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ROBUST PID CONTROLLER DESIGN FOR ACTIVE VEHICLE
SUSPENSION BASED ON PARTICLE SWARM OPTIMIZATION *

Hayder Sabah Abad Al-Amir Abdullah Dhayea Assi
Abstract :

This paper presents a robust PID neural controller based on particle swarm

optimization for a four degree of freedom of half-car active vehicle suspension system
.The scheme of the discrete-time PID control structure is based on neural network and
tuned the parameters of the robust PID neural controller by using a particle swarm
optimization PSO technique as a simple and fast training algorithm.
The robust PID controller is tested at two road profiles, bump and ramp. Simulation
results show that the present controller can reduce the peak overshoot and transient
period of the displacement, pitch angle acceleration of the vehicle body under different
road conditions and vehicle speeds compared to passive suspension system. So the ride
comfort and road holding ability will improve during the drive.
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1-Introduction :

Automotive designers are seeking to provide maximum comfort for the passenger
through reducing vibrations of a vehicle body, which may be induced by variety of sources,
including road irregularities, aerodynamic forces, vibration of the engine and drive line[1].
The main source of vibration in vehicle comes from road disturbances; therefore, the
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suspension system is used to isolate the vehicle body from road disturbances for comfortable
ride. Conventional suspension system consists of a spring and damper, also known as passive
suspension. It does not give better compromise between ride comfort and vehicle handling.
So, to provide the vehicle with improved ride quality, handling, and performance under
various operating conditions, the concept of an active suspension has emerged, and various
active systems have been proposed or developed. The force actuator in active system is
installed in parallel with a passive suspension (damper-spring system). Practically, the
operating conditions of the vehicle are consciously monitored by sensors. Based on the signals
obtained by sensors and the prescribe control strategy, the force in the actuator is modulated
to achieve improved ride, handling and performance. The force actuator may be come from
hydraulic, pneumatic or electric systems.

In recent years, a great number of studies have been engaged in the research about the control
of suspension. Optimal control has been used in active suspension system since 1960s [2].
Most design methods for automotive active suspension systems are based on optimal control
[3]. The fuzzy logical and neural network control have emerged other method for design of
automotive active suspension system [4,5].

PID is the most widely used control method in industry and have been applied to active
vehicle suspension system [6,7]. Its popularity is due to its simplicity and its relative ease of
tuning either intuitively or with several tuning methods available. It is also popular because it
is effective in the adjustment of system parameters of controllers like overshoot, rise and
settling time. It however lacks robustness to parameter variation and requires high loop gains
[8].

Several methods have been used in the literature to enhance the performance of the
proportional-integral-derivative (PID) controllers; for example, [9,10,11] demonstrated the
improved performance of active vehicle suspension system control based on the combination
of PID and fuzzy logic. In [12], the PID controller was overlaid with a neural network
feedforward controller to enhance system reference tracking; this was possible through the
reduction of the system sensitivity to noise by the feedforward control overlay. Back
propagation multi-layer neural network was employed in [13] to adjust the gains of the PID
controller in the position control of a servo-hydraulic system.

In this paper an attempt is made to improve the performance of an active suspension using
robust PID controller. The present controller is tested against different types of road profile
and different values of the speed. In the most of the published works, the controllers are tested
at certain road profile and vehicle speed.

The main advantage of the presented approach is not necessary to use a combined structure of
identification and decision, common in a standard self-tuning controller because it is used a
PSO as a simple steps algorithm and fast tuning the parameters of the PID controller.

