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ABSTRACT The complexity of ADAS (Advanced Driving Assistance Systems) and AD (Autonomous
Driving) functions increased in the last years. As the effort required for conventional test methods has grown
significantly, new test procedures on vehicle test benches have been developed. This article deals with Vehicle
in the Loop testing on vehicle test benches for ADAS and AD functions. The focus is set on the vehicle body
movements caused by the vehicle on the test bench. For this purpose, the different pitch motions for road and
test bench are derived using a vehicle dynamics model. On this basis, a novel model approach is developed,
which uses the Lagrange’s II. equation to determine the pitch motion of the vehicle on the test bench. The
validity of the new model approach is confirmed by measurements and creates a generic basis to consider the
influence of the vehicle’s pitch motion while testing ADAS and AD functions on a vehicle test bench.

INDEX TERMS ADAS Testing, Road Vehicle Testing, Road Vehicle Dynamics, Vehicle Test Bench.

I. INTRODUCTION
In recent years, the development of Advanced Driving Assis-
tance Systems (ADAS) and Autonomous Driving (AD) has
progressed and reached a new level of complexity. For such
complex development projects, it is necessary to use a systems
engineering process. The commonly used V-Model, see [1],
[2], [3], defines for every layer in the development process
a corresponding procedure to test the defined functions. This
ensures cross-domain communication during the development
process and improves the development process. On the left
side of the V-Model, the requirements for the functions are
defined. The system description proceeds from a general
requirement definition in the system layer to a specific require-
ment definition in the component layer. The right side of the
V-Model defines the tests for every layer and their defined re-
quirements. For testing ADAS and AD functions, a Vehicle in
the Loop (ViL) test procedure is needed and can be classified
in the system layer of the V-Model. When using a conven-
tional testing procedure, the validation of ADAS and AD
functions requires several million kilometers on test tracks and
on public roads due to the statistical calculations of the safety
requirement of the driving function, see [4]. This is caused
by the non-repeatable environment conditions as weather and

daytime [5]. New validation methods are developed for the use
of vehicle test benches to increase testing and validation of the
ADAS and AD functions. In test benches, the environment
condition is repeatable and controllable. The Vehicle under
Test (VuT) is tested as an entire system which includes the
sensors, the automated driving functions, and the powertrain
of the vehicle. But therefore, it is necessary to simulate or
stimulate the environmental sensors like camera, radar, lidar,
and ultrasonic sensors. Publication [6] demonstrated a camera
stimulation on the test bench with screens, [7], [8], and [9]
showed different methods for Over The Air (OTA) radar target
simulation at vehicle test benches. OTA target simulation has
the advantage to validate the overall ADAS and AD system,
including the sensors (sense), data processing and planning
(plan) and the vehicle with its powertrain (act). Especially
OTA stimulation on a test bench represents a new challenge
which is presented in this publication and relevant to every
perception sensor.

A. MOTIVATION
The challenge in testing ADAS and AD functions on test
benches is to guarantee a precise and valid environmental
sensor stimulation with the external influencing factors being
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FIGURE 1. Object displacement in the FoV of the tracked object caused by a braking maneuver.; (a) Comparison of movement of the FoV on the road and
on the test bench; (b) shows the object displacement in the FoV of the sensor during pitch motion on the street; (c) shows the object displacement in the
FoV of the vehicle on the test bench; (d) shows how the body movements have to be considered to obtain a correct object simulation.

considered. In this context, the vehicle body movements on
the vehicle test bench have to be modeled properly. If the
vehicle body movement on the test bench is not considered
correctly in the sensor simulation, this results in an incorrect
validation of the ADAS and AD function. Two different ve-
hicle body movements have to be taken into account. One
is the vehicle body movement in the vehicle simulation of
the test bench which is similar to a vehicle driving on the
road. The other is the vehicle body movement that actually
occurs on the test bench. Fig. 1 shows how the tracked object
moves relative to the sensor’s Field of View (FoV). Fig. 1
a) gives an overview of the different FoVs compared to the
FoV in continuous driving. b) demonstrates how the object
moves in the FoV when the vehicle brakes. The object in front
of the car is still at the same position, but moves upwards
in the sensor’s FoV due to the pitch motion. This behavior
reflects the displacement on the road which is simultaneous
to the scenario simulation of the test bench. c) shows that the
displacement on the test bench is different. Since the simula-
tion assumes a non-moving vehicle, the vehicle’s own motion
must be compensated on the test bench, see d). Otherwise, the
displacement would be added to the simulated displacement.

