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Abstract: This paper presents a doublegyroscope unicycle robot, which is dynamically balanced by
sliding mode controller and PD controller based on its dynamics. This double—gyroscope robot uses
the precession effect of the double gyro system to achieve its lateral balance. The two gyroscopes are
at the same speed and in reverse direction so as to ensure that the precession torque of the gyroscopes
does not interfere with the longitudinal direction of the unicycle robot. The lateral controller of the
unicycle robot is a sliding mode controller. It not only maintains the balance ability of the unicycle
robot, but also improves its robustness. The longitudinal controller of the unicycle robot is a PD
controller, and its input variables are pitch angle and pitch angular velocity. In order to track the set
speed, the speed of the unicycle robot is brought into the longitudinal controller to facilitate the speed
control. The dynamic balance of the designed double gyro unicycle robot is verified by simulation
and experiment results. At the same time, the anti—interference ability of the designed controller is

verified by interference simulation and experiment.
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1. Introduction

As a wheeled mobile robot, the unicycle robot has high flexibility due to its contact
with the ground being a single point of contact. However, the characteristics of the unicycle
robot, such as difficult balance control, high coupling, weak anti—interference ability, also
bring great challenges to the research into unicycle robots. There are many researchers
studying unicycle robots. According to the classification of lateral balance of unicycle
robots, there are the following: Stanford and MIT use horizontal rotors to achieve the
balance control of the unicycle robot [1,2]; The gyrover unicycle robot designed by Carnegie
Mellon University and Yangsheng Xu team controls the robot’s lateral balance according
to the high—speed flywheel [3-6]; Pusan National University of Korea uses vertical rotor
structure to achieve the balance of the unicycle robot [7]; Chiba University of Japan [8] and
the Asian Institute of Technology in Thailand [9] use the precession effect of double gyros
to achieve the balance control of the unicycle robot; J. Shen and D. Hong applied universal
wheel to realize the balance control of the designed unicycle robot [10,11]. Many studies
on the unicycle robot focus on its static balance control. However, as a mobile robot, its
mobility and anti—interference ability are also worth studying. Kwok Wai Au used the state
feedback controller to realize the displacement tracking of the Grover unicycle robot [12].
Umashankar Nagarajan et al. used PID controller to realize the dynamic balance control of
the designed unicycle robot through off —line motion trajectory [13]. It can be seen from
previous studies that the research on dynamic balance control of unicycle robot is also
important. Due to the point contact movement of the unicycle robot, its anti—interference
ability is worse than other mobile robots. However, many previous studies on the controller
of the unicycle robot focus on the balance control of the unicycle robot, while neglecting
to enhance its anti—interference ability. Therefore, the dynamic anti—interference balance
control of the unicycle robot is studied in this paper.
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As a highly complex structure of the unicycle robot, the double gyros unicycle robot
has the characteristics of control difficulty, serious self vibration and interference. Compared
with other unicycle robots, the double gyros has better balance characteristics due to its
gyro effect. Therefore, the dynamic balance control and anti—interference of the designed
unicycle robot are studied in this paper. The dynamics of the double gyros unicycle robot
has been completed in previous research [14]. In this paper, according to the dynamic model
of the unicycle robot, sliding mode controller is used to control its lateral dynamic balance.
The sliding mode controller has anti—interference ability to ensure that the unicycle robot
can still maintain balance when facing lateral interference under the dynamic motion.
Its dynamic anti—interference ability has been verified in simulation and experiment.
Longitudinal balance takes pitch angle, pitch angular speed and the speed of unicycle robot
as controller inputs. The PD controller is used to ensure the dynamic speed tracking and
longitudinal balance of the unicycle robot. According to the corresponding relationship
between the pitch angle and the bottom wheel speed in the longitudinal dynamics, at the
target speed, the corresponding target pitch angle is given to ensure balance.

The rest of this paper is as follows. Section 2 is the model of the designed unicycle
robot, which includes lateral dynamics model, longitudinal dynamics model and exper-
imental platform model. Section 3 is the controller designed according to the dynamics
of the unicycle robot. Section 4 provides the simulation results. Section 5 provides the
experimental results. Section 6 presents the conclusion and future work.

