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ABSTRACT As an example of a geographically distributed test environment, an integrated motion control
system for multi-actuated electric vehicles has been proposed and evaluated. This system unifies three active
subsystems: drive-by-wire propulsion with independent in-wheel electric motors, electro-hydraulic brake
actuators, and active suspension actuators. A distributed X-in-the-loop network architecture supports the
approach, integrating a real-time validated vehicle model, dedicated test benches for each subsystem, and
a driving simulator located in different geographical locations. This setup enables real-time testing and
validation of the integrated control strategy. Validation results show improved ride comfort and safety.

INDEX TERMS Active suspension, electric vehicle, geographically distributed test environment, integrated

motion controller, in-wheel motor, X-in-the-loop.

I. INTRODUCTION
Complex design tasks often necessitate comprehensive vali-
dation procedures using multiple experimental devices, and
it is not always guaranteed that all required equipment will
be available at a single location or owned by the same en-
tity. A novel experimental testing methodology based on the
real-time connection of test benches, which may be situated
in different geographical locations and are united in a global
X-in-the-loop (XIL) environment, was proposed several years
ago [1]. A geographically distributed XIL methodology offers
significant benefits for researchers by enabling the real-time
coupling of various test benches from different locations. This
paper contributes to and expands research in this area. For the
case study, the integrated motion control (IMC) of a multi-
actuated electric vehicle (EV) has been investigated.

The first comprehensive concept of IMC of multiple ve-
hicle chassis and powertrain subsystems appeared in the

mid-1980s [2]. The aim was to achieve a simultaneous im-
provement in the various performance characteristics of an
EV, such as safety, energy efficiency, and ride comfort. How-
ever, the widespread market introduction of integrated vehicle
dynamics/vehicle motion control systems has long been ham-
pered by numerous technological obstacles related to total
cost, computational effort, and actuator technology. How-
ever, advances in compact mechatronic components, chassis
electrification, and the shift from individual control units to-
ward high-performance computing led to the appearance of
software-defined vehicles and new intensive research and in-
dustry studies on this topic.

When designing an IMC system, two important devel-
opment tasks are considered independently of the control
method to be used. The first task answers the question “How
much integration is enough integration?”. When multiple
systems, e.g. brakes, active suspension (AS), active steering,
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in-wheel motor (IWM), active aerodynamics, wheel position-
ing, and tire inflation pressure, are available for coordinated
control, it is necessary to select the proper integration level of
all these systems and make their prioritization [3]. The second
task relates to the development of an appropriate valida-
tion approach [4]. Integration can cause complex interference
phenomena that can hardly be identified in a simulation envi-
ronment during the design phase before the system is tested
under real-world conditions using a vehicle demonstrator. A
common example is the coupled influence of thermal pro-
cesses in friction brakes and IWMs of an EV by considering
brake blending [5] in the context of an IMC. Both these tasks
are discussed in the presented paper.

It should be noted that it is based on the previous study of
authors introduced in [6]. The primary gap in current IMC
research is the predominance of simulation-based methodolo-
gies. This paper addresses this gap by proposing a hardware-
based approach, offering a more direct and potentially more
accurate investigation method. The contributions of the paper
can be summarized as follows:

- The geographically distributed XIL network architecture
is developed based on hardware components located across
different locations. Real-time and synchronous performance
of individual software and hardware components is ensured.

- The validation procedure of the proposed IMC for multi-
actuated EVs is demonstrated.

The rest of the paper proceeds as follows. Section II pro-
vides an overview of the current state of the art. Section III
outlines the use of a geographically distributed XIL test envi-
ronment. In Section IV, the mathematical model of the vehicle
is detailed. Following this, the proposed IMC is introduced
and evaluated using the model-in-the-loop (MIL) approach,
and the methodological approach is presented for validating
integrated controls through XIL. Finally, the paper concludes
with an analysis of the results.

II. RELATED STUDIES

IMC systems vary in complexity and are designed to improve
EV dynamics performance in different ways: longitudinal,
longitudinal with lateral, longitudinal with vertical, lateral
with vertical, or across longitudinal, lateral, and vertical di-
mensions [7].

