IJCTA, 6(1) June 2013, pp. 15-27
© International SciencePress

Backstepping Control Design for

A Semiactive Vehicle Suspension System
equipped with Magnetorheological
Rotary Brake

K.M.I.U. Ranaweera’, K. A. C. Senevirathne’, M. K. Weldeab® and H. R. Karimi”

ABSTRACT

This paper deals with controller design for vibration reduction of a vehicle suspension system that employs a
magnetorheological (MR) damper as the actuator. The experimental setup, “Semi Active Suspention System
(SAS)" developed by the Inteco Ltd is the studied system for implementing the controller. The dynamic of this
systemisnonlinear soanonlinear feedback controlling method based on Lyapunov stability theory and backstepping
method was developed for vibration reduction.The nonlinear behavior of the MR damper is modeled using the
Dahl modd . The modeling of the system with the backstepping controller wasdonein Matlab/Simulink environment
for the evaluation of the theoretical performance of the system.In addition the laboratory experiment was also
carried out for measuring real performance of the SAS system when the control ler isconnected. Resultsfrom both
simulation and experiment showed a better reduction in the vibrations of the vehicle body.

I. INTRODUCTION

Vibration is a common and unpredicted phenomena for dynamic and static bodies. These vibrations are
unwanted and must be eliminated as quickly as possible to maintain the proper operation of the system by
avoiding damages and disturbances to the system.This is achieved by the suspension systems.Basically
there are three types of vibration suppression systems. They are active, passive and semi active suspension
systems [1].

One of the most common applications of suspension system is the automobile industry. Suspension
system in a vehicle is a mechanical system of springs and shock absorbers that connect the wheels and
axlesto the chassis of awheeled vehicle. The jobs of these suspension systemsin a vehicle are, carrying the
static weight of the vehicle, maximizing the friction between the tires and the road surface, providing
steering stability with good handling and ensuring the comfort of the passengers.

One of the better suspension systems currently using for the vibration isolation is the Semi Active
Suspension (SAS) System. It consists of a magneto-rheological damper which creates braking torque by
changing the viscosity of the Magnetorheological fluid inside the brake according to the applied current or
voltage [2]. Magnetorheologica fluid is composed of oil and varying percentages of ferrous particles (20-
50 microns in diameter) that have been coated with an anti-coagulant material. Therefore Varying the
magnetic field strength by changing the input current of voltage has the effect of changing the viscosity of
the magnetorheologicalfluid. Change in viscosity of the fluid aso changes the torquegenerated by the
damper.Thus by controlling the input current, output torque of the MR damper can be controlled so that to
make the system stable quickly.
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To make the system stable as soon as possible by decreasing the amplitude of the vibrations an input
current or voltage must be properly controlled in response to the system dynamics. For that the system
requires afeedback controller. There have been number of several feedback controlling techniques discussed
intheliteraturefor vibration reduction in such nonlinear systems. For example proportiond integral derivative
control, backstepping control, LQR control, LQG control, etc [3].

In this paper a control mechanism for controlling the torque of the MR damper is developed based on
the Backstepping control mechanism and simulated it for the SAS system. The experimental task was
carried out to measure the performance of the controller in the real system.

II. SEMIACTIVE SUSPENSION SYSTEM

The study of vehicle vibration reduction is made by analyzing the dynamics of the Semi-Active Suspension
(SAS) System developed by the Polish Company Inteco Limited. The SAS laboratory model represents a
physical system of a quarter car model, and can be used to analyze the vertical dynamics of the car wheel.
As shown in Figure 1, the SAS systemconsists of an upper beam which represents the car body, a wheel,
rotational MR damper and a spring.

SPrung mass
—car body

spring

UNSPIUnNg mass
— car wheel

eccentricity

criving motor
with gear

Figure 1: Semiactive Suspension System (SAS)

It isdriven by a DCmotor with gear coupled to an eccentric small wheel. Thesuspended car wheel rolls
due to the small wheel rotation and oscillates up and down due to the small wheel eccentricity.

The MR damper incorporated in SAS actsasan interface between the electronic sensors, pre-programmed
control algorithms and the mechanica structure of the suspension, using the external damper coil current
to adjust the damping. Therestoring forcein the MR damper depends on the rotary damper velocity and the
magnetic field strength.

