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Abstract

In spite of the superior performance of active vehicle suspension system
(AVSS), its implementation on a large commercial scale is delayed because
of challenges related to controller design and hardware. Other controller-
s employed present implementation problems because of computational
challenges. PID feedback control loops with a cascade of two other PID
sub-loops for force control and spool valve displacement control. The ad-
ditional PID controllers (in the inner loops) did not only help in stabilizing
the actuator dynamics, but they also increased the chances of better AVSS
performance by the addition of extra tuning variables. The control voltage,
spool-valve displacement and suspension travel signals were within their al-
lowable limits. However, the maximum allowable actuator force value was
marginally exceeded at the peak of the first hump. Initial steady state
levels were restored 0.5s after each disturbance.
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1 Introduction

There is a growing demand for more comfortable ride in vehicles without sacri-
ficing improved performance. The quality of a vehicle’s suspension influences its
driving safety, ride comfort, vehicle handling and road holding capacity [1, 2, 3, 4].
Rapid advances in the field of electronics, instrumentation and control have fa-
cilitated the implementation of active vehicle suspension systems in commercial,
luxury, military and construction vehicles today [5, 6]. The biggest advantage
that active suspension has over other suspension types is its ability to provide
better compromise between the conflicting design parameters of a vehicle suspen-
sion system [3, 4, 7, 8].

Controller design works for AVSS are well documented. Methods employed
already cut across the entire spectrum of control techniques. It includes optimal
control methods that are relatively well developed, robust and their stability is
readily established and nonlinear and intelligent control methods [9, 10].

The objective of most linear optimal control methods employed in AVSS is
to obtain optimal feedback gains needed to minimise the chosen performance ob-
jectives. There are several multiobjective combinations of various optimal con-
trol methods that have been proposed with improved performance results and
robustness. Moreover, the multiobjective control problem yields a non-convex
optimisation problem that is difficult to solve. Similarly, the fixed optimal gains
cannot be adjusted in the face of varying operating conditions like changing road
disturbance inputs [11, 12].

Feedback linearization, backstepping and sliding mode controls are the pop-
ular nonlinear control schemes that have been employed in AVSS design. Their
control performances were good in the face of the inherent nonlinear characteristic
of AVSS, coupled with challenges related to its parametric uncertainties. They
however suffer setback at the point of implementation because of degradation
of system performance due to chattering. While several innovations have been
employed to handle this challenge, the processes brings in complications in the
course of controller design [1, 13].

PID control remains the most employed industrial controller because of its
simple structure and relative ease of tuning either intuitively or by available
tuning methods [14, 15, 16, 17]. Although controllers sacrifice this simplicity and
computational ease for better performance, the prospect of better or similar level
of performance exist for PID when combined with other controllers or tuned using
computational intelligence techniques. These combinations can also improve its
robustness to parameter variation and better tuning of the high loop gains [16,
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18, 19, 20]. Finally, PID is more effective at adjusting system parameters like
overshoot, rise and settling time [18, 21].

Even although electrohydraulic actuators remain the most viable source of
actuator force for AVSS applications because of advantages like lower cost, high
power-to-weight ratio, fast response, high stiffness and good load bearing capa-
bility, the dynamics due to its highly coupled interaction with the suspension is
highly nonlinear. Many of the documented works neglected actuator dynamics
for this reason [22, 19, 23, 24]. Some documented works have shown that intro-
duction of a sub-loop for the feedback control of the command force contributes
immensely to the stability and tracking in the presence of deterministic road
disturbances [22, 21, 24].

In this work, PID feedback control loops are employed for disturbance re-
jection (originating from the uneven road terrain), actuator force control and
actuator spool-valve position control. The effectiveness of the electrohydraulic
actuator depends on accurate positioning of its spool valve. In the past, spool
valve displacement has been ignored because of instrumentation and cost chal-
lenges. Servo-valve assemblies with mounted miniaturised or embedded Linear
Variable Differential Transformer (LVDT) are now available [25, 26, 27].

The rest of the paper is structured as follows. The second section presents
a brief description of the physical, mathematical and road disturbance input
models. The third section highlights the system specifications and evaluation
criteria, while the fourth section presents the controller design. The fifth section
presents the discussion of results and is followed by the concluding remarks in
the last section.