2. Model

In this section, based on the Lagrangian dynamics method, the dynamic model of the
designed double gyros unicycle robot is decomposed into two parts: lateral dynamics and
longitudinal dynamics. The dynamics of the double gyros unicycle robot are shown in
previous work [14]. Its Lagrangian dynamics are as follows:

M(q)g+N(q,q) = Q. )

M(q) € R®*¢ and N(g,q) € R®*! the inertia matrix and nonlinear term, respectively,
where
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This paper only considers the linear dynamics of the unicycle robot, so the influence
of yaw angle on the unicycle robot is ignored. For the system, g and Q are

q - (q)lélelw/“/ﬁ)T/ Q = (O/O/O/TMITNIT‘B)T

where 1, T, and T are torque of the bottom, torque of precession system and torque of
gyro system, respectively. Next, the dynamics are decomposed into lateral dynamics and
longitudinal dynamics.

2.1. Lateral Dynamics

Figure 1 shows the lateral model of the unicycle robot. It consists of double gyro
rotation and precession system. The two gyroscopes have the same speed and opposite
direction. The precession angular speed of these two gyroscopes is the same, and the
direction is opposite. This can ensure that the gyroscopic moment generated by the
precession of the gyroscope can offset the longitudinal interference. In the figure, J Is
the roll angle of the unicycle robot, a1, &, are the precession angles of the left and right
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sides of the unicycle robot. B1, B> are the rotation angles of the left and right gyroscopes,
respectively.

0

Figure 1. Lateral model of the unicycle robot.

According to the dynamic Equation (1), the gyro rotation is assumed to be constant,
and the influence of yaw angle on the side direction of the unicycle robot is ignored. The
lateral dynamic is as follows:

mzzé -+ m23é +n,=0 2)

When the unicycle robot is dynamically balanced, its lateral direction is regarded as an
inverted pendulum model, so the influence of pitch angle and bottom wheel speed can be
ignored. Where parameter Iy, — I, is small, so the lateral dynamic equation can be solved
as follows: ) .

Mpd + 2,3&60([17’ — G116 =0 3)

In order to simplify the dynamic equations, cx and sx mean cos(x) and sin(x), respec-
tively. Where I, is the moment of inertia of gyroscopes’ center of gravity to Z axe for left,
Gyyoy1 is the lateral gravity component, and its equation is as follows:

Gront = MwgRw + Mpg(Ly + Rw) +2M18(L + Rw) +2M1g(L + Ryy) 4)

where My, My, M1 and M; are mass of the wheel, mass of the frame, mass of the
precession frame and mass of the gyroscope, respectively. Ry, L, and L are radius of the
wheel, distance of frame’s center of gravity from center of wheel and distance of gyro’s
center of gravity from precession frame’s center of gravity for left. g is the unit of gravity. It
can be seen from the lateral dynamic equation that the roll angle is mainly affected by the
rotation speed and precession angular speed of the double gyros. If precession angle « is
too large, the lateral precession torque will be smaller. Therefore, in the lateral controller,
the precession angular velocity should be used to control the lateral balance of the unicycle
robot when the gyros’ rotation speed is constant. At the same time, in order to keep the
precession angle as small as possible to ensure lateral controllability, the precession angle is
regarded as the input variable in the lateral controller.

2.2. Longitudinal Dynamics

Figure 2 shows the longitudinal model of the unicycle robot. It is composed of the
bottom wheel and frame. In the figure, 0 is the pitch angle of the unicycle robot and w is
the rotation angle of the bottom wheel of the unicycle robot.
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Figure 2. Longitudinal model of the unicycle robot.

According to the dynamic Equation (1), ignore the influence of yaw angle on the
longitudinal direction of the unicycle robot. The longitudinal dynamic is as follows:

m325 + H133é + mzgw +n3 =0 5)

When the unicycle robot is dynamically balanced, its longitudinal direction is regarded
as an inverted pendulum model, so the influence of roll angle can be ignored. Where
parameter I, — I1, is small, so the longitudinal dynamic equation can be solved as follows:

m330 + m340 — Gpigenf = 0 (6)
where G, is the longitudinal gravity component, and its equation is as follows:
Gpiten = MpgLp +2Mp1gL +2Mi gL @)

It can be seen from the longitudinal dynamic equation that its longitudinal balance is
mainly affected by the bottom wheel. Although the precession angle rotation of the double
gyros also affects the longitudinal direction, (4sacaly, — 4sacaly,) is small, and its impact
can be ignored. Therefore, in the longitudinal control, the torque of the bottom wheel is
taken as the longitudinal control variable, and in order to ensure that the bottom wheel can
track the set speed, the speed of the unicycle is added to the controller.

