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A two-wheeled self-balancing robot (TWSBR) is an underactuated system that
is inherently nonlinear and unstable. While many control methods have been
introduced to enhance the performance, there is no unique solution when it
comes to hardware implementation as the robot’s stability is highly dependent
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on accuracy of sensors and robustness of the electronic control systems. In
this study, a TWSBR that is controlled by an embedded NI myRIO-1900 board
with LabVIEW-based control scheme is developed. We compare the perfor-
mance between proportional-integral-derivative (PID) and linear quadratic reg-
ulator (LQR) schemes which are designed based on the TWSBR’s model that
is constructed from Newtonian principles. A hybrid PID-LQR scheme is then
proposed to compensate for the individual components’ limitations. Experimen-
Robot tal results demonstrate the PID is more effective at regulating the tilt angle of
Self-balancing the robot in the presence of external disturbances, but it necessitates a higher
velocity to sustain its equilibrium. The LQR on the other hand outperforms PID
in terms of maximum initial tilt angle. By combining both schemes, significant
improvements can be observed, such as an increase in maximum initial tilt angle
and a reduction in settling time.
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1. INTRODUCTION

The past few decades have seen a growing interest in autonomous mobile robots (AMRs) in both
industries and academia due to rapid technological advancements and the extensive use of robotics particularly
for reducing costs and enhancing productivity [1]-[4]. A two-wheeled self-balancing robot (TWSBR) is one
type of AMRs that is underactuated and inherently unstable but has notable advantages of being able to move
on a zero-radius curve, high tolerance to impulsive force, and small footprints to move in dangerous places. The
Segway Personal Transporter and Ninebot scooters are examples of commercialized technologies that apply the
same concept of a TWSBR. Apart from being an alternative mode of transportation that can take the place of
an automobile for short commutes, they have also been demonstrated useful for populations with a range of
functional disabilities [5]. Although the user safety cannot be totally guaranteed [6]-[8], these technologies are
often equipped with multiple control systems to enhance their reliability in the event of failure in any one of
them, which in turn results in a higher cost.

In academia, the TWSBR is often used as a research platform to verify advanced control algorithms
as its behaviour is comparable to that of the classical inverted pendulum system. Its wheels are usually driven
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by an electrico-mechanical system which can be either direct current (DC) motors or stepper motors [9]. The
main control objective is to stabilize the robot by driving all the state variables, which are the robot’s position,
velocity, tilt angle and angular velocity, to approach their desired stable values in the shortest time possible. In
the TWSBR development, speed encoders, an accelerometer and a gyroscope are typically required to measure
these state variables [10]. Many techniques have been proposed to solve the problem in the literature, which can
be categorized into linear and nonlinear control approaches [11]-[14]. Examples of the latter include sliding
mode controls [15], fuzzy logic control [16], [17], artificial neural network [18], and deep learning [19]. Aside
from that, the Gaussian process (GP) has also been employed to its capability to create flexible nonlinear
nonparametric models [20]. Chen et al. [21] explained for instance, a control design based on a learned GP
regression model is proposed to alleviate the effects from modeling errors.

While the aforementioned nonlinear control methods have been demonstrated to provide robustness
against uncertainties, the resulting complexity will typically limit their applicability to low-cost embedded
controllers. The linear control approaches on the other hand are relatively simpler in terms of their imple-
mentations on hardware. The most popular methods are proportional-integral-derivative (PID) [22]-[24] and
linear quadratic regulator (LQR) schemes [25]. Nevertheless, a notable downside of the PID control algorithm
for controlling the TWSBR is the difficulty of parameter tuning [26], [27]. Although there are many software
tools available to aid the optimization of the PID parameters, the resulting control law may not be desirable
for the TWSBR which can be easily driven to the instability region. In contrast, controlling the TWSBR via
the LQR scheme is relatively more straightforward as its optimal parameters can be obtained by minimizing
the cost function that can also preserve the closed-loop stability at the same time. However, utilization of this
controller requires prior knowledge and skills in analysing the trade off between the control performance and
power consumption.

