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work control system scheme. Neural network based robust control system is designed to
control vibration of vehicle’s suspensions for full suspension system. Moreover, the full
vehicle system has seven degrees of freedom on the vertical direction of vehicle’s chassis,
on the angular variation around X-axis and on the angular variation around Y-axis. The pro-
posed control system is consisted of a robust controller, a neural controller, a model neural
PID controller network of vehicle’s suspension system. On the other hand, standard PID controller is also
Neural networks used to control whole vehicle’s suspension system for comparison.
Whole vehicle’s suspension Consequently, random road roughnesses are used as disturbance of control system. The
Robust controller simulation results are indicated that the proposed control system has superior perfor-
mance at adapting random road disturbance for vehicle’s suspension.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Over recent years, the active suspension systems have come into commercial use, especially in the passenger car industry.
These modern systems offer improved comfort and road holding in varying driving and loading conditions compared to the
matching properties achieved with traditional passive means. Most of the new systems are fitted in to large luxurious cars.
However, these systems would be at their most advantageous in small size passenger cars and off-road vehicles.

Swevers et al. have been presented a flexible and transparent model-free control structure based on physical insights in
the car and semi-active suspension dynamics used to linearise and decouple the system, and decentralized linear feedback
[1]. A load-dependent controller design approach to solve the problem of multi-objective control for vehicle active suspen-
sion systems by using linear matrix inequalities have been presented [2]. Du and Zhang have been presented Hoo control
problem for active vehicle suspension systems with actuator time delay [3]. An approach to design static output feedback
and non-fragile static output feedback Hoo controllers for active vehicle suspensions by using linear matrix inequalities
and genetic algorithms have been searched [4]. Vibration control performance of a semi-active electrorheological seat sus-
pension system using a robust sliding mode controller has been searched by Huang and Chen [5]. Ieluzzi et al. have been
investigated the overall performance of a semi-active suspension control for a heavy truck [6]. Spectral decomposition meth-
ods have been applied to compute accurately the rms values for the control forces, suspension strokes and tyre deflection at
front and rear in a half-car model with preview [7]. Guclu has been presented vibration control performance of a seat sus-
pension system of non-linear full vehicle model using fuzzy logic controller [8]. A multidisciplinary optimization method has
been applied to the design of mechatronic vehicles with active suspensions [9]. Neural network control method has been
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developed to control a seat suspension system of non-linear full vehicle model [10]. Yildirim and Uzmay have been inves-
tigated the variation of vertical vibrations of vehicles using a neural network [11]. An active horizontal spray-boom suspen-
sion, reducing yawing and jolting, has been designed by Anthonis and Ramon [12]. A semi-active control of vehicle
suspension system with magnetorheological (MR) damper has been presented by Yao et al. [13]. Spentzas and Kanarachos
have been presented a methodology for the design of active/hybrid car suspension systems with the goal to maximize pas-
senger comfort [14]. A methodology for the design of active car suspension systems has been presented [15]. Yagiz and Yiik-
sek have been researched sliding mode control of active suspensions for a full vehicle model [16].

In this paper, a robust neural network based robust control system for whole vehicle’s vibration control is proposed. The
paper first describes the full vehicle suspension model under consideration. Second, the proposed control system and stan-
dard PID controller are outlined in Section 3. Third, the results of proposed neural based control system and PID control sys-
tem are given and discussed. Finally, the effectiveness of the proposed control method is concluded in Section 5.

2. Full vehicle model

In order to describe the vertical dynamics of a road vehicle which runs at a constant speed along an uneven road, 7 de-
grees of freedom (DOF) mathematical vehicle model is used and is shown in Fig. 1. The model, including the relative displace-
ment of unsprung masses and the front left suspension mass (z; — z;), the rear left suspension mass (z, — z,), the rear right
suspension mass (z — z3), the front right suspension mass (z, —z4) and the displacement of vertical motion of the vehicle
body (z) and including the angular displacement of roll (¢) and pitch (0) motion of the vehicle body. The vehicle parameters
are given Table 1. According to dynamic analysis, the equations for the full vehicle model are given by:

(2 —y1)=Fn ()
C(z2—y2) =Fo (2)
Ci3(z3 —y3) =Fg (3)
Cta(Za —Ya) =Fu4 4)

In these equations, ¢y, €, €3 and ¢4 denote the damping coefficients of the left front tyre, the left rear tyre, the right rear tyre
and the right front tyre, respectively. zq, z,, z3 and z4 represent the vertical displacement of the left front wheel-axle, the left

=
ks4 =

Fig. 1. Full vehicle model.
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Table 1

Full vehicle parameters.