2.3. Experimental Platform Model

As shown in Figure 3, it is the CAD model of the designed unicycle robot. It is mainly
composed of three parts: gyro system, bottom wheel system and frame system. In the gyro
system, the gyro is driven by a brushless DC motor, and precession rotation is achieved
by gear transmission. The left and right gyroscopes are the same. In the frame system, the
symmetrical structure is used to distribute the drive motor to ensure the balance of the
unicycle robot, and the belt drive is used to drive the gear to realize the precession rotation.
The left and right precession rotation is driven by the same gear input shaft to ensure the
same precession speed. Moreover, its driving motor is a DC servo motor on the frame. The
bottom wheel is also driven by the DC servo motor on the frame, and its transmission mode
is belt. The left and right sides of the bottom pulley belt drive have the same structure to
ensure the symmetry of the unicycle robot in the structure. In the experiment section, the
experiments are completed according to the designed unicycle robot platform.
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Figure 3. CAD model of the unicycle robot.
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3. Design of the Controllers

In this section, the lateral and longitudinal controllers are designed according to
the dynamic model of the double gyros unicycle robot. The control block diagram of
the unicycle robot is shown in Figure 4. According to the dynamic model, the lateral
controller is a sliding mode controller to ensure the dynamic balance of the unicycle robot
and increase its anti—interference ability. The longitudinal controller is a PD controller, in
which a speed tracker is added to ensure the dynamic speed tracking of the unicycle robot.
The sliding mode controller has excellent anti—interference ability. In order to enhance
the anti—interference ability of the unicycle robot, the lateral controller is designed as a
sliding mode controller. At the same time, it helps to improve the lateral balance ability.
The longitudinal controller is used to ensure the longitudinal balance of the unicycle robot
while tracking the set speed. The longitudinal control state variable has not only pitch angle,
but also speed value. In order to simplify the lateral controller and let the longitudinal
balance track the set speed at the same time, the longitudinal controller is designed as a PD
controller.

} | \
i Lateral |
| controller !
A ' ~ b .
64,04 | , - ; D 0,6,
% es, €5 (a56 +Aéy — 6,)bsca | E 1 ) r -
| |
} Expected input + }
3 |
|
i i Unicycle
! ! robot
| |
| |

Figure 4. The control block diagram of the unicycle robot.

3.1. Lateral Controller
The lateral dynamic equation is shown in Equation (3). In the dynamic controller of
the unicycle robot, the rotation angle speed of the gyroscopes is constant (§ = 0). The
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variable ,B in dynamics can be regarded as a constant value. Therefore, the lateral dynamic
equation can be changed as follows:

5 = agé — bica (8)

where a5 and b; are lateral dynamic parameters, both of which are constant values. The roll
angle error equation is as follows:
es =0 =04 ©)

where ¢, is the desired roll angle. According to the roll angle error value e;, its lateral
sliding surface is as follows:
S5 = e5 + Aeg (10)

where A is a constant parameter. The derivative of the lateral sliding surface can be obtained
as follows:
Ss = €5+ Aés (11)

Bring Equation (8) into Equation (11) and take precession angular velocity « as the
output value of lateral balance controller. For lateral balance, if s; — 0, the expected input

value 4 is as follows: R .
& = (a8 + Aeg — 8q) /bscu (12)

Since the parameter values a; and b are estimated values, they are not accurate. Due to
the error between the actual precession angular velocity « and expected precession angular
velocity &, in order to reduce the interference caused by the error to the unicycle robot and
increase the anti—interference of the controller, a discontinuous term is added between the
actual and expected precession angular velocity to make it swing in the designed sliding
surface ss5. The precession angular velocity can be obtained as follows:

i=a— kssgn(ss) (13)

ks is the coefficient of discontinuous function sgn(ss). Where function sgn(ss) is a
discontinuous function, the equation is as follows:

+1 s5>0

sniss) = {5 220 (14)

Thus, a lateral sliding mode controller can be obtained.