2-Dynamic model of vehicle suspension system :

The half-car suspension model consists of a rigid sprung mass supported at either end
by the front and rear suspension components (springs, dampers and force actuators), which
rest on the front and rear unsprung masses. Thus, it is a 4-DOF system. Figure (1) illustrates
the half-car model. Using the Newton's second law of motion and free-body diagram concept,
the following equations of motion of 4-DOF vehicle suspension system are derived.

m, X+, (% —X) + (K, +k,)x, —k,x—ak @ —ac, 6—k,w, +F,=0 ... ... (1)
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M, X,+ C, (X,— X) + (K, +K,,) X, —K,X +bk,0 + bc, O—k,w, +F, =0 ... ()

M X+ (K, +K,) X+ (C, +C,) X—C, X,— €, X,— K,X, —K X, + (ak, —bk,)8 +

(ac,—bc,)9—F, —F, =0
01 —ak,x, —ac, xi+bk,x, +bc, x,+ (ak, —bk,)x + (ac, —bc,) x+
(a%k, +b?k,)0 + (a’c, +b’c,)6—aF, +bF, =0

The states that must be controlled are front and rear suspension travel (y; &y,) and determine
as

T 5)
y2 - XZ Xb

Where
X, = X+ad ©)
K Db T
When the road conditions are bump road input , can be formulated as

r

—(1- 6672Vt t <t<t
o]z it-cos® ) e )

0 otherwise

where w is the wheel input disturbances, r is the bump amplitude, t is the time in seconds, t; is
the start time of the bump , t; is the end time of the pump and V is the vehicle forward speed.
Another type of road conditions that is taken in this paper is the road input with limited ramp
which is formulated as below where 0.1m is the final road surface elevation:

0 0<t<t,
w={01(t-t,) t<t<t, (8)
0.1 t>t,

It is clear the behavior of bumps and effect of them on the vehicle motion depend on in
vehicle speed, wavelength of bump, number of wheel axels and length between these axels.
The two last terms are related to design of the vehicle, But the speed and wavelength of bump
in addition to vehicle mass are changing during operation of vehicle ,So these changing must
be taken into consideration in any design of active suspension controller. The state variables
and the parameters are defined in Appendix (A).
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Figure (1): Half —vehicle model with active and passive suspension components

3- Robust PID Neural Controller :

The control of linear Multi-Input Multi-Output (MIMO) dynamics system is

considered in this section. The approach used to control on the front and rear suspension
travel (y1 &y-.) of the vehicle that depends on the information available about the system
model and the control objectives. The feedback robust PID neural controller is necessary to
stabilize the tracking error dynamics of the system when the output variable states of the
system are drifted from the desired inputs by using two control signals front and rear force
actuators.
The general structure of the robust PID neural controller type can be given in the form of the
block diagram shown in figure (2). Two types of road profile ( bump road input and road
input with limited ramp) with different values of the speed and vehicle mass are used to learn
the controller.
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Figure (2): The general proposed structure of robust PID neural feedback controller for 4-DOF vehicle
model

The robust PID neural controller for MIMO system can be shown in figure (3). It has the
characteristics of control agility, strong adaptability, good dynamic characteristic and
robustness because it is based on that of a conventional PID controller that consists of three
terms: proportional, integral and derivative. The standard form of a PID controller is given in
the s-domain as equation (9) [14].
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Gc(s):P+|+D:Kp+ﬁ+de ..................................................... (9)
s

where Kp, Kj and Kg are called the proportional gain, the integral gain and the derivative gain
respectively.

Figure (3): The robust PID neural feedback controller structure

The proposed robust PID neural controller scheme is like neural network PID controller
structure as the discrete-time equation (10) [15].

F.() = F,(k—1) + Kp,[e, (k) —e, (k —1)]+ Ki,e, (k) + Kd [e, (k) — 2¢,(k =1) +e,(k=2)] ........(10)

where n=1,2
Therefore, the tuning PID input vector consists of ¢ (k), e (k-1),e,(k-2) and F (k-1), where
e, (k) and F (k1) denote the input error signals and the PID output respectively. Particle

swarm optimization algorithm technique is used to adjust the parameters of the robust PID
neural controller.

