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ABSTRACT
The paper proposes the implementation of a control system for a
variable-geometry suspension to achieve steering functionality. The
implementation is performed in a Hardware-in-the-Loop (HiL) simu-
lation environment with a unique suspension test bed. The purpose
of the control system is to achieve path-following functionality for
the vehicle with automatic steering based on the proposed system.
The paper proposes the design and the implementation of a hier-
archical control system. The high-level control is responsible for the
computation of the requested steering angle, and the low-level con-
trol aims to realise the steering angle through the intervention of
the linear actuator in the suspension system. The effectiveness of
theproposedcontrol system isdemonstrated throughHiL simulation
examples.
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1. Introduction andmotivation

In the recent decade, variable-geometry suspension systems have gained attention in the
area of automotive research. The term variable-geometry suspension refers to a group of
suspension systems with different purposes and functionalities, rather than a specific con-
struction. The common principle of the suspension is that the effectiveness of functionality
is achieved by the modification in the geometry of the construction. In the following, the
most important variable-geometry suspension construction types are summarised.

Increased steering functionality is achieved through themodification of the tilting angle
of the wheel, as it is realised in the prototype Mercedes F400 [1]. In the construction, the
suspension is equipped with an actuator, which can tilt the wheel directly, i.e. the camber
angle of the wheel is modified, which generates a lateral force on the tyre. The direct tilt-
ing control can be especially useful for sports cars which have low height and are designed
for high speed. Through direct tilting, handling safety and driving fun can be improved.
Furthermore, the tilting of the wheel can also be modified by changing the lateral posi-
tion of the suspension arm [2,3]. The modification of the suspension arm position can be
carried out by using an electro-hydraulic actuator [4] or an electric motor [5]. The main
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Figure 1. Concept of the variable-geometry suspension.

goal of this construction is to improve both the lateral and vertical dynamics of the vehi-
cle. Another solution can be found in [6,7]. In this construction, the toe angle of the rear
axle is modified through an electro-mechanical actuator, which is fixed to the lower sus-
pension arm and modifies the position of the wheel using an additional assist link. This
mechanism can improve the driving stability of the vehicle. Intervention in the suspension
geometry can also be achieved through the modification of the spring-damper unit posi-
tion [8,9]. Through the modification of the connection, the stiffness of the suspension can
be modified, with which travelling comfort, road holding, pitch and roll dynamics can be
improved.

The scheme of another important type of variable-geometry suspension, which is the
focus of this paper, is found in Figure 1. The goal of this construction is the improvement of
lateral dynamics based on the tilting of the wheel, which generates the rotation of the wheel
for steering purposes. Although the tilting does not generate significant lateral tyre force
directly, the induced rotation of the wheel has a high impact on lateral dynamics [10–12].

The idea behind this suspension is briefly summarised as follows. Figure 1 shows the
basic structure of the suspension is close to theMcPherson suspension construction. Joints
A and B define the steering axis of the suspension, which is denoted by the dashed line.
Scrub radius rδ of the suspension is depicted by the distance between the steering axle and
the contact point of the tyre (where it reaches the ground). The scrub radius is determined
by the construction and thus, rδ can be changed by the modification of the camber angle
(γ ). For this purpose, an actuator is used, which can modify the camber angle through the
rotation of the wheel around jointD. Therefore, the longitudinal force Fl with rδ generates
a momentMδ , which can rotate the wheel around the steering axis:

Mδ = Flrδ , (1a)

δ̈ = Mδ

Iδ
, (1b)

where Iδ denotes the inertia of the steering axis. For example, if rδ is set to be zero, the
steering angle of the wheel is unchangeable. But, if rδ is modified, the left or right steering
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of the wheel depending on the sign of rδ is achieved. Thus, the aim of the control is to set
the camber angle with which the requested steering angle is achieved.

The advantages of the presented suspension are the integration possibility with an in-
wheel electric drive and the functionality of independent steering. Through the integration
with in-wheel drive torque vectoring intervention can be achieved, and thus, indepen-
dent steering with independent driving can increase the manoeuvrability of the vehicle.
Moreover, it provides the possibility of reconfiguration, which can be important for safety
reasons in automated vehicles.

