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ABSTRACT

This paper introduces the multi-objective control and
modeling of a nonlinear electrohydraulic active
suspension. By using a hybrid control algorithm, the
objective of tracking a desired force and position was
optimized to reach a satisfactory performance. When
designing such a controller, a compromise needed to
be made betweerthe ride quality and the road
handing. The controller structure was built in three
stages, in which the sliding mode approach was used
to produce the proper control signal that satisfies the
requested control objective. The simulation results
for position control showed that the controller was
able to isolate the passengers from the road
irregularities, but with significant transmitted force.
In order to reduce the transmitted force to
passengers, a force sliding mode controller was
developed, but the passengers’ vertical motion was
unsatisfactory. A hybrid control algorithm was
developed to track a desired vertical position and to
reduce the transmitted force to the passengers at the
same time. The two controllers have been added by
two low pass filters with a variable gain to give
priority to the force controller to react in the case of
high transmitted force. These filters delay the control
signals in order to prevent the singularity in
simulation. The simulation results show that hybrid
sliding mode control achieved a very good
compromise between the two objectives without
involving complex control strategies.

Keywords: hybrid control, sliding mode, position
control, force control, active suspension system

1. INTRODUCTION

Recent research in electrohydraulic systems (EHS),
which is very popular due to its high force-to-weight
ratio and fast response, concentrates on the control of
position and force separately. Most applications in
industry, like robots and production machines,
require accuracy in position control with some
considerations to produced force.

Some applications require force tracking, but with
some position limitations. From this perspective,
researchers concentrated on the position control
(Choi, Tafazoli et al 1998, Avila et al 2004,

Indrawanto et al 2011, Rahmat et al 2011).

Many control strategies have been used to track the
position of an electrohydraulic system. One of the
most interesting theories is the variable structure
control, or sliding mode control (SMC). The sliding
mode control is known for its robustness against
uncertainties, and is applicable to linear systems as
well as nonlinear systems (Hashemipour et al 2009).
Since the position control often leads to an undesired
force magnitude in an electrohydraulic active
suspension system, it is necessary to control the
force magnitude by different control strategies. In
(Chantranuwathana and Peng 1999), the problem of
force tracking has been divided into two parts: the
first part is considered as a main loop for producing
the desired force by an LQ controller, and the second
part is an adaptive robust controller to track the
desired force under uncertainties in the system
parameters.

In electrohydraulic systems, system performance at
high frequencies can be deteriorated due to
unmodeled dynamics. This was improved in the
work of (Chantranuwathana and Peng 2000), who
considered the effect of unmodeled dynamics of
servo valve and the delay of the applied control
signal in their algorithm. On the other side,
estimation of parameters with feedback linearization
has a significant effect on the position control. In
(Angue-Mintsa et al 2011), an adaptive feedback
linearization is applied in order to feedback
estimated parameters to improve the control
operation. The principle of linking two loops has
been used by (Sam and Hudha 2006). An outer loop
was used to calculate the force reference and an
inner loop was used to ensure a small tracking error.
A similar concept was used in (Shi and Liu 2011),
where a double loop in auto disturbance rejection
control is designed to ensure position control and
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force control at the same time. As mentioned
previously, when the attention was more focused on
position control, the transmitted force was not
acceptable. Therefore, the researchers started to
express the problem differently, as in (Nguyen et al
2000), where a hybrid force/position control with
sliding mode was proposed. The experimental results
that were obtained showed good performance, but
the desired force was chosen as a classical function
of the position error by means of constant gains. This
means that, if the tracking position error is a little
high, the desired force will exceed the permitted
limit. This is clear in the performance: they have a
high tracking force error with position errors
measuring many millimeters. Therefore, the position
should be tracked by a robust controller rather than
by a direct relation between force error and position
error. A more complicated design was used by
(Priyandoko et al 2009): four loops to accomplish
hybrid control of position and force by applying a
novel skyhook and adaptive neuro-active force
control technique. They used a neural network with
an adaptive algorithm to approximate the mass
estimation and inverse dynamic of the actuator.

The technique produced good results for force
tracking, but the position error was still high. In
addition, the nonlinearity in the actuator was not
modeled when designing the force controller.
Another concept for controlling position and force
was accomplished by (Assadsangabi et al 2009)
using two references as the ideal skyhook model and
ground skyhook model, with the condition of having
knowledge of road perturbations. The two control
signals were added linearly to form a final control
signal. The performance was good in terms of
achieving its objectives, but controlling both the
position and acceleration of two masses was
considerably weak. Trying to accomplish good
acceleration/position tracking by controlling the
movement of two masses is useless because of the
high nonlinearity in the pressure dynamic equation.

