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ABSTRACT. Aiming at the significant differences and the complex mechanical character-
istic of the vehicle semi-active suspension between different control methods, a compre-
hensive study and comparison are conducted between the different proportional-integral-
derivative controllers under different road conditions in the semi-active suspension. The
semi-active suspension model and the control strateqy based on the genetic algorithm
are established and proposed for the classical proportional-integral-derivative, the integral
separation proportional-integral-derivative and the incomplete derivative proportional-
integral-derivative controllers. The optimal parameters of the controllers are obtained
by the genetic algorithm. The analysis results show that the performance of the three
controllers for semi-active suspension is greatly improved compared with the passive sus-
pension. The dynamic performance of the classical proportional-integral-derivative con-
troller suspension is better than the other two proportional-integral-derivative controllers
when the vehicle runs on the same road under different speeds. When the vehicle run-
s on different roads under the same speed, the adaptive performance of the semi-active
suspension controlled by the integral separation proportional-integral-derivative controller
1s best. The actual road is usually more complicated; therefore, the requirement on the
suspension performance of the vehicle is the highest. All in all, the integral separation
proportional-integral-derivative controller has the best performance.

Keywords: Semi-active suspension, Genetic algorithm, Proportional-integral-derivative
controller, Suspension performance

1. Introduction. The ride comfort and the vehicle handling stability have become the
important parameters in the vehicle evaluation standard [1]. The suspension system that
connects the wheel and the bodywork plays an important role in the ride comfort and
the vehicle handling stability of the vehicle [2]. The suspension is divided into the passive
suspension, the semi-active suspension and the active suspension [3,4]. The performance
of the passive suspension is barely satisfactory and cannot meet the requirements because
its performance cannot be adjusted with the condition of the complicated road surface
excitation [5]. The active suspension is rarely used in the expensive vehicle because of its
disadvantages of high price, high technical requirements and poor reliability. However,
the semi-active suspension has attracted extensive interest because of good smoothness
and controllability, high reliability, low cost and adjustable performance [6].

Plenty of research has been done on the semi-active suspension control parameter and
method. For example, W. Yang designed and verified the controller for the semi-active
suspension by adjusting the damping coefficient [7]. D. Ozgur et al. controlled the active
suspension by adjusting the stiffness [8]. Wang et al. added another adjustable damper to

DOI: 10.24507 /ijicic.15.03.1093

1093



1094 G. CHEN, S. LV AND J. DAI

control the active suspension [9]. An additional control force is added to the suspension
by most researchers [10,11], which has been verified to have wide application prospects.

In order to achieve excellent performance, a large number of typical control strategies
have been utilized and improved in the semi-active suspension, such as the proportional-
integral-derivative (PID) controller, the fuzzy controller and the sliding mode controller.
A. B. Kunya and A. A. Ata studied the suspension performance using the fractional-order
calculus PID controller [12], and J. X. Tang et al. studied the PID controller in the semi-
active suspension [13]. The good control effect of the PID controller has been verified,
and the results in [14-17] showed that the bodywork vertical vibration acceleration had
been further reduced and improved in the human sensitive frequency range on the aspect
of the vehicle ride comfort. The fuzzy controller has also been used in the semi-active
suspension control. N. Desai et al. used a fuzzy controller to control the suspension and
the results showed that the vehicle ride comfort was greatly improved and the pitch and
roll motion was effectively suppressed [18,19]. The fuzzy control suspension has been
tested based on the 1/4-car model, the 1/2-car model and the full car, and the control
effect was satisfactory with the vehicle acceleration amplitude, the suspension dynamic
travel and the tire dynamic displacement significantly reduced [20-22]. Therefore, the
smoothness and ride comfort of the vehicle has been improved [23]. The fuzzy PID
controller that combines the fuzzy control and the PID control has also been used and
the suspension performance is significantly improved [24]. The LQG (linear-quadratic-
Gaussian) control, the sliding mode control and the neural network control have been
verified efficient in the semi-active suspension. R. Kashani and S. Kiriczi studied the LQG
control in the semi-active suspension, and tested the performance under the coordinated
control of the vehicle ride comfort and handling stability with the steering wheel single-
cycle sinusoidal input and step input on the A-grade and C-grade roads respectively [25].
Y. Jin et al. studied the endocrine LQR control and the simulation results showed that
the endocrine LQR control was of good quality and had good adaptability in changing
operation parameters, and the suspension damping effect was better than the traditional
LQR control [26]. The research results showed that the sliding mode controller had stable
performance and improved the performance parameters of the suspension system [27,28].
H. Li et al. used neural network method to control the suspension, and the simulation
results showed that the robust neural network control had the small tracking error and
the ability of self-adaptive adjustment, and could reduce the vertical vehicle vibration
amplitude and improve the ride comfort [29,30]. B. K. Song et al. studied the fuzzy
sliding mode control and the results showed that the proposed controller can provide
better control ability of vibration control with lower consumed power compared with two
existing fuzzy sliding mode controllers [31]. H. Souilem and N. Derbel used adaptative
neuro-fuzzy controller to control the suspension system, and simulation results showed
that this control exhibited an improved ride comfort and good road holding ability and
indicated that the proposed control system has superior performance at adapting random
road disturbance for vehicle’s suspension [32].