In initial studies, IMC demonstrated better utilization of
tire friction, for example, with simultaneous operation of
brake/traction control and active steering and active stabilizer,
differential, and steering systems [8], [9], [10]. Later, it was
also observed that the integration of the AS and the four-
wheel steering system improves the lateral dynamics of the
vehicle [11]. Therefore, integration may involve many vehicle
systems in various combinations, which have been thoroughly
analyzed in relevant studies such as [12], [13].

Most of the published studies on IMC systems aim to
improve vehicle comfort, stability, and handling. Common
solutions in this respect can be the combined operation of
active steering together with wheel drive and/or brake torque
control [14], [15], [16]. Further inclusion of AS can have a
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positive effect not only on ride quality but also on the lateral
dynamics of the vehicle, as demonstrated in [17] and [18].
The approach discussed here is also of relevance for the
verification and validation of automated driving functions
with emulation of complex infrastructures, as shown in [19].
More recently, IMC has also been used for advanced appli-
cations related to automated driving tasks, e.g. to improve
path following in addition to other driving dynamic fea-
tures [20], [21], [22].

Regarding the control methods used in the known con-
figurations of IMC systems, it can be stated that there are
no established techniques that offer clear advantages over
competing approaches. From the point of view of real-time ap-
plicability, rule-based integration can be advantageous. Such
rule-based methods could, for example, be based on the
activation thresholds for one or the other vehicle system
depending on the maneuver type [23] or on the reference
values for corresponding vehicle dynamics parameters [24].
However, distributing the overall control demand among the
individual vehicle systems in order to simultaneously improve
several vehicle characteristics (stability, comfort, etc.) can be a
complex optimization task that requires advanced control allo-
cation methods. In recent years, more attention has been paid
to nonlinear methods such as sliding mode [25], [22] and espe-
cially model predictive techniques [26], [27], [28], [29], [30].
The complex architecture of the IMCs brings many challenges
for validation procedures. It can be seen from the fact that the
most cited references have investigated the controller func-
tionality, mainly in simulation environments. By considering a
common development process - from modelling to hardware-
in-the-loop (HIL) testing and real vehicle experiments - the
HIL phase has several specific aspects and is of particular
interest in this study. In particular, it is hardly possible to
install all components of the vehicle systems involved in IMC
on the same HIL platform. It can become even more critical
in industrial development, where the systems to be integrated
may come from different suppliers.

A possible solution here can be the networking of several
HIL platforms or component test benches in order to organize
a synchronized real-time experiment. Such an approach has
led to a number of studies over the last decade proposing the
so-called remote and distributed XIL testing methodology, in
which multiple participating experimental devices can be con-
nected via a local area network or the internet, even if they are
in different geographical locations [31], [32], [33], [34], [35].

A corresponding XIL variant was designed in which the
driver simulator is connected with the driving IWM and dy-
namometer test bench setup to carry out bidirectional tests
between Germany and China [36]. Another variant of dis-
tributed XIL aimed at powertrain control design is given
in [37], where several prototype powertrain components are
involved in real-time system simulation via an internet con-
nection.

Despite the advantages arising from the XIL testing
method, there are some critical aspects, such as time delays
in data exchange, network-induced jitter, latency and data
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FIGURE 1. Principal XIL architecture.

loss, which should be thoroughly investigated by developing
appropriate validation platforms. Various numerical methods
to address these challenges are described in the literature, such
as a statistical transparency analysis [38], a predictor-based
framework [39], robust optimization procedures, i.e. simulta-
neous perturbation stochastic approximation [40]. With these
methods, appropriate compensation mechanisms can be im-
plemented at the software level. Another positive contribution
to this issue can be made by advanced telecommunication
technologies, new network protocols, and relevant hardware
equipment. Overall, this supports the feasibility of remote and
distributed XIL testing used for the development of complex
systems, such as IMC.

IIl. FRAMEWORK FOR GEOGRAPHICALLY DISTRIBUTED
XIL ENVIRONMENT
For the proposed IMC test, the distributed XIL was built. In
Fig. 1, the realized architecture is proposed. On the side of the
master EV model is the driving simulator, which replicates the
EV dynamics for the driver’s perception and receives driver’s
control actions. The control unit converts the driver inputs into
signals that are interpreted by the actuators. For experiment
realization, distributed XIL approach was implemented. Test
benches were installed in three different locations, as shown
in Fig. 2.