In addition, the damping coefficient error of the
selected references was not compensated, which
yields to degradation in the performance.

This paper is organized as follows: the first section
introduces the problem and describes the state of the
art. The second section presents the modeling of the
electrohydraulic active suspension system. The third
section describes the position SMC controller. The
fourth section shows the force SMC controller.
Section 5 is dedicated to the main contribution of
this paper, namely the hybrid force-position
controller. A comparison between a classical PID
and a hybrid SMC controller is presented in section
6. The last section presents a conclusion and a recap
of our work.

2. ELECTROHYDRAULIC ACTIVE

SUSPENSION MODELING
Figure 1 shows a quarter-car model of an
electrohydraulic active suspension. The control
cylinder is placed between the car mass and the tire
mass in order to isolate the car body from road
irregularities transmitted via the car tire.

Pospe
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Figure 1: Active Suspension Bench

The active suspension mathematical model is derived
from the mathematical model of an electrohydraulic
system added to passive suspension.

The flow rate from and to the servo valve through
the valve orifices, assuming symmetric and matched
orifices with a small leakage, is given by (Merritt
1967):

P_ 1 *|
Q) = Q= Cy Xy Lr}) %) R 1)

The sign function, which expresses the change of the
fluid flow direction, can be replaced by a

differentiable function for numerical simulations, as

suggested in (Kaddissi et al 2009). The
compressibility equation that represents the load
pressure dynamics is as follows:

PL :2,: Ca X PS_PL*jgn{XV)‘L*PL'A(Xs‘X) (2

V,
The sigm function is defined as:

1-e %

_aXv

égm(Xv) = e

We therefore have:
1 if ax— o«
sigm(ax)= if ax- 0
-1 if ax - —o
2ae” 8%y
(1+e—ax\, )2

We now proceed to identify the car dynamics, using
Newton’s second law:

and d(sigm(axy)) _
dt -
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Ms¥s=—kp(Xxs—X)-Bp(%s—%)+AR_ ()

X)+Bp (%s=X)—Kr (x=%¢ )= By (=% )-APL

4)
Rewriting equations (2), (3) and (4) in terms of
chosen variablesx;:i = 1...6, we obtain a model as
in (Kaddissi et al 2009). We propose another change
of variables in order to include the suspension
deflection, which is the difference between the car
body position and the tire position. The control
objective is to prevent this variable from hitting the
imposed limits. The new state variables are:

Muxzkp(XS_

X Yo T X ¥3m X T X Y™ X7 X g Y 5 %
Y6 = %6

The model can be rewritten as follows:

y1:y2
Y, =—a,Y,—byy,tay,
Y3: y4
Y4 = ~ALY3T AY 4t AgY gt byy Ty, ©)
je = (1( Aya-Lys+ Cq ye9())
Where:
Al:a +d ,A :b0+d1
A3 C A —JlA
AS:‘]]_*L IAG:‘Jde
2 2
f() =V, —A Yy,
_ [P—sigm(y,) Vs
9(')_ Yo,

3. POSITION TRACKING CONTROL

The sliding mode is a nonlinear control strategy in
which there is an invariant set that attracts every
trajectory at the phase plan. Therefore, it is
determined that S = 0 is a positive invariant set to
attract the error trajectories. The control problem
then reduces to (i) driving the system to this surface
and (ii) ensuring that the system remains on this
surface. We will calculate the command with the
original coefficient of the system model. We first

We then calculate the derivative ¢f, (7) to use it in
equation (6)

Y=Yy2

W=Yy2=—agy3baysrays

Y1=Yyo=—agy3bysavs
=—agy4-bo(~A1y3-A2y 4 Ay b B +h ¥r) (7)
+ay(3(-Ays-Lys+Cq vea()))
=—tbpALy3-(agborzrad A) Y 4(-ABoall hy 5
+a1Cq J19() Ye—bdon yr —bom yr

Replacing (7) in (6) yields:
S= CY1tCY,+ (_aocs"'cptADy 3
_(_C4ao + Cpo - CéboA2+ caJA )y 4

—(A§b004—03a1—c4arl L)ys (8)
+C4a1Cd 'Jlg(-)ys - Cb@yr
_C4boh1yr

Now we take the derivative of S to realize the
reaching condition (Fallaha et al 2011):

S=-K_,*sign(S) (9)

S=Cly2+02y2+(—a003+0§)d°\1)y3
—(-ca,tch,—chAtcaJ Ay,
—(Abc,~ca,—cadL)y;
+C,2,CqJ.9()YetCcaLlyd 9()Y 6
—C,bb,y, —cbhy,