The paper proposes the implementation of the control systems on variable-geometry
suspension based on a quarter-car test bed with one wheel in the Hardware-in-the-Loop
(HiL) environment. A test bed in SZTAKI (Institute for Computer Science and Control)
was built in the last years to verify the effectiveness of the proposed variable-geometry sus-
pension control, which has been examined previously through high-fidelity simulations
[2,3,10]. To the best of the authors’ knowledge the implementation of the control on this
type of variable-geometry suspension in a real test bed is unique. The contribution of the
paper is a hierarchical control algorithm whose effectiveness during the implementation
has been demonstrated. The hierarchical control structure contains high- and low-level
control algorithms. The high-level control is responsible for path tracking, which is imple-
mented in the high-fidelity simulation environment CarMaker. The role of the low-level
control is to set the steering angle using a linear actuator in the test bed. The paper demon-
strates that the proposed concept of the variable-geometry suspension is able to realise
steering functionality.

The paper is organised as follows. The variable-geometry suspension test bed concern-
ing the structures of the construction and the control algorithms is proposed in Section 2.
Section 3 proposes the design of the control algorithm, i.e. the design of the high-level
control for path following and the design of the low-level control for positioning the
wheel. The analysis and the experimental tuning of the low-level control are presented
in Section 4. The effectiveness of the control systems through HiL simulation is demon-
strated in Section 5. Finally, Section 6 forms the conclusions and the future challenges of
the paper.

2. Structure of the variable-geometry suspension test bed

The test bed for variable-geometry suspension is presented in twoways. First, the construc-
tion of the test bed with the most important units is introduced. Second, the architecture
of the control system together with the electronic platforms is presented.

2.1. Construction of the test bed

The construction of the test bed follows the concept which is illustrated in Figure 1. Nev-
ertheless, the location of the actuator is modified for constructional reasons, i.e. in the
original concept the actuator is placed on the hub of the suspension, while in the test bed
the actuator is linked to the frame of the test bed (see Figure 2).

The test bed consists of the following main units:

(1) Linear actuator is responsible for themodification of the camber angle. The type of the
actuator: LATT 4A 1/12, its supply voltage is 12V and its stroke is 165mm. The linear
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Figure 2. Construction of the test bed.

actuator is also equipped with a hall sensor-based encoder, which is used to determine
the current position of the actuator. The actuator has its own electronic board, which
controls its position, at a maximum speed of 37mm/s. In the present construction,
the speed of the stroke is constant in both directions. This limitation on actuation is
considered in the design of the low-level controller.

(2) DC motor, which is used to drive the wheel. The type of the motor is Actobotics
638280, which has a planetary gearbox to ensure adequate torque for the wheel. The
supply voltage of this part is 6–12V, the maximum speed is 313 RPM (Rotation Per
Minute) and the maximum load is 3Nm. Furthermore, the gear ratio is 121/3249.
The motor is equipped with an encoder on the motor shaft whose resolution is 48
Countable Events Per Revolution.

(3) The upper suspension arm is an essential part of the MacPherson strut. The spring on
it ensures the appropriate vertical load for generating the required longitudinal force.
The upper arm is linked to the frame through a three-dimensional joint, and it also
has a connection to the hub of the suspension.

(4) The lower suspension arm is also a crucial part of the MacPherson suspension system.
It is linked to the frame through a one-dimensional joint. The other side of the arm is
linked to the hub using a three-dimensional joint. On the lower arm, another encoder
is found, which is used to determine the steering angle. It actually measures the rota-
tion of the axis of the joint. This encoder works with 5V current, and its resolution is
3–480 LPI (Lines Per Inch). It represents the resolution of 0.18◦.

(5) The hub contains the bearing of the shaft, whose sketch is illustrated in Figure 3. The
left side of the shaft is linked to the motor (2) through a clutch, which can compensate
for the eccentricity in the connection of the shafts. On the other side, the shaft is cou-
pled to the wheel. Moreover, the hub has connections to the linear actuator and both
to the upper and lower arms (see Figure 3).

(6) Thewheel of the test bed has a diameter of 18”, which is generally used for bicycles. The
wheel is rigidly linked to the shaft of the hub, which means that it rotates at the same
speed as the motor. The wheel can be rotated in both forward and reverse directions.