Most of the aforementioned work focused on developing new control strategies that can be validated
via simulations. In practice, the system is not only inherently nonlinear and unstable, but is prone to random
noise and disturbances [28]. Plus, there is no unique solution when it comes to hardware implementation as
the robot’s stability is highly dependent on the robustness of the electronic control systems. In this study, a
TWSBR that is controlled by an embedded NI myRIO-1900 board with LabVIEW-based control scheme is
developed. We compare the performance between PID and LQR schemes which are designed based on the
robot’s model that is constructed from Newtonian principles. A hybrid PID-LQR scheme is then proposed
to compensate for the individual components’ limitations. Experimental results demonstrate the PID is more
effective at regulating the tilt angle of the robot in the presence of external disturbances, but it necessitates a
higher velocity to sustain its equilibrium. The LQR on the other hand outperforms PID in terms of maximum
initial tilt angle. By combining both schemes, significant improvements can be observed, such as an increase
in maximum initial tilt angle and a reduction in settling time.

2. METHOD
2.1. TWSBR design and modeling

The TWSBR built in this study is shown in Figure 1 which consists of an NI myRIO-1900 board, two
brushed DC motors with encoders, an external gyroscope (i.e. PmodGyro) to improve the tilt angle estimation
(explained further in section 2.3), a 12 V Li-Ion power supply, a printed circuit board (PCB) containing the
motor driver and voltage regulators, the wheels and the chassis. Figure 1(a) illustrates the built TWSBR while,
Figure 1(b) visualizes the connection between each unit. The control scheme is constructed via model-based
design approach in LabVIEW which is also used as a user interface to display and log the data wirelessly during
the experiment.

The robot can be modeled from first principles by taking into account the dynamics of the motors,
robot chassis, and the forces on the wheels. The inputs to the TWSBR are the torques applied to the left and
right wheels, which are assumed to be similar. Figure 2 illustrates the free body diagram of the TWSBR. The
diagram for the robot’s wheel is depicted in Figure 2(a) where T, denotes the torque applied to it, # is the
angular position, I, is the force applied to the wheel by the chassis, and I is the friction force by the surface
contact. With regard to the robot chassis which includes the NI-myRIO board, batteries, gyroscope and the
printed circuit board, it acts similar to an inverted pendulum as illustrated in Figure 2(b) whose base is attached
to the wheels.
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Figure 1. The TWSBR’s prototype built in (a) this study and (b) its connection diagram
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Figure 2. Free body diagrams of (a) the wheel and (b) the TWSBR’s chassis

Let J,, be the moment of inertia of the wheel, r be its radius, m,, be mass of the wheel, and x be the
horizontal position of the center of the wheel relative to a defined origin. Using Newton’s law of motion, the
sum of forces in the horizontal x-direction can be written as (1):

Myi = Fy — F,, (1)

for each wheel. Assuming there are no tire deformation and rolling resistance, the sum of torques is given by

2):
Juwb =T, — Fyr )

for each wheel. From the DC motor dynamics, the torque relates to the input voltage as T, = (k.,/R)Vin —
(kmke/R)6, where R is the electrical resistance of the motor, and V;,, is the applied voltage, and k,,, and k.
are torque and back EMF constants respectively. Substituting this expression into (2), we will get (3).

Fy = (km/Rr)Vin — (kmke/Rr?)a — (Ju/r?)i. 3)
Replacing F'y in (1) with this expression gives (4).
Fy = (km/Rr)Viy — (kmke/Rr?)d — (my + (J,/7%)) & 4)
The sum of forces in the x-direction can be written as (5):
N, = mei + melfcos 3 — mCEBQ sin 8 5)

where IV, is the combination of forces from both wheels, m,. is the mass, / is the distance to the center of the
mass, 6 is the angle between vertical line and the pendulum, and Z is the robot’s acceleration in the x-direction.
The sum of forces perpendicular to the pendulum is simply:

Nysin 8+ Ny cos B —mcgsin 8 — mcﬁé = mZ cos B (6)
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where N, refers to the force in the y direction, and g refers to the gravity constant. The sum of torques acting
at the center of the pendulum is:

—Nylsinf — Nylcos B — 2T, = B (7

where J.. is the pendulum’s moment of inertia. Assuming « is sufficiently small, we have sin 8 = sin(r+«) ~
—a; cosf=cos(m+a)~—1; (%= a?=0,which lead to the following approximations.

Ny = m.Z — mla 8)
—Nya — Ny + mega — melee = —m& ©)]
Nyla + Nyt = 2T, = J.iv (10)

By substituting the expression of T, into (10), we will obtain.