m 1020 kg
my=my=m3=Mmy 15 kg

Koy = ksq 22,000 N/m
ke = kg3 19,000 N/m
C1=C=C3=0C4 800 N s/m
ki1 = kez = kez = kea 143,000 N/m
a 1.025m

b 2.204 m

c 0.612 m

d 0.85m

Jx 1859 kg m?
), 471 kg m?
g 9.81 m/s?

rear wheel-axle, the right rear wheel-axle and the right front wheel-axle, respectively. y;, y», ¥3 and y4 denote the road
disturbance input for left front wheel, the left rear wheel, the right rear wheel and the right front wheel, respectively. F,
Fe, Fi3 and Fyy delineate the left front wheel force, the left rear wheel force, the right rear wheel force and the right front
wheel force, respectively

Mz = ka (V1 —21) + ka(Zy —21) + C1(z1 — 1) + F1 + my (5)
MyZy = ko (Vs — 22) + ka(Zy — 22) + C2(Z'2 — 22) + F2 + mMag (6)
M3Z3 = k(Y3 — 23) + k3 (2 — 23) + €3(2'3 — 23) + F3 + msg (7)
MaZs = kea (V4 — Z4) + Kea(Zy — 24) + C4(Z'4 — 24) + F4 + mug (8)

where g=9.81m/s? is a gravitational acceleration. m;, m,, ms and m, are the left front suspension mass, the left rear
suspension mass, the right rear suspension mass and the right front suspension mass, respectively. c¢;, ¢3, ¢3 and cy4
denote the damping coefficients of the left front suspension, the left rear suspension, the right rear suspension and the right
front suspension, respectively. k¢, ke, k3 and ke represent the left front tyre stiffness, the left rear tyre stiffness, the right rear
tyre stiffness and the right front tyre stiffness, respectively. Fy, F, F3 and F4 delineate the left front active suspension force,
the left rear active suspension force, the right rear active suspension force and the right front active suspension force,
respectively

Mz = ka(z1 — 2,) + ko (22 — 25) + k(23 — Z5) + ksa(Za — Z3) + C1(21 — Z11) + C2(22 — Z/2) + C3(23 — Z'3) + Ca(24 — Za)
7F17F27F37F4+mg (9)
where m is the vehicle body mass and z the vertical displacement of the vehicle body. ks, ks, ks3 and kg4 represent the stiff-

ness of the left front suspension, the stiffness of the left rear suspension, the stiffness of the right rear suspension and the
stiffness of the right front suspension, respectively

Jub = —[ks3(z3 — 25) + C3(Z3 — Z'3) + ksa (24 — 2Z) + Ca(Za — Z0)|Clks1(z1 — Z)) + C1(21 — 211) + koo (22 — 25) + Ca(Z2 — 23)]d
+ (F3 + F4)c = (F1 + F2)d (10)
In which, c is CG distance from right axle, d is CG distance from left axle, J, is roll moment of inertia and ¢ is the roll angle

1,0 = ~lka(z1 — 2}) + C1(21 — 21) + ksa(2a — Z4) + Ca(za — Za))alkea (22 — 23) + C2(22 — Z'2) + ka3 (23 — Z4)

+C3(23 —Z3)]b + (F1 + F4)a — (F, + F3)b (11)
where a is CG distance from front axle, b is CG distance from rear axle, J, is pitch moment of inertia and 0 is the pitch angle.
Z =2~ (a0 - do) (12)
z, =z+ (b0 — d¢) (13)
Zy =7+ (b0 +co) (14)
Z,=z— (a0 +c¢) (15)

The differential equations can be written in state-space notation when the state vector X is defined as

X =AX +BQ (16)
Y = CX +DQ (17)
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where Y is the output vector, Q is the input vector, A is the state matrix, B is the input matrix, C is the output matrix, D is the
feedforward matrix.

z1 — 7
Z — 7,
73— 274
24— 2,
Yi—a
Yo~ 2
Y3 —23
X=9Ys—2 (18)
2
2
23
2
z
¢
0
5
3
0
z1 -2,
2 -7
Y=< 23-2 (19)
24— 2,
Y-z
Y2—22
Y3 =123
Y4 —24
y]
y2
V3
Va
Q=42 (20)
F
F
F3
F4

Matrices A, B, C and D are given by
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3. Control systems

Two different control structures are used to control vibration of full vehicle model. These the PID controller and the devel-
oped Robust neural network (RNN) control system. The PID controller is used to compare the developed RNN control system.
The next two subsections of this section present the PID controller and the developed RNN control system.