(7) The rotating plate is the lower part of the suspension test bed, which can rotate around
the vertical axis. Its purpose is to guarantee the rotating motion and the limited
displacement of the wheel, which are generated by the driving and steering effects.
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Figure 3. Sketch of a hub for the illustration of bearing.

The goal of the test bed is to verify the effectiveness of the variable-geometry suspension
control, which is proposed in this paper. Due to the limited control-oriented requirements,
the test bed has the following limitations.

• The steering angle of the wheel is limited. This limitation is resulted from the limited
wheel speed and the limited achievable camber angle, which is generated by the linear
actuator. The achievable steering angle is between ±20◦.

• The limitation of the wheel speed is resulted from the constructional reasons of the
in-door test bed. The achievablemaximum longitudinal speed for vehicle dynamic sim-
ulations is 27 km/h, which is resulted from the 313 RPM maximum rotation speed of
the DC motor.

• The actuation speed of the linear actuator is 37mm/s, which bounds the realisable vehi-
cle manoeuvres. Moreover, the set of realisable manoeuvres is determined by the time
delay in the operation of the test bed (see Section 4). It is also considered that the actu-
ator is able to carry out the requested motion since the lateral load on the wheel of the
test bed is small.

• The wheel has low elasticity, which means that the pneumatic trail of the wheel in the
formulation process of the test bed model is neglected.

• A further limitation of the test bed is resulted from the rolling plate, which is flat. Thus,
the effectiveness of the control against the roughness of the road cannot be evaluated.

In spite of these assumptions, the proposed test bed can be used for the analysis of the
variable-geometry suspension control strategy under limited vehicle dynamic scenarios
with reduced longitudinal velocity.

2.2. Hardware-in-the-Loop control architecture

In order to test the presented test bed a Hardware-In-the-Loop setup has been developed.
The dynamics of the whole vehicle is modelled by the high-fidelity simulation software,
CarMaker. The design of the setup involves additional components, as shown in Figure 4.
The main components of the setup are the following.

• The computer has two features in the HIL simulation. First, it contains the CarMaker
and theMatlab/Simulink simulation environments. Themain purpose of the CarMaker
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Figure 4. Hardware in the loop setup.

software is to model lateral, vertical and longitudinal dynamics of the vehicle excluding
the steering dynamics, which is realised in the test bed. CarMaker receives the processed
measured signals: longitudinal velocity (vx) and the steering angle δ. Using these mea-
surements, the software computes the errors (ye,ψe) of the lateral position and the yaw
angle from the current position of the vehicle and the predefined road. Second, the com-
puter contains high-level control, which is also implemented in the Matlab/Simulink
environment. It computes the reference signals for longitudinal velocity vx,ref and the
steering angle δref . All the signals (received and computed) are transmitted through a
serial communication protocol from/to the vector device.

• The vector interface is responsible for transmitting the measurements from the sensors
towards the computer, on which the CarMaker and the Simulink are run. Vice versa, the
computed reference signals are also transmitted through this device to the next device,
which is the AutoBox.

• TheAutoBox II is an essential part of the setup. It serves several purposes: It is responsi-
ble for processing the raw signals from the sensors placed on the suspension system (the
position of the actuator, the velocity of the wheel, and the realised road wheel angle).
The lower level controller is also implemented on this device. The lower level controller
computes the PWM signal for the DC motor and the command for the linear actuator.
The AutoBox also transmits the measured and processed signals to the vector device
through CAN communication. This device also receives the reference signals from the
vector device.
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3. Hierarchical control design for variable-geometry suspension

The proposed control system is ordered into a hierarchical structure, as is also shown in
Figure 4. The low-level controller is responsible for the realisation of the desired steering
angle (δref ), and moreover, for the required longitudinal velocity (vx,ref ). This controller is
implemented on the AutoBox device. Meanwhile, the high-level controller computes the
reference steering angle δref using the processed measurements and the computed errors
(ye,ψe) from the CarMaker software.

The paper mainly focuses on proving the effectiveness and operation of the proposed
variable geometry suspension ; therefore, only the lateral control design is presented here.
The reference longitudinal velocity is set at a constant value during the tests. The tracking
of that given constant velocity is carried out by a PID controller, which is implemented on
the AutoBox device. The design of the longitudinal controller is not detailed in the paper;
the applied method can be found in [13,14].