The geographical distribution of XIL systems relies
on a communication protocol that facilitates long-distance
communication. The proposed architecture for both local and
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FIGURE 3. General architecture for local and distributed systems.

distributed systems employs a layered structure. As shown in
Fig. 3, the upper layer is the application layer, such as a simu-
lation or testing facility. The second layer involves the Func-
tional Mock-Up Interface (FMI), which maps the exchanged
signals. The FMI is an optional layer, as it does not support
communication protocols. Therefore, if FMI is unnecessary,
signals can bypass it and directly reach the communication
protocol layer, which handles the application’s native com-
munication protocol. The final layer provides two gateway
functionalities. The first function translates communication
protocols, such as converting Controller Area Network (CAN)
messages to User Datagram Protocol (UDP/IP) datagrams and
vice versa. The second function involves routing and trans-
mitting data within a network. A Virtual Local Area Network
(VLAN) is used for local communication, while a Virtual
Private Network (VPN) is used for distributed systems. For
more detail please refer to [1].

The proposed architecture enables plug-and-play function-
ality in real-time simulations. It identifies the FMI layer and
testing platforms above the communication layer.

To ensure robust operations, the system architecture spec-
ification includes specific criteria. Compatibility and interop-
erability are key for distributed systems to function together,
allowing for the efficient exchange of signals and data without
additional actions. The proposed architecture requires support
for specific interfaces to meet these criteria.
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FIGURE 4. Communication delay for IMC testing using distributed XIL.

The reliability of co-simulation and co-testing platforms
hinges on the dependable exchange of messages and data.
Message loss is an indicator of reliability, and it is mea-
sured by the number of messages successfully received over
a given time interval. Test scenarios can significantly affect
signal number, types, and arrangement. Therefore, a commu-
nication protocol must handle all inputs and outputs among
distributed systems. However, distributed systems’ communi-
cation protocols may not always meet real-time requirements,
the problem of time synchronization cannot always be solved
at the protocol level, so it is necessary to provide an algo-
rithm that takes delay into account and compensates for it.
Previous studies show that latency is directly related to the
distance between connected clients as well as to the trans-
mission protocol used [1]. The Package Predictive Delay and
Dropout Compensation (PPDDC) algorithm, combined with
a correction of transferred power in the coupling, has been
developed to minimize the round-trip communication time
between distributed test environments; for more details, please
refer to [33], [41].

To analyze and compare the results of the experiments
further, the round-trip time parameter is logged in the ge-
ographically distributed XIL simulation environment. It is
determined using the time stamp included in each message.
The master simulation model compared the simulation time
stamp at the simulation moment with the time stamp received
from the test bench, with the results of the experiment. The
test bench, in return, reprints the time stamp of the message
with the received command to the message it sends back with
the measurement results.

PPDDC algorithm allowed to split the delay caused by
communication as well as the delay caused by the dynamics
of the actuators. As a result, latency was analyzed for consis-
tency and absolute value: jitter and delay.

The results of the round-trip time measurements for the
different system components are shown in Fig. 4; the number
of tests repeated is 15,000 for each case. According to Fig. 4
data, it can be seen that the distance between the various
elements of the system increases the delay, while the jitter
in the messages remains relatively small. The maximal delay
occurred with the AS system; however, it is possible to control
the system at a high frequency of 20 Hz.

Modularity is also vital, defined by a system’s ability
to integrate with other systems within a co-simulation and
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co-testing environment. In the case of failures, such as com-
munication loss or other errors, the system is being seamlessly
transformed from physical to virtual representation, ensuring
uninterrupted communication during testing. In the next sub-
section, the hardware setup is presented.

A. HARDWARE SETUP FOR XIL

To communicate with the brake test bench, the vehicle model
requests four pressure signals from the brake system. The sen-
sors on the brake callipers measure the actual brake pressure.
The measured values are then transferred to the vehicle model.

The dynamometer with the inverter and the IWM are used
to replace the transmission in the EV mathematical model.
The sport utility vehicle (SUV) used during the investiga-
tion is all-wheel drive, so the sub-system must represent four
IWMs. The test bench has a dynamometer and a single IWM.
To provide measured values of four IWM torques and rota-
tional speed data to the mathematical model, the application
runs a stationary observer on the side of the test bench. The
real IWM runs one scenario for testing all IWMs. Developed
algorithms accurately replicate the dynamics of all IWMs
simultaneously. The input to this test bench is requested
torque (calculated based on driver input and demand from
the middle-level controller); the output is angular velocity and
torque of 4 IWMs.