Figure 2 provides the geometrical view of the SAS system. Using thisfigure the mathematical modeling
eguations for the upper lever and the lower lever can be derived asfollows [4].
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Figure 2: The Geometrical View of the SAS System
The equations of motion of the upper beam are;
0, =0, 1)
d’o do .
szTzz"'kzd_tz"'MzCOS(xz_rzks(los_Is):TMR(l) ()
J,m, =-K,w,—M,cosa, + K (I — 1)+ Tyx(1) (3)
The equations of motion of the lower beam are;
G, = o 4
d’o. do
Jl—dtzl +M,;cos(B—o)+rk(l,—1.)+k dtl
d(D, ~t) (5)

—k,Reos(B-a,)(l,, + RSN(B-0a,) +r D, +u,) - f, ( @

where; |_ = \/(rl cosa, — 1,080, )’ +(r,sina, —r,sino, )’

J,J

1’ 72

M., M, Gravitational moment of the upper and lower beam
k, k,  Viscous friction coefficients of the upper beam and lower beam

(0

1

The angle between the upper beam and horizontal line

- RCOS(B - 0‘1) %) = TMR ()

Moment of inertia of the lower beam and the upper beam with respect to its axis rotation
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) The angle between the lower beam and horizonta line
B The angle between the line drawn through the centersof the tire and MR damper and the horizontal
line
r,r, Thedistancesto the spring mount from the revolute joint along the upper and lower beam
D, The distance between the beam pivot and the pivot of the eccentric
R The distance between the MR damper and the center of thetire
K, The elagticity coefficient of the spring
I The length of the no-load spring
I The length of the loaded spring
kg The elagticity coefficient of the tire
fg The absorption coefficient of the tire
u,, The kinetic sinusoidal excitation
T MR damper torque

II1. BACKSTEPPING CONTROLLER DESIGN

The control methodology must be implemented to decrease the vibrations of the body when the tire is
subjected to the external excitation force such as bumps or vibrations. Therefore in a backstepping control
method we mainly focuson the vibration suppression of the body [5] so that we use only the mathematical
model of the body.

Let’s define;

The viscous friction damping torque, M ,, = K,®,

The gravitational force torque, M, = M, cosa,

Spring torque’ MSZ = st(los - Is)
Then the equation of the upper beam can be written as,

0, =0, (6)

d)z:Jz_l(_MdZ_Mgz+M32+TMR(i)) (7)

The equilibrium point of the system can be found when,

(dzl(bz) =(0,0)

It wasfound as, (0, ¢, 0,4) = (0.55rad, 0) when T, (0) = 0.

Defining the new coordinates z, and z, by shifting the origin to the equilibrium point.

(z,2)= (o, 0y g1 0, — (Dz,eq) = (o, - (xz,eq’wz)

In the new coordinate system equation of the upper beam becomes,

4=1 (8)
z,= Jz_l(_Mdz_Mgz+Msz)+‘Jz_lTMR 9)
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In order to apply the backstepping technique let’s define standard backstepping variables.

6=2 &=2
e,=2+hg,h>0 &=2+hg
&=2z+hz & =2+hz

Lyapunov’sdirect method of stability isused to determine arulefor the stability of the system. Candidate
Lyapunov candidate function [6];

V= lvf 1
2 2
Taking the derivative of V in (10) resultsin

1, 1

28 +§ezz (10)

V7 =
V= _h’lelz - hzej +6&((a, - (Xz,eq)(l"' hh,) + Jz_l(_M a2=Mg,+M s2)
+J; Tyr + 0,(h + )

ThenV < —he” —h,e” < 0 for giventhat h,, h, > 0.

ez{((xz _(xz,eq)(l"' hh,)+ Jz_l(_Mdz -Mg,+ Mg,)+ JZ_lTMR
1 o, +hy)

to the Lyapunov second method of stability the systemis stable. Then, (e,e,) — (0,0) and (z,z,) — (0,0) .

J <0 Then, \j < 0. Therefore according

This implies that, (o,,®,) — (01,,,0).
In order the system to be stable let’s define the control law as

Tur = —J,(0, =0, o)A+ RN) + (M, + M, - M) —@,J,(h + h,) (1)

The controller must command the MR damper to produce the torque derived above to suppress the
vibrations of the body as soon as possible. The MR damper can be controlled by the input current or
voltage. Therefore the appropriate current or voltage must be found to give as the input to the MR damper
to produce the required torque.

V. MR DAMPER

The MR damper is a type of semi-active damper where the viscosity of the MR fluid is controlled by
varying the amount of current supplied and hence changes the level of damping [2]. These dampers are
intrinsically nonlinear, so one of the challenging aspects of applying this technology is the development of
accurate models to describe their behavior for control design and evaluation purposes.

