self Balancing Robot, Trajectory Tracking

OZ: iki Tekerlekli Kendini Dengeleyen Robotlar giiniimiizde gesitli alanlarda yaygimn olarak
kullanilmaktadir. Bu sistemler eksik tahrikli yapilari nedeniyle oldukga kararsiz bir yapiya sahiptirler. Ote
yandan parametre belirsizlikleri ve dis etkenler, kontrol performanslarini énemli ol¢iide etkilemektedir.
Kontrolctileri kolayca kararsizliga siirtikleyebilecek parametre belirsizlikleri ile basa ¢gikmanin en iyi yolu
giirbiiz kontrol yéntemleri kullanmaktir. Bu belirsizliklerle basa ¢ikmak, 6zellikle ki Tekerlekli Kendini
Dengeleyen Robotlar gibi eksik-tahrikli ve kararsiz sistemlerin kontrol problemlerinde ¢ok 6nemlidir. Bu
calismada, bozucu giris ve parametre belirsizliklerine karsi Kayan Kipli Kontrol (KKK) yontemi ile
yoriinge takibi tizerinde calisilmistir. KKK yonteminin yapisindan kaynaklanan catirtt problemi, isaret
fonksiyonu yerine tanjant hiperbolik (tanh) anahtarlama fonksiyonu kullanilarak ortadan kaldirilmistir.
KKK kontrolciiniin performansi, bozucu giris ve farkli parametre belirsizliklerini igeren bes farkli senaryo
i¢gin incelemis, PID ve LQR yontemleri ile karsilastirilmistir. Sonuglar, KKK yOnteminin parametre
degisimlerine kars1 PID ve LQR yontemlerinden ¢ok daha duyarsiz oldugunu gostermistir. Ayrica bozucu
giriglere kars: {i¢ kontrolciiniin de kararliigini korudugu ancak KKK yo6nteminin daha iyi bir kontrol
performans: sundugu gorilmiistiir.

Anahtar Kelimeler: Kayan Kipli Kontrol, Iki Tekerlekli Denge Robotu, Yoriinge Takibi.

1. INTRODUCTION

Underactuated systems refer to systems equipped with a limited number of actuators or sensors. In
such systems, the number of degrees of freedom is greater than the number of actuators or sensors used.
Despite their advantages such as low cost, energy efficiency and simplicity, underactuated systems have
some disadvantages in terms of control.
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Two-wheeled self-balancing robots have a highly unstable dynamics with their nonlinear structure.
In addition, other factors such as parameter changes, damping, friction, external disturbances make the
control of such systems more difficult. The best way to overcome these challenges is to use robust
controllers. In the relevant literature, several different approaches have been proposed for the control of
two-wheeled self-balancing robots.

Linear control methods with simple mathematical models are frequently preferred due to their easy
applicability. Linear controllers such as PID controller [1], Linear Quadratic Regulator (LQR) [2], Linear
Quadratic Gaussian (LQG) [3], State-Feedback [4], Cascade controller [5] can be used to control two-
wheeled self-balancing robots. These controllers can provide very satisfactory performance in some
systems under certain conditions. However, since these controllers use linearised models, they are very
sensitive to parameter uncertainties. In addition, due to their structure, they may be insufficient against
external disturbances.

As an alternative to classical linear controllers, smart control methods such as Fuzzy Logic Controller
(FLC) [6], FLC-PID [7], FLC-LQR [8] are widely using. Smart control methods can provide more adaptivity
than classic approaches. However, they still cannot provide robustness in parameter uncertainty
conditions.

Adaptive control algorithms have been presented to adapt to changing conditions over time. Various
adaptive control methods such as Reinforcement Learning [9], Machine Learning [10], Artificial Neural
Networks [11], Fuzzy Logic Neural Networks NN-FLC [12] stand out with less model dependency and
adaptive structure. Despite their advantages, design and training of large networks in these approaches
can be quite complex. High computational power and large data set requirements during training of
artificial neural networks make it difficult to apply these methods.