The proposed control law of the feedback Front and rear actuator force (F, and F,)
respectively can be proposed as follows:

FLK) = (K1) 4 0, 4 Oy oo (11)

Fy(K) = Fy(K—D) 4 0y 4 O oo (12)

Assume w; and w; are constant positive weights and there are equal to 0.1, 0,and 0, are the

outputs of the neural networks that can be obtained from sigmoid function has nonlinear
relationship as presented in the following function:

R R OO PR EPRPRPRPRPPPN 13
Ol_j__'_e—netl 1 ( )
OZZL—net_l .......................................................................... (14)

1+e ™
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net,and net, are calculated from these equations
net, (k) = Kp, [e, (k) — e, (k —1)]+ Ki,e, (k) + Kd,[e, (k) —2e, (K —1) +e,(K=2)] -+ vvvevrernnnn (15)
net, (k) = Kp,[e, (k) e, (k =1)]+Kie, (k) + Kd, e, (k) —2¢, (k =1 +€,(k =2)] oo (16)

The control parameters Kp,,,Ki,,and Kd,,of the robust PID neural controller are adjusted
using the particle swarm optimization techniques.

3-1 Learning Algorithm :

Particle Swarm optimization (PSO) is a kind of algorithm to search for the best
solution by simulating the movement and flocking of birds. PSO algorithms use a population
of individual (called particles) “flies” over the solution space in search for the optimal
solution.

Each particle has its own position and velocity to move around the search space. The particles
are evaluated using a fitness function to see how close they are to the optimal solution [16].
The previous best value is called as pbest. Thus, pbest is related only to a particular particle. It
also has another value called gbest, which is the best value of all the particles pbest in the
swarm.

The robust PID neural controller with six weights parameters and the matrix is rewritten as an
array to form a particle. Particles are then initialized randomly and updated afterwards
according to equations (17, 18, 19, 20, 21 and 22) in order to tune the proposed robust PID
parameters:

AKPE = AKpE  + i (pbestt, — Kpl )+, (GeSt —KpE ) v vrvevnntrr e (17)
Kprd = KpK L+ AKDPE e, (18)
AKIFE = AKK o1, (pbest’, — Kik ) +Co (GBSt —KiK ) +ov e (19)
Kkt = Kik, + AKIE S (20)
AKAS = AKdE, +c,r(pbest! , —Kd! )46, (ghestt —Kd! ) v vvveree 21
KAt = KX+ AKOE S o (22)
m=123,.....pop

where

pop is number of particles.
Kr‘f,m is the weight of particle m at k iteration.

c1 and c; are the acceleration constants with positive values equal to 1.75.
ri and r, are random numbers between 0 and 1.
pbest, , is best previous weight of m™ particle.

gbest is best particle among all the particle in the population.
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The number of dimension in particle swarm optimization is equal to six because there are two
robust PID and each one has three parameters.

The mean square error function is chosen as criterion for estimating the model performance as
equation (23) [16]:

E :%f(ylm(k +1)7 —y, (K1) )2 4 (Yo (KD =Yy (KHD)T)2 oo (23)

=

4- Simulation Results :

The performance of the proposed controller is evaluated using the closed-loop step the
front and rear suspension travel (y; & y) of the 4-D vehicle model. The desired suspension
travel must be zero to reduce the vibration in the vehicle body.

The proposed control scheme is applied to the vehicle model and it is used the proposed
learning algorithm steps of PSO for tuning robust PID neural controller's parameters. The
PSO algorithm is set to the following parameters:

Population of particle is equal to 40. Number of weight in each particle is 6 because there are
two robust PID neural controllers. The number of iteration is equal to 300 with sampling time
is equal to 0.01 sec. Scaling functions have to be added at the neural network terminals to
convert the scaled values to actual values and vice versa.