The suspension test bench allows the replacement of the
dampers in the EV mathematical model with AS actuators.
This enables accurate investigation of vehicle suspension dy-
namics and measurement of its parameters. The test bench
receives control input to the damper and generates a force that
is transmitted to the mathematical model.

Simultaneously, distributed test benches identify whether
the actuators can reproduce the demand generated by the
controller. An approach based on XIL allows all physical pro-
cesses in the system to be taken into account with maximum
accuracy, taking into account the nonlinearities of actuators
and bringing the real-time simulation as close as possible to
the dynamics of a real EV.

B. VEHICLE'S MATHEMATICAL MODEL FOR XIL
In this subsection, the high-fidelity EV model is presented,
and the IMC is presented and tested using the MIL environ-
ment. The vehicle’s dynamic model is presented in Fig. 5. The
IMC design in this study was carried out for an electric SUV
with the following specifications:

® Type of powertrain four wheel drive with IWMs;
Vehicle mass 2587 [kg];
Sprung mass 2323 [kg];
Track width 1.655 [m];
Center of Gravity (CoG) to front axle distance 1.494 [m];
CoG to rear axle distance 1.432 [m];
CoG height 0.484 [m];
Dimension of the tires 255/55 R19;
Battery voltage 400 [V];
Battery capacity 95 [kWh];
IWM maximum torque 1500 [Nm];
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FIGURE 5. Dynamic model of vehicle.

e Maximum velocity of the EV 181 [km/h].

The EV mathematical model was developed in the Simcen-
ter Amesim simulation environment, validated using experi-
mental data from the proving ground [42], and used in the
MIL and XIL environments as a common framework for the
operation of all test setups involved.

The equations of motion for the SUV are as follows:

ms(Ve = yVy) = Y F =

(Fx,FL + Fr,FR)Ccos(8) — (Fy,rL + Fy,FpR)sin(8)
+F,re + Fx,RR — 1/2prAxVx2 — @ ZFZ
ms(Vy + K&Vx) = ZF} =

(Fy,FrL + Fy,pr)cos(8) — (Fy,rL + Fx,pr)sin(3)
+Fy,rL + FyRR

mgV. =Y F, = F,,pp +F.,rr +F:.rL +F:.RR
L = $(Feorr —Feopr ) + 5 (Feore —Feorg) (1)
+msay(hCOG —hy)

Ly0 = —(Foopr +Fopr )l + (Foore +Feore )l
+msay(hcog — hp) + 1/2pCeAVi (hg — hcog)
Loy = (Fy,rr + Fy,rr)cos(8) + (Fy,pr+
Fe,rr)sin(8)ly — (Fy,rL + Fy,rr)+

((Fx,rr — Fx,FL)cos(8) + (Fy,FrR—

Fy.rp) % 5in(8)% + (Fr.gg — Frore)'s

where my is the sprung mass of the EV, I, Iy, I, are the EV
moments of inertia. V, - longitudinal velocity, V, - derivative
of longitudinal velocity, Vj, - lateral velocity, V} - derivative
of lateral velocity, V, - derivative of vertical velocity, Fi-
longitudinal tire force, Fy,; - lateral tire force, F;; - vertical
force, § is steering angle, p -air density, Cy - drag coefficient,
A, - frontal cross-section of the EV, ¢ - rolling resistance of
tires, ¢ - roll acceleration, 6 - pitch acceleration, 1// - yaw
acceleration, hc,g - height of CoG, A, - the roll center height,
hy - height where drag force is applied, v - the yaw rate, tr,ty
- the track width at front and rear axles, I, /, - the distance
from the front and rear axle to the EV, ay, a, - longitudinal
and lateral accelerations. The indices in (1) are designated for
the wheels: FL - front left, FR - front right, RL - rear left, and
RR - rear right.
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The vertical force considering the AS is expressed as fol-
lows:

F i =kizi +cizi + Fy, (2)

where z; - suspension displacement, z; - the stroke velocity, k;
- the spring stiffness, ¢; - the residual damping of the passive
components, and Fy, - force from active damper of the wheel
i=FL,FR,RL,RR.

