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Abstract: In hydraulic active suspension systems, an often-
overlooked source of nonlinearity is the performance deviation of
the working hydraulic oil through the wide band of operating
temperatures. In this paper, a quarter-car, Simulink® Simscape
nonlinear hydraulic active suspension model has been
constructed, taking 1ISO VG 22 oil as the working oil[1]. A PID
controller has been tuned for the active suspension system.
Targeted response parameters were tire deflection and suspension
travel, as measures of vehicle handling, and sprung-mass
acceleration as a measure of riding comfort. At a typical moderate
vehicle speed of 40 km/hr, system response was investigated for
both single sinusoidal bump and continuous wavy sinusoidal road
inputs. Simulation was performed at two distant, extreme,
operating temperatures, namely 60°C and -30°C. Results showed
that at higher temperatures, the decrease in oil viscosity of the
hydraulic actuator results in higher tire-rebound amplitudes and
longer settling times, and a higher sprung mass acceleration
amplitude, worsening both tire-road holding, and ride comfort
compared to those at -30°C. The most significant conclusion is
that an active suspension’s hydraulic actuator actually behaves as
a nonlinear damper, besides being a force generator.

1. Introduction

Vehicle suspension connects vehicle wheels to vehicle body via springs, dampers, and
associated linkages. Springs support vehicle body weight, absorb and store energy, thus
isolate vehicle body from road disturbances. Dampers, on the other hand, dissipate this
stored energy and thus damp potential oscillations[2],[3]. A suspension system supports
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both the static and dynamic weight of a vehicle. This task is bounded by the suspension
rattle space and depends on the suspension type used[4].

One major objective of a vehicle's suspension is to provide robust vehicle handling and road
holding against road roughness, irregularities, and disturbances (bumps and potholes), and
to maintain stability, safety, and control during critical maneuvers, such as acceleration,
braking, cornering, and lane changes[5],[6]. It is not simple to quantify vehicle handling and
road holding issues due to their subjective nature. However, tire deflection is commonly
used as a simple, measurable road holding index as changes in normal tire forces are sensed
through variation in tire deflection[7],[8]. A zero or negative tire-deflection warns against
tire-road separation. Besides, a non-positive suspension-travel value occurs when wheel
assembly is freely suspended, an indication of vehicle jumps and consequent tire-road
separation.

The second major aim of a suspension is to provide good ride comfort, which, in turn, is
another subjective issue. However, many experimental studies have proven that ride
comfort is correlated with the vertical acceleration level in the low-frequency range of 1 to
1.5 Hz[9],[10],[11]. For passive suspension, ride comfort and road holding are two
conflicting aspects that are simply correlated to the stiffness of the suspension. A softer
suspension ensures ride comfort at the expense of degraded road holding and vice versa.

By regulating tire/road adhesion forces, active vehicle suspensions, on the other hand,
provide both increased road holding safety and ride comfort by eliminating road
irregularities[12],[13].

Vehicle suspensions, even passive ones, are inherently non-linear. Typical embedded
passive suspension nonlinearities are associated with hardening springs, quadratic dampers,
and/or the tire/road separation phenomenon. Active Suspensions, on the other hand, add
numerous nonlinearities associated with and correlated to the type and design of the
actuation system. Consequently, in real vehicles, it is ultimately hard to achieve desired
performance via application of linear control techniques. In hydraulic active suspension
systems, a source of nonlinearity, that is often overlooked, may be allocated to performance
deviations of the working hydraulic oil caused by the wide band of operating temperatures.
Electro-hydraulic actuators are commonly applied to generate vibration isolation forces in
active suspensions[14], [15]. The active force is modulated via the voltage applied to the
hydraulic actuator[16]. This voltage is correlated to hydraulic oil density, oil supply
pressure, piston effective area, hydraulic- cylinder leakage coefficient, and oil’s elastic
stiffness.