Time-domain analyses are using to show the performance of passive (without controller) and
active suspension system using robust PID controller. The simulations of the present
controller are tested against two types of road profile using Matlab program.

a- The road profile type bump road input :

The height of the bump road input is taken 0.05m and the input for the rear wheels are
the same as the front ones but delayed by a certain time equal to (a+b)/V.
Figure (4) shows the suspension travel time histories for the front wheel for both active and
passive suspensions at three vehicle speeds 10, 20 and 30 m/sec respectively. The maximum
suspension travel for the wheels occurred at the maximum heights of the road disturbance
input; however the values were below the specified suspension travel limits. At vehicle speed
of 10 m/sec, the effect of the disturbance was completely suppressed after about 0.5sec and
2.5 sec in the active suspension and passive suspension respectively for the front wheel. When
the vehicle speed is increasing to 20 and 30 m/sec the amplitude of the suspension travel will
reduce and the effect of vibration that effect on the body vehicle is less than that vibration at
low speed as shown in figures. The same behavior was occurred for the rear wheel. It can be
easily seen that active suspension significantly reduces suspension travel (the car body
displacement and tire deflection) and settling time more than passive suspension.
In spite of the heave and pitch motion are not taken as controlled variables, time responses the
heave and pitch motions with and without controller for the bump road input and at vehicle
speed of 10, 20 and 30 m/sec respectively are given in Figure(5). It is seen from this figure
that the magnitudes for the heave and pitch are significantly decreased. For the controlled
active suspensions vanish faster than the passive suspensions for all vehicle speeds. These
results confirm the efficiency of the present controller. In order to fulfill the objective of
designing an active suspension system, i.e. to increase the ride comfort and road handling,
vehicle body acceleration is important parameters to be observed in the simulations for both
two types of road disturbance. Acceleration time history of the sprung mass at different
vehicle speeds for bump road input is shown in figure (6). It is clear that the active system is
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able to significantly reduce the body acceleration to acceptable range as compared with the
passive system.

b- The road profile type road input with limited ramp :

A road input with limited ramp as seen in figure (7) is applied to the suspension
vehicle model. This type of road irregularity tests the performance of the controller when
there is a sudden change in the road surface elevation. In this case the values of vehicle speeds
are not effect on the suspension model therefore the value of speed become meaningless here.
Time histories for the vehicle body heave, and pitch motion for the road input with limited
ramp are presented in figure (8). It is seen from this figure that the vehicle smoothly settles to
the final height value of the road input and the magnitudes of the displacements are reduced.

5-Conclusions :

The paper presents a robust strategy in designing a controller for an active suspension
system which is based on PID neural network controller with particle swarm optimization
algorithm technique. A 4-DOF model of a half model for passive and active suspension
system considering heave and pitch motions have been used to evaluate the performance of
the suspension.

The front and rear actuators in active suspension system are generated from the proposed
controller with PSO algorithm that is used to tune the robust PID neural controller with
minimum time and more stability of the controller and no oscillation with best parameters of
the controller have been found.

From the simulation results, it can be seen that the present controller shows significant
improvement in reducing both magnitude and settling time of the displacement and pitch
angle the vehicle body. Also, reduce the body acceleration to acceptable comfort level for the
passengers.
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Figure (4): Front suspension travel time history at different vehicle speeds for bump road input




AL- Tagani, Vol. 28, No. 1,2015

t H ™ t «© 7 (]
- X 1 . i
1 1%} ]
- ) =2 \ .- “
0w 0 g n \ (%] i
=3 = = Al
5 o 2 o 2
‘@ kY 7] i ‘«