2k, 2k ke .
Nyﬁoz—kNwE—?Vm—&— Tr T =J.& (11)
Letr) = 2,79 =3, 23 =, 74 = &, u = Vjy,and ¢ = [#7 2o 3 x4)T, the state space representation
of the TWSBR can be constructed as ¢ = Aq + Bu; y = Cq with:

0 1 0 0 0
0 2kmke(Je + mel? —molr)  m2lig 0 2k (Jo + mel? — merl)
— B QRr2 Q . — QRr
4 0 0 0 1|’ B 0 (12)
0 2kmke(Ar — m.0) meglA 0 2k (mel — Ar)
QRr? Q QRr
c=1[0 0 1 0] (13)

2.2. Control schemes for TWSBR

Figure 3 illustrates the difference between the PID control (Figure 3(a)), LQR control (Figure 3(b))
and the PID-LQR scheme (Figure 3(c)) which is proposed to overcome the limitation of each component. For
the LQR control scheme, the control parameter K; = [kl ko ks k4] is optimized by minimizing the
following cost function J = [ ¢”(Q + K} RK1)qdt where Q@ > 0 and R > 0. The optimal value of
K, can be obtained by using the formula K; = R~'B” P where P is the solution to the Ricatti equation
ATP+PA—PBR!BTP+@Q = 0. With regard to the PID control scheme, the parameters for K,,, K; and
K4 were tuned based on the Ziegler-Nichols approach as presented in [29].

Figure 3. Illustrations on (a) the LQR and PID, (b) the proposed hybrid PID-LQR, and (c) control schemes for
the TWSBR

2.3. Software implementation

In this work, the control schemes were designed in the LabVIEW software and deployed to the em-
bedded NI myRIO-1900 board. The board consists of a built-in accelerometer which provides the angular
acceleration from x,y, and z axes. The tilt angle from the accelerometer can be obtained as (14):

Qace = (arctan (val(y)/val(z))) x 180° /7 (14)
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where val(y) is the accelerometer value from the y-axis, val(z) is the accelerometer value from the z-axis,
and Ty is the sampling time. However, any shock or vibration will produce sudden spikes on the tilt angle
which can lead to instability of the robot. Therefore, the pitch angle of the robot was obtained through sensor
fusion by combining readings from the accelerometer and a gyroscrope, cgy-o, Which was externally connected
to the board. A low pass filter was applied to the accelerometer to attenuate the high frequency vibration
noise produced by the motors of the TWSBR. The drift from the PmodGyro’s readings was minimized by
applying a high pass filter. The filtered readings were then combined to obtain a more stable reading for the
TWSBR. The output of the sensor fusion block is considered as the actual tilt angle of the robot, i.e. a. The
corresponding angular velocity, ¢, of the robot can be obtained by a simple mathematical calculation, i.e.
& = (a(k) — a(k - 1))/T..

To measure the robot’s position and speed, i.e. x and &, the angular speeds of the DC motors were
firstly measured using hall-effect magnetic encoders. Since each of the hall sensors gives a resolution of 390
lines per revolution, quadruple outputs from the two hall sensors give an effective resolution of 1,560 lines per
revolution. Therefore, the angular speed (in rad/s) of each motor can be calculated as follows:

wi = (C(k) — C(k — 1))/T, x (21/1560), i=R,L (15)

where C(k) is the encoder count at iteration %, and wg(wy,) is the angular speed of the right (left) wheel. The
robot’s speed and position can then be written as follows: & = (wgr + wy,)r/2 and = &7 + x respectively
where z is the previous position. As the controller’s output will send a command that is linearly proportional
to the speed, a closed-loop speed control technique from [17] is employed to ensure the actual speed of the
robot follows the reference value.

3. RESULTS AND DISCUSSION
Based on the TWSBR model parameters in Table 1, the resulting transfer function G, is:

o 39.77s
¢ 83 4+66.152 — 0.514s — 26.88’

and the A and B matrices are:

0 1 0 0 0
A 0 —1.1237 6.9748 0 . B= 10.30 . (16)
0 0 0 1 0
0 —255.26 128.9962 0 39.77
Table 1. Model parameters of the robot
Notation Definition Value/unit
g Gravitational acceleration 9.81 ms—2
Me Mass of the chassis 0.7604 kg
My Mass of each wheel 0.048 kg
Je Moment of inertia of the chassis 0.0032 kgm2
Jw Moment of inertia of the wheel 0.000074 kgm2
R Electrical resistance of the motor 1.6 Q2
r Radius of the wheel 0.034 m
km Motor torque constant 0.2182 Nm/A
ke Back EMF constant 0.2182 V/(rad/s)
0 Half length of the chassis 0.0 m

To accurately model the built robot, its linear speed is constrained within =100 ¢m/s. Using the LQR
control design techniques in section 2.2, the values of @) and R were set to Q@ = diag(10,10,0,0) and R = 1
respectively to give the following state feedback gain K7, = [—3.1623 6.9428 —3.9015 —0.4482]. For
the PID, the optimal values obtained were K;,, = 300; K; = 5500; Ky = 1.5. A filter coefficient of
10, 000 was included in the PID control scheme to make the transfer function realizable. In the proposed hybrid
method, some parameter tunings need to be performed to maintain the stability and improve the performance of
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the closed-loop system. The optimal values obatined were Kp = [—207.84 245.64 — 22047
K,=01,K; =03and K; = 0.7.