3.2. Longitudinal Controller

The longitudinal dynamic equation is shown in Equation (6). It can be seen from the
dynamic equation that the longitudinal balance is affected by the bottom wheel. If the
longitudinal direction of the unicycle robot is regarded as the inverted pendulum model,
the torque of the bottom wheel is as follows:

Tw = m(;dJ (15)

Where my is the longitudinal component of the mass of the unicycle robot. Therefore,
the bottom wheel torque 7, can be regarded as the output value of the longitudinal
controller. The longitudinal balance controller is a PD controller, and its control equation is
as follows: .

Tw = kpb + kpb (16)

xp and xp are the pitch angle and pitch angle velocity coefficients in the longitudinal
PD controller, both of which are constant. In order to track the set bottom wheel speed, the
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bottom wheel speed tracking is added on the basis of PD controller. The control equation
can be obtained as follows: ‘

where pp is the constant coefficient of bottom wheel speed error and ¢, is the bottom wheel
speed error, and its equation is as follows:

bw = W — Wy (18)

wy is the desired bottom wheel speed. The unicycle robot does not move at a constant
speed in the process of speed tracking. When the bottom wheel has acceleration, the pitch
angle must be disturbed. In this case, if the target pitch angle set by the longitudinal PD
control is 0, it is bound to cause certain interference to the pitch angle. In the longitudinal
balance controller, the corresponding equation is designed for the target forward speed
value and the target pitch angle value. The equation is as follows:

04 = Howy (19)

In order to control the speed of the unicycle robot, the angular velocity of the bottom
wheel is converted into the speed of the robot. Since the relationship between the robot
speed and the bottom wheel angular velocity is v = Rw, Equation (19) can be transformed
as follows:

61 = vy (20)

v, is the target speed of the unicycle robot. y Is the constant coefficient of Equation
(20). Therefore, the longitudinal controller changes as follows:

T = Kpeg + Kpeg + pey (21)
where e, is the error of the speed of the unicycle robot. It is as follows:
ey =0V — 17y (22)
The error value of pitch angle is as follows:
eg=0—0y (23)

4. Simulation

In order to test the balance ability and anti—interference ability of the designed
controller on the double gyros unicycle robot, it is verified in the three—dimensional
simulation environment. The simulation software is Vrep. The designed CAD model is
brought into the simulation software, and the connection pair and model parameters are
set to ensure the authenticity of the simulation. The rotation speeds of the double gyros are
set to 7000 rpm and the direction is opposite. The precession angular velocities on the left
and right sides are the same and in opposite directions. The precession angular velocity
is taken as the lateral balance control output, and the bottom wheel torque is taken as the
longitudinal balance control output. The set tracking speed of the bottom wheel is 0.08
m/s. In the simulation, a 3N pulse interference is generated on the side of the unicycle
robot at 10 s, and the anti—interference ability of the designed controller is tested. The
initial coefficients of the controller are given according to the estimated parameters in
the dynamics of the designed unicycle robot, and then the performance of the unicycle
robot is achieved through minor adjustment. The sliding mode controller can enhance
the balance ability and anti—interference ability of the unicycle robot by adjusting the
coefficient of discontinuous function k;. The simulation curves are shown in Figure 5.
Figure 5a shows the roll angle in the simulation. It can be seen that the roll angle of the
unicycle robot fluctuates slightly and keeps balance. After interference, the roll angle has a
large swing and immediately returns to a stable state. Figure 5b shows the pitch angle in
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the simulation. Due to the unicycle robot displaying a dynamic movement in the process
of moving forward, it has a certain value in the pitch angle to ensure the longitudinal
balance of the unicycle robot. After the lateral interference has a small interference to the
longitudinal, the pitch angle returns to the equilibrium state immediately. Figure 5c shows
the precession angle in the simulation. After the lateral interference, the precession angle
returns to the balance state immediately after the large swing to maintain the dynamic
balance of the unicycle robot. Figure 5d shows the speed curve of the unicycle robot in the
simulation. It can be seen that the unicycle robot can track the set moving speed of 0.08 m/s
with minimal gap. According to the simulation, it can be seen that the designed controller
has the ability to maintain balance with large disturbances, and the unicycle robot can also
track the set speed.