3.1. PID controller

PID controller consists of proportional P(e(t)), integral I(e(t)) and derivative D(e(t)) parts. Assuming that each amplitude is
completely decoupled and controlled independently from other amplitudes, the control input F(t) is given by

F(t) = Kpe(t) + K; / e(t)dt + K» dfff)'

(25)

In equation, e(t) is the control error

e(t) = Xq(t) — Xa(t), (26)
where x4(t) is the desired response and x,(t) is the actual response. Kp is called the proportional gain, K; the integral gain and
Kp the derivative gain. Table 2 shows the PID gain parameters for full vehicle model parameters (zj —z,z,—
2,74 — 73,2y — 24,2,0 and ¢). Moreover, Zeigler-Nicholds methods are used to determine the optimum PID gain parameters.
Gain parameters of the PID controller are detailed in Table 1.

3.2. Robust neural network (RNN) control system

The proposed control system was designed to control the vehicle system parameters. It consisted of a robust feedback
controller and neural network predictive controller. The proposed controller systems’ law is given by:

F(t) = Frg(t) + Fan(t) (27)

where Fgg is the force of robust feedback controller and Fyy is the force of the neural network predictive controller.

3.2.1. Robust feedback controller

PID controller has been most widely employed because of its simple structure and the effective in industry. Despite many
advances for PID controller, this structure has constant gain parameters and is not good to decrease velocity control error.
Therefore, exponential function is added to derivate component of conventional PID controller. This function provides an
exponential decrease of e(t). The robust feedback controller architecture is proposed in this application. The first part of con-
trol input for robust feedback controller can be described as follows:

de(t)
dt

where Kp, K;, Kp, Kz and Kg, are the robust controller part gain matrices. These parameters are empirically set to Kp=9 x 10°,

K;=27 x 10°, Kp=10% Kg=5 x 107 and Kg; =5 x 105, (Kze-¥u9) parameters are developed to control vibration parameters

of the vehicle’s suspension for different road roughness. Method of trial and error is used to determine the (Kge(~¥x?) param-
eters of robust controller. The parameters of the controller were set by empirically after long training.

Frs(t) = Kpe(t) + K; / e(t)dt + Kp (Kge! Km0, (28)

3.2.1. Neural network predictive controller

Neural network predictive controller is typically two steps involved: system identification and control design. The system
identification stage of neural network predictive control is to train a neural network to present the forward dynamics of the
plant. Fig. 2 shows schematic representation three layered feedforward neural network plant model. The prediction error
between the plant output and the neural network output is used as the neural network training signal. The process is rep-



784 I. Eski, S. Yildirim/ Simulation Modelling Practice and Theory 17 (2009) 778-793

Table 2

Gain parameters of the PID controller.

Vehicle parameters Kp K; Kp

Zi—z 24,000,000 0.00001 0.0000025
Zy -2, 26,400,000 0.000005 0.00000125
L —z3 26,400,000 0.000005 0.00000125
Z,—2z4 24,000,000 0.00001 0.0000025
z 21,000,000 0.00005 0.0000125
0 42,000,000 0.000003 0.000008

¢ 18,000,000 0.00001 0.000025

resented by Fig. 3a. The neural network plant model uses previous plant inputs and previous plant outputs to predict future
values of the plant output. In the control stage, the plant model is used by the controller to predict future performance. The
neural network model predicts of the plant response is given Fig. 3b

10 3
Fan(t) =D f(Xa(t +J) = Xa(t +))* + p > g(Fan(t +j— 1) = Fyy(t +j — 2))* (29)
j=1 j=1
where f and g are activation functions of the hidden layer and the output layer, respectively, as follows:
. 2
f(t) = tansig(t) = Atex) 1, glt)=t

The Fyy variable is the tentative control signal, x4 is desired output, s is the neural network model output. The p value deter-
mines the contribution that the sum of the squares of the control increments has on the performance index. The optimization
block determines the control input that optimizes plant performance over a finite time horizon. The Levenberg-Marquardt
algorithm is used to adjust the weights of neural network. The effectiveness of the developed RNN control system is shown in
Fig. 4.

3.2.1.1. Levenberg-Marquardt (LM) algorithm. The LM algorithm was employed to change the weights of network from ran-
dom weights conditions. Like the quasi-Newton methods, the LM algorithm was designed to approach second-order training
speed without having to compute the Hessian matrix. When the performance function has the form of a sum of squares (as is
typical in training feedforward networks), then the Hessian matrix can be approximated as:

H=]" (30)

and the gradient can be computed as

xq (1)

g
X, (1) . — » X,(t+])

ks, Output Layer

Iz

+1 Jm Hidden Layer +1
Bias Bias
O : Linear neuron O : Non-linear neuron

Fig. 2. Schematic representation three layered feedforward NN predictor.
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Xd R Full vehicle Xa
system

v

Neural network

model —<—>0

Fnn R Neural network — |---

X ] Optimization [777"
! P > model
Fxn Full vehicle
system

Fig. 3. (a) Plant identification of neural network predictor; (b) neural network predictive controller.