Model Predictive Control (MPC) [13] which is based on predicting system behaviour using system
models, can provide robustness against system uncertainties in the control of complex systems. However,
the success of this approach depends on very precisely modelled system dynamics. Difficulties in
modelling complex and nonlinear systems limit the success of the controller. Optimisation-based H: [14],
H- [15] approaches can provide robustness against the disturbances and parameter uncertainties with an
accurate model. The biggest disadvantage of these controllers is that they can be effective in a limited
working area with defined cost functions.

Lyapunov Controllers [16] are successful in stability; however, they may not be satisfactory enough
to meet performance expectations for systems that require precise control. Backstepping Control [17] and
Active Disturbance Rejection Control (ADRC) [18] are also have robust characteristics.

The Sliding Mode Control (SMC) approach is a control method known for its robustness against the
disturbances and system uncertainties. Although the Conventional SMC method is insensitive to matched
disturbances, but it is sensitive to unmatched disturbances. The state observer-based SMC [19] can ensure
the robustness of the controller against the unmatched disturbances. The major disadvantage of the SMC
is chattering problem. In the most general definition, chattering is the rapid changes of the control signal
in high-frequency sawtooth form. This is caused by the switching function in the structure of the SMC.
The chattering problem can be eliminated with Neural Network based SMC [20]. However, high
computational demanding and the need for a comprehensive dataset are disadvantages of this approach.

In this study, the trajectory tracking control of a two-wheeled self-balancing robot was discussed. First,
kinematic and dynamic models of the system are presented. Then, a Sliding Mode controller with tangent
hyperbolic switching function was designed. In order to evaluate the response speed and robustness of
the designed controller, simulation studies were carried out using five different scenarios with different
disturbance inputs and parameter changes. For comparing the performance of the SMC controller, PID
and LQR control were also applied to the system and the results were presented comparatively.

2. MATERIAL AND METHODS

Simplified model of a two-wheeled self-balancing robot is seen in Figure 1. The system consists of a
chassis and a pendulum-shaped body balanced by two wheels. It is an underactuated system with two
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inputs and three outputs. The right and left wheel torques are the system inputs while the x - y coordinates
and 0O angle of the body relative to vertical (z) axis are the system outputs. This system is quite difficult to
control since the position, orientation and vertical angle of the body must be controlled only by the torques
applied to wheels. In order to achieve a precise control, the kinematic and dynamic models of the system
must be obtained accurately.

Figure 1. Simplified model of a two-wheeled self-balancing robot
2.1. Kinematic Model of The Two-Wheeled Self-Balancing Robot
In order to describe all movements of the system, generalized coordinates can be selected as follows.
q=1[X. Y. ¢ 0 6 6,] ey
In this expression, Xc and Yc, are the position of the centre of mass, ¢ is the angle of the robot in the

x-y plane, 6 is the angle between the body and the vertical (z) axis, 8 and 6, are the right and left wheel
angles, respectively. These coordinates are clearly seen in Figure 2.
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Figure 2. Generalized coordinates of the two-wheeled self-balancing robot

There are two different constraints for the system considered in this study. First, the wheels do not
slide laterally. Secondly, the wheels are in pure rolling, that is, the entire rotational movement turns into
translation. Therefore, by defining 1=L/2, the constraint equations can be written as follows.

ycosep —x sing =0 (2)

X cosp —y sing +1p—16, =0 3)
X cosgp —y sing — Il —16,=0

Linear and angular velocities of the system can be defined respectively as; v = r(6, + 6,)/2 and w =
(0, — 0,)/L. If the necessary arrangements are made in (2) and (3) using these definitions, the kinematic
model of the system is obtained as follows.

Hpese oy, @
s =|sme olly)
ol lo 1

2.2. Dynamic Model of The Two-Wheeled Self-Balancing Robot

In this study, the dynamic model of two-wheeled self-balancing robot presented by Junfeng and
Wangying [21] was used. State-space representation of the system can be defined as * = Ax + Bu and
shown as follow,

X1 0 1 0 0 0 Oyj*7 O (5)
Xl 10 0 A3 0 0 O||%| |B.
x:9=0001OOQ+OCz]
gl |10 0 A3 0 0 Of 6| [Bs]lC,
¢l [0 0 0 0 0 1f|of |0
¢l lo o o o o ollel 15

where C; and C, are the left end right wheel torques respectively. This wheel torques can be
transformed into the Cy and C,, for decoupling purpose as follow.