Roll(deg)
q

Precession(deg)

Pitch(deg)

Time(s) Time(s)

(a) | (b)

Wheel speed(m/s)

Time(s) Time(s)

(c) (d)

Figure 5. Curves of the unicycle robot in simulation. (a) The roll angle curve in the simulation.
(b) The pitch angle curve in the simulation. (c) The precession angle curve in the simulation. (d) The
speed curve in the simulation.

In the simulation, continuous stochastic interference is added for comparison. Af-
ter the unicycle robot is balanced for 4 s, a stochastic pulse interference within 1-2N is
added every 2 s. PD controller is added as comparison controller to the simulation. The
longitudinal controller of PD controller is the same as the designed controller. The lateral
controller is a PD controller composed of roll angle and roll angular velocity. However,
in the dynamic balance simulation of the unicycle robot under 3N pulse disturbance, PD
controller is difficult to keep the balance. Therefore, the 3N pulse interference curve only
has the designed controller curves. The curves are shown in Figure 6. Figure 6a—d are the
comparison curves of roll angle, pitch angle, precession angle and speed, respectively. In
the case of continuous stochastic interference, the pitch angle and speed of PD controller
and designed controller have little influence. In the roll angle, the designed controller
has less vibration and is more stable than the PD controller in the continuous stochastic
interference. In the precession angle, the designed controller has smaller amplitude and
faster in convergence speed than PD controller. It can be seen that the designed controller
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has better anti—interference ability and is more stable than the PD controller in the case of
dynamic balance of the unicycle robot in the continuous stochastic interference.

gmv‘mxwm WG AT RS 00 g o gt St et fostipss oo e T
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Roll(deg)
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(c) (d)

Figure 6. Curves of stochastic pulse interference in simulation. (a) The roll angle curve of stochastic
pulse interference in the simulation. (b) The pitch angle curve of stochastic pulse interference in the
simulation. (c¢) The precession angle curve of stochastic pulse interference in the simulation. (d) The
speed curve of stochastic pulse interference in the simulation.

5. Experimental

The dynamic balance ability and stability of the controller to the robot are verified
by using the designed experiment platform of the double gyros unicycle robot. The roll
angle and pitch angle of the unicycle robot are obtained by the gyroscope sensor mpu9250
installed in the center of the unicycle robot. The precession angle and the angle of the
bottom wheel are calculated according to the encoder on the precession drive motor and
bottom wheel drive motor, respectively. The gyroscopes have constant speed and the
same left, right and opposite direction. The experiment mainly includes dynamic balance
experiment and dynamic interference experiment. The dynamic interference experiment is
to verify the dynamic anti—interference ability with a 0.18 kg mass block by placing it in
the lateral, middle and longitudinal directions when the unicycle robot is moving forward
dynamically.

Figure 7 shows the dynamic balance experiment curve of the unicycle robot. Figure 7a—d
show the roll angle curve, the pitch angle curve, the precession angle curve and the speed
curve of the unicycle robot in the dynamic balance experiment, respectively. It can be
seen from the figures that with the designed controller, the roll angle of the double gyros
unicycle robot is stable near the zero position and fluctuates slightly. As the longitudinal
dynamic balance controller is designed, the pitch angle has a corresponding tilt angle while
the speed is tracked. In the experiment, the set speed is 0.2 m/s. According to Equation
(18), the corresponding pitch angle is shown in Figure 7b. Although the speed fluctuates
greatly due to the influence of the bottom wheel transmission mode, the speed can basically
track the set speed value. The PD controller also can keep the unicycle robot balanced and
stable.



Sensors 2023, 23, 1064

10 of 14

Precession(deg)

Roll(deg)

20

-20

-40

-60

sliding Mode == =PD Sliding Mode == =PD

!
- ! PN = 1 [
" AR ARA & ;:‘ A\;
A ¢ - |t 20, N ¢ -
f 1 . ! " < e § N
A v ¢ | = = z “ : LE
- E;; }ef &1 !i .‘;’M\'\v o ‘\/"“”""‘r)“"“’““‘”’“”
2 ]
-3
-4
4 6 8 10 0 2 4 6 8 10
Time(s) Time(s)
(a) (b)
Sliding Mode == =PD Sliding Mode ~= ~PD
0.8
W
-7 AT
; e\ Py ’50‘6
: ~
; , . P ' j § ot i g
§V [ AF o
L W L \ N 4 O
v 3 ¢ VR 204
Y «
]
(4]
<
=
4 6 8 10
Time(s) Time(s)

(c) (d)

Figure 7. Dynamic balance curves. (a) The roll angle curve in dynamic balance experiment. (b) The
pitch angle curve in dynamic balance experiment. (c) The precession angle curve in dynamic balance
experiment. (d) The speed curve in dynamic balance experiment.