To describethe hysteretic behavior of MR dampers, several models have been proposed in theliterature,
including the Bingham model, Dahl model, the Bouc-Wen phenomenological model, Lugre Model, neural
networks, etc. [7], [8].These models can be classified into two main categories as parametric and non-
parametric. Non-parametric models are able to model the MR damper behavior in such a way that the
model parameters do not necessarily have physical meanings. Some of the nonparametric models are neural
networks and neuro-fuzzy. In parametric models, their parameters have some physical meaning. These
models consist of some mechanical elements such as linear viscous, friction, springs, etc. Examples for
nonparametric models are Bingham viscoplastic Model, Bouc—Wen model, Dahl model and LuGre friction
model.In this paper Dahl model is selected to model the MR damper [9].
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Figure 3: MR Damper

The governing equations of the MR damper are;

Tur = K, (i) 8 +K, (i)
With;

Z=o (é—‘é‘ 7a)

(12)

(13)

Where; 0 isthe angle, K isthe damping coefficients which depend linearly on the current (i) and the zisthe

hysteretic variable. Parameters K, and a control the shape of the hysteresis curve.
The current dependent parameters K and K described by following equations.
K, =K, +K, i
K, =K +K, i

(14)

The Dahl model of the MR damper was modeled in the Matlal/Simulink an shown in the Figure 4.

Damper must produce the damping torque of;

TMR,C = _Jz((xz - (X‘Z,eq)(1+ hlhz) +(M a2 T M g2~ M 52) - (DZ‘]Z(hl+ hz)
Damper Torque given from the Dahl model;
Ture = (K, + Ky 1) 0+(K + K, i)z
Therefore the control current that should be sent to the MR damper is,
i Tumc = K.0-K,z
K0+ K,z

or

—J,(ax, _Ocz,eq)(l"' hh)+ (Mg, + Mg, - M)\
i — —m,J,(h+hy) - Kaé -Kz
K0+ K,z

(15)

(16)
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This control law is modeled in Matlab/Simulink as in the Figure 5.
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Figure 4: MR Damper Mode
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Figure 5: Backstepping Controller
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V. SIMULATION RESULTS

The SAS system with the backstepping controller is modeled in the Matlab/Simulink and the Simulink
diagram is given in Figure 6.
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Figure 6: SAS System with the Backstepping Controller

The following MR damper parameters for the Dahl model are selected for the Simulation.
K,=5K,=15,K =0.001, K =0.001, a =5
Backstepping control was applied to the SAS model with the parameters h, = 10 and h, = 10. Vibration
response of the body was obtained for different excitation input and the results areillustrated in the Figure

7. According to Figure 7, it can be clearly seen that, when the backstepping controller is present the body
stabilizes more quickly by reducing the amplitude of the vibration.

0.05 1 ) ) )
| | | |
ooalb —m—=—bL 4 Lo e e — B I Lo e ]
| | | |
‘é | | | |
£ 0O pF———pF—————- - =———- +t————- F————
5 I I [ I
z oocb——-bde e j I = e |
8 I | | |
| | | |
oo1p-r———F—————— 1— ————— | ————— -r ————— '_ _____
| | | |
o | | | |
0] 5 10 15 20 25 30
time
60

= \Without control
Back stepping control

50 ———4 - ———— rF=———— -




23

Backstepping Control Design for a Semiactive Vehicle Suspension System...

I S PR A S

|
N L R O L L

_____J____-.JI._____L_____
L L

30

15 20

time

10

0.0
0.045 = == = = -

oo — — —  —

0.035f= = = = = —

0.03 = = — & -
0.025f= = = = = —
0.02= = = = 4= —|

ndul uorejoxe

0.005 = == == = e |

= Without control

Back stepping control []

e

30

25

20

15
time

b

0

60

0= = ————

)

(

o
ndur uonepoxa

|

Back stepping control

—— Without control

70
60f= —
50

)

30

25

20

15
time

(©)

10

Figure 7: Simulation Results of the Beam Vibrations for Different Excitation Input
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VI. LABORATORY EXPERIMENT
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Figure 9: Real Time Experimental Simulink M odel of the SAS with Back Stepping Controller

Vibration analysis was done in the experimental setupof the Semi Active Suspension system. The SAS
system has been designed to operate with an external, PC-based digital controller. The control computer
communicates with the level sensors, values and pump by a dedicated 1/O board and the power interface.
The 1/0O board is controlled by the real time software which operates in Matlab/Simulink/RTWT rapid
prototyping environment. Figure 8 gives the inbuilt Simulink interface that communicates with the SAS
physical model without any feedback controller for controlling the vibrations.

