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1 INTRODUCTION

Vehicle Corner, Test Rig, Hardware-in-the-Loop, Electric Vehicle, Tyre Forces.

Many original equipment manufacturers and Tier 1 suppliers have recently proposed various vehicle corner
concepts. This technology offers numerous benefits for enhancing vehicle dynamics but presents several
challenges. Field testing of the corners installed on a vehicle demonstrator could be an ideal solution to address
these challenges. Nevertheless, the proof-of-concept development phase also requires studies on the
component and system levels. In this regard, a vehicle corner test rig designed for hardware-in-the-loop testing
provides a balanced alternative that combines the accuracy, complexity, and accessibility of experimental
works. Real suspension components, including a rotating wheel with tyre, provide realistic suspension
kinematics and compliance that are very similar to those experienced in real driving scenarios. However, this
approach has limitations because the tyre contact forces and loading conditions cannot be fully replicated in
a laboratory environment. This paper explores these aspects and describes a developed comprehensive
methodology for eliminating inaccuracies, with results validated accordingly.

the-loop (HIL) setups to facilitate testing in real-time
(Heydrich et al., 2022; Ivanov et al., 2019).
A corner-based chassis architecture is a potential

Modern electric vehicle (EV) architectures with
individual corner actuators enable new motion
control technologies (Armengaud et al., 2021; Cheng
et al.,, 2024). Coupled with an integrated chassis
control (ICC) approach, the full potential of multi-
actuated vehicles can be exploited, with the benefits
of vehicle safety, comfort, fail-safe operation, and
redundancy (Skrickij et al., 2024). However, this
complex integration requires advanced components
and thorough testing. For this reason, automotive
researchers and engineers apply various hardware-in-
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pathway for further development of EVs. Such
architecture typically incorporates in-wheel motors
(IWM), brake-by-wire, and steer-by-wire systems;
some corners may also feature toe and camber
actuators. While the first prototypes of this
technology emerged over two decades ago, research
and development in this area have gained significant
momentum in recent years. Notable contributions
come from several Horizon projects, including
OWHEEL, SmartCorners, and industrial companies
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such as Continental and Hyundai Mobis (Nguyen and
Trovao 2024; Kojis et al., 2022).

Novel corner architecture offers numerous
advantages. First, it enables torque control at each
vehicle corner and torque vectoring that enhances
manoeuvrability and stability (Guo et al. 2019; Hori
2004; Jneid and Harth 2024). Additionally, the
modular design of vehicle corners facilitates the
development of flexible vehicle platforms.
Eliminating components such as driveshafts and
differentials reduces energy losses and improves
vehicle packaging (Deepak et al., 2023). However,
there are drawbacks: increased unsprung mass (UM)
due to IWM and other components result in comfort
and handling issues if passive suspension components
are used; larger vehicle inertia around the vertical axis
impairs with vehicle stability; increased system
complexity, number of parts and price (Kojis et al.,
2022).

In order to fully exploit vehicle corners, advanced
components and thorough testing are inevitable.
Testing can typically be carried out in three main
ways: simulation environments, laboratories, and
proving grounds, each with its advantages and
disadvantages.

Simulations provide high repeatability and rapid
evaluation, making them the most cost-effective
method for investigating complex systems. However,
they can be limited by assumptions that may reduce
the accuracy and fidelity of system replication. In
addition, the high nonlinearity of certain system
elements can make mathematical modelling complex
and computationally intensive.

Vehicle field testing on a proving ground can be
considered the best option despite being subject to
various uncertainties and issues with repeatability. To
ensure consistent replicability of tests, vehicle control
inputs must remain stable and free from human error.

Laboratory testing serves as a primary alternative
to the field testing, offering high repeatability and
accelerating the execution of tests. Experiments in the
laboratory conditions can be conducted at the whole
vehicle level for tasks such as suspension testing,
kinematics and compliance (KnC), component
durability assessments, ride comfort evaluations, and
noise, vibration, and harshness (NVH) testing
(Chindamo et al., 2017; Gribe et al., 2020).