Because of the saturated limiting and the nonlinear constraint in the controller and the
semi-active suspension, the system is extremely complicated. Therefore, it is very hard to
obtain the optimum parameter through theoretical derivation in the controller. Accord-
ingly, the optimization algorithm has been used to improve the control performance. J.
Meng et al. used the genetic algorithm to optimize the PID controller in the semi-active
suspension [33]. W. Wang et al. used the cultural algorithm to optimize the fuzzy PID
controller [34]. The particle swarm algorithm has also been widely used to optimize the
controller in the active and semi-active suspension [35-37]. On the whole, the optimization
can significantly improve the control performance.
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Quite a number of novel and improved control methods for the semi-active suspension
have been proposed and tested by a large number of scholars. The control method general-
ly comes from the typical control method, such as PID controller, the fuzzy controller, the
LQR controller and the sliding mode controller. The PID controller has the advantages
of simple structure, fast control response and good control performance. Based on the
PID controller, a variety of different control methods have been produced, for example,
the fuzzy PID controller and the neural network PID controller. The PID controller can
be subdivided into the classical PID controller, the integral separation PID controller,
the incomplete differential PID controller, and so on. The PID controller can be sim-
ply designed for second-order plants. However, the design of PID controller suitable for
third-order plants is quite difficult. Through the improvement of the PID controller, the
PID control has a wider application range. For example, P. Pannil et al. proposed a
proportional-integral-derivative-acceleration (PIDA) controller using the Kitti’s method
for third-order plants [38]. Simulation results confirm that the proposed PIDA controller
provides the satisfied performances. Every PID controller has its unique parameters and
exhibits significant differences in application. A comprehensive study and comparison
between the different PID controllers in the semi-active suspension are clearly of great
benefit.

To study the performance characteristics of the semi-active suspension controlled by
the different PID controllers, the performance of the semi-active suspension is analyzed.
The performance changes and correlations of the semi-active suspensions controlled by
the different PID controllers are obtained through the analysis of bodywork acceleration,
speed, displacement and suspension deflection. To analyze the adaptive performance of
the semi-active suspensions controlled by the different PID controllers, the performance
of the semi-active suspension is analyzed on different roads and at different speeds. The
results show that the PID controller can effectively improve the performance of the semi-
active suspension. The performance characteristic of the semi-active suspension is ob-
tained when the vehicle runs on different roads at different speeds. The research result
lays a solid foundation for the related experiments, dynamic analysis and structural op-
timization of the semi-active suspension. Therefore, the paper proposes to analyze and
compare the performance of the semi-active suspension using the above PID controllers
on different roads and at different speeds.

The paper is organized as follows. In Section 2, the semi-active suspension mathematical
model and road model are established, and the solving method is proposed. The control
and optimization method is proposed and given based on the classical PID controller, the
integral separation PID controller, the incomplete differential PID controller in Section 3.
The results under different vehicle speeds and different road surfaces conditions are given
and discussed in Section 4. Finally, the paper is summarized in Section 5.

2. Mathematical Model.

2.1. Semi-active suspension model. As shown in Figure 1, the semi-active suspension
model of a 1/4 vehicle can be simplified into four parts. The bodywork, the power system
and the bodywork accessories are called the spring-loaded part. The elastic element, the
damper and the control resistance device are called the suspension. The wheel hub, the
brake actuator, the wheel, etc., are called the unsprung part. The tire is simplified as a
resilient element.
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FIGURE 1. Semi-active suspension model

According to Newton’s second law, the mathematical model of the semi-active suspen-
sion system can be expressed as

MaZy + co(e — 21) + ks(22 — 21) +u =0 1)
miZ + co(21 — 20) + ks(21 — 22) + ke(21 — 20) —u =0

where m; and msy are the masses of the unsprung part and the spring-loaded part re-
spectively; ks and k¢ are the stiffness coefficient of the semi-active suspension and the tire
respectively; ¢q is the damping coefficient of the damper; 21, 2o and zy are the displace-
ment of the unsprung part, the spring-loaded part and the road excitation respectively;
and u is the controlling force.

In order to solve the differential equation by the Runge-Kutta method, Equation (1) is
converted into four first-order differential equations. If 23 = 21, z4 = 29, Equation (1) can
be expressed as

( 2:’1 = Z3 (a)
2:’2 = Z4 (b>
P co(za — 23) + ks(2a — 21) + k(20 — 21) + 1 () (2)
P co(zs — 2z4) + ks(21 — 22) —w ()

\ ma

Equation (2) is constructed by four first-order differential equations. The suspension
displacement value is obtained by Equation (2a). The bodywork displacement value is
obtained by the first-order differential Equation (2b). The suspension speed value is ob-
tained by the first-order differential Equation (2c¢). The bodywork speed value is obtained
by the first-order differential Equation (2d).

Equation (2) can be represented by a matrix, which can be expressed as

Z = 1(Z.1) (3)
where Z and f can be expressed as

7= [217227z37z4]T (4)
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2.2. Road model. The smoothness of the vehicle can be evaluated thorough the road
roughness power spectrum and the frequency response of the vehicle system. The road
roughness is mainly described by the road power density. The power spectral density of
the road can be expressed as [39]

-W

Gim) = Gifn) () ©)
o

where n is the spatial frequency that which contains several wavelengths in a unit length;

no is the reference space frequency, 0.1m™'; G4(ng) is the roughness coefficient of the

road; W is the frequency index that determines the frequency structure of the pavement

power spectral density.

The speed power spectral density can be expressed as

Ga(n) = (2mn)*Gq(n) (7)

The relationship between the spatial frequency power spectral density and the time-
frequency power spectral density of the rode can be expressed as

Gy() = “al) )

where v is the speed of the vehicle, and f is the time frequency and represents the number
of waves contained in a time unit.