3.1. Design of lateral controller on the high level

Since the purpose of the control design is to guarantee the trajectory tracking of the vehicle,
the one-track bicycle model is used as the basis of the lateral controller. This model con-
sists of three dynamical equations, which describe the lateral, the yaw and the longitudinal
motions of the vehicle [15].

mvx(ψ̇ + β̇) = C1α1 + C2α2, (2a)

Jψ̈ = C1α1l1 − C2α2l2, (2b)

v̇y = vx(ψ̇ + β̇), (2c)

where m is the mass of the car, J denotes the yaw-inertia, li are geometric parameters, Ci
are the cornering stiffness of the front and rear wheels. αi are the side-slip angles of the
front and rear wheels, which can be computed as: α1 = δ − β − l1ψ̇

vx and α2 = −β + l2ψ̇
vx .

Moreover, ψ̇ is the yaw-rate, β denotes the side-slip angle of the vehicle and vi are the
longitudinal and lateral velocities of the vehicle.

Using these equations, the following state-space can be built up:

ẋv = Avxv + Bvuv, (3)

where uv consists of the steering angle, the state-vector is xv = [ β ψ̇ ψ vy y ] and Av, Bv are
system matrices. ψ and y are computed by integrating their derivatives: ψ̇ and vy.

The goal of the high-level control is to guarantee the path tracking of a vehicle on a
road segment through automated steering. In the field of steering control design, there are
several approaches which can be applied. For example, in [10], a Linear Parameter-Varying
(LPV)-based method for variable-geometry suspension-based steering control design is
proposed. In the selection of the control method, it is necessary to consider the constraint
regarding the path following and the specifications of the test bed.

• In the design of the high-level control, the edges of the road as the constraints on the
path must be incorporated.
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• The generation of the steering angle has time requirements, i.e. the low-level control
and the motion of the suspension result in a delay in the system.

For these reasons, a Model Predictive Control (MPC) algorithm is developed for the
control design [16,17]. In the MPC design problem, the constraints can be incorpo-
rated. Furthermore, the impact of the delay on the low level can be reduced through the
preliminary knowledge on the reference path.

The MPC method requires a discrete-time state-space representation of the model.
Therefore, the presented state-space model is converted to a discrete one using the sample
time Ts. Then, the discrete-time state-space representation can be formulated as

xv(k + 1) = φvxv(k)+ �vuv(k), (4)

where φv and �v are the matrices of the discretised system.
The prediction of the motion of the vehicle must be performed for the horizon n, which

can be computed as (see [18])

zpred(k, n) =

⎡
⎢⎢⎢⎣
z(k + 1)
z(k + 2)

...
z(k + n)

⎤
⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣
0 0
0 0
1 0
0 0
0 1

⎤
⎥⎥⎥⎥⎦

T ⎡
⎢⎢⎢⎣
φv
φ2v
...
φnv

⎤
⎥⎥⎥⎦ xv(k)

+

⎡
⎢⎢⎢⎢⎣
0 0
0 0
1 0
0 0
0 1

⎤
⎥⎥⎥⎥⎦

T ⎡
⎢⎢⎢⎣

�v 0 · · · 0
φv�v �v · · · 0
...

. . . . . .
...

φn−1
v �v φv�v · · · �v

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

uv(k)
uv(k + 1)

...
uv(k + n − 1)

⎤
⎥⎥⎥⎦ . (5)

The goal of the control design is to guarantee the trajectory tracking of the vehicle, which
consists of twomain components: the tracking error of the lateral position ye and the track-
ing error of the yaw-angle of the road ψe (see Figure 5). The errors of tracking can be
expressed as

e(k, n) = zref (k, n)− zpred(k, n), (6)

where e(k, n) is a vector, which contains both error signals.
Using this error vector, the following cost function can be determined, which must be

minimised in order to guarantee the trajectory tracking of the vehicle:

J = 1
2
e(k, n)TQe(k, n)+ U(k, n)TRU(k, n), (7)

where U(k, n) = [ uv(k) ... uv(k+n−1) ]T . Moreover, Q and R are weighting matrices, which
guarantee a balance between tracking performance and control actuation (steering angle).
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Figure 5. Illustration of the tracking errors.