This article presents a novel approach to considering the
vehicle body movement while testing ADAS and AD func-
tions on vehicle test benches. The modeling of the vehicle
body movement on a test bench as not yet been studied in
detail.

B. STATE OF THE ART ANALYSIS
Many models for vehicle suspension and its dynamics are
discussed in literature [10], [11]. A common model is the
vehicle quarter model [12]. It is used for analyzing the vertical
movement. The single-track model [13] is a plane dynamic
model that does not consider vehicle body movements. The
dual-track model is a more proper way to describe the vehicle
body movements roll and pitch. However, this model is not
suited for our application, because it has too many degrees
of freedom. Thus, the model becomes too complex and many
equations have to be solved unnecessarily. Mantaras et al. [14]
used a vehicle dynamics model for a virtual test rig. This
model is based on the tire road interaction of a vehicle on
the real road. But the test bench in this article has no tire
road interaction. Thus, this model is not suitable for this prob-
lem. Furthermore, there are several publications which have
focused on the modeling of the vehicle body movements on
the road [15], [16], [17], [18], [19], [20]. Similarly to [14],
those publications also use the tire road interaction as basis of
their model approaches. Additionally models with tire tread-
mill interaction exist. For this, [21] developed a model for
vehicle body movement on a steerable roller dynamometer
with multibody simulation.

A highly interesting approach is the modeling of the vehicle
body movements with the II. Lagrange-Equation. For NVH
(Noise Vibration Harshness) issues, the analysis of road ve-
hicle body movements with Lagrange is standard. Jazar [22]

740 VOLUME 4, 2023



FIGURE 2. External forces on a vehicle on the road.

calls this kind of model a bicycle model for vehicles [22, p.
843].

In summary, many different model approaches already exist
for vehicle body movements under real road conditions. But
most of them are difficult to transfer to the test bench vehicle
body movements. The Lagrangian modeling approach is the
most promising one and can be adapted and improved in this
article. The focus of this research is on a generic, adaptable
model. The specific aim is to develop a model which uses
the information a test bench operator already receives from
the test bench. No further improvements, such as additional
sensors, will be required to use the model while testing the
ADAS and AD functions.

II. DIFFERENCES OF THE EXTERNAL FORCES ON THE
REAL ROAD COMPARED TO VEHICLE TEST BENCH
For modeling the vehicle pitch motion on test benches, it is
necessary to find out why the current approaches of vehicle
body models for road conditions are not suitable. Therefore, a
comparison of the external forces of the vehicle is needed to
understand, that there are differences in the root cause of the
vehicle body motions on the road and on the test bench.

A. VEHICLE ON THE REAL ROAD
The vehicle on the real road is subjected to a number of exter-
nal forces. Those external forces include the result of the inner
forces of constraint and anti-geometries in the suspension.
Most of these forces are known as the driving resistance forces
the vehicle has to overcome. The forces on a vehicle can be cut
free for any slope and be marked in Fig. 2:
� Weight force FC in the center of mass C

� Dynamic wheel load Fz in the respective tire contact
point CP

� Tire resistance forces FR,W in the respective CP
� Inertia force FR,In in C
� Inclination force FR,Inc in C
� Aerodynamic force FR,Air in the center of pressure D
� Driving force FD in the respective CP.
The lengths given here refer to the center of rotation for

pitch motion P. The pitch angle is given as θ . The following
derivation is based on the assumption that the road surface is
level α = 0.

PITCH MOTION ON THE ROAD
The pitch motion of the vehicle on the road depends on the
inertia forces, the acceleration or brake forces, the position of
the pitch center, and the anti-geometries against the pitch mo-
tion. For simplification, the instant center of rotation for pitch
motion P does not move with the pitch angle. For the external
forces in Fig. 2 the following generally valid relationships are
known.