The second group of testing equipment consists of
various quarter-car test rigs, categorised into three
types according to the literature (Maher and Young,
2010). The first category includes setups that consist
solely of a sprung mass (SM), UM, damper, and
spring. This configuration is primarily utilised for
developing and validating active and semi-active

suspension control systems (Omar et al., 2017; Gysen
et al., 2010). The second type incorporates complete
suspension components, a wheel and a tyre. Including
these elements ensures a more realistic suspension
response to vertical excitations induced by the shaker
system beneath the tyre (Yu et al., 2019; Lauwerys et
al., 2005). This setup can be employed for suspension
KnC testing, examining the influence of the tyre on
vertical vehicle dynamics, conducting frequency
analyses, and prototyping suspension components.
The final group features a rolling road, which can be
implemented using flat belts or drums. Such
construction enables the consideration of brake- and
acceleration-induced longitudinal forces, steering-
induced lateral forces and associated suspension
deflections. Vertical excitation is provided by cleats
attached to the rotating surface or by shaking the
entire rotating assembly using an eccentric and
various actuators (Li and Lee, 2019; GieBler et al.,
2022).

Each of the described quarter-car test rigs has
inherent flaws and simplifications that can affect the
accuracy of the measured quantities and their
correlation to field tests. These setups typically allow
the SM to move only vertically, meaning they do not
account for weight transfer due to braking or
acceleration nor capture roll or pitch angles. Flat belt
systems tend to produce lower rolling resistance
values than observed during field tests, as the belt
heats up more and generates higher temperatures on
the tyre surface. According to the SAE J 1106
standard, flat belts can induce lateral tyre forces up to
10% greater than those observed with drum-type
systems.

On the other hand, drum-type rolling roads can
distort the tyre/road contact patch, reducing tyre
lateral force and aligning torque while increasing tyre
rolling resistance. It is therefore necessary to properly
recalibrate the values recorded on corner test rigs to
allow comparison with field test results. To address
these challenges, automotive researchers and
engineers utilise HIL setups (Heydrich et al., 2022;
Ivanov et al., 2019; Stolte et al., 2023). In a HIL setup,
a mathematical model is connected to a physical
system, enabling the investigation of a subsystem
under development by incorporating its physical
components into a closed-loop mathematical
simulation of the overall system (Fathy et al., 2006).
In this context, recalculation of physical outputs from
the corner test rig is essential to ensure that they align
with the expected values from the real system.

The development of HIL systems for vehicle
corner testing offers several key benefits (Mihali¢ et
al., 2022): real-time feedback, cost-effectiveness,
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scalability and reproducibility. Traditional HIL
applications typically involve a single test rig
implementation (e.g., brakes, suspension, steering,
etc.). However, multiple test rigs in the same
laboratory can be interconnected to create a Test-rig-
in-the-Loop (TRIL) system (Augsburg et al., 2011).
When test setups are distributed between different
locations, shared and connected X-in-the-Loop (XIL)
testing procedures can be employed (Ivanov et al.,
2019).

The literature review indicates that the HIL
approach is effective for investigating vehicle corner
proof of concept when field testing is not feasible. A
new vehicle corner test rig concept has been
developed in this regard. The primary contribution of
this paper is a detailed methodology for validating
developed test rig, aiming to address the key
limitations associated with such equipment.

The paper is structured as follows: Section 2
outlines the HIL design for vehicle corner testing.
Section 3 identifies the main sources of inaccuracies
and discusses strategies for their mitigation, along
with the presentation of validation results. Section 4
includes a case study related to vehicle corner HIL
testing. Finally, Section 5 summarises the findings
and offers an outlook on potential next steps.

2 HIL FOR VEHICLE CORNER
TESTING

An experimentally validated, sport utility vehicle’s
(SUV) mathematical model which is running on the
real-time target machine and connected with the
corner test rig is used for the HIL application. Vehicle
model features 14 degrees of freedom (DoF) and is
implemented via the IPG CarMaker and Simulink
conjunction. More information regarding the
mathematical model can be found in an article by
Sabanovi¢ et al., 2021. Physical nonlinear corner
components, which are hard to model, are used on the
corner test rig. The whole system architecture is
presented in Figure 1, and the main technical data is
presented in Table 1.

Host PC containing the MATLAB and IPG
CarMaker HIL software packages is directly
connected to the dSPACE real-time target machine.
Once the real-time simulation is initialised, the
dSPACE ControlDesk is utilised to exchange data
between software and hardware components installed
on the test rig.