In order to evaluate the performance of the three control schemes on the TWSBR, they were tested
experimentally when the robot was placed on two types of surface, i.e. rough and smooth. For each scheme,
the initial tilt angle was slowly increased after each trial until the controller was no longer able to maintain the
stability of the TWSBR. To provide a fair comparison, only the maximum initial tilt angle that the robot was
able to self-balance and its corresponding settling time were used to evaluate the performance since the noise
and disturbances entering the system were random and unmeasurable. The settling time in this case is defined
as the time it takes for the tilt angle to reach within +1° region.

Table 2 records the numerical results while Figure 4 to Figure 6 illustrate the performance of the
TWSBR with PID, LQR, and hybrid PID-LQR control schemes on both surfaces. Durations of oscillations
and settling time are seen longer on smooth surface for all control schemes due to a higher probability of the
robot to have wheel slips. Comparing Figure 4(a)-Figure 4(d) against Figure 5(a)-Figure 5(d), the PID is seen
to be more effective at regulating the tilt angle of the robot, but it necessitates a higher linear velocity (i.e. back
and forth) to sustain its equilibrium as can be observed from the trajectories of xo in Figure 4(a), Figure 4(c),
Figure 5(a), and Figure 5(c). The LQR on the other hand outperforms the PID in terms of both maximum tilt
angle and settling time. Nonetheless, a significant improvement is achieved when both schemes are hybridized
as can be observed from Figure 6 and the last column in Table 2 where the settling time is reduced and the
maximum initial tilt angle is increased (Figure 6(a) and Figure 6(c)). Figure 6(b) and Figure 6(d) also show a
considerable reduction in the amplitudes of x3 and 4.

— 18.25),

Table 2. Performance evaluations between PID, LQR, and hybrid LQR-PID schemes by experiments

Control scheme

Type of surface  Performance metric PID LQR  Hybrid
Rough Maximum initial tilt angle (deg) 2.01  7.42 9.22
Settling time (s) 2.78 2.12 2.04
Smooth Maximum initial tilt angle (deg) 1.04  3.21 10.11
Settling time (s) 3.02 213 2.12

with PID on Rough Surface

with PID on Rough Surface

X, (cm), x, (om/s)

X, (deg), x, (deg/s)

with PID on Smooth Surface with PID on Smooth Surface

A

X, (em), x, (cmis)
x, (deg), x, (deg/s)

Time (s)
(©

Figure 4. Performance of the TWSBR with PID control in terms of trajectories of (a) x1, z5 on a rough
surface, (b) x3, 4 on a rough surface, (c) x1, x2 on a smooth surface, and (d) x3, x4 on a smooth surface
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Figure 5. Performance of the TWSBR with LQR control in terms of trajectories of (a) z;, 2 on a rough
surface, (b) x3, x4 on a rough surface, (c) 1, x5 on a smooth surface, and (d) z3, x4 on a smooth surface
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Figure 6. Performance of the TWSBR with a hybrid PID-LQR in terms of trajectories of (a) x1, x5 on a rough

surface, (b) x3, 4 on a rough surface, (c) x1, x2 on a smooth surface, and (d) x3, x4 on a smooth surface
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4. CONCLUSION

In this study, we developed a TWSBR controlled by an embedded NI myRIO-1900 board with a
model-based control scheme. Our experimental results showed that PID is more effective in regulating the
robot’s tilt angle in the presence of external disturbances, but it requires a higher velocity to maintain equilib-
rium. On the other hand, LQR outperforms PID in terms of the maximum initial tilt angle. By combining both
schemes, we observed significant improvements, such as an increase in the maximum initial tilt angle and a re-
duction in settling time. While the experimental results presented in this study provide valuable insights into the
performance of the TWSBR, future research could focus on evaluating its performance in real-world scenarios,
such as navigating through complex environments or performing specific tasks. Machine learning techniques,
such as reinforcement learning, could also be used to train the TWSBR to adapt to changing environmental
conditions or to optimize its performance based on specific performance criteria.
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