C,] _ [0.5 0.5 [Ce + ud] (6)

C, 05 -0.5 C,
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In this equation, u, is the external disturbance. The matrix elements in Equation (5) can be defined as
follows:

4 M, M,
Azs =g(1—§d—>, Az =9—

Q Q
_4dP 1 5o P
2= 3Q Mpd ’ 4 — Q (7)
6
B6 -
(9M, + M,)RL
where
1M,(M, + 6M,)d 1 M
0 =_P(P—3T), P=2+ 2
(M, +5M)R My +5 M,

In these equations, My,and M,, is the mass of the wheel and body respectively, R is the wheel radius, d
is the distance between the wheel axis and centre of mass and L is the distance between wheels.

2.3. Kinematic Controller

Controllers that calculate the kinematic movements required for a robot to reach the desired position
are called kinematic controllers. A kinematic controller is needed to perform of trajectory control. The
kinematic controller calculates the movements required for a robot to reach the desired position by
converting the desired trajectory motions into new outputs in terms of angular and linear velocity.
Kinematic controller design is based on the kinematic model. Equation (4) can be rearranged as follows:

i )

By defining X = x4 —x and J = y4 — ¥y and adding the controller gains k,, k,, > 0 and saturation
constants I, I, € Rinto equation, the kinematic controller can be obtained as below [22].

cos@ sm(p

[O)] [— - sm(p COS(p

k 9
cos@ sing 1|%a + I tanh (- %) ®
vd] = 1 1 [
Wq 4 sing a cos@

. ky
ya + 1, tanh (I— ¥)
y

2.4. Sliding Mode Controller

In applied control problems, there is always mismatching between the real system and the
mathematical model. It's caused by factors such as unmodelled system dynamics, uncertainties in system
parameters and disturbing external forces. In addition to model mismatches, if the system is exposed to
intense disturbing forces, it will be very difficult to control such systems with classical closed-loop
methods. At this point, robust controllers come into play [23].

SMC is a robust control approach that can provide stability guarantee against system uncertainties
and disturbances. Before starting the SMC design, some arrangements should be made on the system
model. By defining f; = A3, f, = Aus, f3 =@, g1 = Bz, g2 = Ba, g3 = Bs, T, = Cy, T, = C, in Equation



Trajectory Tracking Control of A Two Wheeled Self-Balancing Robot by Using Sliding Mode Control 657

(5) and making the necessary arrangements, the dynamic equation of the system can be written in a new
form as follows.

¥=f0+0g.T, (10)
gp = f,0 + g,T,
¢ = f3+ 95T,

Where T, and T, corresponds to control inputs for separated subsystems, and x4, ¥4, ¢4 are desired
positions, so the error dynamics of the system can be expressed as follows:

é1 = e (11)
eZZx_xd

é3=e4_

64:9_6d

é5=e6

be =@ — Pa

The SMC method will move the system dynamics towards the defined sliding surface. This movement
of the controller is called reaching mode. The time until the reaching mode is called the reaching time. As
soon as the system dynamics reaches the sliding surface, it starts the sliding motion. Sliding motion is
called sliding mode. Sliding surfaces that move e,, e, and ez errors towards to zero when t—-oo can be
defined as follows.

S1 = C1€e1 + (=3 (12)
S; =Cyez t+ ey,
S3 = C3€5 + €g

The coefficients ¢y, c;,¢c; > 0 in the defined sliding surfaces are called slope constants. The reaching
time is related to the slope of the sliding surfaces. Therefore, these coefficients directly affect the control
performance and should be chosen carefully. In order to obtain control signals, derivation of the Equation
(12) can be written as follow.

51 = C1é1 + éz =X — de + Clél (13)
52:C2é3+é4:0_9d+C2é3
$3 = C3€5+ €6 = @ — Pg + C3€s5

A SMC consists of two parts which called switching and equivalent. Switching part is a signum
function, and is responsible for moving the system variables towards to sliding surface. $;, $, $3 terms in
Equation (13) correspond to switching function. Switching function can be premised with defining
controller gains as 14,7,,13 > 0 as follow.

