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Design of the optimal control for the active suspension
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Abstract. The main purpose of the suspension is to minimize vertical acceleration.
Through this paper we aim to analyze two PID and LQR control techniques to
reduce system vibrations. The active system will be compared to a passive system
using two types of profile. Matlab / Simulink software is used to evaluate the
performance of the two controllers using a system with two degrees of freedom. The
analysis shows that we can control the suspension system using the two techniques
to improve the comfort and safety of the vehicle.
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1. Introduction

The suspension system is one of the important parts of the vehicle. When the damping
coefficient is lower, comfort increases, but in this case, the stability is greatly reduced and vice
versa.

Therefore, it is quite necessary to design a suspension system as optimal as possible to improve
the comfort, maneuverability and stability of vehicles [1]. There are three basic types of
suspension systems: passive, semi-active and active. Passive suspension is the least complex
system and has many advantages. It consists of a shock absorber and a spring. The shock
absorber acts as an energy dissipation element while the spring acts as an energy storage
element [2]. But, the disadvantage of the passive suspension is that the performance is limited
because the elements in its composition have fixed characteristics [3].

The semi-active suspension can be said to be a compromise between the passive and the active
suspension system. Thus, in order to obtain better results, semi-active suspension systems use a
variable spring and a shock absorber, which requires a small amount of external energy, the
system is not very complex and can therefore provide significant progress [3].

The active suspension systems have the role of creating an energy source that generates the
desired force in the system. In these systems, the developed force is produced directly by an
electromechanical, pneumatic or hydraulic actuator, generally controlled by a computer that
determines the required force in real time. The most important part of these systems is the
development of a control strategy that optimizes the desired performance characteristics [4].

2. Control methods

The linear system. A continuous linear system has the model in shape:
x(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t) (1)
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Where A is the matrix of state parameters, B matrix of input parameters, C matrix of output
parameters and D matrix of transmission parameters. For systems with constant parameters,
the matrices A, B, C and D are constant while for systems with variable parameters at least
one is depending on t.

The first equation of the system is the state equation, and the second the output equation.
Because the equation of state is of the differential state type x the state follows variations of the
delayed input u .

In this paper, two types of controllers for the active suspension system are studied. These are
PID (Proportional-Integral-Derivative) controllers and quadratic linear regulator (LQR).

PID controller. A typical structure of a PID control system is shown in Fig. 1, where it can be
seen that in a PID controller, error signals (t) error signals are used to generate proportional,

integral and derived actions. The PID controller used in the active suspension study is a closed
loop system. It aims to minimize error by changing control variables. For the best performance
of the PID controller, its parameters must be adjusted according to the nature of the system.
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Figure 1. PID control structure.
A mathematical description of the PID controller is:

U(t) = K ,e(®) + K, [e(®dt + K, d:it) , @)
0

where u(t) is the model input signal, the error signale(t) is defined as, e(t) =r(t) - y(t), and
r(t) is the reference signal, K, proportional controller, K,
controller.

A proportional controller K will have the effect of reducing the rise time, integral controller

integral controller, K, derived

K, will have the effect of eliminating the steady state error, but can change the transient
response, and the derived controller K, will have the effect of increasing system stability and
improving the transient response. The effects of each of the controllers K , K; and K, ona
closed loop system are summarized in the table below.

Answer Rise time Overshoot Setting time S-S Error
Kp Decreases Increase Indefinite change Decreases
K; Decreases Increase Increase Discharge
Ky Indefinite change Decreases Decreases Indefinite change

LQR controller. LQR is a controller that gives an optimal response by minimizing the
performance function, which refers to both state and input vectors.




Figure 2. Closed loop Control system of LQR Controller
The description of the LQR controller can be presented in the following form.
Either the system X = Ax+ Bu with the initial condition x(0) is non-zero, it determines the

input u(t) input of the system by minimizing the performance function.

J= T x(t)" Qx(t) +u(t)" Ru(t)dt . ©)
We assume t%at the linear system is stable, the optimal solution for the initial state is

u(t) = —RB" Px(t) = —Kx(t), 4)
where is the state reaction matrix, obtained using the following expression:

K=-R'B'P. ®)
P being the solution of the Riccati equation

ATP+PA+Q-PBR'B'P=0 (6)

3. Mathematical modeling

The quarter car model is widely used in the dynamic analysis of cars for its simplicity, but also
for the accuracy of the data obtained from the analysis at least in the initial design stage.
Identifying the equations of motion for a suspension is done using Newton's second law.