=-K,, *sign(S)

We calculate the derivative @ () and replace it in

(10)

equation (10):

o)=L+ 1S90 Y5+ SOTY )
Jo o 2/R-sgmiy.)ys
2a,
' L_He%)z yst sgn(ye)y}
—sigm(ys) Ys

Jp P

To simplify the obtained expression, we choose:

(19

choose the surface S as: —-
{Azu =-C,a,*Chy-cbA+cal ﬁ} (13)
S=qy +c¥ ey re Yy (6) A, =Abcmca-cadl
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We replace equation (13) in (12) to obtain: Taking:

. U = ~A(y)*s0n(S) (20)
S:C1y2+[_czao+A1* A4J]y3 e
+[—b002 —aL;tbL At Al At AA] Y. ,B(y) > p(y) + ,BOWhereﬂo >0,
+[_ 2a1_A3A41+LA42‘]1]y5_My6 19) 1 it S>0
14 - Q=
. : n(S)=40 ifS=0
+c,aCyJ.9()Ys~ Ay, —AbY, % ( ) -1 if S<0
—-C, bOblyr - C4brhlyr + C4a1Cd ilg(.)K U Pavc
=-K_, *sign(S) This yields:
We extract the control signdl P, [0 become V= O(y)|S| PU) )
~O(y)S(p(y) + 5,)sign(S) (21)
U, S = —O(y),80|S| s_00/80|S|
" qatdg()K
[—cy, _[_Czao+ AF A4]] Vs ] Therefore, the trajectory reaches the manifold S =0

in finite time, and once on the manifold, it cannot

—| - - * .
[, —ag +be At A Ayt I ARl (15) leave it, as seen from the inequality< —OO,BO|S|.

C,J.a(.
-[ca-AA +LAJ] y5+c4a1d—1g()y6

. r 3.1.Position SMC control results:
-c,aC,J,0()Ys+Ahy +Aby. We Ibuti_lt our m%themati_(t:sl modeI”in Mat:gb. ;_rhe
o e simulation was done with a small sampling time
_+C4 beb,¥, + C.by, — K, *sign(S) ] (0.0001 sec). In Figure 2, the perturbation signal is

10 cm, and the passenger seat position is deviated to
Therefore, the total control signal for the position 3 cm. This shows that the SMC controller exhibits a

control is: good performance. However, the force transmitted to
the passengers is approximately 3400 N, which is too
b = U pequ U ogy (16) high (Figure 3). The control signal is well shaped,

with no significant chattering.
We can write5 in the following form:

Passenger Seat Position

0.04 ‘
. <‘ - Perturbation
S =h(y)+O(y)U,, a7) 0.02 — Position
o T
- . . 2 -0.02F————————~— L —————————
Suppose thdi(y),O(y) satisfies the inequality for E N [N U
some known functiop(y) : _0:06 ,,,,,,,,,, H WY A
h(y) -0.08F--------— % 77777777
y 2 ‘
Sy S p(y) O yOR (18) -0.15 1

Time Sec

Figure 2: Sprung Mass Position.
Where: 0 (y) 2 0,2 0

To prove the convergence of the sliding mode, we 4000 Transmitted Force To Passenger

consider the derivative of the distance of the point
from the sliding mode: 2000
z
1
V=8 g
2
. . -2000
V =5*S=8*(h(y) +0(y)*U pgye) (29) : |
| | |
< O(Y)*|S[* oY) +O(Y)* S*U pge 4009 1 2 s 4
Time Sec
Figure 3: Force Transmitted To Passenger.
Proceedings of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2013 9

ISBN 978-88-97999-25-6; Bruzzone, Dauphin-Tanguy, Junco and Merkuryev Eds.



Position Control Signal
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Figure 4: Control Signal

4., TRANSMITTED FORCE CONTROL

The force tracking is also accomplished by using the
sliding mode controller. The surface of SMC is
chosen as:

S= Cl(F - ng) = C:LA(yS - y5de£) (22)

The desired force has been chosen as follows (Sohl
and Bobrow 1999):

Fdes = Mv* ACCdes - Kv (yl - ylds)

=Ko (%~ Vo) (23)
Where: F,, = A* Y., this equation is derived

from the car dynamics equations. When the error
tracking position is zero, we will have

Fis =M, * ACC,,. This equation means that,

when we track a desired position, the force being
generated represents the desired force to be tracked.
We deriveS as mentioned above in equation (9) to
obtain the following control signal:

S = C]_A(y5 - y5da)
- qp{fi(l) (=AY, = LYs +C¥%0()) ~ Yaee

=-K,,*sign(S)

(24)

J
_ 1 (—Ay, -Ly, +C,g(.
s=c f(.)( y, —Lys +C,9(.)
“T¥% KU ) =Y

= qf?)]l (_Ay4 -Ly; _Cd g() Y

+C9()KU_ ) ~CAVes
=K, "sign(

Therefore, the equivalent control can be written as:

Cff(\.;l A~ LYs=Cg(1)7¥6) ~CAYaue
U =~ CAIC9()k

t()

(27)
The switching control:

_ ()

— *k * S
=" CAICa(k sgn(s)

(28)

The total control signal for force trackiM;ch:

UFWC = U fequ +U fsw (29)
In simulation, the force controller demonstrated a
significant force reduction, and the amplitude of the
force transmitted to the passenger was reduced to
1200 N (Figure 5). In comparison with the position
controller, the passenger force is reduced by 64%,
which is a good index of controller efficiency. In
terms of the position of the passenger’s seat, there is
no significant improvement or deterioration (Figure
6). Figure 7 shows the corresponding control signal
with a maximum of 0.5 volt.

Desired Force with Passenger Force
1000

- Desired Force L

500 ---fJ-% - - — Passenger Force

. . 1 ! !
From equation (5), we hawg = ;(— yg+k U Fsmc) g o : :
This yields: 500 ------y¢- - f-1- L ___
| | |
| | |
. -1000 -t - t--=-=-= +---=-—q
Yo =~ T¥s tKUpqr (25) } } } }
-15005 0.5 i 15 2 2.5
Replacing (20) in (19), we obtain: ] Time Sec
Figure 5: Force Tracking with SMC.
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Passenger Seat Position

= Perturbations
= Position

(¢] 0.5 1 1.5
Time Sec

Figure 6: Sprung Mass Position

Position Control Signal

Figure 7: Control Signal

5. HYBRID POSITION-FORCE CONTROL

This section describes the main contribution of this
paper, which proposes the hybrid multi-objective
controller that is designed to achieve both a
reduction of the passengers’ vertical motion and a
reduction of the force transmitted to them at the
same time. The control signal is given by:

a +k1-%

=1y
s+a, s+a,

o (30)

PS\/IC FS\AC

Where:
- Fpassmger - M * X,
force threshold force threshol

K1: is a variable gain that is used to give a priority to
the control force when the force transmitted to the
passengelr increases. Therefore, the priority

passenger
is to control the force by increasing the control signal
of the force controller. The force controller responds
directly to the force change and reacts to keep the
forces within their limits. The force threshold is
chosen in such a way as to keep the transmitted
force, the position of sprung mass and the control
signal within acceptable limits.

Increasing the threshold generates an increase in the
position of sprung mass and the transmitted force.

Using high values for the threshold vyields an

A a, .
We use two pass filters—— in order to

s+a, s+a,

acomplish a smooth merging of two controllers and
to prevent the singularity that can occur in such
highly nonlinear systems.

a,,aare gains of the low pass filter that give
priority to the corresponding filter.

a,,q,are designed to select the bandwidth.

Increasing these parameters to high values could
generate instability in the system response.

The bandwidth of the filters should be also greater
than the bandwidth of the active suspension system
in order to accomplish full control of a wide range of
the system’s bandwidth (Wright 1983).

Desired Force with Passenger Force

1000

- Desired Force
| - Passenger Force

500

FoeeN
e}

Figure 8: Force Tracking.
Passenger Seat Position

= Perturbation
= Position

RastionM
i
|
|
|
|
L
|
|
|
|
|
L

Figure 9: Sprung Mass Position.

Control Signal for Position, Force,and Hybrid Control
2 ‘ , , ,
——Position Control Signal
= Hybrid Control Signal

= Force Control Signal

Control Signal Volt
o

|
|
|
l
15 2

. 2 ‘
unstable oscillatory performance. 5 05 1 55
Time Sec
Figure 10: Control Signal
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Figure 11: Unsprung Position

Figure 8 shows that the force transmitted to the
passenger is limited to 717 N, with a small tracking

error. The hybrid control also reduced the

perturbation from 10 cm to 4.5 cm, which is another
good index of controller robustness and performance
as illustrated in Figure 9.

The control signal reaches a maximum of 0.6 volts,
as seen in Figure 10. The road holding is proven to
be good, as seen in Figure 11, in which the tire is
attached to the road along with the perturbations.