It is important to note that, in many literatures, actuators are modeled as ideal force
generators, which is not practical[17]. Electro-hydraulic actuators are inherently highly
nonlinear. To avoid performance deviations, dynamic characteristics of actuators should be
considered. Recently, compensation for nonlinearities in electro-hydraulic actuators of
active vehicle suspensions have been extensively researched[18], [19] and[20] . SU[21]
proposed a master-slave control law to solve the input nonlinearity of the hydraulic active
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suspension system. A robust Hoo control was implemented to deal with the problems of
input delay, parameter uncertainties, and multi-objective optimization in the linear system.
Yao et al[22] proposed a desired- compensation adaptive controller for high-precision
motion control of electro-hydraulic servo systems, considering nonlinearity, modeling
uncertainties, and severe measurement noise arising from actual-state feedback. PID
controllers for active suspensions are designed by tuning for improving handling and riding
comfort[23], [24]. Dangor et al[25] designed a PID controller for an electrohydraulic active
suspension system using evolutionary algorithms (EA), definitely, particle swarm
optimization (PSO), genetic algorithm (GA), and differential evolution (DE). All these
algorithms showed overall improvement in suspension travel, ride comfort, settling time,
and road holding. However, these improvements were at the cost of increased actuator
force, power consumption, and spool-valve displacement.

In the previously mentioned literature, however, uncertainties due to changes in physical
characteristics in the actuator system have not been considered. For instance, the hydraulic
oil temperature varies continuously during vehicle operation. Consequently, uncertainties in
the density and viscosity of hydraulic oil arise. To solve this problem, continuous adaptive
changes in physical characteristics of the hydraulic actuator should be considered. The
objective of the present study is to simultaneously optimize ride comfort and road holding
performances considering hydraulic fluid performance temperature variations. PID control
has been applied for optimal control. A non-linear model of a hydraulic active suspension
system is used to explore nonlinearities caused by temperature changes of hydraulic oil.
Simulation of both handling and ride performances for the hydraulic active suspension at
typical extreme working temperatures is presented. Simulation is carried out using
SIMULINK’s Simscape library.

2. System Modeling

2.1. Quarter Car Model

A quarter-car model of the active suspension system is shown in Figure-1. The model is
composed of two lumped masses modeling the vehicle body as a sprung mass, Ms and the
wheel assembly as an unsprung mass, Mu. Active suspension parameters are the spring
stiffness, Ks, damping coefficient Cs and hydraulic actuator force, Fa. Tire elastic and
damping properties are modeled as K: and C; respectively. Road profile input to the model is
represented by xr. Both tire deflection (Xt = Xr — Xu) and suspension travel (Xp = Xs — Xu) are
measured and compared to reference set points. The required actuator force, Fa is to be
determined by the controller to eliminate the error. Dynamic equations of the quarter- car
active suspension system are given as:

MsX5+Cs (Xs_xu)+Ks(Xs_Xu): I:a Eq (1)
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Mu)“(u_'_cs().(u - Xs )+Ct(xu _Xr)+ Ks(xu - Xs) + Kt (Xu _Xr)= - Fa Eq (2)

M, —] 's

Fig.1: Quarter-car vehicle model with active hydraulic actuation.

2.2. Electro-Hydraulic Active Actuator Model ([26], [27], [18] and[29])
The main components of a hydraulic active suspension system are typically a hydraulic
actuator, a hydraulic pump, a servo valve, and an oil reservoir.

i 2
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spool
Servo Valve Hydraulic Cylinder

Fig.2: Hydraulic servo system

The hydraulic actuation force is given by:
F,= Ap.p, Eq. (3)
Where Ap is the piston area and Pl is the net pressure difference between piston faces,
P.=P— P Eq. (4)

In this design a three-land, 4-way spool valve is assumed, therefore,

By = —Bp, — oA, (X, — %) +v x, |/ (p, — P, sgn x,) Eq. (5)
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1
Where: B=0C,; , y = G.CdW.S\/: : 0:4[36
p

The parameters B, VT, C, Cq p W, S, and ps, are defined and their values given in table
(1). In electrohydraulic actuation, servo valve displacement and velocity (x, and %, ) are
controlled via an input voltage signal, um, according to:

%= (Uy %) Eq. (6)

Now, to get the state-space form, let’s define:

X =X—X XZZXS X3 =X, — X,

X4:Xu Xs =P X =X,

The state-space representation of equations (1and 2) becomes:

X, =— Ks x-S X +&x —ix Eq. (8)
2 Ms X1 MS 2 MS 4 MS 5 '

X, =X, — X, Eq. (9)
K C K, Cc _ c A
x4:—Mtux3—Mtux4+ uxl_MuXZ_MuX4_MZX5 Eg. (10)
XS =_BX5 _GApXZ + GApX4 + 7% Y, Ps — X5 sgn Eq (11)

.1

X% ==(Uy — X ) Eqg. (12)

T

Where sgn stands for the sign of the variable following it.

