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FUZZY DYNAMICSURFACE CONTROL FOR 4-DOF PLATFORM

IN CAR DRIVING SIMULATORS

THIET KE BO DIEU KHIEN MAT DONG - MO CHO ROBOT SONG SONG 4 BAC TU DO

UNG DUNG TRONG HE THONG MO PHONG LAI XE

ABSTRACT

In this paper, a control method using dynamic surface control (DSC)
combined with fuzzy law is proposed for a four degrees of freedom car driving
simulator. The DSC technique simplified the backstepping design by overcoming
the problem of “explosion of complexity”. By incorporating the fuzzy law into
this technique, the control parameters are tuned in to be more flexible and
appropriate in each period. The system’s stability is proven to satisfy the
Lyapunov theorem. The simulation results show the effectiveness and efficiency
of the method.

Keywords: Dynamic Surface Control; Fuzzy law; Lyapunov theorem; driving
simulator; 4DOF robot.

TOM TAT

Trong bai bdo nay, phuang phap diéu khién mét dong (DSC) két hop ciing
ludt mo (fuzzy) dugc dé xudt dé diéu khién hé thdng robot 4 bac tu do st dung
trong mo phong lai xe. Ky thuat DSC da ci thién nhitng van dé & diéu khién
Backstepping thuong dung, trong do ddc biét 1a van dé “explosion of
complexity”. Bang cach dp dung ludt md vao thiét ké nay, cac thong so diéu
khién duoc tu dong chinh dinh sao cho phi hgp véi méi thai diém. Tinh 6n dinh
clia hé théng da dugc ching minh thda mén tiéu chuan 6n dinh Lyapunov. Két
qua md phdng cho théy tinh hiéu qua cia phuong phap diéu khién.

Tir khéa: Diéu khién mdt déng; diéu khién mo; ludt Lyapunov; mé phéng ldi
xe; 4DOF robot.
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1. INTRODUCTION

In many industrial fields, simulation models such as
aircraft driving practice model, driving simulation, checking
automobile tires are playing an important role and creating
tremendous strides. Especially, in the automotive industry,
driving simulators offer a perfect tool to evaluate the
potential influence on driving performance when applying
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new in-vehicle technology. In order to obtain the proper
immersion sensation for the driver in the virtual reality
environment, this paper focuses on developing the robotic
platform constructed based on the parallel structure [1].
One of the most popular models is the 6 degrees of
freedom (6DOF) model with high precision and far reach
[2]. However, this research proposed a smaller and more
affordable model of the four degrees of freedom (4DOF)
robotic platform, which reducing the cost and unnecessary
complexity in control while still maintaining the powerful
and fast responsive qualities. The model is constructed with
the movements that are translation along the OZ axis and
rotation along OX, OY and OZ axes.

For the control method, numerous control approaches
have been studied and proposed to achieve the acceptable
control qualities as in [3 - 5]. One of the most common
method which draws lots of attention by many researchers
is the use of Backstepping control to satisfy the
requirement of motion [6]. Nevertheless, according to [7],
the drawback of the backstepping technique is the
problem of “explosion of complexity” or “explosion of
terms” when the model has more parameters and degrees
of freedom, which made it extremely difficult to implement
in practice. Dynamic surface control (DSC) as in [7, 8] was,
therefore, developed as an alternative to backstepping
approach. With the ability to overcome the problem
encountered when using a first-order filter so that the
relative degree of the output can be controlled. It is shown
that these low pass filters allow a design where the model
is not differentiated, thus ending the complexity arising in
other methods, making DSC more possible to carry out in
practice. Moreover, the DSC approach, being simpler to
implement, can still guarantee boundedness of tracking
error semi globally, when the non-linearities in the system
are non-Lipschitz.