Ty Robust
Xd obus
O Controller
+ Full Vehicle Xa
system >
. Fa
NN Predictive Controller
Xd
—> . . )
Optimization
Xn
NN FNN
Model
Xa
Fig. 4. Robust neural network predictive control system architecture.
grad = J"e(t) (31)

where ] is the Jacobian matrix that contains first derivatives of the network errors with respect to the weights and biases, and

e(t) is the network errors. The Jacobian matrix can be computed through a standard back propagation technique that is much
less complex than computing the Hessian matrix.

4. Simulation results and discussion

Some series simulations were carried out to show the performance of the proposed neural network based control system.
Fig. 5a indicates response of the front left active suspension system of the vehicle for random road profile without any con-
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Fig. 5. Response of the front left active suspension system of the vehicle for random road roughness input signal

RNN control system).

troller. As seen in Fig. 5a, because of any controller, the uncontrolled response does not follow the desired random road pro-
file. Fig. 5b shows response of the front left active suspension system of the vehicle for random road profile using the stan-
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Fig. 6. Response of the rear left active suspension system of the vehicle for random road roughness input signal ((a) Uncontrolled; (b) PID controller and (c)
RNN control system).

dard PID controller. As can be seen figure, the result of the PID controller does not follow the desired random road profile
signal. The result of the RNN control system for the front left active suspension system of the vehicle given in Fig. 5c. As de-
picted from Fig. 5c, the proposed control system has good performance at adapting random road roughness.
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Fig. 7. Response of the rear right active suspension system of the vehicle for random road roughness input signal ((a) Uncontrolled; (b) PID controller and

(c) RNN control system).

Fig. 6a—c give the result of without any controller, the PID controller and the proposed RNN control system for the rear left
active suspension system. As shown in Fig. 6b, both the desired random road profile and the PID controller result are not

followed.
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(c) RNN control system).

The different control system applied to control the rear right active suspension system of the vehicle and the results are
shown in Fig. 7a-c. It has been stated earlier that the RNN control system exactly follows the desired random road profile.
The result of without any controller and the PID controller for the front right active suspension system is shown in Fig. 8a
and b. It is clear to see from graphs, there are differences between desired and PID controller. The results of this controller are
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Fig. 9. Response of the displacement of vertical motion of the vehicle body for random road roughness input signal ((a) Uncontrolled; (b) PID controller and
(c)) RNN control system).

also poor to control the front right active suspension system. Fig. 8c indicates the result of the RNN control system and is not
differences between the desired input signal and this developed control system results.
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Fig. 10. Response of the angular displacement of roll of the vehicle for random road roughness input signal ((a) Uncontrolled; (b) PID controller and (c) RNN
control system).

Response of without any controller, the PID controller and the RNN control system are given in Fig. 9a-c. As seen in rel-
evant figure, there is a best approximation of the RNN control system for the displacement of vertical motion of the vehicle.
Fig. 10a and b are presented response of the angular displacement of roll of the vehicle for random road profile without
any controller and the PID controller. The results proved the PID controller is not suitable for controlling vehicle system
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Fig. 11. Response of the angular displacement of pitch of the vehicle for random road roughness input signal ((a) Uncontrolled; (b) PID controller and (c)
RNN control system).

vibrations. The results of the RNN control system for the angular displacement of roll of the vehicle are given Fig. 10c. As
depicted from figure, there are zero errors between the RNN structure and desired random profile signal.

Lastly, Fig. 11a and b represent the results of the control system for the angular displacement of pitch of the vehicle. From
the simulation results, the developed control system has superior performance for vehicle vibration parameters.
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5. Conclusions and discussion

In this paper, neural network based control system for whole vehicle active suspension system parameters has been de-
signed. The full vehicle model is considered seven degrees of freedom system. The performance is compared to both the PID
controller and the proposed RNN control system for random road roughness profile. The proposed NN based control system
is consisted of a robust feedback controller and feedforward neural network predictive controller. From the simulation re-
sults, it is seen that using the associated control system with robust feedback controller and neural network controller high
absolute road profile tracking performance can be achieved for random road roughness. It confirms the effectiveness and
robustness of the proposed RNN control system. The reason of the best performance of the neural network based robust con-
trol system could be explained in the following:

¢ Robust performance: Neural network based control system is the inclusion of both linear and non-linear neurons in the
network structure. Besides, exponential function use robust controller and this function provides an exponential decrease
of e(t).

o Adaptive learning: Neural network based control system again regulates weights of neural network controller versus var-
iable road profile.

¢ Self-organization: Neural network can create its own organization or representation of the information it receives during
learning time.

o Fault tolerance: Because of parallel structure of neural network based control system, fault spreads on this parallel struc-
ture. Therefore, fault tolerance is considerably good.

Finally, the performance of the RNN control system is better than standard PID controller.
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