If the frequency index is 2, the road-time power spectral density can be obtained by
Equations (6) and (8), and can be expressed as

1 n\ 2 v
Gil) = Galo) () = Gulnolr 7 )
The power spectral density of the road surface speed can be obtained by Equations (6)

and (7). It can be expressed as
Gy(n) = (2mn0)*Gy(no) (10)

The relationship between the speed and the displacement power spectral density can
be expressed as
Go(f) = 2 f)*Gy(f) = 4m°Gq(no)ngu (11)
It can be seen from Equation (11) that the power spectral density amplitude of the
road speed is only related to the roughness coefficient. For the continuous random road
input model, the vehicle speed is also taken into consideration and the white noise speed
spectrum is used to describe the road model in time domain. So the random road input
function can be expressed as

x(t) = 2mngy/ Gq(no)v /Otw(t)dt

where z(t) is the vertical displacement excitation of the road surface, and w(t) is the
white noise.

(12)
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3. Suspension Control Strategy. The control schematic diagram is shown in Figure
2. The input to the PID controller is the difference between the fixed input signal and
the spring-loaded part acceleration. The performance of the suspension is improved by
controlling the force using the PID controller.

Road
incentive
Body
acceleration
—_—

Fixed £~ Error

input

FIGURE 2. Suspension is controlled by PID flow chart.

3.1. Three different PID controllers. The classical PID control law can be expressed
as . 4
u(t) = ky x e(t) + ki x / e(t)dt + ky x Z(;)
0
where k,, ki and kq are the coefficients of the proportional, the integral, and the derivative,
respectively; and e(t) is the error that changes over the time.

The role of the proportional term is to improve the response speed and adjustment
accuracy. When the proportional coefficient in the control system is large, the system has
a fast response speed. However, when the proportional coefficient in the control system
is large, it is easy for the system to produce overshoot. When the proportional coeffi-
cient in the control system is small, the response speed of the system is slow. When the
proportional coefficient in the control system is small, the adjustment time is prolonged
and the accuracy of system adjustment is reduced. Therefore, the static and dynamic
characteristics of the system are poor.

The role of the integral term is to eliminate the system steady-state error and improve
the accuracy of the system control. If the integral coefficient is too small, the static
difference cannot be eliminated in time, and the function of the integral part can be
realized, which directly affects the adjustment accuracy of the system. If the selected
coefficient is too large, the system produces an overshoot phenomenon, and even produces
an integral saturation phenomenon in the early stage of the response process. The integral
separation PID controller can well solve the problem of large overshoot generated by the
system. The integral separation PID controller has a threshold. If the error exceeds the
threshold, the integral part is eliminated. This will not only avoid excessive overshoot,
but also improve the system response speed. If the error is less than the threshold, the
integral part is used. This will not only eliminate static differences, but also improve the
system accuracy. The integral separation PID controller can be expressed as

e(k) — e(k — 1)
- (14)

(13)

u(k) = +klﬁz T + kg

where [ is the switching factor. If e(k) g e, the switching factor is 1; if e(k) > e, the
switching factor is 0. And ¢ is the threshold.

The derivative term can effectively improve the dynamic performance of the system,
but it is also easy to introduce high frequency interference accordingly. This problem can
be solved by adding a low-pass filter in the PID control system. The low-pass filter is
directly added to the PID differential, and it becomes an incomplete differential PID.



STUDY ON PID CONTROL OF VEHICLE SEMI-ACTIVE SUSPENSION 1099

The transfer function of the differential term in the incomplete differential PID con-
troller can be expressed as
/{ZpTDS
E 15
TG (15)
The differential equation of differential term in the incomplete differential PID controller
can be expressed as

up(s) =

dup(t k)—e(k—1
uolt) _ g elk) = el = 1)
dt T
where T} is the filter coefficient, Tp is a differential time constant, and T} is the sampling
time.
Equation (16) can also be expressed as

up (k) + Tt (16)

T
k) = k—1)+k k) —e(k—1 17
un(k) = 7 (= 1)+ P (k) = el = 1) (17)
It o =720 +T , then — +T =1—a. Ifkp = k‘g[,fD, the differential term of the incomplete

differential PID controller can be expressed as
up(k) = kp(1 — a)(e(k) —e(k — 1)) + aup(k — 1) (18)

So the incomplete differential PID controller can be represented as

u(k) = kpe(k) + ks Z DT + ha(1 — o) e _;(k “ D) wunk—1)  (19)

3.2. Genetic algorithm. The genetic algorithm is a computational model that simulates
the evolutionary process of the biology and genetics. According to the fitness value of the
semi-active suspension, the individuals generated by selection, crossover and mutation are
screened. If the individual fitness of the semi-active suspension is high, the individual is
retained. If the individual fitness of the semi-active suspension is low, the individual is
removed. The new population produced is compared with the previous generation. The
new population continues to cycle through the above process. When a predetermined
condition is satisfied, the optimal individual is obtained.

The basic operations of the genetic algorithm include selection, crossover and mutation.
Selection is the process of selecting good individuals in a population to produce new
populations. The good individual of the semi-active suspension is more likely to produce
the next generation. Crossover is a reproduction phenomenon that simulates the process
of biological evolution. Two fine individuals are provided with half of the genes to produce
new good individuals. Mutation is the phenomenon of gene mutation under accidental
conditions.

The objective function and adaptive value function of the genetic algorithm for the
semi-active suspension controlled can be expressed as

(20)

where N is the number of the proper sampling points.

