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Abstract: Electric vehicles are considered to be a greener and safer means of transport thanks to the
distinguished advantages of electric motors. Studies on this object require experimental platforms
for control validation purpose. Under the pressure of research, the development of these platforms
must be reliable, safe, fast, and cost effective. To practically validate the control system, the controllers
should be implemented in an on-board micro-controller platform; whereas, the vehicle model should
be realized in a real-time emulator that behaves like the real vehicle. In this paper, we propose a signal
hardware-in-the-loop simulation system for electric vehicles that are driven by four independent
electric motors installed in wheels (in-wheel motor). The system is elaborately built on the basis of
longitudinal, lateral, and yaw dynamics, as well as kinematic and position models, of which the
characteristics are complete and comprehensive. The performance of the signal hardware-in-the-loop
system is evaluated by various open-loop testing scenarios and by validation of a representative
closed-loop optimal force distribution control. The proposed system can be applied for researches on
active safety system of electric vehicles, including traction, braking control, force/torque distribution
strategy, and electronic stability program.

Keywords: electric vehicle; real-time; simulator; hardware-in-the-loop

1. Introduction

In the time of energy and environment crisis, electric vehicles (EVs) have emerged as a remarkable
solution for replacing gasoline transportation system, which mainly causes environmental issues.
Moreover, EVs also bring to users safer and more enjoyable transport means. In the energy usage
aspect, EVs have much higher efficiency than that of Internal Combustion Engine (ICE) vehicles. As in
recent statistical researches, the plug-to-wheel efficiency of EVs is 73–90% as compared to 16–37%
tank-to-wheel efficiency of ICE cars and, more interestingly, if all diesel vehicles are converted to
electric ones, the CO2 emissions will be reduced by 80% [1,2]. For those reasons, EVs have become
attractive to researchers worldwide.

Thanks to outstanding features of electric motors, EVs have opened various new research
topics. Besides traditional but prospective studies on Power Electronics [3,4] and Electric Drives [5],
there are many other subjects that are particularly oriented to EVs, for example, Motion Control [6],
Energy Management System [7], and Autonomous Driving [8]. Motion control, also called an active
safety system, has exploited the major advantages of electric motors installed on EVs very well.
With very fast response (just a few milliseconds), electric cars can achieve better driving performance
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in comparison with ICE vehicles [9]. Furthermore, the compact and simple structure allow for the
separate integration of traction motors into wheels that not only increase the flexible movement, but also
increases many interesting studies on driving force distribution for four-wheel-driven vehicles [10–13].

The common point of all research resides on the fact that the control performance must be
validated in some ways before prototyping. The best approach is to conduct experimental tests on
a real vehicle. Such experiments can deliver the most convincing results and totally evaluate the
whole system, i.e., the response of the control strategy to the internal state variations inside the
vehicle as well as external influences from real operating environment. On the contrary, its drawbacks
are also significant, namely high cost, time consuming, and even very dangerous to experimenters.
Another approach for overcoming experimental difficulties is to simulate the entire system on a
simulation software, e.g., Matlab/Simulink. Following this solution, a mathematical/numerical model
of EVs must be developed [14–16]. Testing the control system on a software seems to be reasonable,
as the model can be modified in order to adapt to various requirements and the validation can
be freely performed as many times as needed without either harm or expenditure. However, yet,
numerical simulation is still off-line test, i.e., the results are not validated in real-time, which restricts
the evaluated control system to be applicable in real vehicles.

In order to fill the gap between validating the system by real-road experiments and that by off-line
software, Hardware-In-the-Loop (HIL) Simulation System is the proper solution. HIL simulation
is the technique that uses equivalent models to replace some real parts of the system, connect to
the system-under-test, and then implement the experiment for control validation. Contrary to
software simulation, the equivalent models are executed in real-time on a hardware platform that
must be designed to be synchronously compatible with the entire studied system. For many years,
HIL simulation has been used widely because of remarkable advantages. It offers a cost-effective
solution for researches and shortens the time of control system development. Experiments on HIL
system are safe and they can be repeated with exactly the same conditions, which is impossible or
extremely difficult in real-road test.

Developing a HIL simulation system, in fact, is a challenging work. On one hand, it should
precisely represent behavior and/or distinguishing features of the studied system, in which all physical
principles must be obeyed. Moreover, the simulation system is necessarily designed in order to adapt
to research purpose and be open for future works. On the other hand, the HIL system needs to be
simple enough to feasibly implement in real-time due to limitations in computational capability of
hardware platforms. Development expenditure is also an important factor that must be compromised
with mentioned difficulties.

Currently, there are commercial simulation software that can simulate EVs and vehicle control
systems, for example, CarSim [17] and veDYNA [18]. Research on EVs can be validated in real-time by
these products, but with specific hardware that are supplied by the same company. Such solutions are
plausible, because of the compatibility of the system, but, as a result, the investment for both hardware
and software is also considerable.

In the literature, HIL systems are well worked out. There are several types of HIL simulation
systems that depend on design purpose as well as which subsystem is replaced [19].

• Signal HIL Simulation. The purpose of this type is to validate the performance of the developed
controller in actual operation. Whereas, the controlled system is simulated based on its
mathematical model and implemented on a real-time platform [20]. In order to do that,
the equivalent model must act with similar behaviors to what it simulates and, furthermore,
the model should imitate the real system to make the controller "reckon" that it is working with a
real process. On the controller side, the algorithm should be programmed and compiled in order
to run on a chosen processing hardware with all interfaces designed as a real Electronic Control
Unit (ECU).