6. COMPARISON OF THE CONVENTIONAL

PID CONTROLLER WITH THE HYBRID

SMC CONTROLLER
We will use a conventional PID for controlling the
position of the sprung mass, and compare it with our
proposed hybrid SMC. We chose the PID control
because it is the most popular controller in the
industry. The simulation results show that our
proposed hybrid SMC exceeds the performance of
the PID by a significant margin. The PID was
designed using NCD Toolbox Simulink to produce
optimal gains. We began by linearizing the nonlinear
model, which gives us:

0 1 0 0 0 0
(‘ao —b, 4 by a; 0 ]
0 0 0 1 0 0
i dy dy —dy—h, —d;—b, —C; 0 f
0 —J,A 0 LA =L —Jicq (B/p)*/?
\ 0 0 0 0 0 -1/t
0
0
B=| o [|c=11 0 00 0 o,D=]o0l
0

K,/

The PID gains are then applied to the nonlinear
model. The results of the simulation show that the
passenger’s vertical motion has been reduced to zero
faster and with smaller amplitude by the hybrid SMC
controller than the PID (Figure 12). The transmitted
force to a passenger with the PID has a longer
settling time than with the SMC, and that is not very
comfortable (Figure 13). In terms of the force

amplitude, the hybrid SMC produces a smaller
controlled force in comparison with the PID due to
the force controller, which acts on behalf of the
position at that stage.

Passenger Seat Position
:

0.15
— Perturbatlon
- Position With Hybrid SMC
0.1F - —— = Position with PID H

Figure 12: Sprung Mass Position

Transmltted Force To Passenger

3000

l — Transmltted Force With Hybrld SMCL

2000 - - ] = Transmitted Force With PID

1000 -

won [ URIEHS w U,,j

-2000 - ¥ -

Force N
_.?-
——
:
=q
]
:
:
:
:
:
:
=D
:
:
b
:
p
<

| |
| |
~30005 2 4 6 8
Time Sec
Figure 13: Transmitted Force to Passenger

7. CONCLUSION

This paper presents a force/position control for an
active suspension system. Position control was
achieved using the SMC controller, and the
perturbations were reduced enough, but the force
transmitted to the passenger was not acceptable. The
resulting control signal has a slight chattering in
simulation, but it is still within the acceptable limit.
For reducing the transmitted force to the passenger, a
force controller was developed to achieve good force
tracking, but it did not produce a significant
improvement with respect to the passenger seat
position. In terms of force tracking, the desired force
was derived from a desired acceleration. The hybrid
force/position controller was developed and applied.
Good force tracking was achieved with an
attenuation of the vertical seat perturbations. Using
this hybrid controller, the passenger seat was isolated
from road irregularities with good road holding. The
control signal that was produced has a combined
form in order to fit the requirements. In this project,
two objectives were achieved with a hybrid
controller by integrating the advantages of each
controller (position, force) and applying them to the
system. In a future project, an application of our
integrated controller in real time will be tested and
applied to the active suspension bench in order to
verify the validity of the proposed controller.
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APPENDIX

A. Active suspension parameters

C. Systems variables

External unknown

B. Controllers Parameters.

Position Control Parameters
C, | Gains sliding surface 12500(
C, | Gains sliding surface 750(
C, | Gains sliding surface 15C
C, | Gains sliding surface 1
a Sigmoid function 200(
K .| Switching gain 33000(
Force Control Parameters
C, | Gains sliding surface 1000(
PID Control Parameters
K, Proportional gain 5
. | Integral gain 0.4
.| Derivative gain 0.1

X perturbation
P,P, Prr]essgre at cylinder’s pS = p1 + p2 X Speed of perturbation signa
chambers
= Vertical position of the car
B Effective bulk modulus  [7.995e8 N/m# X=X body
L Coefficient of total leakag®.047¢-13 m"5/Ns Xs Piston speed
due to pressure X, =X, Vertical speed of the car
A Piston area 3.35¢4 m"2 body
P, Load pressure P-P X, =X, Vﬁrtiﬁal position of the car
whee
P Supply pressure 103.4e5 N/m* X, =X, Vertical speed of the car
P Hydraulic fluid density  [867kg/m: wheel
V, Actuator volume in onel35.4¢6 m"3 % =P Pressure difference in the
actuator chamber circuit
C, Flow discharge coefficient0.62 X, =X, Area of the servo valve
orifice
M, | Unsprung mass 59 ke U Control signal
M Actuator mass 290 k¢
S
kr Tire spring stiffness 19C,000 N/m
k Load spring stiffness 16,812 N/m
P
B Tire viscous damping 800 Ns/n
B Load viscous damping  {80C Ns/m
p
T Servo-valve time constany  0.01s
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