Uswr = $1 = —T15gn(s1) (14)
Uswy = So = —15gn(sz)
Usws = S3 = —7)35gn(ss3)

Equivalent control occurs in condition when the system has reached to the sliding phase. This
condition can be also defined as $y, $,, 53 = 0. Equation (11) and Equation (13) can be re-written as follow.

Céy +i—ig=0 (15)
C2é3+é_éd=0
Czés +P— Py =0
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If Equation (15) arranged by using the Equation (10) then,

e+ 10+ 91Ty — %3 =0 (16)
Cre3+ f,0 + g,y — 0, =0

czés + f30 + 93T, — Pa =0

where T,,; and T, corresponds to torque forces related with coupled x and 6 inputs. The equivalent control
term can be obtained by re-arranging Equation (16) as follows,

_Xg— 6, — f,0 (17)
ST
_ b4 — c26;5 — £,0
ueqz - 9>
Pgq — C35 — fs(Pp
Ueqz = g

Finally, SMC control signal can be obtained with re-arrange Equation 10, 13 and 15 as follow.

_ Xg — 1€y —1m15gn(s1)—f0 (18)
Tvl -
..... gl
_ 04— 263 —mpsgn(s;)—f,0
Tz
..... gz
Pa — €365 —N35gn(s3)—f3¢9
T, =

93

Control signals with control gains 74,7,,73 > 0 can be obtained as above. It can be expressed as T, =
kv espc(Tvz -Tp1) and T, = kg, gy, Tey Where ky ., - and k., . are the controller gain constants. Tangent
hyperbolic (tanh) function is used instead of sign to prevent chattering. The obtained control signals can
be modelled on Simulink as shown in Figure 3.

A Lyapunov function candidate in the form of V = %s is defined to perform stability analyse.
According to the Lyapunov theorem, for a system to be stable, the condition V' < 0 must be ensured.
Vi = 5181 = 51.(& — &4 + €161) = —mys4] <0 (19)

Vy =558, = 5,(0 — 84 + c263) = —mls,1 < 0
Vs = 5383 = 53(¢ — (g + C3€5) = —M3ls5/ < 0
Equation (19) shows that all three controller signals ensure the Lyapunov stability condition. In other

words, the designed controllers will lead the error signal in the system to zero in time. Sliding Mode
Control strategy and general schematic of the closed loop system is given in Figure 3.
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Figure 3. SMC - Closed Loop Block Diagram of the System

x, 8, and ¢ control variables are controlling respectively with SMC 1, SMC 2 and SMC 3 given in
Figure 3. Detailed block diagram for SMC 1, SMC 2 and SMC 3 can be seen in Figure 4.

SMC 2
x_rel_kin theta_ref
x_act
Au Au -
ar [P & —>|+
Lo > -
5 (== phee |-
thela_act theta_act 7] > - T2

R s

Figure 4. SMC Control Scheme

2.5. PID Control

PID is the abbreviation of “Proportional-Integral-Derivative” terms. While PID control can give good
control performance in linear systems, it is not very satisfactory in dealing with non-linear systems.
However, it is one of the most frequently used methods due to its easy design and applicability. The
mathematical representation of the PID controller can be expressed as follows [24].

u(t) = Kye(t) + K; f e(t)dt + Kd% (20)

In the Eq. 21. K,,, K; ve K; gains respectively corresponds to proportional, integral and derivative
part of the controller. e(t) corresponds to error inputs by time. The integral term corresponds to the
integral of the error value and produces a control signal that corrects the total error. The term derivative
refers to the derivative of the error value and produces a control signal that responds to rapidly changing
errors. In other words, the proportional term refers to the current error, the integral term refers to the sum
of past errors, and the derivative term refers to the prediction of future errors [25]. PID controller
schematics can be seen in Figure 5.



