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ABSTRACT

The paper presents the application of the PID sliding control algorithm in anti-roll control for
robots transporting people up and down stairs. Robots transporting people moving on complex
terrain need to be analyzed and controlled to prevent rolling during the movement to ensure the
robot's operation is effective and brings safety to the user. When the robot moves, the anti-roll
control process is performed by controlling the position of the human transport mechanism with a
linear actuator, which is an electric cylinder. The sliding control algorithm with the PID sliding
surface is applied to control the response of the linear electric cylinder according to the change
in the slope of the stairs to ensure the robot's anti-roll process by shifting the user's center of
gravity. The simulation results of the application of the sliding mode controller to anti-roll control
for robots are performed on Matlab Simulink software. The position of the anti-roll mechanism
changes linearly according to the slope of the stairs, thereby showing the effectiveness of the
controller for the anti-roll control process for robots. Simulation shows the effectiveness of the
proposed algorithm, which helps the design and manufacturing process of human-carrying robots
become more efficient.
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1. INTRODUCTION

Robots for transporting people with lower limb health problems are researched and
manufactured to support users in community integration. For robots transporting people that can
move up and down stairs, the center of gravity of the robot tends to shift according to the slope of
the stairs, which makes the robot very susceptible to tipping over. The position and mass of the
person sitting on the robot are among the factors that create a tipping moment. The more the seat
position is offset towards the bottom of the stairs, the greater the tipping moment is for the robot.
Controlling the seat position on the robot can limit the risk of the robot tipping over when moving
up the stairs. The response of the actuator that controls the seat position has a great influence on
the anti-tipping process. An actuator with an inaccurate response can easily cause imbalance when
the robot moves up and down the stairs, so a control algorithm is needed to help improve the
actuator's response.

Anti-roll control for robots will control the robot's center of gravity to be balanced with the
slope of the terrain when the robot moves on the stairs. The user's center of gravity is controlled to
readjust the robot's center of gravity to be balanced with the operating environment. Current studies
control the robot's center of gravity by controlling the user's position as a counterweight to ensure
the force balance factor. Research on anti-roll control of human transport robots in the current
dynamic state is still limited. Currently, studies perform anti-roll control through mechanical
systems that control the user's center of gravity. Research [1] uses a PD controller combined with
closed-loop control to compensate for gravity when the posture angle changes. This robot is
designed with an inverted pendulum shape that can climb stairs, and the center of gravity is
controlled through a mechanical mechanism connecting the chair and two wheels to create a sliding
mechanism to control the center of gravity balance. In a study [2], an X-shaped lifting mechanism
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was applied, and a PID control algorithm was used in combination with the IMU sensor signal to
adjust the center of gravity position of the robot. Another study [3] used a fuzzy controller to
control the center of gravity and adjust the tilt of the robot when climbing stairs. The control system
is based on dynamic analysis of the relationship between the center of gravity position and the tilt
angle through two linear actuators. The study has not been applied to a real model, and the
controller parameters have not been optimized. The fuzzy control algorithm used to control the
stability of a two-wheeled robot was studied in [4]. The study combined fuzzy controllers to test
the robot control process in the plane state and on the stairs and achieve some objective results.
However, the study was only performed in simulation. The high-order sliding controller was used
in the study [5] to synchronize the moving parts of the stair-climbing robot to limit tipping over.
In the study [6], the sliding control algorithm combined with the neural network solved the
uncertain parameters of the multivariable system in the electric wheelchair robot. The robot was
stabilized when running on rough terrains. In the study [7], the second-order sliding controller was
applied to the two-wheeled electric wheelchair robot. The system controlled the input and output
velocities of the robot to be linearized. The control system response ensured the autonomy of the
wheelchair to meet the desired trajectory.