The Back stepping controller designed in Matlal/Simulink was added to thisSimulink model asillustrated
in Figure 9.



25

Backstepping Control Design for a Semiactive Vehicle Suspension System...

92 9 9 Q@ 2 o
E B3 3 38338 % 8 g e
F s ®m» Q8 8 - =

nduuoE KX

[

|

Ll

!

= o o
000000
33333

(c)
\~J

Different Excitation Input

Figure 10: Angle of the Upper Beam for



26 K. M. |. U. Ranaweera, K. A. C. Senevirathne, M. K. Weldeab and H. R. Karimi

Different signals were given as the reference rotatingfrequency of the eccentric wheedl to introduce
vibrations to the Wheel. Then the vibration response of the upper beam was obtained with and without
connecting the Back stepping controller. The results are illustrated in Figure 10.

The vibration response was also obtained for a freely released beam after suppression. A variation of
the body angle forthe controlled and uncontrolled case is given in the Figure 11.
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Figure 11: Experimental Results of the Body Angle for Releasing the Beam after Suppression

According to the results obtained from the experiment we can see that, the amplitudes of the vibrations
were decreased when the back stepping controller is connected and the body stabilizes more quickly with
the controller. In the experimental set up maximum input current for the MR damper is 1.5A. Therefore
optimal control cannot be achieved due to the current limitation in the experimental setup as the results
obtained with the smulations in Matlab.

VIl. CONCLUSION

In this study we have developed a controller for suppressing vibrations in a body of a quarter car model.
The experimental setup “Semi Active Suspension System” is the model which represents the quarter car
model. It usesa spring and an MR damper as the vibration suspension devices. As the output torque of the
MR damper can be controlled by controlling it’s input current the controller was developed to control the
current. The controller is modeled based on the Lyapunov stability theory and backstepping technique.

The proposed controller was tested in Matlalb/Simulink and with the rea time experimentsfor various
disturbance signals. The obtained results show a good performance of the backstepping controller in the
simulation as well as the laboratory experiment.

REFERENCES
[1] S SeglaandS. Reich, “Optimization and Comparison of Passive, Active, and Semi-active Vehicle Suspension Systems,”
in IFToMM World Congress, France, 2007.
[2] J. Poynor, “Innovative Designs for Magneto-Rheological Dampers,” 2001.

[3] M. F Z. D.I. Hoz, “Semiactive Control Strategies for Vibration Mitigation in Adaptronic Systems Equipped with
Magnetorhel ogical Dampers,” 2009.

[4] “Semiactive Suspension System (SAS), User’sManual,” INTECO Limited, 2007.

[5] M. Zapateiro, N. Luo, H. Karimi and J. Vehy, “Vibration Control of a Class of Semiactive Suspension System using
Neural Network and Backstepping Techniques,” Mechanical Systemsand Sgnal Processing, p. 19461953, 2009.

[6] H.R.Karimi,"A Semiactive Vibration Control Design for Suspension Systemswith Mr Dampers,” in ibration Analysis
and Control - New Trends and Developments, InTech, 2011, pp. 115-130.

[7] B. Spencer, S. Dyke, M. Sain and J. Carlson, “Phenomenological Model of a Magnetorheological Damper,” Engineering
Mechanics, pp. 1-23, 1996.



Backstepping Control Design for a Semiactive Vehicle Suspension System... 27

[8] J AnandD.S. Kwon, “Modeling of aMagnetorheol ogical Actuator Including Magnetic Hysteresis,” Intelligent Material
Systems and Sructures, val. 14, no. 9, pp. 541-550, 2003.

[9] N.AguirreCarvgjal, F. Ikhouane, J. Roddllar Benedé, D. Wagg and S. Neild, “Viscous + Dahl model for MR Dampers
Characterization: A Real Time Hybrid Test (RTHT) Validation,” in European Conference on Earthquake Engineering,
Ohrid, 2010.

[10] S. S. Sedeh, R. S. Sedeh and K. Navi, “Using Car Semi-active Suspension Systems to Decrease Undesirabl e Effects of

Road Excitations on Human Health,” in International Conference on Bioinformatics & Computational Biology, USA,
2006.

[11] N. Luo, M. Zapateiro and H. R. Karimi, “Heuristic and Backstepping Control Strategies for Semiactive Suspension in
Automotive Systems Equi pped with MR Dampers,” in Advances in Automotive Control, Germany, 2010.

[12] C. Kaddiss, J. Kenne and M. Saad, “Drive by Wire Control of an Electro-Hydraulic Active Suspension a Backstepping
Approach,” in IEEE Conference on Control Applications, Toronto, 2005.