The dSPACE inputs are employed to measure the
characteristics and critical values induced by the
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experiments on the quarter-car test rig. The wheel
transducer measures tyre forces (Fy, F,, F;) and
torques (M, M,, M,). It also provides the angular
velocity of the wheel (w,ypeer)- This velocity is then
compared to the reading of the encoder attached to the
steel drum ( wgrym ) axis of rotation, and the
longitudinal slip is calculated. Displacement of the
actuators is measured by linear potentiometers and
supplied to the real-time target machine (@eqs)-
Additionally, to implement suspension control, SM
and UM vertical accelerations (A, sy, Az um )s
suspension stroke (Zgy — zyy) and actual current at
the damper valve (Icgs meqs) are measured. The
dSPACE outputs are mainly used to send inputs to the
low-level controllers of electric toe actuators (a, v,),
suspension damper (I¢gs req) and electric motor (V)
controllers. Since hardware components are installed
on the test rig, this HIL setup allows the test of control
algorithms, element activation delays, actuators
dynamics and overall system operation.

Mitias 4 dSPACE 9 IPG Im,m,l a, v,‘l Vi

SIMULINK

Low-level Low-level toe Drive motor

— 2 \?‘ . damplelr controller controller
B o tr
‘\”‘, £ - ’ controller
HostPC ™ = -
With vehicle model """

Real time interface ¥

T Fy. Fy. Foo Me. My, Mz @wheet. @drum.

Az sup Az uss ACES. meas Z5M=ZUM Cmeas

Figure 1: HIL set up.

Such asystem has two main drawbacks. First,
these setups do not consider vehicle’s roll and pitch
angles. As a result, the vertical load does not fully
correspond to real-world system dynamics during
cornering and braking. For this reason, weight
transfer from the simulation environment is applied to
recalculate vertical loading in different driving
scenarios. Second, contact forces between the tyre
and the drum do not represent the actual ones
generated in the contact between the road and the tyre
in real conditions. Hence, tyre forces and moments
generated on the test rig are registered using a wheel
force transducer and further recalculated using
provided methodology.
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Table 1: Vehicle corner test rig specifications.

Parameter Value

Overall dimensions of
test rig (L x W x H)

Minimal sprung mass

27x1.7x1.8m

200 kg
900 kg

Maximal sprung mass

Electric motor-rated

power on drum ITkW (400 V)

Maximum wheel’s linear

. 170 km/h
velocity
Diameter of the drum 0.22 m
Single-toe actuator-rated 1000 N (12 V 4.6 A)
force
Rear toe actual range +3°
Controller for the toe Cytron MDDS30

actuators

Custom-made semi-active
damper with continuously
controlled valve

Vertical actuator

Custom-made low-level
damper controller

Controller for the vertical
actuator

Michigan Scientific
Corporation LW12.8-50

dSPACE ds1006 total 64
input and output slots

MATLAB, Simulink, IPG

Wheel force transducer

Real-time target machine

Software CarMaker HIL, dSPACE
ControlDesk

Vertical excitation Sinusoidal — Amplitude
up to 16 mm

Possibility to run drum
and belt setups, for IWM
Other consideration, an
additional 35 kg mass can

be added to UM

3 TYRE FORCES
RECALCULATION

In typical test rigs with a rolling drum, the maximal
longitudinal tyre force is achieved at slip values of
around 0.1. However, in such test rigs, the drum
diameter is much higher compared to the tyre
diameter. In the case under investigation, such
construction was not feasible; the drum diameter was
only 0.22 m. The registered values must be
recalculated since the rolling drum surface has
friction and geometrical properties different from the
actual road surface. Using such an approach, various
road conditions can be simulated (for example,
dry/wet asphalt, icy roads, etc.) (Arosio et al., 2005).

A series of braking tests using the vehicle corner
test rig have been performed for longitudinal contact
force estimation. The wheel was rolling on the steel
drum in all of the tests. Different vertical loading
scenarios need to be investigated. Mathematical
modelling showed that vertical load may change in a
wide range from 2000 N to 9000 N. The magnitude
of the vertical load during the experiments was solely
based on the additional SM. At the beginning of each
test run, static load, tyre surface temperature and
vehicle suspension settings were registered.
Afterwards, the wheel is excited to reach predefined
linear velocities of 50 km/h, 75 km/h and 100 km/h.
Once the speed has settled in, the braking is applied
till the full stop of the wheel. With each load and
velocity setting, five tests are performed. The average
of the results from 5 braking tests, captured on the
same F, and wheel linear velocities, are taken to form
longitudinal tyre force curves versus slip angle,
considering different road types and tyre wear. To
omit outliers, data from the force transducer was
filtered using median filters. Experimental data
showed that maximal longitudinal force is achieved
when the slip exceeds 0.2. As described above, the
resulting forces must be validated since the tyre
contact properties are distorted. For this reason, the
actual values of the tyre forces in the longitudinal
direction are used, which were generated with the
experimentally validated MF 6.1 tyre model at the
same slip angles and vertical loads.