2 System modelling

2.1 Description of physical model

Figure 1 presents the generic active vehicle suspension system (AVSS) feedback
control loop. The system consists of a controller issuing the command input to
the actuator to generate a manipulating signal.

AVSS responds dynamically to road disturbance inputs by inducing relative
motion between the body and the wheel through the force generated by the servo-
hydraulic actuator. Obtaining the appropriate control voltage for the actuator
includes an optimal trade-off between the design objectives in the presence of
road disturbance inputs. The success of this process yields a suspension system
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Figure 1: AVSS feedback control loop

that is adaptive to the road disturbance and other operating conditions.

The physical system used for this investigation is a 2DOF, quarter-car in-
dependent suspension model shown in Figure 2. This model readily captures
the body heave and wheel hop vibration mode. The sprung mass (chassis) is
represented by ms, unsprung mass (wheel) by mu, ks and kt are the suspension
and wheel stiffnesses respectively, bs is the damping coefficient of the suspension
system, F is the actuator force, x1 and x2 are the vertical displacements of the
chassis and wheel respectively, while w is the road disturbance input.

2.2 Mathematical model

The controlled variable is represented by the suspension travel (x1 − x2), ẍ1 is
the heave acceleration which signifies the ride comfort and (x2 − w) represents
the wheel deflection which characterizes road holding quality.

Application of Newton’s law to the quarter-car model shown in Fig. 2 yields
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Figure 2: Quarter-car model

the following nonlinear governing equations [20, 28]:

ẋ1 = x3 , (2.1)

ẋ2 = x4 , (2.2)

msẋ3 = kls(x2 − x1) + knls (x2 − x1)3

+bls(x4 − x3)− bsyms |x4 − x3|
+bnls

√
|x4 − x3|sgn(x4 − x3)− Ax5 , (2.3)

muẋ4 = −kls(x2 − x1)− knls (x2 − x1)3

−bls(x4 − x3) + bsyms |x4 − x3|
−bnls

√
|x4 − x3|sgn(x4 − x3)

−kt(x2 − w) + Ax5 , (2.4)

ẋ5 = γΦx6 − βx5 − αA(x3 − x4) , (2.5)

ẋ6 =
1

τ
(−x6 + u) , (2.6)
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where

α =
4βe
Vt

, β = αCtp , γ = CdS

√
1

ρ
, Φ = φ1 × φ2 ,

φ1 = sgn[Ps − sgn(x6)x5] , t φ2 =
√
|Ps − sgn(x6)x5| ,

Figure 3 represents the hydraulic actuator mounted between the sprung and
the unsprung masses. The hydraulic fluid flow rates Qu and Ql into the upper
and lower chambers of the cylinder determine the actuator force generated.

Figure 3: Schematic of the Double Acting Hydraulic Strut

The electro-hydraulic system is modelled as a first order dynamic system with
a time constant τ . Supply voltage of range±10volts is supplied to the servo-valves
as control input to limit the suspension travel to ±10cm [29].

The area of the piston is A, x3 and x4 are the vertical velocities of the sprung
and unsprung masses respectively, x5 is the pressure drop across the piston, x6 is
the servo-valve displacement, Ps is the supply pressure into the hydraulic cylinder,
Pr is the return pressure from the hydraulic cylinder, Pu and Pl are the oil pressure
in the upper and lower portion of the cylinder, Vt is the total actuator volume,
βe is the effective bulk modulus of the system, Φ is the hydraulic load flow, Ctp

is the total leakage coefficient of the piston, Cd is the discharge coefficient, S is
the spool-valve area gradient and ρ is the hydraulic fluid density.

The suspension spring and damping forces have linear and nonlinear compo-
nents. The spring constant kls and damping coefficient bls affect the spring force



O.A. Dahunsi, J.O. Pedro and M.M. Ali 79

and damping force in a linear manner. The parameter bsyms contributes an asym-
metric characteristics to the overall behaviour of the damper. The parameters knls
and bnls are responsible for the nonlinear components of the spring and damper
forces respectively.

