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Abstract. An adaptive proportional-integral-derivative (PID) control method based on radial basis function
neural network optimization (RBF-PID) is designed for a four-degree-of-freedom active suspension model of
a 1/2 vehicle. By building a simulation model of the suspension in MATLAB/Simulink, a C-level road white
noise random excitation signal is used as the road input, and the front and rear body vertical accelerations are

simulated as the feedback of the control loop, respectively. The simulation results show that the proposed
RBF-PID control strategy can effectively suppress the front and rear body acceleration and effectively reduce
the centroid vertical acceleration, and improve the performance by about 10.3% compared with the traditional
PID control suspension and about 31.2% compared with the passive suspension, but the control effect
improvement for the angular acceleration of body pitch angle is not obvious.

1 Introduction

Nowadays, with the rapid development of the automobile
industry, people's requirements for car performance are
also increasing, and the comfort and stability of the car
have become the primary consideration when people buy
a car. The comfort and stability are closely related to the
performance of automobile suspension. In the process of
vehicle driving, the car's suspension will actively absorb
the vibration brought by the road to enhance the comfort
of passengers and the stability of the owner's operation.
The traditional passive suspension of the automobile
is composed of a shock absorber and spring. Once the
damping coefficient of the damper and the stiffness of the
spring are determined, it is difficult to adjust dynamically
according to the working conditions and cannot react
differently under different road conditions. However, the
road conditions encountered by the car are changing
during the driving process, so the suspension has to be
adjusted accordingly to fit the actual driving conditions of
the car. Active suspension is a good solution to the

problem of non-adjustable passive suspension parameters.

The ECU of the car understands the body motion
condition through the acceleration sensors all over the
body and adaptively adjusts the suspension performance
so that the suspension system can be continuously limited
in an optimal damping state. For this reason, active
suspension systems have become a hot topic in suspension
system research today. Based on the passive suspension,
the active suspension adds an actuator that dynamically
adjusts the actuation force to provide a main force inverse
to the body impact load at any time to counteract the
impact from the road, thus achieving the damping effect.

Since the middle and late 19th century, experts and
scholars have done a lot of research on control strategies,
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while putting forward various control theories. In recent
years, many scholars have started to apply neural network
control systems to suspension control and achieved good
control result with the help of their strong learning ability
and high robustness.

However, most of the studies on active suspension
control strategy are based on the two-degree-of-freedom
model of 1/4 car, ignoring the influence of front and rear
suspension vertical motion on the body pitch angle.
Therefore, in this paper, an RBF-PID controller is
designed based on a four-degree-of-freedom model of a
1/2 car, and the front and rear body vertical accelerations
are used as the feedback of the controller to adjust the
active suspension dynamics, respectively. The simulation
results show that the method improves the suspension
performance, but there is still some room for
improvement.

2 System Description

2.1. System Description

Since the vehicle is a complicated vibration model, it is
essential to simplify the system based on the analysed
problem. Although the 2-DOF quarter vehicle model has
a simple structure, it can only indicate the vertical
acceleration and velocity. The 7-DOF full vehicle model
can characterize the vertical, roll as well as pitch motions,
but it is too sophisticated for the designing of the
controller. Considering the difficulty of system modelling,
controller design as well as simulation, this paper will
adopt the 4-DOF half vehicle model as the plant.

In these research, four assumptions have been
established on the suspension system:
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- The suspension can be simplified to a spring-mass-
damper system.

- The connection between the wheel and the axle and
the connection between the body and the seat can be
simplified to a rigid connection.

- The tire can be regarded as a linear spring without
damping and assured to contact the road when driving.

- The vehicle makes a uniform linear motion in the
longitudinal direction.