FC = m · g (1)

FR,In = m · ẍ (2)

FR,Air = 1

2
· ρ · cw · A · v2

rel (3)

FR,Inc = FC · sin(α) (4)

FR,W = FRR + FRγ + FRFl (5)

FR = FR,In + FR,W + FR,Air + FR,Inc =
∑

(i)

Fi (6)
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FIGURE 3. External forces on a vehicle on a test bench.

FRR is the rolling resistance force, FRγ is the side-slip re-
sistance force, and FRFl is the flood resistance force, which
occurs during rain. These resistance force components are not
explained in detail. The reader is referred to [23].

For simplification, the resistance forces and their lever arm
from their contact point to the pitch center are summarized in
total torque from resistances TR,i

TR,i =
∑

(i)

Fi · hi. (7)

The sum of all torques in P using (7) is
∑

T (P) = TRi − FD · hP + FC · lC,P − Fz, f · lCPf ,P

+ Fz,r · lCPr ,P − θ̈ · JP = 0. (8)

This (8) will be needed later for the comparison between road
and test bench pitch motion.

B. VEHICLE ON THE TEST BENCH
The vehicle test bench presented in this publication is a power-
train test bench. The special feature of this kind of test bench
is that the tires have to be dismounted. For a more detailed
description of the test bench, see Section IV. In contrast to
the real road, the following forces and torques occur on the
free-cut vehicle mounted on the test bench, see Fig. 3:
� Weight force FC in the center of mass C
� Dynamic wheel load F ′

z in the respective wheel contact
point CP

� Torque of the electric load machines TE in each wheel
hub

The torque provided by the load machines is based on the
assumption that the vehicle on the test bench should face
the same resistance forces as a vehicle on the road. This is

necessary to guarantee a realistic transferability from road
to test bench. The resistance forces on the test bench are
calculated in simulations. These calculations handle the car as
if it was driving on the road to determine a realistic resistance
force. The forces are acting in the contact point between the
tire slack and the road surface. On powertrain test benches,
however, the resistance forces can only be initiated by torque
in the wheel hubs of the vehicle under test (VuT) and not by
forces. This results in a further calculation of the resistance
forces with the dynamic tire radius rdyn:

Te = FR · rdyn. (9)

Due to the lacking longitudinal movement of the vehicle,
there is no moment of inertia acting in the center of mass.
To achieve a realistic movement behavior, it is necessary to
simulate the moment of inertia on the test bench. This has to
be added to the calculation of the torque for the electric load
machines.

PITCH MOTION ON THE TEST BENCH
The pitch motion of the vehicle on the test bench can be
derived from the sum of all torques in P.

∑
T (P) = TE , f + TE ,r + FC · lC,P − F ′

z, f · lCPf ,P

+ F ′
z,r · lCPr ,P − θ̈ · JP = 0 (10)

The difference of both pitch torque equations becomes ob-
vious when both equations, (8) and (10), are equated and
simplified. The result, Theorem 1, shows that the pitch motion
of a vehicle on the road has a different root cause than a
vehicle on a test bench.

Theorem 1: TR,i − FD · hP �= Te, f + Te,r
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FIGURE 4. Motion model for describing the pitch motion on a test bench.

This means that the description of pitch motion on the road
is not equal to that on the test bench and cannot be transferred.
Considering the testing of ADAS and AD functions on the
test bench, the result is that a model for the vehicle pitch
motion is needed. The challenge is that the model should be
used as a generic application with a minimum of inner vehicle
parameters. The quantities lC,P, lCPf ,P and lCPr ,P in (10) are
too vehicle-specific and not freely accessible. Moreover, the
measurement of the dynamic wheel load is difficult to realize
on this test bench. That is why this model approach cannot be
used and another approach is needed to solve this problem.

III. MODELING OF PITCH MOTION ON A VEHICLE TEST
BENCH
The movement model has to be described with equations
of motion. There are various options to set up the vehicle’s
equations of motion: The description of d’Alembert or the
Lagrange’s equations of motion. The advantage of the La-
grange’s description is the fact that it is not necessary to
determine the forces of constraint and torques for the model.
The independent degrees of freedom in the system can be
described in the form of generalized coordinates. For each
generalized coordinate one equation of motion is required
to solve the motion problem of the system. The Lagrange’s
equation of motion is chosen here.

As this model should solve the pitch motion, it is only nec-
essary to consider one half of the vehicle. The model is based
on the vocabulary of further publications of Jazar, see [22],
[24].