2.3 Road disturbance input models

The performance of the suspension system is evaluated at the vehicle travelling
speed of 40km/h in the presence of a road disturbance input with sinusoidal
profile, wavelength of 5m and amplitude of 11cm. The profile of the hump is
modelled by Equation 2.7.

w(t) =



a1
2

(1− cos2πV t

λ
) , 1 ≤ t ≤ 1.25 ,

a2
2

(1− cos2πV t

λ
) , 3 ≤ t ≤ 3.25 ,

0 , otherwise,

(2.7)
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Figure 4: Road disturbance input pro-
file - deterministic
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Figure 5: Lateral view of road distur-
bance input profile - deterministic

where a is the bump height, V is the vehicle’s velocity in a straight line and λ is
the half wavelength of the sinusoidal road undulation. The values for the system
parameters are provided in Table 1.
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Table 1: Parameters of the Quarter - Car Model [28, 25]
Parameters Value Parameters Value
Sprung mass, ms 290kg Suspension stiffness 2.35 ∗ 104N/m
Unsprung mass, mu 40kg (linear), kls
Tyre stiffness,kt 1.9× 105N/m Suspension stiffness 2.35 ∗ 106N/m
Bump height, a 0.11m (nonlinear), knls
Piston area, A 3.35× 10−4m2 Suspension damping 700Ns/m

(linear), bls
Actuator time 3.33× 10−2sec Suspension damping 400Ns/m
constant, τ (nonlinear), bnls
Supply pressure (Ps) 10, 342, 500Pa Suspension damping 400Ns/m
Vehicle speed (V ) 30ms−1 (asymmetrical), bsyms

Disturbance half 5m Actuator parameter (α) 4.515× 1013

wavelength (λ) Actuator parameter (β) 1
Actuator parameter (γ) 1.545× 109

3 System performance specification and evalu-

ation

3.1 Performance specifications

The following characteristics are required of the AVSS controller in a bid to meet
the set performance objectives:

1. Nominal stability: The closed-loops should be nominally stable. Stability
in the inner loop is enhanced through a force feedback loop. The enhanced
stability of the actuator dynamics should improve the overall system sta-
bility.

2. Disturbance rejection: The controller should demonstrate good low fre-
quency disturbance attenuation.

3. Good command following: The suspension travel response of the AVSS
is examined in the presence of the deterministic road inputs shown in Fig-
ures 4 and 5. The controller should be able to keep the steady-state error
as close to zero as possible.
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4. Suspension travel: It is constrained to physical limits to avoid damage
due to topping and bottoming. Thus it is not to exceed ±0.1m [25].

5. The control voltage is also limited to ±10volts.

6. The maximum actuator force must be less than the static weight of the
vehicle, that is Fhyd < msg.

7. For good road holding the dynamic load that is transmitted through the
road should not be larger than the static weight of the vehicle. The dynamic
load is normalized with the static weight of the vehicle.

8. Ride comfort: This is quantified using the vehicle body acceleration in
the vertical direction. The vertical acceleration of the vehicle body needs
to be minimal for good ride comfort, especially within the low frequency
band of 0.1 to 10Hz. The peak sprung mass acceleration: ẍ1 < 4.5m/s2

[30, 31, 32].

3.2 Optimal trade-off among performance criteria

The objective function employed in the tuning of the controller gains is presented
in Equation 3.1. It is designed to minimise the suspension travel, y, actuator
force, F , sprung mass acceleration, ẍ1, actuator spool-valve displacement, x6,
control voltage, u, and wheel deflection, (x2 − w). In this way, ride comfort and
road holding are improved while control voltage and actuator force are kept as
small as possible. The objective function is

J =
1

T

∫
T

0

( y

ymax

)2

+

(
F

Fmax

)2

+

(
ẍ1

ẍ1 max

)2

+

(
ẋ6

ẋ6 max

)2

+

(
u

umax

)2

+

(
(x2 − w)

(x2 − w)max

)2
 dt . (3.1)

4 Controller design

Implementation of the PID controlled arrangement was carried out in theMATLABr

/SIMULINKr environment. The desired controlled output, y, is the suspen-
sion travel. The control arrangement for AVSS is shown in Figure 6. Although
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each controller must be tuned independently, changes in any of the controller
gains affect the overall performance of the system, thereby making it necessary
to re-tune the other controllers.