In this research, DSC technique is applied in designing
the control system for the platform without any driver or
object and the mass of the driver or the object placed on
the platform will be considered as the disturbances.
However, in fact, the mass of the objects can vary over a
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large range. And therefore, the surface coefficients must be
chosen to maintain tracking qualities in the presence of
disturbances. In addition, since the disturbance as defined
in this problem can be massive, this approach requires the
input control signals to be huge as well and the saturation
phenomenon is generated. Despite the ability of coping
with disturbance of the DSC design, this drawback in the
“explosion” of input signal reduces the qualities of the
system tremendously. And especially, makes it less possible
to implement in practice. To overcome this problem, a
controller based on dynamic surface technique with the
aggregation of fuzzy logic is proposed. In many other
studies, the fuzzy logic systems have been often used to
approximate the unknown nonlinear functions as in [9, 10]
because of their universal approximation properties [11] or
input saturation as in [12, 13]. In this case, the fuzzy logic
part will act as a feedforward controller that determine the
feedforward control signals added to the input control
signal from the DSC part. When the tracking errors increase,
the feedforward control signals will be chosen as big
enough to maintain tracking process, enhancing the
system quality. The combination of DSC and Fuzzy here has
increased the “adaptability” of the system. The method
thoroughly solved the problem of controlling the system at
the presence of disturbances in a wide range, with a
feasible control signal.

In this study, the group of authors focuses on
constructing an adaptive controller for the car driving
simulator model in the presence of unknown disturbances.
This paper proposed a control method based on DSC
technique combined with fuzzy law. To demonstrate the
proposed design and illustrate the performance of the
system, this paper is organized as follow: In Section 2, the
mathematical model of the robotic platform is constructed.
In Section 3, the proposed DSC controller combined with
fuzzy law is given with the stability of the system proven. In
Section 4, the simulation is conducted with numerous
setups to verify the performance and the effectiveness of
the proposed controller compared to the traditional DSC
design. The results are then discussed. In Section 5, the
conclusion is given.

2. MATHEMATICAL MODEL

wpper PRI

Figure 1. 4DOF car driving simulator system
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Figure 1 shows the car driving simulator's mechanism
model with the coordinates are chosen. The motion of the
mobile pane is due to the movement of three pistons and
the rotation of the rotating shaft attached below the fixed
panel.

Using the Lagrange equations with multiplier for
constrained systems, the algebraic-differential equations
(DAE) of motion of car driving simulator can be written in
the compact matrix form:

M) + C(X, X)X+ G(x) = T— DI\ 1
And ¢(x)=0, i=1,3 2
G(x) is a system of three geometric constraints

¢, =l —|AB], (i=1,2,3) where I, is an accurate length of

the pistons and AB; is a computational length. The
configuration of the system is represented by a vector

.
x=[qT,pT] comprising of 4 active coordinates g, three

passive coordinates p=[p,, a, B]T, M(x) is the mass
matrix with a size of 7x7, C(x,x) is the Coriolis and

centrifugal matrix determined from the mass matrix, g(x) is

generalized forces due to the potential energy and vector A
with size of 3x1 contains Lagrange multipliers.

In the Eq. (1) the Jacobian matrix is defined as follow

g
oq Op
oc | dc, oc

D (x)=—=|—= —2|=[D,(X),D,(x 3

(%) x| 24 op [D,(x), D, (x)] 3)
oq Op

In order to eliminate the Lagrange multipliers in Eq. (1)
and transform it to the form of minimal coordinates, the
following relation is introduced:

x =R(x)§ (4)

With R(x) = [ Ei*ﬁ j (5)
-0, D,

Noting that the matrix R(x) defined by (4) satisfies:

R'® =0 (6)

Multiply from link both sides of Eq. (1) with R"(x)
undertaken into account of (6) yields:

Mg+Cg+D=F (7)
Where M =R"MR,C =R"MR+R"CR,D=R'g,F =R"t (8)

The dynamic model of 4DOF Car Driving Simulator
system is described by:

Mg+Cg+D=F 9)

Where q=[I, 1, I, y]T: I, is the length of the piston i
(i=1,2, 3) and y is the rotation angle around OZ axis.
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px 2 py? v’
axis y, axis z, the mass of pistons, the mass of motors on the
cylinders and the mass of the mobile panels, respectively.