Figure 8 shows the curves of the left side interference dynamic experiment of the
unicycle robot. Place the 0.18 kg mass on the left side of the unicycle robot (90 cm from the
centre) when the unicycle robot is balanced for 10 s. In the dynamic balance experiment
with 0.18 kg mass block placed, the PD controller is difficult to keep the unicycle robot
balanced, so the step interference dynamic balance experiment of the PD controller is not
shown here. The unicycle robot is affected by the step interference caused by small gravel
falling on it. The mass block is placed at the unicycle robot when it is moving forward
dynamically to simulate the anti—interference ability of the unicycle robot in the face of
step interference. The 0.18 kg mass block is used to simulate the balance ability of the
unicycle robot under the influence of large step interference. Figure 8a—d show the roll
angle curve, the pitch angle curve, the precession angle curve and the speed curve of the
dynamic interference balance of the unicycle robot, respectively. It can be seen that the roll
angle and precession angle are greatly affected by interference. After interference, the roll
angle keeps balance after fluctuation, and the precession angle keeps balance after large
swing. The lateral interference has little effect on the pitch angle, and the speed has slight
interference, but the speed remains stable after balance.

Figure 9 shows the curves of the middle interference dynamic experiment of the
unicycle robot. Place the 0.18 kg mass on the middle of the unicycle robot when the
unicycle robot is balanced for 10 s. Figure 9a—d show the roll angle curve, the pitch angle
curve, the precession angle curve and the speed curve of the dynamic interference balance
of the unicycle robot, respectively. It can be seen from the curves that when the mass
block is placed in the middle of the unicycle robot, the longitudinal and lateral effects are
very small.
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Figure 8. Dynamic balance curves after placing a mass block laterally. (a) The roll angle curve of
lateral placement of material block experiment. (b) The pitch angle curve of lateral placement of
material block experiment. (c) The precession angle curve of lateral placement of material block
experiment. (d) The speed curve of lateral placement of material block experiment.
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Figure 9. Dynamic balance curves after placing a mass block in middle. (a) The roll angle curve
of placing material block in the middle. (b) The pitch angle curve of placing material block in the
middle. (c) The precession angle curve of placing material block in the middle. (d) The speed curve
of placing material block in the middle.
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Figure 10 shows the curves of the interference dynamic experiment on the rear of
the unicycle robot. Place the 0.18 kg mass on the rear of the unicycle robot (43 cm from
the centre) when the unicycle robot is balanced for 12 s. Figure 10a—d show the roll angle
curve, the pitch angle curve, the precession angle curve and the speed curve of the dynamic
interference balance of the unicycle robot, respectively. It can be seen from the curves that
the interference on the rear has little influence on the lateral of the unicycle robot, and the
roll angle and precession angle fluctuate slightly. Rear interference has great influence on
the longitudinal direction. After the interference, the pitch angle becomes larger and has a
large swing. After the interference, the pitch angle has a large swing and is balanced at a
larger angle value. The speed is greatly increased after interference, but it is still within the
set speed range.
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Time(s) Time(s)
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Figure 10. Dynamic balance curves after placing a mass block longitudinally. (a) The roll angle
curve of placing material block longitudinally. (b) The pitch angle curve of placing material block
longitudinally. (c) The precession angle curve of placing material block longitudinally. (d) The speed
curve of placing material block longitudinally.

The dynamic balance experiment curves with continuous stochastic interference are
shown in Figure 11. Figure 11a—d are the comparison curves of roll angle, pitch angle,
precession angle and speed, respectively. It can be seen from the curves that continuous
stochastic interference has a greater impact on roll angle and precession angle. However,
after the interference, the roll angle and precession angle can still quickly recover to balance.
Compared with PD controller, the designed controller has smaller amplitude in roll angle
and precession angle. The interference also affects the pitch angle and speed. The pitching
angle can still recover the balance state after interference. Although there is a large deviation
in speed after interference, it can slowly recover to the tracking speed. Compared with
PD controller, the designed controller has smaller oscillation and faster recovery when the
pitch angle is subject to continuous stochastic interference and the speed fluctuates less.