During acceleration and braking, the vertical load distribu-
tion on the front and rear axles changes. This can be mitigated
through the use of AS systems. A straightforward method to
calculate force demand involves applying the first condition
of equilibrium, with longitudinal acceleration as input. How-
ever, this approach tends to introduce significant delays when
implementing feedback control strategies. A crucial aspect
of the proposed approach involves accounting for tire verti-
cal force demand, considering the variations in longitudinal
traction and braking forces of the EV. This is achieved using
a kinematic method proposed by [13] (refer to Fig. 6). The
vertical force demand from the longitudinal force generated
by IWM and the brake system on the front and rear axles is
expressed as follows:

8Fy pr = —tan(af)Fy pr = —tan(as)(FYp + FO7,)
6Fd,FR = —tan((xf)Fx,FR = —tan(ozf)(Fxlf}R + F;’;{R)
8Fy.re = tan(a,)Fy g = tan(a,)(F2k, + FEg)
8Fy rr = tan(a,)Fy gr = tan(a,)(Flpe + FORg)

3)
where ay , - the angles of the relative rotation of tire-road
contact points for the front and rear wheels correspondingly,
these angles are defined from SUV suspension kinematics
(Fig. 6), Fx’ff - braking force, er’l” - propulsion force from
IWM. When the vehicle is accelerating, only the force from
the IWM is at play. During braking, several scenarios can
occur: i) only the IWM is employed to produce negative force,
ii) both friction brakes and the IWM generate negative forces,
and iii) only the friction brakes generate negative force (it is a
very specific condition not considered in this paper). A portion
of the necessary vertical force is computed from 3, while the
residual force is determined using a control strategy based on
lateral acceleration. To enhance accuracy, terms accounting
for drag and rolling resistance forces can be incorporated into

(3).
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C. INTEGRATED MOTION CONTROL STRATEGY
The aim of the IMC strategy is to realize an optimal distribu-
tion of the control demand between several actuators.

The schematic structure of the IMC is presented in Fig. 7.
The responsibilities within the controller layers are distributed
as follows. There exist three input parameters: the positions
of the steering wheel, braking, and acceleration pedals. These
input parameters are sent from the driving simulator to a
reference generator, where reference values are determined.

The reference generator uses an EV model that generates
reference values based on input parameters and vehicle veloc-
ity. In the current case study, the reference generator calculates
five reference values [V, 1/), 9, 43, VT, where 9, ¢ are pitch
and roll rates respectively, V; and V, is vertical and longitudi-
nal velocity of the sprung mass. Simultaneously, from the in-
vehicle sensors and observers, actual vehicle parameters are
received, the rest parameters were described above. The data
from the reference generator is utilized to compute the errors.

In the specific scenario being examined, the high-level
controller unites five proportional-integral-derivative (PID)
controllers, which are required for the development of IMC,
which combines a braking system, IWMs, and AS. The
controller generates control demand vgyy, which includes:
vertical and longitudinal forces, as well as torques for roll,
pitch, and yaw:

Fz,a'em
Mx,dem
My,dem (4)
Mz,dem
Fx,dem

UVHL =
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FIGURE 8. Results of SLB maneuver tests.

After calculating the required control demand, the al-
gorithm switches to the middle-level controller, addressing
the control allocation task. The primary task is to convert
control demands vy, into four braking torques Tp.;, i =
FL,FR,RL, RR, four torques generated by IWMs T, ;, and
vertical forces Fy ; that can be applied as showed in (3). It is
possible to distribute the work of each subsystem to achieve
key objectives, which may include increasing safety, comfort,
or energy efficiency of the electric SUV. The optimal solution
is determined by the fixed-point iteration method. As shown
in [43] nonlinear relations in the control task could be realized
as follows:

Jv = By(¢, vca — Duca &)

where B, is control effectiveness, ¢ defines the significance
of the penalization of control agitations, and vy is control
vector. For the presented control case, the control vector vca
is expressed as follows:

em,i > Tem,i s “br,i

T
Ve = I:ch:?’ TCA,pos TCA,neg TCA] (6)

For the control strategy, there were introduced rule-based
distribution between negative torque only from IWM (when
the required braking moment is less than IWM could produce
Tpri = T % < T)V"€), IWM and friction brakes (when
required braking moment is higher than IWM could pro-
duce Tp; =T,,% + T;:ir,i >=T,"""®). Here T,; gener-
ated overall negative torque. The control input is presented
as follows:

CA CA CANT
vcA = [Fd,i ’ Tem,i’ Thr,i] (7)