As shown in Figure 3, the optimal control parameters are obtained by using the genetic
algorithm. The schematic diagram can be expressed as follows.

Step 1: The initial parameter range is determined. The PID parameter adjustmen-
t methods include empirical method, attenuation curve method, critical proportional
method and response curve method. The empirical method is also called the trial and
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FIGURE 3. Genetic algorithm flow chart

error method. The initial parameter range is obtained based on the good basic parame-
ters of the PID controller. The good basic parameters of the PID controller are obtained
through trial and error.

Step 2: According to the calculated accuracy requirements, the parameter range of the
variable is coded. Each parameter is represented by a binary string. The string is an
object that can be controlled by the genetic algorithm.

Step 3: An initial population 1 is generated randomly. The initial population is ran-
domly selected within the initial parameters range.

Step 4: The generated population corresponding parameters are substituted into the
semi-active suspension control system. The bodywork acceleration is obtained through
the response characteristics of the semi-active suspension system.

Step 5: The root mean square (RMS) value of the bodywork acceleration is obtained
by Equation (20). Because the objective function value and fitness value of the genetic
algorithm of this study are the RMS value of the bodywork acceleration, the objective
function value and the fitness value of the genetic algorithm are obtained.
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Step 6: When the number of iteration steps is less than the predetermined value,
the population 1 is operated by selection, crossover and mutation algorithm to generate
population 2. Population 2 is better than population 1. Go to Step 4 and repeat the
above steps. When the number of iterative steps is equal to the predetermined value, the
optimization parameters are obtained by decoding. The optimization parameters are the
basic parameters of the PID controller.

Step 7: The optimization result parameter is compared with the parameter range crit-
ical value. If the difference between the optimization result parameter and the critical
value of the parameter range is small, the parameter range is modified. Go to Step 2 and
continue the calculation. If the difference between the optimization result parameter and
the critical value of the parameter range is large, the final merit parameter is output.

3.3. Suspension performance evaluation standard. According to the relevant regu-
lation, the suspension performance is evaluated by the weighted acceleration RMS value.
The vehicle comfort is evaluated by considering the vibration of the seat support surface,
the seat back support surface and the foot support surface. The foot comfort is directly
determined by the suspension. Therefore, this study only analyzed the vibration of the
foot support surface in the vertical direction. The reason is that the human body is more
sensitive to the specific range vibration frequencies. And the vibration input at different
points and different axial directions have different effects on human comfort level. Regard-
ing the human body’s evaluation method for the whole-body vibration, the international
standards have made corresponding regulations. According to the international standard
ISO 2631, the human exposure to whole-body vibration is evaluated only for frequencies
from 0.5 Hz to 80 Hz.
The RMS value of the weighted acceleration can be expressed as

o = [ NG Has] (21)

0.5

The frequency weighted coefficient of the foot supporting surface in the vertical direction
can be expressed as

0.5  (05<f<2)
4 (2<f<4
W) = {/ E4 i ; 2 1)2 5) (22)
12.5/f (12,5 < f < 80)

where f is the frequency with the unit Hz.

4. Result and Analysis. The model parameters of the suspension system are as fol-
lows: the masses of the spring-loaded part and the unsprung part are 340kg and 40kg,
respectively; the damping coefficient of the damper is 1400Ns/m; the stiffness coefficients
of the semi-active suspension and the tire are 17kN/m and 190kN /m, respectively. The
controllable force in the semi-active suspension system is limited. If the control force is
greater than the gravity of the unsprung mass, the probability of the wheel leaving the
ground will increase. This will affect the grip performance of the wheel. The maximum
controllable force is 350N in this study.

The numerical computation schematic diagram of the semi-active suspension control
is shown in Figure 4 based on the Runge-Kutta method. The schematic diagram can be
expressed as follows.

Step 1: The initial value of the control system is determined. The initial value includes
the initial suspension displacement, bodywork displacement, suspension speed, bodywork
speed and control force.
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F1GURE 4. Numerical computation schematic diagram of the semi-active
suspension control

Step 2: The instant suspension displacement is obtained using Equation (2a). The
suspension displacement parameter is replaced by the instant suspension displacement.

Step 3: The instant bodywork displacement is obtained using Equation (2b). The
bodywork displacement parameter is updated by the instant bodywork displacement.

Step 4: The suspension displacement, bodywork displacement, road profile point, sus-
pension speed, bodywork speed, and control force are substituted into Equation (2c) to
determine the instant suspension speed. The suspension displacement and the bodywork
displacement values are obtained in Steps 2 and 3. The road profile point is obtained by
the road surface excitation model. The suspension speed value is updated.

Step 5: The suspension displacement, bodywork displacement, suspension speed, body-
work speed, and control force are substituted into Equation (2d) to determine the body-
work speed at this moment. The suspension displacement, bodywork displacement and
suspension speed parameters are obtained in Steps 2 to 4. The bodywork speed parameter
is replaced by the bodywork speed at the moment.

Step 6: The suspension displacement, bodywork displacement, suspension speed, body-
work speed, and control force are substituted into Equation (2d) to determine the body-
work acceleration at this moment. The suspension displacement, bodywork displacement,
suspension speed and bodywork speed parameters are obtained in Steps 2 to 5. The body-
work acceleration value is updated by the bodywork acceleration value at this moment.

Step 7: The control force is computed using the PID controller through the body-
work acceleration error as the PID controller input. The performance of the semi-active
suspension is changed to adjust the control force through the PID controller.
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Step 8: The time variable ¢ is updated by an increment. If the stop condition is reached,
the computation is completed; else, go to Step 2.