,»,m,. and m, are moment of inertia about axis x,

F:[E FF R Tv:|T is the control signal vector.
Matrices M, C and D are defined as follow
(g~9.8(m/s”)is the gravity acceleration):
[ m b m, m, |
+M, +—+— — — 0
[mz M 4a2] 9 9
m m, m
— + +—+ — 0
M= 9 [m‘ M 12a2J 9
m m m,
— — +me+—1 0
9 9 [m e 9j
| 0 0 0 )
(15112 ]
—2L 0 00
4a
2
c=| o Bbh 4
12a*
0 0 0O
| O 0 0 0]

m
D=|m, +?"]g[1

3. FUZZY DYNAMIC SURFACE CONTROL

3.1. DSC controller for system serving bounded mass of
object

This section focuses on steps to design the DSC
controller for car driving simulation. The algorithm'’s aim is
to lead the position of the car driving simulator to desired
values and the controller is generated by the DSC
technique.

The model can be rewritten as follows to facilitate the
control design process

X, =X
10
{xz M U—M (Cx, +D) + Ag(x) 1o

where x; = g and Ag(x) is unknown bounded element

and |A¢ |<pl,|—1 4 . Consider bounded mass of object
as an one of components of A¢( ) Defining tracking
variables below:

(1)

where x4 is the desired trajectory of the system. The idea
is to use virtual control signal x.s generated through
Backstepping technique to have e; — 0. Considering a
Lyapunov candidate function:

€ =X, =Xy, €, =X; = Xyg

1
v, =Ee1Te1 (12)
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Taking derivative of V; we get:
V,=ejé =X, —X, (13)

Choose x,, = x, —k,e,, therefore
(14)

By using DSC technique, hence the synthetic input xyq is
renamed as X, =x,—k,e, and X, is pass through a first-

V, = ke’ +ee,

order filter:

Ty +Xyq =X, X5q(0)=X%,(0) (15)

where T is the filter time constant. Taking derivative of
e, with respect to time, we obtain:
é, =M'u—-M"(Cx, +D)+Ag(x)—xX,q (16)

Using the filter signal X, instead of x,. Then the

control input is obtained by:

(17)

Y 2
u=M[—(Cx1+D)—k2e2+x2 X —ezp—}
T 2¢

where € is an arbitrary positive constant. Defining the
filter error &, =x,,—X, and including the low-pass filter
property in (15), the augmented closed-loop dynamics are:
e, =-ke, +e,+¢&,,
2

é, = ke, +A¢(x)—e2;—8,

. =€ d,. £
=2 Z(x —ke )=_—2
& T dt (Xd e1)

(18)

+0

Where o is nonlinear function. The Lyapunov candidate
function is chosen as:

Ve eje, +eje, +&1¢, (19)
2

The derivative of Vis:

V=eé +ele, +EE,
o’ £
=e/(e,+,—ke ) +e] (—kze2 +A¢(x)—e, £]+£; (Tz +oj (20)

T T T T T
Sw_kee kee _;’_E_&E EEOO-
2 T 2
where the inequality come from Young’s inequalities:

eje, +&1¢

15 2 T
€, Tzelﬁzl

T T
oo’ ¢
§800

—->&o

eje +ele,
2

el ezp
b L >e >e A
2¢ 2 2P & 2¢

Consider the set:

= {z|ele, +eJe, +€3€, < 2p|

>e]T

(21)

.
z=e, €, & &, & & & & & & & §].zeR°p>0

T T
e1:X1_Xd:[I1_I1d Iz_lzd I3_I3d Y_Vd] :[eﬂ €y €3 e14]

e2=[e21 €n €y e24]T'€2:[€21 EZ? EB 624]T
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which is compact and convex, then the elements of o
satisfy 0, <K, and K=[K, K, K, K,]'.

On the set B we choose:

K, >Z,and k, =1+K,,k, =~+K,,
p 2

.
l:lJrﬁ+K0 (22)
T 2 2
The inequality (20) is written as:
. T KTK T
V2K Ve-| 1290 |KK&E (23)
K'K 2¢
. 3
Therefore V<-2K,V+¢. Because K,>— and
eje, +eje, +&&, <2p, it is obvious that V<0. This

guarantees asymptotical stability of system.
3.2. Fuzzy controller aggregated to overcome large
mass disturbance

The DSC controller above is designed to control car
driving simulation system when the mass of object
assigned in the mobile panels is considered as the
disturbances. In the actuality, this system is used for the
quantity of object with various mass. So, the surface
coefficients must be chosen as the appropriate numbers to
interfere disturbances. In this case, this must be big
numbers, however the disadvantage of method are the
input control signals will be huge and the saturation
phenomenon is generated. Finally, the quality of system
decreases dramatically.