Where: M, - sprung mass, M, - un-sprung mass, K - spring stiffness coefficient, K, - tire
stiffness coefficient, C, - damping coefficient, F, - force actuator, Z_- surface irregularities.

The equations of motion for passive suspension for both suspended and unsuspended mass are
as follows. For the sprung mass M

Mszs:_Cs(zs_zu)_Ks(Zs_Zu)' (7)
For the unsprung mass M,
M,Z, =C.(Z,-Z,)+K.(Z,-Z,)-K,(Z,-Z,). (8)
These can be expressed as a matrix:
M, O %s _ -C, C, Z; N -K, K, Z, N 0 7. ©
0 M|z, C, -Cl\z, K. —(Ks+K)(Z, K,
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Figure 3. Quarter vehicle models ; a) passive, b) semi-active, c) active suspension system
The performance of an active suspension can be improved by measuring road irregularities in
front of the vehicle and using this information in the control system to prepare the system to
meet the following irregularities. With the notations in fig. 3 differential equations are obtained.

For the sprung mass M



MSZS ZCS(Zu_Zs)+Ks(Zu_Zs)+Fu' (10)

For the unsprung mass M,

Muzu Z_Cs(zu _Zs)_Ks(Zu _Zs)+ Kt(zr _Zu)_Fu (11)
Using notations X, =Z,, X,=2Z,, X;=2Z,, X,=Z, the system results:
X1:)(3
X, =X,
; Cc K 1
Xy= (X, = Xg)+—=(X, - X)) +——F : 12
5= (Xa = Xa) + = (6, = X))+ 2Ry (12)
; C K K 1
Xy=—— (X, = X)) ——= (X, - X)) +—L(Z, - X,)-—F,
o= g (Xa = Xa) == (X = X+ (2= Xo) = F
The matrix form is:
[0 0 1 0o | 0 ] S
X X 0
N1 0 0 CC): C1 1 0 0
Xz Ks Ks S S XZ 1
= - +| — ||F, |+ Z |. 13
X3 MS MS MS MS X3 MS [ U] £ [ r] ( )
X, | Koo Ktk Cocofy || 1] |
_Mu Mu Mu I\/Iu__ L |\/Iu_ S
This being a dynamic system of form
X = AX +BF, + EZ,. (14)

4. Model simulation and results

In this paper we will study two different types of profiles. The first is described by the
mathematical equation and is represented in fig 4. a.

a{l—cos(8nt)} 2.5<t<2.75
road _ profil_1=4b(l-cos(8nt)) 6.25<t<6.5, (15)
0 otherwise
where a=0,03 and b=-0,01.
The second profile is described by the mathematical equation and is represented in fig 4.b
cfl—cos(8nt)} 2<t<2.25
road _ profile_2={d{l—cos(8nt)} 6<t<6.25, (16)
0 otherwise
where ¢=0,05 and d=0,025.
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Figure 4. Road profile.



The values in the following table will be used to simulate the equations of motion.
Suspension parameters for simulation

Suspension parameters Sym Unit Value
Sprung mass M, [kg] 260
Un-sprung mass M, [kg] 30
Damping coefficient C, [Nsm’l] 1120
Spring stiffness coefficient K, _Nm‘l_ 160000
Tire stiffness coefficient K, Nm™ 210000

The results of the simulations for the two profile types are prese-nted in the figures below.
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Figure 5. Vehicle body displacement.
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Figure 6. Vehicle body velocity

Vehicle body acceleration for Road profile 2
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Figure 7. Vehicle body acceleration

The results of the simulation show that the active suspension provides high passenger comfort
by reducing vibration compared to the passive suspension..



6. Conclusions

This paper described two PID and LQR control systems used in the control of a suspension
system. PID and LQR controllers have been designed for high ride comfort, low amplitude for
suspension travel and short stabilization time to quickly reach steady state.

To understand the efficiency of the two controllers, a simulation was performed using two types
of profile and the quarter car model.

The simulation showed that the active suspension system has a much more efficient control over
the displacement of the suspended mass using the two types of PID and LQR controllers

compared to the passive system, because in the passive system K, si C, are constant and

therefore it is difficult to achieve optimum vehicle comfort.

This can be seen from the graphs presented above. As a comparison between the two types of
controllers the active system that uses LQR, offers a better result compared to the system that
uses PID.

The simulation of the suspension system was performed using the Matlab/Simulink software.
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