660 M. DOGAN, U. ONEN

—R PID 1
»ly vd £
s
N O—
xd »|xd x_dot » v x
PID 2
axd ™
1 b
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Figure 5. PID Closed Loop Control Schematic

2.6. LQR Control

The Linear Quadratic Regulator (LQR) is one of the optimal control methods frequently used
today. In the LOR method, it is aimed to obtain an optimum control signal by using the performance index
and the state variables of the system [26].

r (21)
J= %f (xTQx + uTRu) dt
0

Performance index ] which obtained using system state variables as x = Ax + Bu and u = —Kx system
inputs is given in Eq. 21. K is gain matrice and define as K = R™'B"P. Q and R diagonal matrices and P
is a symmetrical matrix which can be obtained from Ricatti Equation given in Eq. 22.

PA+AT —PBR™'P+Q =0 (22)
The aim of the LQR method is to minimize the performance index ] with using Q and R parameters. The

Q matrix represents the speed of reaching the reference and the R parameter represents the amount of
energy to be consumed. LQR control schematics can be seen in Figure 6.

L%
—>y v
s
—P|tea
%d »ixd n x_dot » v x
axd | dxd
af—tapo s —{T] - -
dyd »|
Referance Kinematic psi_dot psi S —
Trajectory Controller ,. >
TWSBR Inverse Kinematic
Model of AU
At

Figure 6. LQR Closed Loop Control Schematic
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3. RESULTS AND DISCUSSION

In order to evaluate the response speed and robustness of the designed controller, simulation
studies were carried out using five different scenarios having different disturbance inputs and parameter
changes. PID and LQR control are also applied to the system to compare the performance of the proposed
SMC controller. Simulation studies were carried out in MATLAB/Simulink. An infinite type of trajectory
was used as a reference and the simulation time was determined as 150 seconds. System parameters are
given in Table 1. All the SMC, PID and LOR controller parameters are determined by using trial-and-error
method and given in Table 2.

Table 1. Physical Parameters of the System

Parameter  Description Value
R Wheel diameter 0.1m
L Distance between wheels 0.3m
D Distance of pendulum centre of gravity to shaft  0.45m
g Gravity force 9.8 m/s?
M, Mass of the pendulum 3kg
M,, Mass of the wheels 0.5 kg

Table 2. Controller Parameters

Kinematic
Controller ky, ky=4,1x, Iy =0.025
SMC kvesme= 50, kocsme=1 Ci=1,C2=10,Cs=5 m=3.5 m=11, =1
PID Kri=-2, Kn=-4, Kp1=-4 Kpr2= -2, K= -4, Kp2= -4 Kps=-2, Kiz= -4, Kps= -4
_[-27 =51 -334 -23 0 O
LOR k= [ 0 0 0 0 10 1]

Case 1: In the first simulation study, performances of the controllers are tested under ideal
conditions without any disturbance or parameter changes and the results are given in Figure 5 — Figure 8.
All the controllers showed a successful trajectory tracking performance by quickly providing the desired
position and orientation as seen in Figure 7 and Figure 8. However, while the SMC and LOR controllers
reached the reference velocity quickly at the beginning of the movement, the PID controller gave a very
oscillatory and late response as seen in Figure 9. For the PID control, this fluctuation in the velocity caused
the body to make an oscillatory movement and reach the equilibrium quite late as seen in Figure 10.
Although the LQR control gave a successful result in terms of body angle, the SMC control showed the
best performance. On the other hand, the SMC control produced much more aggressive torques than the
others at the beginning of the movement, but it quickly stabilized as seen in Figure 10. Moreover, thanks
to tanh switching function, there is no chattering in the SMC control signal.



662

Left Wheel Torque (Nm)

Velocity (m/s)

I
)

0.03

o
Q
S

o
=<

M. DOGAN, U. ONEN

o

s o
P

L=
o

Psi Angle (rad)
@

5 100
Time (s)

150 0 5{‘)
Time (s)

100

Figure 7. Velocity and movement angle (¢) of the robot (Case 1)

0.05 T T T T T T
Referance Trajectory
or ] smc T
LQR
-0.05 |- PID T
04 :
~-015[
E
>- _0'2 .
-0.25
03Ff ]
-0.35 1
-04 . x\&‘~k .
-025 -02 -015 -01 -005 0 005 01 015 02
X(m)
Figure 8. Trajectory tracking (Case 1)
0.6 T T
—SMC
0.4 LOR |