Table 1. Hydraulic active suspension system parameters.

Parameter Units Value Parameter Units | Value
Sprung mass M Unsprung mass
u
Ms (Vehicle chassis mass) kg 300 (Wheel-assembly kg 60
mass)
Suspension Spring Kt | Equivalent Tire
Ks | stiffness KN/m | 16 Stiffness kN/m ) 190
Ce, Suspgn_smn Damping Ns/m 1000 Ct Equw_alent T|r_e. Ns/m | 800
coefficient. damping coefficient
Effective cross- 2 3.35 . -
Ap sectional area of piston m %104 Cq | Discharge coefficient | -- 0.63
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Parameter Units Value Parameter Units | Value
Effective elastic , : 3
B | modulus of Oil MPa 900 p | Fluid density kg/m 870
20
, 3.12 Ps | Supply pressure kPa 10°
V: | volume m )
x10 Pi | Load pressure kP 16
! P | x10°
Piston leakage 5 9.047 x .
Cp coefficient m°/(N.s) 1022 W | Spool valve width m 0.008
. - 5 2.273 .
o | A hydraulic coefficient | N/m 10° n | Arearatio -- 0.685
Fa | control force N u,_, | voltage input signal Vv
Servo-valve X, .
X mm ¥ | Servo-valve velocity | mm/s

¥ | displacement

3. Controller Design

3.1. Control Objectives

The active control targets the following:

1. Keeping a minimal positive tire deflection, to assure good grip and no tire separation.
2. Minimum suspension travel, as a measure of good handling.

3. Minimum body acceleration, as an index for passenger comfort.

4. Reasonable control bandwidth: (high speed of response)

3.2. Control architecture.

Vehicle model has only two inputs, namely, the road disturbance, xr and the actuator force,
Fa. Model outputs are tire deflection, suspension travel, sprung-mass displacement, and
acceleration. Actuator control signal is estimated based on the continuously measured
inputs. PID control is the most popular type of feedback control. Its well-known controller
equation is:

u(t) = ky-e(t) + k;. [ e(t).dt+ ko= e(t) Eq. (13)

Where u (1) is the system's control signal, y (t) is the actual output, and r (t) is the desired
reference output (set point). e(t) Is the continuously monitored error:e(t) = r(t) — v(t).
Desired closed-loop dynamics are obtained by adjusting the three control parameters Kp, Ki,
and Kp, often iteratively via "tuning" and without specific knowledge of a plant’s model.
The proportional term always correlates to stability, the integral term permits the rejection
of a step disturbance, while the derivative term provides damping or shaping of the
response. The Simscape model of the active suspension system using a PID controller is
given in Fig. 3.
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4. Simulation of System Response:

Based on a quarter-car model, a simulation model focusing on tire-road holding and ride
comfort was built using MATLAB®’s SIMSCAPE® simulation software, where road
disturbance is assumed as the input for the system. Targeted response parameters are tire
deflection, suspension travel, sprung-mass acceleration, and displacement. The control
objective is to prevent tire-road separation wile maintaining reasonable suspension travel,
and, at the same time, minimize sprung-mass acceleration. Active suspension response
results for two different inputs, namely; a single sinusoidal road bump and a wavy
sinusoidal road are presented.

Tyra deflection

road inputSingle Cosine bump

Fig.3: Simulink’s Simscape model of the active suspension system using a PID Controller.
5.1 Effect of Qil’s Operating Temperatures on the Hydraulic Active System Response:

5.1.1 Response to a Sinusoidal Road Bump:

To reveal the nonlinear behavior of oil in the hydraulic actuator, system response to a 100
mm peak single sinusoidal bump at two distant, extreme, operating temperatures, namely -
30°C and 60°C was investigated at a moderate vehicle speed of 11.11 m/s (40 km/hr).
Simulation was performed taking 1SO VG 22 oil as the working hydraulic oil[1]. Simulation
results are presented in figures 4 through 13 below.

93



Yousra A. Gazaz et al., Hydraulic Fluid Temperature -Imposed Nonlinearities in Automotive Active Hydraulic Suspension...

Dusplacrient {m)
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Fig.4: A sinusoidal bump road profile with a 0.1 m amplitude.
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Fig. 8: Sprung-mass acceleration response to a sinusoidal road bump at
a speed of 40 km/h for different operation temperatures:
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(c) Cumulative curve for relative comparison

5.1.2. System Response to a Wavy Sinusoidal Road.
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Fig. 9: A continuous sine wave road profile with amplitude of 0.1 m
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Fig. 10: Dynamic tire deflection response to a wavy sinusoidal road at a speed of 40 km/h
for different operating temperatures:

(a) At-30°C
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(c) Cumulative curve for relative comparison.