From the above studies, it can be seen that the application of control algorithms to control robot
systems is one of the decisive factors for the success of the robot's operation. Although many
studies have been conducted, current studies are still limited in adapting to the slope of the stairs
and the response of the system. The sliding controller is a controller with powerful features in the
field of control systems with nonlinear feedback, has high efficiency and stability, and is
sustainable against impact disturbances [8]. However, the oscillation phenomenon in this
algorithm will affect the quality of the control system. In the study [9], the SMC-PD algorithm is
used to track the nonlinear trajectory of the robot. The study has demonstrated the effectiveness of
the algorithm compared to the basic SMC algorithm. The sliding control algorithm with Pl sliding
surface is used in the control of the shock absorber-body-spring system in the study [10]. The study
shows that the chattering phenomenon in the sliding controller is also limited. Research [11] used
the PID sliding control algorithm to control the mobile robot trajectory. The chattering
phenomenon in the sliding controller was also limited. The stability of the controller was proven
with the impact of disturbances. Next, research [12-14] also overcame the limitations and
improved the efficiency of the sliding controller by constructing a sliding surface in the form of a
PID equation. Studies have shown that the sliding control algorithm with a sliding surface in the
form of a PID equation gives a good response. The system is stable with disturbances and reduces
the chattering phenomenon of the basic sliding controller, so in this study, the SMC-PID control
algorithm is used in the anti-roll control process for the human transport robot.

2. DYNAMIC MODEL OF ANTI-ROLL CONTROL MECHANISM
FOR HUMAN TRANSPORT ROBOTS

The robot is studied with the ability to move up and down stairs with the structure shown in figure
1. The dynamic equation of the robot is considered during the movement on the stairs. The kinematic
model of the anti-roll mechanism is built based on the movement process of the seat mounted on the
robot framing. Suppose the user's center of gravity is fixed right in the middle of the seat. The robot's
original coordinate system is considered at the position in front of the robot's crawler.

Consider the coordinate system as shown in figure 2, assuming the center of gravity position of
the robot Gr and the center of gravity position of the sitting object Gy,; the distance from the center
of the robot frame to the origin is Lo; the angle with the belt surface is B; The distance from the
chair rotation axis to the seat center of gravity is b; the distance from the rotation axis to the belt
surface is c; the initial angle of the chair center of gravity is ao; d is the fixed angle of the chair
rotation axis and the coordinate system; L. is the distance from the passive wheel to the chair
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rotation axis; Irx, Iry are the coordinates of the robot frame center of gravity; lnx, lny are the
coordinates of the seat center of gravity. The center of gravity of the robot frame Gr[lrx, Iry] and
of the seat Gn [lnx, Iny] are designed as follows.

o =Ly C0S(B+0) [l =—LyOsin(B +06) .
ly = Losin(B+6) | Iy, = L,dcos(5+0) )
l,, =Lcos(8+35)—bcos(a,) [l =—Lsin(@+5) + b, sin(a,) )
l,, = L sin(@ + &) +bsin(e,) I'ny = L,Acos(6 + 5) +ba,cos(e,) @)

\
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Figure 1. Human transport robot structure.  Figure 2. Dynamic model of mechanism human
transport robot.
Assume the mass of the robot is mg and mn is the mass of the user on the robot. Consider the
kinetic energy equation of the robot moving on a staircase with a slope of 0.

ZT =T, +T, = %mRVRZ + %mnvn2 (3)

Where Tk is the kinetic energy of the robot frame, T, is the kinetic energy of the seat, Vr is the
displacement velocity of the robot, and Vn is the displacement velocity of the human transport
device. The velocity equation is calculated based on the movement of the center coordinates along
the x and y axes set up as shown in figure 2, we have:

Vi =S¢+ Y =12 + 1
L 4
R S A @

The state of the robot operating on the stairs has many changes, so we only consider the case

where the robot is in the state when climbing the stairs. We replace formulas (1) and (2) into

expression (4) to get:
VZ = (=L,dsin(B + 6))* + (L, cos(f + 8))* = L26* (5)
V2 = (=L, @sin(0 + &) + ba, sin(ay,))? + (Lo cos(8 + &) + ba,cos(a,))?