IER y o L2 \ 0 IER \ 0
|3} H o o ~ 3] 1 o
<o } <o ! <o i

1 ‘ 1 4 1
I \_ 1 4 1 3
1 4 1 I, 1
i s i / 1 /]
1 -. 1 Fd 1 rd
[} i I
Y o~ H N | ~
/-. Y 5
2, N,
. \ |
—~ .II - 'l —~ ~.
o N o N, —~ o N,
o} "\ > o} \ ) k) \, Ty
@ ) o) 2 3 L \ 3
£ a wel g ¢ wael g 2 w2
= L%y o = ad o = A o
S Y gls A Els " £
i e E il e = X L E
> ¢ > 7 > -~
), rd ”°
., \ £
D @ <)
A — Ty \al e s —
e, S <
> b Y -,
P w _ V e
|||||||||||| > 0 T i 0 e T 10
g ol =] m——r =] - o
ez S~ et b L.
“mne I{}V .\\\ sll\t\ U
— e~ ———
ey L hay Lo
ar T, b LT R §, < .Illfllllllll

@ n 2 n fml n o ¥e} hm) n 20 wn Y wn bl Te} o n - 50 o n fml n o ¥e} 10

o o o — o o o o — o N (=] p=] o = (=] o b= o — o o o o

c 2 o 2 o <9 e o 9 =] < <] < <] < < =] < = o S =1 =1 =

o o o IS 7 IS 7 o o o [} v [} o o IS 7
(w)uswesedsip ssew Bunids (whusweoeldsip ssew Buudg (whyusweseldsip ssew Bulds
o o o
7] 7] %)
.3 ] > .3
g0 { g2 i g2
n Q 1 n L ! n Q
‘@ LY ‘@ ‘@

e ) 9 R \ 9 N 9
(8] (8] (8]
ga /‘ 3Y Sa 3Y ga o

1 Y 1 \ 1 A
1 1 1 [] 1
i K i h I __
1 1 1
1 ’ 1 ! 1 :
] s :
7 ~N ~N ~N
s 4
g 4 ']
i K ]
— \ ~ i ~ i
9 ~\ =173 \ =173 L -
2 ,A// g e ™ gl e %) g
£ 'y 0 2 £ F.AN ey e n L
= RN — g A — = ﬁ/ — o
o J £ o h £ o A Y £
< ’ =l X ) sl o \ =
i e F il Vi F il 1 F
> \\\V\ > A - > A g%
D
r\ — ; . — * —
el S !
e — > >
T T s~ e
e ———— e ~
< 2w = T, @ B 10
- o ﬂ g o [N 3 o
———— - -
= —_— — L
P i N N Y e e R ‘JI!D!U ﬂfl\lill\\,\ —
< e © w - o s —
S T ‘o QLT S -~ ‘o =I5
— —
o x o x o

wn fml Yo} o n f) wn © < ~N o o < © < o ~N — o - o [32]

2 3 8 8 3 3 N i ; : N ;

S © S = < = (pel)s|bue yoyd ssew Buudg (pes)s|bue yoyd ssew Puudg

(peJt)s|bue yoyd ssew Bunidg

Figure (5): Heave and pitch motion time history of the sprung mass at different vehicle speeds for bump

road input
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Appendix (A)

Vehicle variables and parameters

Symbol Description Value | Unit
A distance from the center of mass to front axle 1 m

B distance from the center of mass to rear axle 1.5 m
C12 Front and rear Suspension damper coefficient 1000 Ns/m
Fi. Front and rear actuator force - N
K12 Front and rear spring stiffness 18600 N/m
Ki2 Front and rear tire spring stiffness 196000 | N/m
Kp Differential time constant. -

K Integral time constant -

Ko Proportional coefficient -

M Half vehicle sprung mass 250-350 | kg
MIMO | Multi-Input Multi-Output

ms o Front and rear unsprung mass 50 kg
PID Proportional-integral-derivative controllers

PSO Particle swarm optimization

V Vehicle speed 10-40 m/s
Wi Front and rear Road profile m

X Vertical displacement of the center of the body vehicle m
Xa.b Front and rear sprung mass vertical displacement - m
X1,2 Front and rear unsprung mass vertical displacement - m
Y12 Front and rear suspension travel m

0 Pitch angle of the center of the body vehicle rad
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