The outputs of the control allocation are calculated as follows
for the AS:

ch,f‘ = [Fy.rL, Fi.rrs Fires Farrl® (8)
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for IWM:

Te%i = [Tom.rr, Tom.FR> Tom.RL> Tom.RR]" 9

for braking system:

T4 = Torrr. Torrr: Torres Torrr]" (10)

the dimension of vy is 12 x 1. The matrices By, Beyy,, By, cal-
culate the impact of actuators on the vector vca. The matrices
are defined as follows:

1 1 1 1
1 -t 4 —1
Bys=\|-ly —lr I, I (11D
0 0O 0 O
0 0O 0 O
These parameters are the cost function’s variables.
Bem,br
TrL IrR —TreL —Tgr
Ry Ry Ry Ry
7TFL1j 7TFle —Trelr —Trrlr
TRU,'I YRiU) t ¥1H ' TRIHI
— LFLY ZLERY: ZIRLY IRRYy
- Rw Rw w Rw tan(af’r)
TFLt[(S —TrRrtrS _TRLtl —TRR!r
Ry R Ry R
Trps Trd Tx, Tkr
Rytan(ay)  Rytan(eyp)  Rwtan(ar) — Rytan(ay)
(12)

where § is the steering angle of the front axle. The control
efectiveness matrix:

Bv = [Baxa Bema Bbr] (13)

the dimension of By, is 5 x 12, finally:

Byvca = (14)

The control allocation problem is formulated as a minimiza-
tion of allocation error and control actuation, taking into
account optimization constraints:

~ 2
vea=arg  min ([[Wy(Buuca — vu)ll;

Viim <=VCA<=VYyjp,

+ ¢ IWaveall3) (15)

In this task, weighting matrix W, is used to set up a prior-
ity among generalized forces and torques. W, corresponds to
the weighting matrix for the distribution of demand between
chassis subsystems. The parameter ¢ defines the significance
of the penalization of control actuators.

Optimization is performed in real-time with frequency of
100 Hz. A series of MIL tests were carried out to find a
balance between controller performance and energy consump-
tion to define demand distribution between subsystems. The
following section presents the results of the simulation.
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FIGURE 9. Results of DLC maneuver tests.

IV. VALIDATION OF IMC USING GEOGRAPHICALLY
DISTRIBUTED XIL

A. DEVELOPMENT OF IMC USING MIL

The following maneuvers were selected to test IMC using the
MIL approach:

e Straight line braking (SLB),

® Double lane change (DLC),

e Worldwide harmonized light vehicles test procedure
(WLTP), which is the global standard for determining
the levels of pollutants and range for EVs.

These maneuvers allow the EV performance to be evalu-
ated using the following key performance indicators (KPIs):
i) power consumption for each subsystem and ii) ride index,
weighted RMS of vertical, pitch, and roll accelerations. The
weighting procedure is performed following ISO 2631.

To ensure that the proposed IMC strategy had no nega-
tive impact on the safety of the EV, the DLC maneuver was
performed according to ISO 3888 at the maximum possible
velocity at the handling limit.

Different IMC configurations were tested. The first priority
for the IWM was granted so that the demanded force was
realized primarily by the IWM, and after reaching saturation,
the rest of the demand was forwarded to the suspension, and
vice versa, when priority was given to the AS.

EV configurations were tuned to provide the most sim-
ilar ride comfort and driving performance. The results are
presented in Fig. 8, Fig. 9, and Fig. 10, showing how the
power consumption is allocated for different cases between
the systems. Normal optimization in the figures refers to op-
eration in the conventional mode, where control allocation
is not applied, and each of the three systems is controlled
independently. Power consumption represents the total power
used by the system, accounting for AS performance as well
as electric motor performance during both propulsion and
braking regimes.
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FIGURE 10. Results of WLTP tests.

To perform SLB, the vehicle accelerates up to a velocity
of 100 km/h, keeps this velocity up to steady-state behavior,
and starts to brake with constant brake pedal actuation corre-
sponding to the 20% of the brake pedal travel. After actuating
the brake pedal at the first second of the maneuver, the vehicle
drives with an almost constant deceleration of —1 m/s”.