= 126” + b’ + 2L,bOc,cos(ar, + 6 + ) (©)
Substituting formulas (5) and (6) into expression (3), the formula is as follows:
>T :%mRLﬁ 0° +%an§9‘2 +%mnb2d: +m, LbBc,cos(a, + 6 +5) 7)
The total potential energy of the system is determined as follows:
D P =P, +P, =mgglL,sin(B+6) + m g (L, sin(0 + 5) + bsin(a,)) (8)
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Where P, and Pr are the potential energy at the center of gravity of the seat and the center of
gravity of the robot, the Lagrange equation of the system is of the form:

L=>T->P :%mRLﬁéz + %mnl_féz + %mnbzdj +m, L bOé,cos(e, + O+ ) -

(9)
ms gL, sin (B+0) - m g(L; sin(6 + ) +bsin(e,))
G—If =m b?d, +m, L bcos(6 + o, + 5) (10)
oa,
d oL 2. o S
E(a—_) =m,b°a, + m Lbbcos(8 + o, +0) - m Lbo(6 + &) sin(@ + a, + 0) (11)
20
oL .
P =-m,Lbb¢c,sin(6 + o, + 5) —bm g cos(e,) (12)
20

The anti-roll system for the robot when moving on stairs is controlled based on the slope of the
stairs 0, and the position of the user object is determined based on the chair rotation angle a. These
two quantities are determined by the IMU tilt angle sensor. The energy of the system will be
conserved with the moments of the system. The dynamic equation of the anti-roll control

mechanism of the robot is:
d( oL oL
a[a—aoj‘a—af“”“ﬂ 49
Substituting formulas (11) and (12) into expression (13), the formula is as follows:
m, b, +m, L bdcos(8 + oy +8) - m LbO(0 + é,)sin(0 + cz,, + 5)
+m_ L bOc, sin(@ + a, + &) +m gbcos(e,) = M,, (14)
& m b, +m, Lbdcos(6 + a, +8) - m Lb6?sin(0 + a, + 5) +m gbcos(e,) = M,,
Where: My is the torque generated from the electric cylinder acting on the seat.
Considering the moment of resistance of the seat system affecting the seat rotation angle, the
formula is as follows:
m b?éi, +m, Lbdcos(8 + a,+5) - m Lbé?sin(6 + a, +5) + m, gbcos(e,) =M, — f,a,  (15)

Where: f; is the moment coefficient of the chair, Mm is the moment generated from the electric
cylinder, and this is also an important component in the process of controlling the robot's center
of gravity.

3. BUILDING ANTI-ROLL CONTROL ALGORITHM
Consider the equation with the chair rotation angle parameter ao, the anti-roll control algorithm
for the system is based on equation (15). Given X1 = a0, X2 = ¢,, y = 0o = X1, U = My, the state
equation is represented as follows:

% (1) = X%, (t)
. 1 ) o (16)
%, (t) = m_b2<u — f,X, =M, Lbfcos(0 + x, +8) + m, L b6 sin(6 + x, + 5) —m,ghcos(x,))

Based on the sliding control algorithm, it has the advantages of not being affected by noise and
having high stability for the system. To overcome the chattering disadvantage of the basic sliding
control algorithm, in this study, the sliding control algorithm with the sliding surface in the form
of a PID equation combined with the tanh(s) function is applied to the anti-roll control process for
the human transport robot. The sliding surface of the controller is constructed as follows:
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s(t) =é(t) +re(t) + rlje(t)dt 17

Where e(t) = y (t) — Yo(t) is the error between the output response and the desired signal. y(t) is
the output signal, yO(t) is the desired signal. The coefficients r, r1 are chosen as positive constants
of the sliding function. These coefficients are chosen so that the system moves quickly toward the

sliding surface, ensuring that the characteristic polynomial s*+rs+r, =0 is a Hurwitz
polynomial. This is equivalent to the characteristic equation s*+rs+r, =0 having solutions with

negative real parts.

Dynamic anti-roll structure for
robots (16)

I

Determination of the sliding surface

Calculation of relative control
signals

Y

Lyapunov
Stability

Control law structure (24)

v

Calculation of control signals

Figure 3. Control algorithm flow chart.
Substituting the equation e(t) into equation (17), the formulas are as follows:

S(t) = Y(O) — Yo (O) + r(Y(®) ~ Yo () + 1, [ y(©) - Yo (D)ot (18)
S(t) =%, (1) — ¥io (1) + (%, (1) — Yo (1) + 1, (%, () — ¥, (1)) (19)
According to Lyapunov stability theory, the positive definite function T is chosen so that:
T= %sz (20)
=T =s(t)s(t) (21)

Todetermine T the negative value, substituting $ = —ksign(s(t)) for T , the formula is as follows:

T =—s(t)ksgn(s(t)) (22)
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With k being a positive constant chosen in advance so that, in any case s$<Owhen s=0is
always satisfied. The sign function has very large oscillations in the sliding surface, so the tanh
function will be replaced for the sign function to reduce the oscillation phenomenon as well as the
control gain to infinity. The tanh(s) function has a smoother slope and avoids the control gain
going to infinity.