Using (5) and (6), the cost function can be transformed to

J = U(k, n)TσU(k, n)+ νTU(k, n), (8)

where σ and ν are matrices.
Finally, the following quadratic optimisation task must be solved to obtain the optimal

control input sequence:

min
U(k,n)

U(k, n)TσU(k, n)+ νTU(k, n) s.t.

{
Bb < HinU < Bu,
lb ≤ ui ≤ lu.

(9)

However, the vehicle and the steering system have their own bounds; therefore, the min-
imisation problem is subject to constraints. Bb and Bu are constraints of the states of the
system, such as the edges of the road and the limitations of the yaw-rate signal. In themean-
time, li guarantees that the computed control input does not exceed the limitations of the
steering system. The matrix Hin is formed as

Hin =

⎡
⎢⎢⎢⎣

�v 0 · · · 0
φv�v �v · · · 0
...

. . . . . .
...

φn−1
v �v φn−2

v �v · · · �v

⎤
⎥⎥⎥⎦ . (10)

The vectors Bb and Bu are

Bb =

⎡
⎢⎣

xv,low(t + 1)
...

xv,low(t + n − 1)

⎤
⎥⎦ Bu =

⎡
⎢⎣

xv,up(t + 1)
...

xv,up(t + n − 1)

⎤
⎥⎦ , (11)

where xv,low(T) denotes the lower limits of the states at the time stepT and xv,up(T) denotes
the upper limits of the states at T.

The computed vector of the input signals U contains the requested control inputs on
the horizon ahead of the vehicle. In the implementation of the controller, the first element
uv of U is applied. It represents the steering angle, which must be actuated so that the
vehicle follows the path. Nevertheless, uv cannot be achieved directly, so that the steering
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angle must be generated through the modification of the scrub radius. Therefore, in the
hierarchical structure of the control system,uv is a reference signal for the low-level control,
such as

δref = uv. (12)

3.2. Design of suspension controller on the low level

The purpose of the low-level control design is to guarantee the tracking of the reference
steering angle through the intervention of the linear actuator. The performance problem
is formulated as

zs = δref − δ |zs| → min! (13)

The starting point of the low-level control design for guaranteeing the tracking perfor-
mance is the consideration of the dynamics of suspension system (1). The dynamics on
the steering is formed as

δ̈ = Flrδ
Iδ

. (14)

The relation between the scrub radius and the camber angle can be handled as a linear
function [19], such as

rδ = k1γ , (15)

where k1 is a constant parameter. Moreover, in the presented test bed the relation between
the camber angle and the position of the linear actuator can also be approximated by a
linear function [10]:

γ = k2d, (16)

where d is the position of the linear actuator and k2 is the parameter. Therefore, the
dynamics between the position of the actuator and the steering angle can be formulated
as

δ̈ = Flk1k2d
Iδ

. (17)

For control design purposes, the presented dynamics can be transformed into the Laplace
domain (s) as

G(s) = �(s)
D(s)

= Flk1k2
Iδs2

= K
s2
, (18)

where�(s) is the Laplace transformation of δ(t) andD(s) is the Laplace transformation of
the position of the linear actuator d(t).

As it can be seen, the dynamics of the suspension system can be handled as a double
integrative term. Therefore, the reasonable choice can be a derivative controller, which can
ensure the tracking of the reference signal and also makes the operation of the controller
fast. The controller C(s) is formulated as

C(s) = Ps, (19)

where P is the tuning parameter. The input of the controllerC(S) is the error of the steering
angle eδ and its output is the position signal for the linear actuator. The structure of the
controller is illustrated in Figure 6.
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Figure 6. Outer loop in the low-level control.

Figure 7. Architecture of the low-level controller.

Since the implementation of the low-level control in the Hardware-In-the-Loop sim-
ulation is realised in discrete time, the presented controller (19) is implemented using
the sampling time Ts,2. But, in the implementation, it must be considered that the control
board of the linear actuator has only two control intervention possibilities (see Section 2.1).
Therefore, the presented control structure must be extended in order to achieve an
improved tracking performance. It leads to a cascade control structure, in which the outer
loop contains (19) and the inner loop is responsible for handling the actuator limitations
and avoiding the chattering effect. The structure of the low-level controller can be seen in
Figure 7.