In Fig. 8 it can be seen that all maneuvers give almost
similar results in Ride Index, but the power consumption
differs significantly. When the controller prioritizes TWM,
the amount of regenerated energy decreases, and the AS
consumes less energy. When the suspension has priority in
control, the amount of energy recovered by IWM is larger and
close to the normal distribution. Still, the power consumption
of the suspension is larger than that of normal distribution
and IWM priority. In this maneuver, the normal distribution,
which corresponds to the same priority for the subsystems,
leads to lower power consumption and good result in comfort.

Results of the DLC, presented in Fig. 9, confirm that the
amount of power consumed by AS increases when priority is
given to it. The difference with SLB is that the priority for
IWM lowers the total power consumption. At the same time,
the configuration with IWM priority leads to the worst results
in the Ride Index. As the duration of the DLC maneuver is
short and the maneuver is performed at the EVs handling
limit, the data are not sufficient to make a statement about
energy consumption. For this purpose, the WLTP cycle was
used to evaluate the EVs consumption during long trips. The
diagram from Fig. 10 shows the distribution of power between
subsystems. The power consumption of the IWM remains
relatively stable in absolute terms. Through equal distribution
among subsystems, suspension consumption is minimized,
resulting in the vehicle with IMC and balanced task distribu-
tion among subsystems having the lowest power consumption.
Detailed numerical results of the MIL tests are provided in
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TABLE 1. Comparison of Ride Index and Power Consumption for Different
IMC Subsystem Priorities

Equal weight for subsystems

Total .
WM AS Ride
Maneuver EV
[kWh/100km] | [kWh/100km] Index
[kWh/100km]

DLC 28.4 15.3 43.7 8.6
SLB -67.1 11.9 -53.2 34
WLTP 13.0 1.3 14.4 24.6
Priority to the motors

Total .
WM AS Ride
Maneuver EV
[kWh/100km] | [kWh/100km] Index
[kWh/100km]
DLC 27.8 10.8 38.6 11
SLB -58.6 10.1 -48.5 4.5
WLTP 13.0 3.1 16.1 24.1
Priority to the suspension
Total .
WM AS Ride
Maneuver EV
[kWh/100km] [kWh/100km] Index
[kWh/100km]
DLC 28.0 18.0 46.0 9.3
SLB -67.3 13.6 -53.7 3.1
WLTP 12.9 5.4 18.4 24.6

Table 1. During the SLB test, the vehicle generates energy,
resulting in negative numerical values for energy consumption
(see Fig. 8 and Table 1).

The developed controller fully integrates three active chas-
sis systems and allows for tuning responses tailored to
the driving conditions. Given that the proposed architecture
removes a direct connection between driver inputs and ac-
tuators, and all driver intentions are implemented through a
feedback control strategy, integrating such a solution into the
automated driving concept could yield positive outcomes. Ad-
ditionally, this controller serves as a replacement for auxiliary
sub-controllers like wheel slip control, torque vectoring, and
others, as they are already considered within the high-level
controller or the wheel slip observer, as shown in Fig. 7.

The suggested solution demands considerably more com-
putational resources, calls for more comprehensive fail-safe
strategies, and entails a more elaborate tuning process. In this
context, the XIL approach, facilitating testing of the proposed
architecture on actual hardware, can offer advantages for the
corresponding system design. Additionally, the XIL approach
allows for preliminary tuning of the controller, which is es-
sential for vehicle systems integration.

B. IMC TESTING USING GEOGRAPHICALLY DISTRIBUTED
XIL

A previously described electric SUV with four indepen-
dent IWMs, an AS system, and an electro-hydraulic braking
system was used to implement and validate the IMC. The
reference EV has the same parameters; only its subsystems are
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FIGURE 11. Parameters measured by the powertrain test bench during
SLB maneuver.
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TABLE 2. KPI for Safety and Comfort
Manoeuvre Setup KPI comfort KPI safety
SLB Reference 1.30 1.04
™MC 0.95 0.97
DLC at 85 km/h Reference 64.7 0.98
™MC 17.9 1.00
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FIGURE 12. Parameters measured by the damper test bench during SLB
maneuver.

controlled according to the embedded algorithms. The tests
performed are for SLB and DLC maneuvers.

In Fig. 11 and Fig. 12, joint coordination of IWM, brake
system, and AS is presented for SLB. It can be seen that the
controller periodically actuates torque to dump the vertical
oscillations and the pitch rate. According to this test, it can be
concluded that the developed IMC brings a positive effect in
terms of driving comfort and safety for the braking maneuver.