PlantElectro-hydraulic
 Actuator

Inner Loop
 Controller 2

Outer Loop
 Controller

yd

y

y
-

F
FInner Loop

 Controller 1
-

-

Actuator Force Sub-Loop

Spool Valve Displacement Sub-Loop

w

xv

Sensor

Sensor

Sensor

Main Loop

xv

u

Figure 6: AVSS multi-loop PID control configuration

The PID-controlled signal consist of the KP term which is proportional to the
error signal e, KI which is proportional to the integral of the error signal and KD

which is proportional to the derivative of the error signal. Therefore, the PID
control law is given by:

u(t) = KP e(t) +KI

∫
e(t)dt+KD

d

dt
e(t) , (4.1)

where e(t) = yd(t)− y(t). The reference signal yd(t) is set to zero. Therefore the
objective is to design a control law for u(t) such that e(t)→ 0 as t→∞.

The controllers were tuned using the Ziegler-Nichols tuning criterion on the
basis of 0.25 decay ratio and understanding of the system characteristics. Further
fine tuning required was done manually since PID controllers tend to generate too
high control inputs leading to saturation [33]. Table 2 presents the selected gains
for the three controllers. The three controllers required the same gain value for
their integral component. The values for the integral and derivative components
of the controllers were also marginal when compared to those of the proportional
gains.
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Table 2: PID tuning parameters
PID Gains

KP KI KD

Main loop 100 1× 10−6 1× 10−6

Spool valve 7× 10−3 1× 10−6 1× 10−6

displacement sub-loop
Actuator force 3.87× 10−4 1× 10−6 1× 10−8

sub-loop

5 Simulation results and discussion

The control problem being solved was set up as a disturbance rejection problem.
The disturbance input consisted of the twin humps shown in Figures 4 and 5.
The control objective was to minimise or eliminate deviation from the pre-set
suspension travel value in spite of the disturbance input. The vehicle velocity
was 40km/h.

A multi-loop PID control scheme was set-up as shown in Figure 6 and nu-
meric simulation was executed in the MATLABr environment. The actuator
force generated was as a variable but preset control input of ±10 volts: It was
supplied to the solenoid valve of the electrohydraulic actuator in response to the
disturbance input.

Time histories of the AVSS’s response are combined into Figure 7 where SVD
stands for the spool-valve displacement, AF represents the actuator force, RDI
represents the road disturbance input, CV represents the control voltage, NWDL
represents the normalized wheel dynamic load, ST represents the suspension trav-
el and BA represents the vehicle body acceleration. The range of values for the
spool-valve displacement, control voltage and the suspension travel are well below
the maximum allowable limits of ±1cm, ±10 volts and ±10cm respectively. The
effects of the road disturbance input are clearly evident in Figure 7. The con-
trollers were able to return the responses back to the initial steady-state values
within 0.5sec of the occurrence of the disturbance inputs.

The peak vehicle body acceleration values ranged between 1.41ms2 and 1.11ms2,
the normalized wheel dynamic load ranged between 1.16 and 1.45, and the ac-
tuator force ranged between 3.34kN (which is marginally above the maximum
allowable value) and 3.23kN (which is marginally below the maximum allowable
value).
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Figure 7: Time history of the AVSS responses to deterministic road excitations

6 Conclusions

The PID controller has been designed for a nonlinear AVSS application. Two
inner PID control loops have been employed to stabilize the actuator dynamics
and enhance the main regulatory control of the outer loop. All the responses
were within the stipulated ranges except for the actuator force which exceeded
the range marginally.

The popularity of PID control in terms of industrial applications cannot be
ignore. Its structure and tuning are relatively simple thus making it more readily
applicable in cases where multiple or cascaded feedback control loops are required.
We have demonstrated that introducing an additional PID control loop increases
the tuning options in addition to further stabilising the actuator dynamics. As
a consequence, the number of elements to be tuned is increased and this may be
cumbersome unless some autotuning method is adopted.
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