As it can be seen, the inner loop has two main parts. In the first part, a virtual reference
signal is computed, which must be tracked by the linear actuator. This reference signal is
computed as the integral of the input of the inner loop using the sampling time Ts,1 as

dref (k) = P
k∑

j=1
(eδ(j))Ts,1 = P

k∑
j=1
(δref (j)− δ(j))Ts,1, (20)

where Ts1 denotes the sampling time of the inner loop controller and P is the tuning
parameter (see (19)). Then, the input for the dead-zone is determined as

udz = (dref − d)/Ts,1. (21)

Remark 3.1: The motivation behind the formulation of (20) can be illustrated as follows.
If P = 1 is selected and Ts,1 is infinitesimally small, the expression of the sum in (20) is
transformed into an integral expression:

∫ t
0 eδ(τ )dτ . Since the tracking of the position is

considered to be fast, the integral is expressed as
∫ t
0 eδ(τ )dτ = d(t), which leads to eδ(t) =
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ḋ(t), which relationship has similarity to (17). Therefore, this algorithm can be considered
as a derivative controller with respect to eδ . Note that in order to guarantee the fast-tracking
of the position, the sampling time of the inner loop controller must be smaller than the
sampling time of the outer loop controller (Ts,1 � Ts,2).

The computed signal udz cannot be applied directly to the linear actuator. The electronic
board of the actuator has three designated pins for controlling the actuator: up, down and
stop. These three control signals are ordered into a vectorUs = [up, down, stop]. The signal
udz is transformed to impulse signals through a dead-zone, which is formed as⎧⎪⎨

⎪⎩
if udz(n) > dzhigh then Us = [1, 0, 0],
if udz(n) < dzlow then Us = [0, 1, 0],
otherwise, Us = [0, 0, 1],

(22)

where dzhigh and dzlow are the limits of the dead-zone and 1 denotes an impulse signal on
the specific pin of the electric board.

Remark 3.2: Dynamical equation (1) shows that longitudinal force on the wheel also has
an impact on the steering angle. Thus, the setting of δ can be formed as a control problem
with two interventions, i.e. a coupled control of the longitudinal force and wheel tilting. An
example of the coupled control design method is found in [10]. Since the accurate control
of the longitudinal force can result in difficulties due to the constructional limitation of the
given quarter-car test bed, in the proposed applied control method, pure wheel tilting as
an individual intervention is realised.

4. Experimental tuning of the low-level controller

Since the dynamics of the test bed contains several nonlinearities and uncertainties, which
makes the tuning of the controller hard, the value of the parameter P is determined exper-
imentally through test cases. Before the tuning process, an example is presented to show
the efficiency of the proposed inner loop controller.

In the test scenario, a sinusoidal signal is chosen as a reference signal and the param-
eter P is chosen P = 1, which is related to ḋref = eδ . The test scenario is performed on
vx = 25 km/h, which is equal to 300 RPI of the wheel. Figure 8 shows the tracking of the
reference signal.It can be seen that the inner loop control algorithm is able to guarantee the
required fast-tracking performance. Small oscillation can be observed in the figure, which
is caused by the applied numerical derivative method.

In the following, the tuning of the parameterP is presented. In the test cases, the parame-
ter P is modified between P ∈ {30 − 100}. During the tests, the control systemmust ensure
the tracking of a predefined reference steering angle. The results are shown in Figures 9
and 10. As the Figures illustrate, at low P value, the tracking is smoother than at high P.
However, at low P, the system has a significant delay. The averaged tracking errors and the
averaged delays are summarised in Table 1.

As it can be seen, the smallest averaged error belongs to the P = 30 case, while the high-
est one is atP = 100. The shortest delay is observed in the caseP = 100 and the longest one
is from the case P = 30. Therefore, a balance must be found between delay and accuracy.



2030 D. FÉNYES ET AL.

0 5 10 15 20 25 30

Time (s)

-60

-40

-20

0

20

40

60

Figure 8. Test of the inner loop controller.
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Figure 9. Tests using (a) P = 30 and (b) P = 50.

Table 1. Tests using different P.