These target curves are then divided by the curves
gathered in experiments on the test rig with a steel
drum. The result of curve division produces
longitudinal tyre force recalculation coefficients, and
the polynomial curve fit is done to capture the trend
of the recalculation coefficients (Figure 2).

In Figure 2, each curve is marked for the specific
vertical load and vehicle travel speed, which is 100
km/h. Due to repetition, this paper does not provide
results achieved at other loading conditions and
velocities.

During the investigation, it was found that
a polynomial curve of the fifth order can be used for
force recalculation. For all the cases, the value of
the determination coefficient was higher than 0.98.
Once the database containing polynomial curves is
completed for the most common loading scenarios on
the test rig, the longitudinal slip, vertical load, and
measured longitudinal force proceed to the algorithm,
which contains polynomials, and the recalculation is
performed. The force recalculation for dry/wet and
new/worn tyres using the algorithm proposed above
is shown in Figure 3.
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Figure 2: Examples of longitudinal tyre force recalculation
coefficients for a few loading cases and velocity 100 km/h.
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- =Poly_recalculated_Wom tyre. wet road

Figure 3: Longitudinal tyre force recalculation for medium
vertical loading scenario (4600 N).

Similar conditions were maintained in dedicated
experiments for lateral tyre force measurements.
Sideslip angle input was generated in the form of an
active toe. Due to the used vehicle rear suspension
and overall corner construction application, toe
amplitude of 6° (+£3°) was used. All the required
variables for validation were gathered in real-time
and saved in the database. The polynomial curves of
the fifth order were used for recalculation (Figure 4);
for all the cases, the value of the determination
coefficient was higher than 0.98.

Since the wheel was cambered due to high vertical
load, different polynomial curves were required to
capture the asymmetry of the lateral tyre force (Figure
4). Using the same methodology, actual lateral force
values were achieved and compared to measurement
ones on the test rig. An example of a few scenarios is
shown in Figure 5.

For all cases under investigation, the created
recalculation methodology matches both longitudinal
and lateral forces well.
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F, recalculation coefficient

0
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Figure 4: Examples of lateral tyre force recalculation
coefficients for few loading cases.
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Figure 5: Lateral tyre force recalculation for medium
vertical loading scenario (4600 N).

3.1 Process of Interpolation

Since vertical load on the test rig is not affected by
the roll and pitch dynamics, it may only be changed
manually in a range from 2000 N to 9000 N.
Therefore, during the measurements, applying the
tyre force recalculation algorithm described above,
longitudinal and lateral forces at discrete values of
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vertical load, F, can be performed and stored as a
lookup table (LUT) (Table 2). An algorithm to
recalculate longitudinal and lateral forces for every F,
is needed. This is where interpolation becomes
necessary.

Table 2: LUT for F, and F; estimation.

F,
Fomin Fmax
Sllp, A Fx(l, Fzmin) Fx(/1 Fzmax)
Toe
angle, o Fy(OC,Fzmm) F. y(a,F zmax)

Interpolation operates on two surrounding points
from the LUT. For example, consider the following
two points in Table 2 (for F; estimation): F (4, F,;),
F.(A, F,y). Here: A is the current slip value, F,;, and
F,y are the lower and upper values of the vertical
load. The goal is to interpolate the value of Fy at a
desired slip 4 and vertical load F,. To calculate the
interpolated value F (4, F,), we linearly interpolate
along the F,-axis as follows:

i(;;((lﬁ f‘z) (= Fxglﬁ FZL) + (1)
Fx(AFz1)-Fx(LFz1 B
(Fzun—FzL) (FZ FZL)

A similar approach is used to calculate Fy based
on toe angle and vertical load:

Fy(ar Fz) = Fy(a: FZL) +
Fy(aszH)_Fy(aerL) _
(Fzu—FzL) (FZ FZL)

2

This method ensures smooth transitions between the
points in the LUT. To end with, overall recalculation
sequence can be summarised by these steps: 1)
generation of the target curves using MF 6.1; 2)
extraction of the actual tyre force curves from the
experiments; 3) curve division to obtain recalculation
coefficients; 4) polynomial curve fit over the
coefficients; 5) force recalculation using the
appropriate polynomial; 6) estimation of F, and F,
for any given slip, toe and vertical load combination.