(d) Relative to bump size.
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Fig. 13: Sprung-mass acceleration response to a wavy sinusoidal road at a speed of 40 km/h
for different operating temperatures:

(a) At-30°C
(b) At60°C

(c) Cumulative curve for relative comparison.

6 Results

Table: 2. RMS response values to a Sinusoidal Bump input at temperatures of -30° C and 60° C.

Parameter Percentage
No. at-302C at 602 C
RMS Change
1 Sprung mass acceleration, m/s? 0.9907 1.016 2.55
2 Suspension deflection, m 2.32x103 2.8x103 20.326
3 Sprung-mass displacement, m 6.14x102 6.209x1072 1.087
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Table: 3. RMS response values to a wavy sinusoidal road input at temperatures of- 30° C and 60° C.

No. :T\Zmeter at-30°C  |at60°C zifﬁg;age
Sprung mass acceleration, m/s? 2.021 1.685 -19.94
Suspension deflection, m 3.44x10°3 4.638%10° 36.13
Sprung-mass displacement, m 7.716x1072 7.778x1072 0.80

7 Discussion/Conclusion

A quarter-car, Simulink® Simscape nonlinear hydraulic active suspension model has been
constructed utilizing data extracted from [28]. Dynamics of the hydraulic actuator have been
included in the model. A PID controller has been tuned for the active suspension system.
System response was investigated for both a single sinusoidal bump and a continuous wavy
sinusoidal road input, both having a 100 mm amplitude.

7.1 A Sine Road Bump:

Regarding road holding and vehicle handling, figure (5) reflects the nonlinear behavior of
the hydraulic actuator due to viscosity-temperature changes. At higher temperatures, the
decrease in viscosity results in a higher tire-rebound frequency, thus worsening tire-road
holding and vehicle handling. Moreover, there is a noticeable increase in the after-bump tire
bouncing amplitudes and the settling time for tire oscillation is doubled to 60°C compared
to that at -30°C. This reflects the fact that a hydraulic actuator actually behaves as a
nonlinear damper, besides being a force generator. In both cases, however, tire deflection
did not exceed a maximum of 6% of the bump height.

On the other hand, suspension travel curve, figure (6) shows that at higher temperatures
suspension acquires a highly- increased travel amplitude during the “uphill” stage and after
the end of the “downhill” stage of that bump. Throughout the entire response cycle,
suspension travel attains higher values than at cold temperatures. The peak travel values are
8% and 7% of the bump height at 60°C and -30°C respectively. However, the negative part
of the curve is eliminated at higher temperatures. This fortunately indicates better road
holding and vehicle handling stability.

Regarding passenger comfort, at higher temperatures, acceleration amplitudes are greater
during the “after- bump” stage, and takes longer time to sustain, worsening the vehicle-ride
comfort. Simulation results also show that at freezing (-30°C) the maximum peak of sprung
mass displacement response reached 8 mm while at a high temperature (60°C) the same
peak exceeds 10 mm. Moreover, at higher temperatures, the “after-bump “sprung mass
oscillations take longer time to sustain. This is due to changes in both viscosity and the
bulk modulus of hydraulic actuator oil.
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7.2 A sinusoidal wavy road:

For a sinusoidal wavy road, system response is similar in the first sine bump of the road but
sustained thereafter. After the first cycle of the continuous “sine bump”, tire deflection
appears to smoothly adapt to the road waves with almost zero-amplitude higher harmonic
oscillations. It appears to acquire a smooth deflection in phase with road texture and with an
amplitude which is almost 2% of the road’s sine amplitude.

Suspension travel follows a rectified sine shape after the first road wave cycle, with almost
zero negative travel at both higher and lower temperatures, reflecting a better road holding.
Sprung mass displacement closely coincides with road amplitude after the first road cycle,
with slightly higher amplitude at the higher temperature. However, sprung mass
acceleration looks smooth with low amplitude value and no harmonics after the first road
cycle, meaning an improved ride comfort with no significant discrepancy between the
higher and lower temperatures.

Generally, it could be said that the viscosity-caused non-linearity is noticeable only in the
first sine bump which represents half of the first road cycle.
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