The shown vehicle model demonstrates a car mounted on a
power train test bench, Fig. 4. The suspension is modeled by a
spring and a damper on each wheel. The weight force FC and
the pitch torque Tpitch act in the center of mass C. The pitch
torque is the sum of all electric load machine torques which
represent the driving resistance forces. The distance from the
center of mass to the front wheel is described as l f , lr is the
distance to the rear wheel.

The vehicle model has two degrees of freedom. They are
described by two generalized coordinates q1 and q2

q1 = z (11)

q2 = θ. (12)

q1 describes the translation degree of freedom of the vehicle
in the direction of the z-axis. q2 describes the rotational degree
of freedom around the y-axis of the vehicle.

There are also two auxiliary variables z f for the motion
of the car front and zr for the motion of the rear part of the
vehicle. Both variables can be determined as a function of the
generalized coordinates:

z f = z − l f sin(θ ) (13)

zr = z + lr sin(θ ). (14)

The general Lagrangian equation is determined as

d

dt

∂L

∂ q̇i
− ∂L

∂qi
= Qi. (15)

The kinetic potential of the vehicle L will be determined with
Lagrange’s II. equation It is the result of the difference of the
kinetic energy T and the potential energy V of all potential
forces in the system (e.g., force of weight, spring force, ...).

L = T − V (16)

T = 1

2
mż2 + 1

2
Jsθ̇

2 (17)

V = 1

2
c f (h − z f )2 + 1

2
cr (h − zr )2 + mg(z − h) (18)

L = 1

2
mż2 + 1

2
Jsθ̇

2 − 1

2
c f (h − z f )2

− 1

2
cr (h − zr )2 − mg(z − h) (19)

Furthermore, the virtual work δW needs to be determined to
obtain the generalized forces Q1 and Q2. With the help of
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FIGURE 5. Vehicle-in-the-loop test bench at KIT-FAST.

TABLE 1 Technical Data of the Test Bench

the generalized fores, the equations of motion can finally be
formulated.

The approach for the virtual work δW in a plane and non-
vector case with an explicit extension of torques (see 5.9
in [25, p. 220]) is defined as:

δW =
n∑

j=1

F j · δr j +
m∑

k=1

Mkδφk
!=

f∑

i=1

Qiδqi (20)

F j are the potentialless forces and Mk are the potentialless
torques which are not considered in V . In the explicit model
(20) the virtual work is:

δW = −k f ż f δz f − kr żrδzr + Mpitchδθ (21)

The time derivations of ż f , żr , and the virtual displacements
δz f and δzr need to be defined in the generalized coordinates.
For the time derivations

ż f = ż − l f θ̇ cos(θ ) (22)

żr = ż + lr θ̇ cos(θ ) (23)

result. The virtual displacements δz f and δzr can be calculated
with the help of the general equation for virtual displacements
δr j (see Eq. 5.6a in [25, p. 220])

δr j =
∑

(i)

∂r j

∂qi
δqi. (24)

The virtual displacement of the height of the front axle δz f is
defined as:

δz f = ∂z f

∂q1
δq1 + ∂z f

∂q2
δq2 = ∂z f

∂z
δz + ∂z f

∂θ
δθ

= δz − l f cos(θ )δθ. (25)

The similar calculation of (24) for δzr results as:

δzr = δz + lr cos(θ )δθ. (26)

Inserting (22), (23), (25), and (26) into (21) gives the final
result for the virtual work δW :

δW = Mpitchδθ − k f (ż − l f θ̇ cos(θ ))(δz − l f cos(θ )δθ )

− kr (ż + lr θ̇ cos(θ ))(δz + lr cos(θ )δθ )

!= Q1δz + Q2δθ. (27)

A comparison of coefficients in (27) for the virtual displace-
ments δz and δθ provides the equation for the generalized
force Q1:

Q1 = −k f (ż − l f θ̇ cos(θ )) − kr (ż + lr θ̇ cos(θ )) . (28)

For Q2, it holds:

Q2 = Mpitch + k f l f cos(θ )(ż − l f θ̇ cos(θ ))

− krlr cos(θ )(ż + lr θ̇ cos(θ )). (29)

With the kinematic potential L and the generalized forces
Q1 and Q2 it is possible to calculate the Lagrangian (15) to
describe the motion of the vehicle. This equation is solved for
i = 1 at first and afterwards for i = 2. Inserting of q1 = z and
L from (19) and solving the differential equation result in

d

dt

∂L

∂ ż
= mz̈ (30)

∂L

∂z
= − mg + c f (h − z + l f sin(θ ))

+ cr (h − z − lr sin(θ )). (31)

To obtain the first equation of motion, (28), (30), and (31) are
equated.