P Avr. error (deg.) Avr. delay (s)

30 1.0072 1.11
50 1.0209 0.75
70 1.2028 0.68
100 2.0442 0.61

Note that even the shortest delay is significant (td = 0.61 s), which is caused by the
applied linear actuator. As described in Section 2, the maximum speed of the cylinder is
limited ; thus, the delay of the tracking cannot be reduced below a certain value. How-
ever, this delay can be compensated for by the presented MPC-based high-level controller,
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Figure 10. Tests using (a) P = 70 and (b) P = 100.

i.e. the reference signal zref for the road tracking is shifted forwards. It results in the
enlargement of the feasible set of manoeuvres.

5. Simulation example in Hardware-in-the-Loop test

In this section, a comprehensive Hardware-in-the-Loop simulation example is presented
to show the effectiveness and operation of the presented variable geometry suspension sys-
tem. In the CarMaker software, a D-class car is chosen, whose mass is 1534 kg. The front
wheels of simulated vehicles are directly controlled by the measured steering from the test
bed. The speed of the front wheels is also directly controlled using the measured speed
value. The parameter P is set at 50, since at this value, the linear actuator has no significant
oscillation and its time-delay is still low. The sample time of the controller system is set at
Ts = 1 kHz. The video recording about the operation of the control system on the test bed
is found in https://youtu.be/S7cerDwAicI.

During the test scenario, the vehiclemust follow a predefined road,which includes sharp
bends, as shown in Figure 11(a). As the figure illustrates, the vehicle is able to track the
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Figure 11. Path and steering angle of the vehicle. (a) Path of the vehicle and (b) steering angle.

https://youtu.be/S7cerDwAicI
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Figure 12. Tracking errors. (a) Error of lateral position and (b) error of yaw-angle.

predefined road at both bends. Figure 11(b) shows the reference and the realised steering
angles. The tracking of the steering angle is accurate; however, some oscillations appear at
the straight segments. This oscillation is caused by the linear actuator since it works close
to its limitations.

Figure 12 depicts the errors of the lateral tracking error and the yaw-angle tracking error.
For comparison purposes, the results of the two configurations are presented. The signals
with test bed present the results of a simulation, whose simulation is performed on the
proposedHiL environment. The signalswithout test bed present the results of a simulation,
which are related to a configuration without test bed. This configuration contains only
the high-level control and CarMaker, and thus, δref = δ. The role of this comparison is to
examine the influence of the test bed in the entire simulation scenario. As it can be seen
from Figure 12(b), the yaw-angle errors in both signals are close to each other and they
have small values, i.e. ψe < 1◦. Nevertheless, in the case of the lateral position, the errors
are increased in both cases. Due to the limited capacity of the linear actuator of the test bed,
the lateral error has increased variation, but the tendency of the signals are the same. Thus,
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Figure 13. Position of (a) the linear actuator and (b) yaw-rate signal.
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the real dynamics of the test bed differs from the dynamics of the conventional simulated
steering system in CarMaker, but the low-level control is able to provide an appropriate
tracking functionality.

Figure 13 demonstrates the position of the linear actuator and the yaw-rate angle. As it
can be seen, the tracking of the position has a very low error. The yaw-rate signal is noisy
due to the measured steering angle, which also contains noises. Nevertheless, this signal
remains below< 0.3 rad/s, which is an acceptable value for a passenger car.

Finally, Figure 14 shows the longitudinal velocity of the vehicle. As it can be seen, the
reference velocity is set at 25 km/h, which is suited to the capacity of the test bed. There is
a small oscillation on the measured signal, which is caused by the structure of the test bed.
However, the tracking performance of the longitudinal controller is still acceptable.

6. Conclusion

In this paper, the construction of a variable geometry suspension test bed has been
presented. The operation and the effectiveness of the control system through a unique
Hardware-in-the-Loop simulation with a test bed have been demonstrated. In the paper, a
hierarchical control scheme with two layers has been proposed. The high-level controller
has been designed to control the lateral dynamics of the vehicle, which was implemented in
MATLAB/CarMaker environment. The low-level algorithm is responsible for tracking the
reference steering angle. The simulation has shown that the proposed structure and con-
trol architecture have been able to guarantee the trajectory tracking of the vehicle under
the test bed conditions of the variable-geometry suspension.
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