To study the effect of the proposed IMC on lateral vehicle
dynamics, a DLC maneuver has been performed, Fig. 13.
During the DLC maneuver, the vehicle is rapidly shifting to
a neighboring lane and returning straight back. This can sim-
ulate a collision avoidance situation and allows the evaluation
of vehicle dynamics in a critical driving case. To demonstrate
the IMC effect for a more critical situation, the DLC maneuver
has been performed at 85km/h. A lower speed maneuver
does not allow the vehicle to reach its performance limits,
and the controller’s ability to fully control the vehicle may
seem insignificant. At a higher velocity of 85 km/h, the refer-
ence vehicle does not pass the maneuver. The IMC operation,
which takes into account the vehicle’s operating limits, de-
sired yaw rate, and actuator constraints, allows the vehicle to
remain stable.
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To evaluate the effect of the IMC on EV dynamics, the
KPIs were calculated for defined maneuvers. The KPI for
comfort is based on ISO 2631, the KPI for safety corresponds
to the RMSE value of the wheel load variations. Results
are presented in Table 2. To ensure a reliable evaluation,
five representative tests were conducted for both reference
and IMC scenarios. This number was selected to effectively
capture variability while minimizing the influence of the
driver’s inherently inconsistent actions across runs. Outliers
exceeding three standard deviations were excluded to pre-
vent skewing the results. A decrease in the numerical values
in Table II indicates that KPIs for IMC evaluation would
correspond to an improvement in the quality/performance of
the maneuver about the specific vehicle feature (comfort or
safety).

It can be seen that during the SLB maneuver, the KPI
for comfort shows an improvement of more than 26%. The
KPI for safety hasn’t changed significantly, with an improve-
ment of about 7%. In contrast, during the DLC maneuver,
the situation was rather different. The KPI for comfort im-
proved by 3.6 times. However, the KPI for safety showed
a slight decrease of about 1%. Despite this decrease, the
maneuver was completed successfully, whereas a vehicle
equipped with a conventional system failed to pass it entirely.
This result demonstrates the effectiveness of the proposed
IMC approach and, more importantly, the capability of geo-
graphically distributed test environments to address industrial
challenges.

V. CONCLUSION

The proposed testing methodology establishes a geographi-
cally distributed X-in-the-Loop environment for the develop-
ment and real-time functional validation of various vehicle
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systems. In particular, this framework supports a modular,
scalable design approach, enabling seamless integration of
Hardware-in-the-Loop test benches and other test setups for
vehicle systems and components located in different geo-
graphical regions for validating integrated motion control
strategies.

A dedicated algorithm to minimize round-trip communica-
tion times between distributed test environments, for precise
separation of communication delays and actuator dynamics,
allowed the realization of a geographically distributed X-
in-the-Loop environment. This facilitates the implementation
of an effective delay compensation method within the sim-
ulation environment, ensuring robust real-time performance
even when components are separated by distances exceeding
1,000 km. Future advancements in 5G and 6G communication
technologies are expected to further decrease communication
delays, enabling research into connecting test rigs over even
greater distances. These developments will also support the
creation of control algorithms and actuators optimized for
operation at higher frequencies.

To demonstrate the feasibility of this approach, a case study
is presented involving the development of an integrated mo-
tion control system that coordinates three vehicle subsystems:
in-wheel motors, a fully active suspension, and an electro-
hydraulic brake system. The distributed testing framework
enables high-fidelity replication of the vehicle model, integra-
tion of multiple geographically located test benches, and the
use of a driving simulator to assess controller performance
within a complex networked architecture.

Results, obtained by means of the distributed tests, confirm
the effectiveness of the proposed controller, showing improve-
ments in both ride comfort and safety-related key performance
indicators of the target vehicle. For straight-line braking, the
average comfort improvement was more than 26%, and ap-
proximately 3.6 times better performance was achieved during
a double lane change manoeuvre. Meanwhile, the vehicle with
the integrated control was able to execute the manoeuvre at
the designated speed. This achievement highlights the poten-
tial of integrated motion control for application in automated
vehicles, where the driver becomes an occupant, and comfort
becomes a critical aspect for reducing motion sickness. A new
framework for integrated motion control techniques has been
proposed, and the results obtained may serve as a baseline for
further research.
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