The simplified half-car model is shown in Fig.1, in
which sprung mass m,; and m,, represent the mass of
vehicle body m, distributed on the front axle and the rear
axle, respectively. The equivalent stiffness coefficient of
the tire is k;f and k.. ¢; and ¢, represent the damping
ratio of the linear damper and the stiffness of the linear
spring is k¢ and k,.. The vehicle has a moment of inertia
of I, and pitch angle of ¢. The actuation force uy and u,
is acting between the car body and the tire. Front axle and
rear axle distances with the centre of gravity are a and b.
Z,y and Z5, stands for the vertical displacement of the
sprung mass, while Z;¢ and Z;, represent that of the
unsprung mass.
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Fig. 1. Half-Vehicle Active Suspension Model

Based on the free body diagram and Newton's second
law, the following system dynamic differential equation
can be obtained:

MaZy + ke (Zog = Zig) + cp(Zog — Zap) + 1y
+ kr(ZZr - er) (D
+er(Zyr —Zir) +u, =0

mypZiy = kp(Zop = Zap) = ¢p(Zop — Zay)

mlrzlr - kT'(ZZT' - er) - CT(ZZT - er)

— U + key(Zer — qr) 3)
=0

Lo = alke(Zoy = Zif) + cp(Zoy — Zos) +uy]
+ b[kr(ZZr - er) 4)
+ Cr(ZIZT- - ZlT) + ur] = 0

When the pitch angle ¢ of the body is small, tan ¢ is
approximately equal to ¢. Thus, the vertical displacement

of the sprung mass of the front and rear suspension can be
expressed as follows:

Zof =2y — Zyyp —ag ©)

Ly =Ly —Zyy —a@ (6)
When the actuation force u; and u,. are both zero, the
active suspension system becomes a passive suspension
system.
The parameters used for the half-vehicle suspension
model are presented in Table 1.

Table 1. System Parameters

Parameters Value Unit

m, 975.37 kg

myy 98 kg
My, 98 kg-m?
I, 1674 kg-m?
ks 45.48 kN/m
k. 52.59 kN/m
kg 604.69 kN/m
ke 985.97 kN/m
cr 2546.5 N-s/m
Cr 2840.6 N-s/m

1.1135 m

1.5415 m

2.655 m

2.2. Road Excitation Model

Based on the free body diagram and Newton's second law,
the following system dynamic differential equation can be
obtained:

qr = 2mny/ Go(no)uf w(t,) dt (7
qr = 21/ Go(no)uf w(t,) dt (3

The vertical displacement of the C-level road profile
is used as the input signal to the suspension system. The
road profile roughness coefficient Gy(ng) = 256 X
107°m’. w(t) is the uniformly distributed white noise.
Assuming that the driving speed v = 20m/s and the rear
wheel input have a 0.1-second delay compared with the
front wheel. Let the spatial reference frequency of the
road excitation ny = 0.1m™! and set the simulation time to
10s, the road input response of the front and rear wheels
can be obtained, as shown in Fig.2.
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Fig. 2. Road Excitation of Front and Rear Wheel
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3 Controller Design

Conventional PID controllers rely heavily on precise
mathematical models of the controlled objects, which is
considered to be of low efficiency when applied to
suspension systems. In contrast, neural networks have the
superior nonlinear fitting ability and are suitable for
vehicle suspension, a complex controlled object that is
difficult to model accurately. Therefore, this paper
improves the traditional PID controller based on neural
network and selects the RBF network to design the RBF-
PID controller combining RBF and PID to achieve the
adaptive adjustment of controller parameters as well as
improving the control accuracy.

3.1. RBF Network

RBF neural network is a three-layer feedforward network
composed of an input layer, a hidden layer, and an output
layer. Since the mapping of the input to the output is
nonlinear and the mapping from the hidden layer to the
output layer is linear, the local minimum problem of the
BP neural network with the same feedforward
characteristic can be avoided, and the learning speed can
be greatly improved.

The topology of the RBF neural network based on
Gaussian basis functions is shown in Fig.3. In this
network, the input vector of the network is X =
[x1, %5, ", %y,]" and the radial basis vector of the hidden

layer is H = [hy, hy, -+, by, -+, hy| > where h; is the
Gaussian basis function.
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Fig. 3. RBF Neural Network
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In the equation, C; is the centre vector of the jth node
. T
in the network, G =T[cj1,cj2,---,cﬁ,---,cjm] ; Let B =
[bl, by, -, bj, -+, bm] , b; being the base width parameter
of the hidden layer node j and satisfies b; > 0.
Assuming that the weight vector of the network is