4 CASE STUDY

After developing a methodology for longitudinal and
lateral force recalculation and considering the vertical
load changes, the HIL setup was launched, and initial
tests were performed.

The Sin with Dwell manoeuvre was selected for
the case study to test rear-wheel toe control. Vehicle
velocities of 80 and 100 km/h were used. Three cases
were analysed: 1) Passive — a vehicle with corners,
without toe actuators; 2) Model — a vehicle with
corners and toe actuators. Notation "Model" refers to
the fact that the request of the mathematical model is
fed into the HIL test rig, but the actual position and
the response of the HIL is not fed-back into the
mathematical model. This means that "Model" is an
idealised system running in open loop; 3) HIL — a
vehicle with corners and toe actuators realised in
closed loop HIL application. Results are presented in
Figures 6 and 7.

1
0.8 ——Passive Model —HIL
0.6
0.4
0.2

0
02
04
0.6
08

-1
0 1

Yaw rate, rad/s

3 4 5 6

[§)

Time, s

Figure 6: Sin with Dwell at 80 km/h.

The toe actuators installed on HIL at lower vehicle
velocities could follow the target angle perfectly.
Feeding the actuator's position to the vehicle model in
real-time produced no distortions to the yaw rate and
overall vehicle response. Figure 6 shows no
difference between the Model and HIL results; the
RMSE value for this case under investigation is only
0.00438 rad/s. It needs to be mentioned that the
passive system could not perform manoeuvres.

1.0
08 —Passive Model —HIL
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8

-1.0
0 1 2 3 4 S 6
Time, s

Figure 7: Sin with Dwell at 100 km/h.

Yaw rate, rad/s

However, the difference between the Model and
HIL results appears at the higher vehicle speed (100
km/h, Figure 7). After analysing the results, it was
found that the toe actuator does not repeat the
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reference value so well as in a previous case (Figure
8); RMSE is 0.55° even though the manoeuvre was
performed successfully.

Due to the rule-based control strategy used for
active toe system, actuator nonlinearity, delay, and
fluctuations, the differences are more pronounced.
Since the mathematical model does not include any
actuator dynamics, it presents an idealised system.
Using the HIL simulation with real actuators allows
us to fully evaluate the effectiveness of the control
system and its influence on the vehicle dynamics.

4

-Target ~ —Actual

3

Toe angle, °
'

0 1 2 3 4 5 6
Time, s

Figure 8: Reference toe and actual toe value at velocity 100
km/h.

HIL experiments show that the actual yaw rate
differs from the one in the idealised system. Hence,
these outcomes from the HIL application can help
further develop the control system, mitigate control
errors, and ensure proper vehicle response. However,
it will be presented in future works.

S CONCLUSIONS

With the completed investigation, there are several

conclusions:

1. A test rig for vehicle corner testing has been
manufactured, and a HIL system has been
developed. A real-time, high-fidelity
mathematical model of the vehicle is utilised
within the HIL, with the rear axle corner swapped
for physical components.

2. Since the test rig incorporates a vehicle quarter, it
cannot accurately account for roll and pitch
angles; consequently, the vertical loading does not
reflect reality. Additionally, the contact between
the tyre and the drum does not adequately
represent the actual contact between the tyre and
the road surface. Various road types, such as dry
and wet asphalt, ice, and other surfaces, cannot be
represented effectively. Therefore, a methodology
for recalculating longitudinal and lateral forces
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has been developed to consider different loading
conditions, and the obtained results have been
compared with ground truth.

3. A case study demonstrating toe actuator testing is
presented. At up to 80 km/h velocities for the
selected manoeuvre, the results achieved with
HIL and the mathematical model are very similar
(with a RMSE of 0.0048 rad/s). However, as the
velocity increases, discrepancies arise due to the
nonlinearity of actuator and noise from the
sensors, which is not addressed within the
mathematical model.

4. Using the HIL approach, it was found that active
toe control of a vehicle equipped with corners
improves its dynamics. A vehicle with passive
corners, which includes IWM but does not contain
an active toe control system, is not able to perform
Sin with Dwell manoeuvre even at 80 km/h.

5. Finally, further modifications to the control
algorithm are necessary. The case study
demonstrated the advantages of employing HIL
for investigations. However, control algorithms
are not the primary focus of this paper and will be
explored in future work.
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