To handle this problem, a controller-based DSC
aggregated fuzzy logic is proposed. Fuzzy logic-based tracking
errors will determine feedforward control signals that are
added to input control signal. When the tracking errors are
large, the feedforward control signals will be chosen as large
enough to maintain tracking process We design 3 fuzzy
models for tuning four control signals F. The fuzzy controller
acts like the P component in PID controller. The input of fuzzy
controller is difference between qout and geer.

Consider the fuzzy model as follow:

R:Ifeis Ajthen y =K, (X),

R%:Ifeis Azthen y =K, (x),
R’ Ifeis Asthen y =K, (x),
Where e=q,—0q,,- A=[N Z P], k(x) is linear

function.
a).
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A Zero D

o}
Figure 2. Fuzzy input for F, (upper), F,, F; (middle), F4 (lower)

Table 1. Fuzzy law

ki
P
Zero
N
Table 2. Output of the Fuzzy law
N 20x - 550
Zero -2000x
P -20x + 550
N 20x - 500
Zero -1000x
P -20x + 500
N 20x
Zero 0.1x
P 20x

Where F; is the ith output of 4-members Sugeno fuzzy
controller.
The preceding Fuzzy model is specified as follow:

R If e is negative then
F, =20x —550,F, = 20x —500,F, = 20x —500,F, = 20x,

RZ If e is zero then
F, =—2000x,F, = —1000x,F, = ~1000x,F, = 0.1x,

R3: If e is zero then

F, = —20x +550,F, = —20x +500,F, = —1000x,F, = 20x ,
The block diagram of control strategy is below:

P!

L
L

Figure 3. Block diagram

5 Dynamic modal of |
Car grmuiaion

[
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4. SIMULATION RESULTS AND DISCUSSION

In this section, the performance of the controller is
illustrated and evaluated through the MATLAB/Simulink
environment in which the system is assumed to be
experienced external impacts of the system operators.
Besides, system parameters are m, = 30kg; m; = 0.5kg;
m, = 10kg; and mg. = 3kg. The cotroller parameters are
chosen as t = 0.09, k; = 4. The simulation scenario is that
the weight of person slightly varies around 900N.

0.3s

| ——Raterence
| Fz + DSC
[seees Dsc

X-axis angle [rad)
=
@

o 1 2 3 4 5

Time (s}

0.35 -

Y-axis angle (rad)

Z-axis angle {rad)
FS

=== Reference
=—Fz + DSC

| | |
Time (s) 3 4 5

I I
[} 1 2

Figure 4. Trajectories of a, B, y and P,

The results are shown in a comparison between the
conventional Dynamics Surface Control (DSC) and
proposed controller (DSC aggregated with Fuzzy Law). Due
to the presence of disturbance (the weight of person sitting
on CDS), the DSC controller performs inaccurate outputs,
especially in Figure 4, there is a static error in y-axis rotation
tracking. On the other hand, the proposed method shows
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the higher quality when tracking so closely to reference
signals. Figure 5 and 6 demonstrating the tracking error of
DSC and proposed controller insists our comments. The
tracking error of DSC controller is damping but always
greater than 0.02. Besides, from 5% second, the error seems
increasing while the DSC and Fuzzy controller help quick
stable with very small error. In general, Fuzzy-DSC
controller shows higher accuracy and quick stability than
the DSC controller, thus enhance the overall quality of the
system. According to these figures, the proposed controller
designed by integrating Fuzzy Law into the DSC method
can ensure the stability and tracking performance for the
system.
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Figure 6. Tracking errors of I, I, l;and y
5. CONCLUSION

This paper proposed the controller using DSC combined
with fuzzy law for the 4DOF platform using in car driving
simulators. The dynamic surface control guaranteed system
stable with disturbances in certain parts of the system, while
fuzzy tuning schemes are employed to ensure the system
approach the sliding surface flexibly and quickly in the
presence of system’s uncertainties. Overall, the designed
controller is proven to solve the problems mentioned and
showed the effectiveness of the technique. The simulation
results illustrated the superior performance in control quality
of the proposed controller in compared to the model-based
DSC technique. In the future work, we are looking forward to
developing a robustness controller to deal with the model
affected by unknown external forces.
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