With §=—ksgn(s(t)) is replaced by $=—ktanh(s(t)), From equations (19), and (22), the
formula is as follows:

—ktann(s(t)) = %, (t) = ¥o (t) + (X, () = Yo (1)) + R, (x. (1) = ¥, (1))

mnlbz (u(t) — . x, —m, Lbdcos(8 + x,+5) + m Lbd? sin(6 + x, + 5) —m,gb cos(xi)) (23)
= Yo () + (%, (1) = Yo (1)) + R0 (1) — ¥, (1))
The sliding control law of the system can be designed as follows:
u(t) =m, Lbdcos(8 + x,+5) - m L b6 sin(@ + x, + &) +m, gbcos(e,) + f, X,
+m % [ ¥, (1) = 1 (%, (1) = Yo (1) = (% (1) = ¥, (1)) — k tanh(s(1)) ]
4. EXPERIMENTAL RESULTS

The simulation diagram of the PID sliding controller to control anti-rolling for human transport
robots through a linear actuator implemented in Matlab/Simulink is presented as follows:

yo— 4 0 l

L Control signal

(24)

y0_dot P y0_dot
' = [ anpha
—H L o
40_2dot}T I y072d€¢ u I u E H | l =
- SMC_PID 1 ‘ |
I, anpha_dot
Reference p anpha

Anti-roll mechanism Dynamics

anpha_dot
’—’ SMC-PID
Figure 4. Simulation diagram of anti-overturn PID sliding controller for robot.

The parameters of the anti-roll control system for the human transport robot and the sliding
controller used in the simulation are presented in table 1.

Table 1. Simulation parameters of robot anti-rollover control system.

Symbol Legend Value Unit
My User mass 50-70 kg
b Distance from center of gravity to seat pivot 200 mm
Iy Distance from chair swivel joint to the driven wheel 700 mm
) The angle of elevation of the rotary joint relative to 15 Degree
the driven wheel
0 Tilt angle 30-45 Degree
fr Friction Coefficient 0.05 Nm
K Positive constant 15
r,r Coefficients in the PID sliding surface 15; 290
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The simulation of anti-roll control for a human transport robot is performed with a PID sliding
mode controller. The tanh(s) function replaces the sgn(s) function in the control law. The results
show that the response of the anti-roll mechanism converges to the reference position in a finite
time. The steady-state error approaches zero, no overshoot, and the steady-state error is eliminated.
The response results and response errors are shown in figure 5. The control signal of the SMC-
PID controller is shown in figure 6.

Adaptive Step of SMC-PID Controller

2 |
f ————— SMC-PID
E 15 reference
é [ Overshoot: 0
g 1 Undershoot: 8.5020e-16
2 ’ Peak: 1.9989
Q PeakTime: 1.4531
€05
<
0
0 2 4 6 8 10
Time(s)
Response error SMC-PID controller with Step
0.015 !
Iﬂ Error
i
T 0.005 IU
g
= 0
£
< -0.005
-0.01
0 1 2 3 4 5 6 7 8 9 10
Time(s)

Figure 5. Response and error of SMC-PID controller.

xl0? Control Signal of SMC-PID
vaF T T T T T
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E‘ 8
5 B
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a 1 b 3 i 5 B T g k] 10

Timae(s)

Figure 6. The control signal of SMC-PID controller for human transport robot.