The road profile is obtained by Equation (12) for that the vehicle runs at different speeds
and on different road surfaces. The road profile is determined by two key parameters: the
vehicle speed and the white noise. The 5 C-level road profiles are shown in Figure 5 with
the following key parameters.

(1) Road 1: the vehicle speed is 10m/s, and the white noise is 1.

(2) Road 2: the vehicle speed is 28m/s, and the white noise is 1.

(3) Road 3: the vehicle speed is 20m/s, and the white noise is 2.

(4) Road 4: the vehicle speed is 20m/s, and the white noise is 3.

(5) Road 5: the vehicle speed is 20m/s, and the white noise is 4.

Road 1

Road contour x{t) (m>

5 6
Timet (s)

FiGURE 5. Road profile in the time domain

As can be seen from Road 1 and Road 2 in Figure 5, the road profile curve shape has
the same shape under the same white noise parameter, and the amplitude of the road
surface profile is determined by the vehicle speed v. From Equation (12), the amplitude
is proportional to \/v. As a whole, the amplitude is proportional to the white noise
parameter from Road 3, Road 4 and Road 5, which can also be explained using Equation
(12).

In what follows, the comprehensive computation and comparison of the semi-active
suspension are verified and demonstrated using three PID controllers, namely the classical
PID controller, the integral separation PID controller and the incomplete differential PID
controller. The optimal control parameters are obtained by using the genetic algorithm.
The optimal PID controller parameters are shown in Table 1 for a C-level road profile
(called Road 6) with the key parameters the vehicle speed 20m/s and the white noise 1.

TABLE 1. Optimal PID controller parameters

k, k; kq Integral threshold
Classical PID —930.079 —19490.016  3.704 —
Integral separation PID ~ —956.450 —16172.1564  3.773 274.777

Incomplete differential PID —327.624 —18638.124 —43.735 —
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4.1. Test on a C-level road. As shown in Figure 6, when the vehicle runs on Road 6,
the vertical bodywork acceleration with the passive suspension is about —0.82 ~ 0.9m/s?.
The vertical bodywork acceleration is approximately between —0.4 and 0.42m/s? if the
semi-active suspension is controlled by the classical PID controller, the integral separation
PID controller and the incomplete derivative PID controller. The bodywork acceleration
amplitude with the semi-active suspension controlled by the PID controller is significantly
reduced compared with the passive suspension.

1

‘ Passive suspension

| - Classical PID

| Integral separation PID

| == Incomplete differential PID

08

0.6

0.4

2y

02

02

Acceleration (m/s

- o Al
06

0.8

Time (s)

FIGURE 6. Vertical acceleration of the bodywork

As shown in Figure 7, the bodywork speed with the passive suspension is between —0.12
and 0.1m/s in the vertical direction. The bodywork speed with the semi-active suspension
controlled by the PID controller is only approximately between —0.02 and 0.03m/s in the
vertical direction. Compared with the passive suspension, the speed amplitude is evidently
reduced with the semi-active suspension controlled by the PID controller. The bodywork
speed change rate with the passive suspension is the largest in Figure 7. Therefore, the
performance of the semi-active suspension controlled by the PID controller is excellent.

As shown in Figure 8, the bodywork displacement with the passive suspension is be-
tween about —0.02m and 0.045m in the vertical direction. When the semi-active suspen-
sion is controlled by the PID controller, the vertical bodywork displacement is approxi-
mately between —0.002m and —0.03m. The vertical bodywork displacement amplitude
is significantly smaller than that of the passive suspension. The bodywork vertical dis-
placement change rate of the passive suspension is the largest.

As shown in Figure 9, the suspension deflection of the passive suspension is approxi-
mately between —0.012 and 0.013m. The suspension deflections are approximately be-
tween —0.018 and 0.024m for the classical PID controller, the integral separation PID
controller and the incomplete differential PID controller. Therefore, the deflection range
of the semi-active suspension is larger than the passive suspension.

The performance comparison between the passive and the semi-active suspensions is
shown in Table 2. The weighted acceleration RMS value of the bodywork with the passive
suspension is 0.2888m/s? in the vertical direction. The bodywork displacement RMS val-
ue of the passive suspension is 0.0164m in the vertical direction. The vertical bodywork



STUDY ON PID CONTROL OF VEHICLE SEMI-ACTIVE SUSPENSION 1105

0.15 i i
Passive suspension
------- Classical PID
! IS U N A - Integral separation PID
: : : : R Incomplete differential PID

£
o |
o) :
(] 1
jo R H
n |

02 | i i i | i | | i

0 1 2 3 4 5 6 7 8 9 10
Time (s)
F1GURE 7. Vertical speed of the bodywork
0.05

Passive suspension
V| e Classical PID |
0.04 * """"""""" """"" Integral separation PID -/ """"""" -

: 1 : 1 : e Incomplete differential PID ‘

Displacement (m)

. | | | | | | | | |
0

Time (s)
FIGURE 8. Vertical displacement of the bodywork

speed RMS value of the passive suspension is 0.0450m/s. If the suspension is controlled
by the classical PID controller, the weighted acceleration RMS value of the bodywork is
0.0286m/s? in the vertical direction. The weighted acceleration RMS value of the body-
work is reduced by 90.1% compared with the passive suspension. The vertical bodywork
speed RMS value of the suspension is 0.0084m/s. The bodywork speed RMS value is
reduced by 81.3% compared with the passive suspension. The vertical bodywork dis-
placement RMS value of the suspension is 0.0113m. The bodywork displacement RMS
value is reduced by 31.1% compared with the passive suspension. The RMS value of the
control force is 166.0545N.
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TABLE 2. Performance comparison between the passive and semi-active
suspensions on a C-level road

Passive . Integral Incomplete
suspension Classical PID separation PID differential PID
RMS RMS Decrease RMS Decrease RMS Decrease
value value rate value rate value rate

Weighted
acceleration 0.2888 0.0286  90.1%  0.0316 89.1%  0.0332  88.5%
(m/s?)