Q1
!= mz̈ + mg − c f (h − z + l f sin(θ ))

− cr (h − z − lr sin(θ )). (32)

After a few transformations, the result of (32) is

mz̈ + (k f + kr )ż + (c f + cr )z + (krlr − k f l f )θ̇ cos(θ )

+ (crlr − c f l f ) sin(θ ) = −mg + (c f + cr )h. (33)
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FIGURE 6. Measurement of the pitch angle of two acceleration runs with normal resistance forces on the test bench.

For the second equation of motion, q2 = θ and the following
differential equation has to be solved.

d

dt

∂L

∂θ̇
= Jsθ̈ (34)

∂L

∂θ
= − c f (h − z + l f sin(θ ))l f cos(θ )

+ cr (h − z − lr sin(θ ))lr cos(θ ) (35)

Equations (29), (34), and (35) are equated and transformed,
similar to the determination of (33).

Mpitch = Jsθ̈ + (k f l2
f + krl2

r )θ̇ cos2(θ )

+ (c f l2
f + crl2

r ) sin(θ ) cos(θ )

+ (krlr − k f l f )ż cos(θ ) + (crlr − c f l f )z cos(θ )

+ (c f l f − crlr )h cos(θ ) (36)

With the two equations of motion, (33) and (36), it is possible
to describe the pitch motion of a vehicle on a test bench.
The only variable input parameter of this model approach is
the torque of the test bench’s load machines that is already
measured on every vehicle test bench. Thus, this model ap-
proach is independent of a specific test bench and can be used
generically for vehicle test benches. But it only works with
test benches where the vehicle does not have to be tethered
which is the case with roller dynamometers. Tethering results
in additional forces on the system and will reduce the pitch
motion of the vehicle. So, this model is not adaptable to roller
dynamometers.

IV. VALIDATION OF PITCH MODEL
A. VEHICLE TEST BENCH
The vehicle-in-the-loop test bench at the KIT Institute of
Vehicle System Technology is a powertrain test bench, see
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FIGURE 7. Measurement of the pitch angle of two acceleration runs with high resistance forces on the test bench.

Fig. 5. It can be used for vehicle research in longitudinal
and lateral dynamic driving situations. For this kind of test
bench, each vehicle tire has to be dismounted, and the wheel
hub is connected to an electric load machine (1). The electric
load machines are controlled by highly dynamic frequency
converters (2). The connection between wheel hub and load
machine is achieved by a constant velocity joint shaft. With
this special shaft, it is possible to steer and drive the front axle
simultaneously for dynamic longitudinal and lateral scenarios.
A realistic steering behavior is realized by two synchronous
engines (3) which deliver a self-aligning torque for each wheel
individually. The vehicle on the test bench is cooled by an air
fan (4) and ensures an air flow for the heat dissipation of dif-
ferent vehicle parts, for example, powertrain and brake disks.
For a more detailed description of the test bench, see [27]. The
main technical data of the test bench are presented in Table 1.

B. VALIDATION DATA
The validation data of the pitch motion is measured by an
acceleration sensor. To avoid measurement falsification, the
data has to be filtered with a low-pass filter. The cut-off fre-
quency of the filter is chosen to be 10 Hz because vehicle body
movements generally occur at lower frequencies, see [10,

p. 139]. The measured validation data of the pitch motion and
the test bench data, e.g. velocity and torque, are recorded by
two different measuring systems. This results in a temporal
shift of the measured signals. The temporal shift is solved by
using the cross correlation of both signals.

The scenarios for both measurements are acceleration
experiments. The first measurement is run with normal resis-
tance forces and the second measurement is driven with higher
resistance forces to get an overrated pitch motion. In addition,
vehicle simulations are performed with the acceleration and
resistance forces. This enables direct comparison of the simu-
lated vehicle and its object displacement in the FoV with the
vehicle on the bench, as described in Fig. 1. The simulations
are performed with IPG CarMaker.