Sensors 2023, 23, 1064

13 of 14

Precession(deg)

20

N
S

A
S

-60

Sliding Mode =« PD Sliding Mode =« PD

3
y g1 | o5
PARYIN Y2 / \6{ 9] oMty ¥ N
W& RN i Cafny i Sy AU 1 \ L B
s, A LI (I u = | W) 1y [
¥y N RELA i ;obi |t i G psn. 2 oy i §
§ i . = J ¥ 4
v il § YRR ] a g 104 2
) ! ' i 5 PR W Ly
1y oyt \ . VoL
4 ¢ Y 1y ) waley
W L U 2
oo i !
Y i -3
[y i ,
' 4
6 9 12 15 0 3 6 9 12 15
Time(s) Time(s)
(a) (b)
Sliding Mode PD Sliding Mode = =PD
s 0.8
0y f,
t.§
] st
h L
b . A no. 0.6

0.4

Wheel speed(m/s)

Figure 11. Curves of stochastic pulse interference experiment. (a) The roll angle curve of stochastic
pulse interference experiment. (b) The pitch angle curve of stochastic pulse interference experiment.
(c) The precession angle curve of stochastic pulse interference experiment. (d) The speed curve of
stochastic pulse interference experiment.

According to the dynamic test and interference experiment of the designed controller
on the double gyros unicycle robot, it can be seen that the designed controller can track the
set speed of the unicycle robot and has the ability of anti—interference. The interference
on the rear has a strong interference with the longitudinal direction of the unicycle robot,
but the robot can keep balance and track the set speed after the interference. It can be seen
that the double gyros unicycle robot can maintain dynamic balance, have anti—interference
ability and track the set speed by using the designed controller.

6. Conclusions

In this paper, the dynamic balance controller is designed according to the dynamic
model of the double gyros unicycle robot. The lateral controller is a sliding mode controller,
which can improve the anti—interference ability of the unicycle robot. In the longitudinal
controller, PD controller is used to balance. At the same time, due to the relationship
between the pitch angle and moving speed, the corresponding equation is designed, and
the designed speed tracking equation is taken into the longitudinal controller to ensure
that the speed can track the designed speed. In the simulation, the dynamic balance
and anti—interference ability of the designed controller are verified. According to the
dynamic balance experiment, lateral, middle and longitudinal interference experiments,
the dynamic balance and anti—interference ability of the designed controller on the double
gyros unicycle robot are verified. The contribution of this paper is to design the lateral
sliding film controller and the longitudinal speed tracking controller for the double gyros
unicycle robot to achieve its dynamic balance ability and dynamic anti—interference ability.
In the latter research, we will study the yaw angle control and autonomous motion of the
double gyros unicycle robot.



Sensors 2023, 23, 1064 14 of 14

Author Contributions: Conceptualization, Y.Z. and H.].; methodology, Y.Z.; software, Y.Z.; validation,
Y.Z.; formal analysis, Y.Z.; investigation, Y.Z.; resources, Y.Z.; data curation, Y.Z.; writing—original
draft preparation, Y.Z.; writing—review and editing, Y.Z.; visualization, Y.Z.; supervision, H.J. and
J.Z.; project administration, H.J. and J.Z.; funding acquisition, H.]. and J.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported in part by the STI 2030—Major Project 2021ZD0201400, the
National Natural Science Foundation of China under Grants 92048301 and 61473102.

Data Availability Statement: The data is unavailable due to privacy.

Conflicts of Interest: No conflict of interest exists in the submission of this manuscript, and the
manuscript is approved by all authors for publication. I would like to declare on behalf of my
co—authors that the work described was original research that has not been published previously,
and not under consideration for publication elsewhere, in whole or in part. All the authors listed
have approved the manuscript that is enclosed.

References

1. Schoonwinkel, A. Design and Test of a Computer-Stabilized Unicycle. Ph.D. Thesis, Stanford University, Stanford, CA, USA,
1987.