Theta Angle (deg)
(=]

150

0.2
04
-0.6 . .
0 50 100 150
Time (s)
Figure 9. Body (0) Angle (Case 1)
TI
sl 01 | sl
s 1.
3 183
o
0.1 <
2 5 10 128 2
1 / 124
0 =0
=
-1 1 D1
12
2 1 -2
0 50 100 150 0 50 100
Time (s) Time (s)

Figure 10. Wheel torques (Case 1)

150



Trajectory Tracking Control of A Two Wheeled Self-Balancing Robot by Using Sliding Mode Control 663

In the following cases, disturbance input and parameter changes were applied to the system to
examine the robustness of the controllers.

Case 2: In this case, only the 0.5 Nm impulse signal seen in Figure 11 was applied to the control input
of the system for 1 second as a disturbance and no changes have been made to the system parameters.
Disturbance input applied in coupled % and § control output and can be seen in Figure 3.

o
n

o
B
T

o
w
T

o
[N
T

=
o
T

Matched Disturbance (Nm)

o

0 50 100 150
Time (s)

Figure 11. Disturbance signal applied to the system

In the presence of the disturbance, the trajectory tracking performance of the SMC and LQR control
methods are quite close to each other. It can be seen from Figure 13 that the SMC and LQR controllers are
much more insensitive to disturbance input than the PID controller. Additionally, while a limited speed
fluctuation occurs in the LQR and SMC controllers after the disturbance input, these fluctuations are quite
high in the PID controller as seen in Figure 12. As a result of velocity fluctuations, the maximum body
angle reaches 1.5 degrees in the PID control, while it is around 0.25 degrees in the LQR control.
Furthermore, the proposed SMC controller is almost not affected by the disturbance input.
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Figure 12. Velocity and movement angle (¢) of the robot (Case 2)
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Figure 13. Trajectory Tracking (Case 2)
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As seen in Figure 15, although the SMC controller applies much higher torques at the beginning of the
movement, it applies much less torque than the PID and LOR controllers against the disturbance input.
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Parameter uncertainty is a factor affecting the stability of many controllers. In order to test the
robustness of the controllers against to parameter uncertainties, simulations were performed by changing
the body mass Mr in three different ways, 6 kg, 10 kg, 50 kg respectively.

Case 3: In this case, the body weight My was increased from 3 kg to 6 kg. The PID controller is
negatively affected by parameter changes, and it almost lost its stability. Large oscillations in speed,
trajectory, and body angle for PID control can be seen in Figure 16- Figure 18.
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Case 4: Body weight Mp increased to 10 kg. In this case the PID control response became completely
unstable and was therefore not shown in the graphs. On the other hand, it can be seen in Figure 19-Figure
21 that SMC and LQR controllers continue to maintain their stability and offer successful trajectory
tracking performance. However, SMC control offers a much more successful performance than LQR in
balancing the body angle as seen in Figure 21.
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Case 5: In this case the robustness of the proposed controller against to parameter variations was

tested under an extreme condition by increasing the body weight M from 3 kg to 50 kg. Under these
conditions, it is seen in Figure 22 — Figure 25 that the LQR controller begins to become unstable and
excessive oscillations occur in trajectory tracking and body angle. On the other hand, it is seen that the

proposed SMC controller maintains its stability even in this extreme case and provides a very successful
response in trajectory tracking and balancing the body angle.
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4. CONCLUSIONS

Parameter uncertainties and external disturbances negatively affect the stability of controllers. In this
study, a robust SMC method against to uncertainties and disturbances for trajectory tracking of a two-
wheeled self-balancing robot is investigated. In the proposed method, the chattering problem is eliminated
by using a tangent hyperbolic switching function. The performance of the proposed method is tested for
five different scenarios having different disturbance inputs and parameter changes and compared with
LOR and PID controllers. The results showed that the PID control is extremely sensitive to disturbance
inputs and parameter changes, and the LQR controller provides a much better performance than the PID
control in terms of response speed and robustness. The results also showed that the proposed SMC
controller not only offer as good performance as the LOR controller in terms of response speed, but it is
extremely robust and almost insensitive to disturbance inputs and excessive parameter changes.
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