In the following part, two validation measurements are
shown and discussed. The measurement has to be considered
under given internal parameters for mass inertia, damping and
spring coefficients.

VALIDATION MEASUREMENTS
In the first measurement, see Fig. 6, the vehicle is acceler-
ated with 2.5 m/s2 to 90 km/h. After reaching the maximum
speed, the vehicle is decelerated with −3.5 m/s2 to standstill.

746 VOLUME 4, 2023



The torque resulting from the driving resistance calculation
varies between −2200 Nm for acceleration and 3400 Nm for
braking. In the simulation the gear shift can be identified by
small jumps in the torque curve. The pitch angle that occurs
as a result of the acceleration phases is around θmeas,min =
−0.35◦. The resulting pitch angle for the braking phase is
θmeas,max = 0.28◦. The calculated pitch angle based on the
model of the vehicle body movement is close to the mea-
sured data with θcalc,min = −0.37◦ in the acceleration phase.
The vehicle in the simulation has higher pitch angles around
θsim,min = −1.1◦ for acceleration and around θsim,max = 1◦ in
the braking phase. Also the gear shifts can be recognized in
the pitch curve. A bigger error between the measured and
calculated pitch angle is found in the braking phase of the
vehicle. Here, the pitch angle in the model is calculated as
θcalc,max = 0.41◦.

For the second measurement, see Fig. 7, the driving resis-
tance forces are parameterized higher than usual. The result
is that the acting torques and the occurring pitch motion are
much higher for a better validation of the model. In compari-
son to the first measurement, the maximum velocity is reduced
to vmax = 69 km/h. The torque increases to −5574 Nm dur-
ing the acceleration phase. This results in a pitch motion
of θmeas = θcalc = −0.73◦ at t = 168 s. That confirms the
validity of the model in extension movements. The second
measurements prove that the model is not perfectly valid for
compression movements (braking) of the vehicle. The decel-
eration creates a pitch motion of θmeas = 0.13◦, whereas the
model calculates a pitch angle of θcalc = 0.44◦ at t = 192 s.
The simulation of the real vehicle shows a significantly higher
pitch motion of the vehicle with almost the same torque curve.
The gear shift also has an influence on the acting torque
and the resulting pitch motion. The simulated vehicle reaches
θsim,min = −2.01◦, i.e. a pitch angle that exceeds the mea-
sured and calculated values by a factor of about 3.

C. DISCUSSION
The measurement results show that the pitch motion of a
simulated real vehicle is up to three times higher than the pitch
angle of the vehicle on the test bench. It is shown that fits in the
modeling of the extension good. However, modeling braking
is a problem due to an inaccuracy of the damper modeling.
A realistic shock absorber (damper) has two different damper
coefficients for compression and rebound. The presented pitch
model has only one damper coefficient for both. The damper
coefficient was fitted for rebound. This results in the men-
tioned inaccuracy during braking. To solve this issue, damper
modeling needs to be extended. Therefore, the damper has to
become a speed-dependent coefficient and is dependent on the
generalized coordinate ż of the pitch model.

V. CONCLUSION
This publication investigates a model for the pitch motion
of a vehicle mounted on a powertrain test bench, which is
validated by measurements on the test bench. The validation
shows that the vehicle model is accurate for an acceleration

process and the vehicle’s deflection. For a deceleration and
the resulting compression of the suspension the model differs
from reality. A possible explanation for this is the simple
damper model which is chosen with a linear damping ra-
tio. But the real damper is usually built with two different
damping ratios for compression and extension and has energy
dissipation.

Hence, further investigations for a more precise vehicle
model are needed. The individual chassis parts have to be
modeled more precisely:
� model for anti-geometries
� advanced damper model with different rebound and

compression damping ratios
Furthermore, this model approach can be adapted for mod-

eling the vehicle roll motion on a vehicle test bench.
Nevertheless, this model allows to determine the vehicle’s

pitch motion only on the basis of the measured driving re-
sistance torque and can be considered in the sensor target
simulation of the test bench. This ensures a precise validation
of the ADAS and AD function on vehicle test benches.
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