DISplf“rmeem 00164 00113 311% 00118 28.0% 00112  31.7%

Speed (m/s) 0.0450 0.0084  81.3%  0.0091 79.8%  0.0085  81.1%

Control 166.0545  —  159.9322 1588368
force (N)

When the semi-active suspension is controlled by the integral separation PID controller,
the weighted acceleration RMS value of the bodywork is 0.0316m/s? in the vertical direc-
tion. Compared with the passive suspension, the weighted acceleration RMS value of the
bodywork is reduced by 89.1% in the vertical direction. The RMS value of the bodywork
speed is 0.0091m/s in the vertical direction. The RMS value of the bodywork speed is
reduced by 79.8% in the vertical direction compared with the passive suspension. The
bodywork displacement RMS value of the suspension is 0.0118m in the vertical direction.
The RMS value of the bodywork displacement is reduced by 28.0% compared with the
passive suspension. The RMS value of the control force is 159.9322N.

The weighted bodywork acceleration RMS value of the semi-active suspension controlled
by the incomplete differential PID controller is 0.0332m/s? in the vertical direction. When
the suspension is controlled by the incomplete differential PID controller, the weighted
acceleration RMS value of the bodywork is reduced by 88.5% compared with the passive
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suspension. The RMS value of the bodywork speed of the suspension is 0.0085m/s in the
vertical direction. The RMS value of the bodywork speed is reduced by 81.1% compare
with the passive suspension. The bodywork displacement RMS value of the suspension
is 0.0112m in the vertical direction. The RMS value of the bodywork displacement is
reduced by 31.7% compared with passive suspension. The RMS value of the control force
is 158.8368N.

The performance of the semi-active suspension controlled by the PID controller is su-
perior to the passive suspension on the aspect of the weighted acceleration, the displace-
ment and the bodywork speed. However, obvious performance difference can be found
between different semi-active PID controllers. The weighted acceleration RMS value of
the bodywork is smallest controlled by the classical PID controller. The bodywork weight-
ed acceleration RMS value with the suspension controlled by the incomplete differential
PID controller is the largest. The bodywork displacement RMS value is the smallest with
the suspension controlled by the incomplete differential PID controller. The bodywork
displacement RMS value is the largest with the suspension controlled by the integral sep-
aration PID controller. The bodywork speed RMS value is the smallest controlled by the
classical PID controller. The bodywork speed RMS value with the suspension controlled
by the integral separation PID controller is the largest. From Table 2, it can also be found
that the suspension performance under the classical PID controller is the best among the
four different suspensions on Road 6.

4.2. Test under different vehicle speeds. In what follows, the performances of the
semi-active suspensions controlled by the three PID controllers are analyzed for that
the vehicle runs at different speeds. The RMS value of the weighted acceleration, the
displacement and the speed of the bodywork in the vertical direction are computed and
shown in Table 3 for different vehicle speeds.

As can be seen in Table 3, the weighted vertical acceleration RMS value of the body-
work increases with the vehicle speed increasing if the vehicle runs under the same road

TABLE 3. Performance comparison between the passive and semi-active
suspensions under different vehicle speeds

Passive . Integral Incomplete
suspension Classical PID separation PID differential PID
Weighted Weighted Weighted Weighted

Vehicle RMS RMS RMS RMS

speed value of value of Decrease value of Decrease value of Decrease
; rate (%) rate (%) rate (%)

(m/s) bodywork bodywork bodywork bodywork
(m/s?)  (m/s?) (m/s%) (m/s%)
10 0.2042 0.0192 90.5975 0.0218 89.3242 0.0230 88.7365
12 0.2237 0.0211 90.5677 0.0239 89.3160 0.0251 88.7796
14 0.2416 0.0228 90.5629 0.0258 89.3212 0.0272 88.7417
16 0.2583 0.0245 90.5149 0.0277  89.2760 0.0291 88.7340
18 0.2739 0.0264 90.3614 0.0295 89.2296 0.0310 88.6820
20 0.2888 0.0286 90.0970 0.0316 89.0582 0.0332 88.5042
22 0.3028 0.0310  89.7622  0.0339  88.8045  0.0360  88.1110
24 0.3163 0.0341  89.2191  0.0364  88.4919  0.0389  87.7015
26 0.3292 0.0375 88.6087 0.0393 88.0620 0.0419 87.2722
28 0.3417 0.0408 88.0597 0.0424 87.5915 0.0450 86.8306
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conditions. When the vehicle speed increases from 10m/s to 28m/s, the weighted acceler-
ation RMS value of the bodywork with the passive suspension increases from 0.2042m /s?
to 0.3417m/s®. When the vehicle speed increases from 10m/s to 28m/s, the weighted
acceleration RMS value of the bodywork increases from 0.0192m/s* to 0.0408m/s? for the
semi-active suspension controlled by the classical PID controller. When the vehicle speed
increases from 10m/s to 28m/s, the weighted acceleration RMS value of the bodywork
increases from 0.0218m/s? to 0.0424m/s? for the semi-active suspension controlled by
the integral separation PID controller. When the vehicle speed increases from 10m/s to
28m /s, the weighted acceleration RMS value of the bodywork increases from 0.0230m/s?
to 0.0450m/s? for the semi-active suspension controlled by the incomplete differential
PID controller. In the whole, the comfort of the vehicle is worse when the vehicle speed
is greater.