T
W = [Wl, Wy, Wi, Wm] , the output of the network can
be obtained:

ym(k) =ijhj (10)
=

Let the theoretical output of the discriminative system
at time k is yout(k), and the output of this identification
network is ymout(k) , then the performance index
function of the network is:

1
J =50 = ym(K) (11

Let a be the moment factor and 7 be the learning rate.
According to the gradient descent method, the iterative
algorithm of weight factor w, the node centre vector ¢ and
the node base width parameter b can be obtained as
follows:

wj(k) = w;(k — 1) + n(y(k) — y (k) h;

=2)
X —C;
M=@®—m®ﬂ@ﬂ7%l (13)
J
= (bj(k = 2)))
Xj - Cji
Acji = (y0e) = ym (k))w; == (15)
J
Cji(k) = C]'i(k - 1) + Y]A le' + (X(le(k — 1) (16)

— ¢k —2))

3.2. PID Parameters Tuning Based on RBF
RBF-PID uses the incremental PID control method:

Au(k) = Kp(e(k) — e(k—1)) + K, e(k)
+ Kple(k) — 2e(k—1) ))
+ e(k — 2)]

u(k) = u(k) + Au(k) (18)
Where e(k) is the control error, e(k) = rin(k) —
y(k). For the active suspension, rin(k) represents the
desired front and rear vertical acceleration of the vehicle
body.
The Three inputs to the controller are:

xc(1) =e(k) —e(k—1) (19)
xc(2) = e(k) (20)

xc(3) =e(k) —2e(k—1) +e(k —2) 21
The Gain parameters Kp, K; and K}, of the PID are
adjusted using the gradient descent method.

. 0E O0E 0y du
p=1Tp 9K, Mp y O%OKP 22)
_ 9y
=npe(k) 5 xe(1)
AK, = 0E JE dy du
I 77161(1 M v aung 3
- 9
= me(k) 52 xe(1)
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AK. = 0E 0E dy Odu
R T T
dy
= npe(k) - xe(1)
Where dy/du is the Jacobian information of the
controlled object, that is, the sensitivity of the output to

the input, which can be obtained by the recognition of the
neural network as follows:

m
ay(k)  dyy(k) C1—x
~ =ZWJ’UJT (25)
j=1 /

(24)

du(k) ~ du(k)

Based on the above mathematical principles, the RBF-
PID controller can be established in MATLAB/Simulink
as shown in Fig.4.
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Fig. 4. RBF-PID Controller

4 Data Analysis and Comparisons

4.1. System Simulation

The learning rate n and the moment factor a of the RBF
neural network are real numbers that greater than 0 and
less than 1. Take n = 0.25 and @ = 0.05 and set the
number of hidden layer nodes to 6 based on experience.
The gain parameters of the PID controller are set to K, =
55, K; = 14, K, = 1.5. The adaptive adjustment of the
PID gain parameters optimized by the RBF neural
network with the change of the road input is shown in
Fig.5 and Fig.6.
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Fig. 5. Front Controller Parameter Changes
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Fig. 6. Rear Controller Parameter Changes

4.2. Controller Performance Comparison

In the simulation experiment, this paper focuses on the
vehicle body centroid vertical acceleration and pitch angle
acceleration. Among them, the centre-of-mass
acceleration characterizes the intensity of body vibration
when driving on uneven road, and this index mainly
affects the ride comfort of the vehicle; the pitch angle
acceleration characterizes the body nodding or lifting
caused by the vehicle during emergency braking or rapid
acceleration, and this situation will cause the driver and
passenger to lean back and forward, which affects the ride
comfort.

The vertical acceleration of the front and rear bodies
was simulated as the feedback of the closed-loop control,
and the output results of the passive suspension were
compared with the output results of the RBF-PID-
controlled suspension and PID-controlled suspension as
well as passive suspensions under the same road input in
the same coordinate system, and the simulation results are
shown in Fig.7 to Fig.10.
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of the front and rear ends of the vehicle as well as the
acceleration of the centre of mass, the control of the
angular acceleration of the pitch angle of the vehicle is not
satisfactory. The next research will try to use the MPC
algorithm to solve the coupling relationship between the
front and rear suspensions, and if the effect is significant,
then we will start the test based on the real car.
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