2. Vos, D.; Von Flotow, A.H. Dynamics and nonlinear adaptive control of an autonomous unicycle: Theory and Experiment. In
Proceedings of the 29th IEEE Conference on Decision and Control, Honolulu, HI, USA, 5-7 December 1990; pp. 182-187.

3. Benjamin Brown, H., Jr.; Xu, Y. A Single-Wheel, Gyroscopically Stabilized Robot. In Proceedings of the IEEE International
Conference on Robotics and Automation, Minneapolis, MN, USA, 22-28 April 1996; pp. 3658-3663.

4. Brown, H.B,; Xu, Y. A single wheel, gyroscopically stabilized robot. IEEE Robot. Autom. Mag. A Publ. IEEE Robot. Autom. Soc.
1997, 3, 4.

5. Xu, Y,; Au, KW.; Nandy, G.C.; Brown, H.B. Analysis of actuation and dynamic balancing for a single-wheel robot. In Proceed-
ings of the 1998 IEEE/RS]J International Conference on Intelligent Robots and Systems. Innovations in Theory, Practice and
Applications (Cat. No.98CH36190) IEEE, Victoria, BC, Canada, 17 October 1998.

6.  Zhu, Z.; Naing, M.P,; Al-Mamun, A. A 3-D simulator using ADAMS for design of an autonomous gyroscopically stabilized single
wheel robot. In Proceedings of the 2009 IEEE International Conference on Systems, Man and Cybernetics IEEE, San Antonio, TX,
USA, 11-14 October 2009.

7.  Lee, ].;Han,S,; Lee, ]. Decoupled Dynamic Control for Pitch and Roll Axes of the Unicycle Robot. IEEE Trans. Ind. Electron. 2013,
60, 3814-3822. [CrossRef]

8.  Dao, M.Q; Liu, K.Z. Gain-Scheduled Stabilization Control of a Unicycle Robot. J[SME Int. |. Ser. C Mech. Syst. Mach. Elem. Manuf.
2005, 48, 649—-656. [CrossRef]

9.  Chantarachit, S.; Parnichkun, M. Development and control of a unicycle robot with double flywheels. Mechatronics 2016, 40,
28-40. [CrossRef]

10.  Shen, J.; Hong, D. OmBURo: A Novel Unicycle Robot with Active Omnidirectional Wheel. In Proceedings of the 2020 IEEE
International Conference on Robotics and Automation (ICRA), Paris, France, 31 May-31 August 2020; pp. 8237-8243.

11.  Ahn, ].S,; Hong, D. Dynamic Analysis and Steering Control of a Novel Unicycle Robot with Active Omnidirectional Wheel.
In Proceedings of the 2021 18th International Conference on Ubiquitous Robots (UR), Gangneung, Korea, 12-14 July 2021;
pp. 149-155. [CrossRef]

12. Xu, Y.; Au, S.W. Stabilization and Path Following of a Single Wheel Robot. IEEE/ASME Trans. Mechatron. 2004, 9, 407-419.
[CrossRef]

13.  Nagarajan, U.; Kantor, G.; Hollis, R.L. Trajectory Planning and Control of an Underactuated Dynamically Stable Single Spherical
Wheeled Mobile Robot. In Proceedings of the 2009 IEEE International Conference on Robotics and Automation, Kobe International
Conference Center, Kobe, Japan, 12-17 May 2009; pp. 3743-3748.

14. Jin, H.; Zhang, Y.; Zhang, H.; Liu, Z,; Liu, Y.; Zhu, Y.; Zhao, ]. Steering control method for an underactuated unicycle robot based

on dynamic model. Math. Probl. Eng. 2018, 2018, 5240594. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1109/TIE.2012.2208431
http://doi.org/10.1299/jsmec.48.649
http://doi.org/10.1016/j.mechatronics.2016.10.011
http://doi.org/10.1109/UR52253.2021.9494660
http://doi.org/10.1109/TMECH.2004.828642
http://doi.org/10.1155/2018/5240594

	Introduction 
	Model 
	Lateral Dynamics 
	Longitudinal Dynamics 
	Experimental Platform Model 

	Design of the Controllers 
	Lateral Controller 
	Longitudinal Controller 

	Simulation 
	Experimental 
	Conclusions 
	References