When the vehicle speed increases from 10m/s to 28m/s, the bodywork weighted accel-
eration RMS value percentage is reduced from 90.5975% to 88.0597% for the semi-active
suspension controlled by the classical PID controller. When the vehicle speed increases
from 10m/s to 28m/s, the bodywork weighted acceleration RMS value decrease percentage
is reduced from 89.3242% to 87.5915% for the semi-active suspension controlled by the in-
tegral separation PID controller. When the vehicle speed increases from 10m/s to 28m/s,
the bodywork weighted acceleration RMS value is reduced from 88.7365% to 86.8306%
for the semi-active suspension controlled by the incomplete derivative PID controller.

As shown in Figure 10, when the vehicle speed is between 10m/s and 16m/s, the
decrease rate of the bodywork acceleration is very small using the three PID controllers.
When the vehicle speed increases from 16m/s to 28m/s, the decrease rate of the bodywork
weighted acceleration RMS value is reduced. The decrease rate decreases with the increase
of the vehicle speed. The computation results show that the weighted acceleration RMS
value of the bodywork is always the smallest in the vertical direction when the semi-active
suspension is controlled by the classical PID controller. When the suspension is controlled
by the incomplete differential PID controller, the weighted acceleration RMS value of the

91.0 1 —a— Classical PID
—e— Integral separation PID
90.5 i —a —a&— Incomplete differential PID

90.0 -
89.5—_
89.0 1
88.5—‘
88.0 -
8?.5—‘

87.0

bodywork reduction percentage (%)

The weighted acceleration RMS value of

86.5 +——1——1——1——1——1——1——————————
8 10 12 14 16 18 20 22 24 26 28 30

Vehicle speed(m/s)

F1cURE 10. Weighted acceleration RMS value of the bodywork under dif-
ferent vehicle speeds
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bodywork is always the largest in the vertical direction. In summary, the classical PID
controller suspension has the best performance.

As shown in Figure 11, the displacement RMS value of the bodywork increases with
the increase of the vehicle speed in the vertical direction. The displacement RMS value
of the bodywork of the suspension controlled by the integral separation PID controller is
always the largest in the vertical direction. There is no obvious difference between the
classical PID controller and the incomplete differential PID controller. To sum up, when
the vehicle runs at different speeds, the vehicle ride comfort is the best controlled by the
classical PID controller.

E ' :

~ 0.015 =— Classical PID

g 1 —e Integral separation PID ’
E 0.014 —+— Incomplete differential PID g

& 0.0131

[=R

K] 1

© 0.0124

£ ]

2 0.011- s

8 0.010 Pt

Y— ) i -

©

© 0.009 - ,.//'—/

=2 . A

@ e

= 0.008 - «

g

m 0.007 v T v T " 1 J T v 1 " T . 1 L T . 1 v 1 v 1
g 8 10 12 14 16 18 20 22 24 26 28 30
'_

Vehicle speed (m/s)

FiGURE 11. Bodywork vertical displacement RMS value under different
vehicle speeds

4.3. Test at different roads. In order to comprehensively compare the adaptability of
the suspension using different PID controller, the optimal parameter based on Road 6 is
used. When the vehicle runs on Road 3, the acceleration and speed of the bodywork are
shown in Figures 12 and 13. As shown in Figure 12, when the suspension is separately
controlled by the classical PID controller and the integral separation PID controller, there
is no obvious difference in the change rate of the bodywork acceleration at Road 3. When
the vehicle runs on Road 3 and the suspension is controlled by the incomplete differential
PID controller, both the bodywork acceleration and its change rate are the largest. The
performance of the incomplete differential PID controller suspension is the worst compared
with the other two PID controllers. As shown in Figure 13, when the vehicle runs on
Road 3, the bodywork speed is the largest controlled by the incomplete differentiated
PID controller suspension. The dynamic performance of the incomplete differential PID
controller suspension is better than the other two PID controllers.

The performance of the semi-active suspension controlled by the three PID controllers
is shown in Table 4. The result shows that the performance of the semi-active suspension
using the PID controller is significantly improved compared with the passive suspension.
With the control of the three PID controllers, the weighted acceleration RMS values of
the bodywork are respectively 87.7%, 86.5% and 84.6% less than the passive suspension
in the vertical direction. And the corresponding bodywork speed RMS values are respec-
tively 74.7%, 73.4% and 74.1% less than the passive suspension in the vertical direction.
When the suspension is controlled by the classical PID controller, the decrease rate of
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the bodywork weighted acceleration RMS value and the speed RMS value is the largest
in the vertical direction. When the vehicle runs on Road 3, the suspension performance
using the classical PID controller is the best. The bodywork weighted acceleration RM-
S values of the semi-active suspension using the three PID controllers are respectively
80.1%, 81.4% and 79.2% less than the passive suspension in the vertical direction. And
the bodywork speed RMS values are respectively 61.1%, 61.7% and 61.9% less than the
passive suspension in the vertical direction.