The response of square pulse, sine pulse, and response error of the anti-roll control algorithm
for the human transport robot are shown in figures 7 and 8. The response of the square pulse and
sine pulse shows that the position of the user's center of gravity still converges to the desired
position. The steady-state error approaches zero, although there is still oscillation during the
control process, but the result is insignificant. The oscillation in the square pulse error is less than
0.12 mm, and the error with the sine reference signal is not greater than 0.007 mm, which shows
the stability of the control algorithm with different signal types.
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Response pluse of SMC-PID controller
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Figure 7. Response and error of anti-overturn PID sliding controller
for a robot with the pulse signal.

The simulation results of the SMC-PID algorithm of the anti-roll system for the human
transport robot when moving up the stairs with random noise signals are presented in figure 9,
which also gives quite good results. The response of the controller still follows the desired signal.
The response error is quite good, not larger than 0.07 mm. Through figure 9, we can further confirm
the effectiveness of the proposed controller for the control process of the anti-roll mechanism for
the human transport robot.
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Figure 8. Response of the anti-roll SMC-PID controller for the robot to a sine signal.
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Response of SMC-PID controller with white noise
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Figure 9. Response to noise and error of SMC-PID controller.

The comparison results of the response of the SMC-PID controller with the basic PID, SMC
controller used for anti-rollover control of the human transport robot are presented in figure 10.
The simulation results show that the response of the SMC-PID controller is better than that of the
PID, and SMC controller. The response time and chattering phenomenon of the sliding controller

are improved.

20

-
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Amplitude(mm)
o

[&)]

Step response of SMC-PID, PID, and basic SMC controller

PID-SMC
reference
———————— PID ]
——————— SMC
1 2 4 5 6 7 8 9
Time(s)

5. CONCLUSIONS

In this paper, the authors have applied the PID sliding control algorithm to build an anti-roll
control algorithm for a robot that transports people up and down stairs. The anti-roll control
mechanism for the robot that transports people is built based on the operation of a linear actuator,

Figure 10. Step response of SMC-PID; SMC; PID controllers.
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and an electric cylinder. The response of the built control method ensures that the user's center of
gravity position follows the desired position, while the deviations during the control process are
relatively small. The simulation results with MATLAB/Simulink show the effectiveness and
suitability of applying the SMC-PID controller to the control process of the center of gravity
position of the robot that transports people. The position response of the system compared to the
set value has met the requirements, but there are still some fluctuations in the control. For better
control results, the research team will continue to build controllers that adapt to changes in load
and sudden changes in the environment. This is the basis for the group to manufacture specialized
robots to transport people.
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TOM TAT

Ung dung thuét toan diéu khién trwgt PID diéu khién chdng 1at
cho robot van chuyén ngudi

Bai bdo trinh bay thudt todn diéu khién truweot PID dwgc vmg dung trong diéu khién chong
ldt cho robot vin chuyén nguot lén, xXuong cau thang. Robot vin chuyén nguoi di chuyén
trén cdc dia hinh phirc tap can dwoc phdn tich va diéu khién chong It trong qud trinh di
chuyén nham dam bdo qud trinh hoat dong cua robot dwoc hiéu qua va mang dén suwr an
toan cho nguoi dung. Qua trinh diéu khién chong It khi robot di chuyen dugc thyc hién
théng qua diéu khién vi tri co cdu van chuyén nguoi bang co cau chdap hanh tuyen tinh la xi
lanh dién. Thudt todn diéu khién trueot v6i mdt triegt PID dwoc dp dung diéu khién dap ung
ciia xi lanh dién tuyén tinh theo suw thay déi dé doc ciia cau thang dam bao qud trinh chéng
ldt cho robot thong qua dich chuyen trong tam nguoi ding. Két qua mé phong ciia ung dung
bé diéu khién truot vao diéu khzen chong ldt cho robot dwoc thyc hién trén phdn mém
Matlab/Simulink. Vi tri ciia co cdu chong ldt thay doi tuyén tinh theo dg doc cau thang, qua
a6 cho thdy tinh hiéu qud ciia bo diéu khién trong qud trinh diéu khién chong ldt cho robot.
Qua mé phong cho thdy tinh hiéu qud ciia thudt todn dé xudt, diéu ndy giip cho qud trinh
thiét ké va ché tao robot van chuyén nguoi tré nén hiéu qua hon.

Tir khoa: Robot véan chuyén ngudi; Diéu khién trugt PID; Diéu khién chéng 1at.
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