The bodywork weighted acceleration RMS value of the semi-active suspension using
the three PID controllers are respectively 74.7%, 77.9% and 74.0% less than the passive
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TABLE 4. Performance of semi-active suspension on different roads

Road 3 Road 4 Road 5 Road 7

Weighted acceleration

Passive RMS val 9 0.1712 0.1647 0.2559 0.2702
, value (m/s*)
suspension Speed RMS value (m/s)  0.0293 0.0339 0.0402 0.0425
Wgﬁgej&ﬁfe&;@;ﬂ 0.0211 0.0328 0.0647 0.0279
Classical PID Decrease (%) 87.7 80.1 74.7 89.7
Speed RMS value (m/s)  0.0074 0.0132 0.0136  0.0094
Decrease (%) 74.7 61.1 66.2 77.9
Weighted acceleration 4 1051 0306 0.0565  0.0306
RMS value (m/s?)
Integral Decrease (%) 86.5 81.4 77.9 88.7
separation PID g 00q4 RMS value (m/s)  0.0078  0.0130  0.0133  0.0097
Decrease (%) 73.4 61.7 66.9 77.2
Weighted acceleration 050 0319 0.0666 0.0321
RMS value (m/s”)
Incomplete Decrease (%) 846 792 740  88.1
differential PID  g004 RMS value (m/s)  0.0076  0.0129 0.0134  0.0094
Decrease (%) 74.1 61.9 66.7 77.9

suspension in the vertical direction on Road 5. And the bodywork speed RMS values
are respectively 66.2%, 66.9% and 66.7% less than the passive suspension in the vertical
direction. When the suspension is controlled by the integral separation PID controller,
the decrease rate of the weighted acceleration RMS value and the bodywork speed RMS
value is the largest in the vertical direction. When the vehicle runs on Road 4 and Road
5, the suspension performance is the best for the integral separation PID controller.

When the road profile level is C, the vehicle speed is 20m/s, and the white noise is 5,
a road profile is obtained and called Road 7 here. The bodywork weighted acceleration
RMS values of the semi-active suspension using the three PID controllers are respectively
89.7%, 88.7% and 88.1% less than the passive suspension in the vertical direction on Road
7. And the bodywork speed RMS value is respectively 77.9%, 77.2% and 77.9% less than
the passive suspension in the vertical direction. Therefore, it can be concluded that the
suspension performance is greatly improved when the suspension is controlled by the three
PID controllers on Road 7.

When the vehicle runs on different roads, the semi-active suspension controlled by the
three PID controllers exhibits excellent performance compared with the passive suspen-
sion. There are always obvious differences between the three different PID controllers.
From a whole point of view, the semi-active suspension controlled by the classical PID
controller and the integral separation PID controller has better performance than the
incomplete differential PID controller. The bodywork acceleration change controlled by
the integral separation PID controller is smallest in the percent improvement. The per-
formance of the integral separation PID controller is best in the three PID controllers.

It can be seen from the test on a C-level road that the bodywork acceleration, speed
and displacement of the semi-active suspension controlled by the three PID controllers
are significantly reduced compared with the passive suspension. However, the suspension
deflection of the three semi-active suspensions becomes larger. This indicates that the ride



1112 G. CHEN, S. LV AND J. DAI

comfort performance of the semi-active suspension vehicle controlled by the three con-
trollers is improved, while the wheel grip performance of the semi-active suspension vehicle
is deteriorated. If the vehicle runs under the same road condition, the weighted vertical
acceleration RMS value of the bodywork increases with the vehicle speed increasing and
the semi-active suspension controlled by three PID controllers has strong adaptability at
different vehicle speeds. Compared with the passive suspension, the bodywork weighted
acceleration value of the suspension controlled by the classical PID controller is minimal
in the three control suspensions. Therefore, the ride comfort of the suspension controlled
by the classical PID controller is the best. When the vehicle runs on different roads, the
performance of the semi-active suspension controlled by the three PID controllers is sig-
nificantly improved compared with the passive suspension. The semi-active suspensions
controlled by the three PID controllers have different adaptability. The adaptive perfor-
mance of the semi-active suspension controlled by the integral separation PID controller
is best in the three PID controllers.

5. Conclusions. The suspension dynamics mathematical model and the numerical anal-
ysis model are established based on the principle of the suspension dynamics. The sus-
pension model is controlled by the classical PID controller, the integral separation PID
controller and the incomplete differential PID controller respectively under different speed-
s and on the different road profile. The optimal control parameter is obtained using the
genetic algorithm. The performance characteristics of the vehicle semi-active suspension
are studied under different controllers and road conditions. The analysis results show that
the performance of the semi-active suspension controlled by the three PID controllers is
greatly improved compared with the passive suspension.

The performance of semi-active suspension controlled by the three PID controllers is
analyzed when the vehicle runs on the same road under the different speeds. The weighted
acceleration RMS value of the bodywork is always the smallest when the semi-active
suspension is controlled by the classical PID controller. Therefore, when the vehicle
runs at different speeds, the vehicle ride comfort is the best controlled by the classical
PID controller. The performance of semi-active suspension controlled by the three PID
controllers is analyzed when the vehicle runs on different roads under the same speed. The
three controllers for semi-active suspension have different adaptability on the different
road conditions. The bodywork acceleration change controlled by the integral separation
PID controller is smallest in the percent improvement. Therefore, when the vehicle runs on
different roads at the same speed, the adaptive performance of the semi-active suspension
controlled by the integral separation PID controller is best.

In terms of vehicle performance, roads have the greatest impact on suspension perfor-
mance. All in all, the integral separation PID controller has the best performance. The
study lays a foundation for the semi-active suspension experiments, the dynamic analysis
and the optimization design of suspension structure.
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