• Power HIL Simulation consists of two types, including Full-scale and Reduced-scale power
HIL simulation.
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Full-scale power HIL system is used in order to validate a part (with control included) of the
system before bringing into the real process. In the implementation of this type, the total system is
broken down into subsystems. The subsystems-under-test are retained, while the ones are modeled by
an equivalent power emulated system [21]. Additionally, the simulated power system is controlled
in such a way that it has the same characteristics with the real part that it emulates. The Power HIL
simulation is likewise suitable for testing a new subsystem and its control that will be embedded into
the available system.

A reduced-scale power HIL system has the same principle with that of full-scale power HIL
ones, but with the lower level of simulation power [22–25]. In other words, both the subsystem to
be validated and the emulated model will be tested with reduced power in order to avoid the risk
of damage. However, the controller for the system is still designed with full-power level to quickly
transfer to real process with minimum programming effort. Accordignly, there are some gains that
must be used on the signal into/out of the controller, which is called power adaptation as well.

Among this comprehensive classification, signal HIL system exposes some advantages that can be
applied not only for vehicle simulation, but also for many other research fields, e.g process control [26],
robotics [27], and power system [28]. This kind of HIL shows its dominant features in studies that
operate at high power level and/or work in hazardous environments, with dangerous experimental
conditions and high investment cost, because it uses numerical models for real-time simulation instead
of real/power elements. For EV researches, signal HIL simulation is a proper way for representing
the vehicle effectively. In [29], an electronic stability controller for vehicle was developed and tested
on a signal HIL system, which achieved good results. Although the developed model of this work
only focuses on lateral behavior, the benefit of the real-time simulation system was fully exploited.
Some other studies aimed to build HIL system in a signal level in order to validate vehicle control units
in several applications, such as for motion control purpose [30,31], for motor control and power supply
evaluation [32], or for ECU development [33]. These works have taken into account many hardware
platforms, including DS2210 of dSPACE, NI-PXI and CompactRIO of National Instruments. However,
models in these researches are still simple, which could not highlight the complicated relationship in
motion of EVs and, more importantly, they targeted the single/dual motor drivetrain configuration.
Another study in [34] attempted to develop signal HIL system for multi-motor vehicle based on various
hardware platforms and the data fusion approach. Nevertheless, the EV in this research is a multi-axle
one and, for military purpose, not for passenger cars.

In this paper, we propose a novel experimental platform that is based on the concept of signal
HIL simulation system for validation of motion control strategies of EVs in real-time. The proposed
system has the following merits.

• The proposed system describes in details the dynamics and kinematics of four in-wheel-motors
(4-IWM) EVs in both longitudinal and lateral motions, which are the typical moving directions
used in motion control.

• The experimental platform of the paper is well fitted to the development of motion control
systems, including traction/braking control, stability control, and driving force distribution
strategy particularly for 4-IWM EVs.

• The signal HIL simulation system is built from available, common, and reasonable hardware
platforms that encourages research on EVs as safer and greener means of transportation.

The performance of the proposed signal HIL system is evaluated by various testing scenarios.
Additionally, an application example of a driving force distribution algorithm is deployed and
validated on the proposed platform. All of the evaluation results demonstrate the advantages of
the proposed approach.

The remain of the paper is organized, as follows. Section 2 describes the configuration and
hardware deployment of the proposed platform. Section 3 develops the mathematical model of the
studied EV. Section 4 presents the testing scenarios and evaluation results. Section 5 illustrates an
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application example on motion control of EVs that is implemented on the proposed signal HIL
simulation system. Finally, Section 6 provides conclusions.

2. Experimental Platform Realization

2.1. System Configuration

Generally, a non-autonomous moving vehicle consists of three main constituent entities,
i.e., the driver, the control system, and the vehicle itself. The driver intervenes in the motion of the
vehicle by giving his/her commands through the steering wheel, accelerator and brake pedals. The duty
of the control system is to control the vehicle following the driver’s commands and simultaneously keep
the vehicle and passengers in safe and comfort states. In order to carry out its job, besides receiving
driver’s commands, the controller also observes states of the vehicle in order to generate appropriate
control signals that are then sent to the traction system to make the movement.

Figure 1 illustrates the comprehensive system configuration, in which all of the entities will be
modeled and simulated, including command signals from the driver, the control system, and the EV.
Driver’s commands are represented by δdr, Tdr, Tbr for the steering angle, the driving torque, and the
braking torque, respectively, as shown in this figure. As the paper targets four-wheel independently
driven vehicles, the control system will be in charge of two tasks, i.e., (i) adjust the commands that are
received from the driver to anticipate appropriate total set-points for safety reasons of the vehicle and
(ii) distribute these set-points to the traction motor control systems and the steering system based on
a given allocation algorithm. Consequently, the outputs of the control system after the distribution
algorithm are denoted by δ∗i for distributed steering angle, T∗di for distributed driving torque, and T∗bi
for distributed braking torque, in which the subscript i = 1..4 with respect to wheels of the vehicle.
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Figure 1. System Configuration for Simulation.

Eventually, the vehicle model will be divided into three parts, which are the powertrain of traction
motors, the dynamic and the kinematic models. The position model that is based on longitudinal
vx and lateral vy velocities are also described. It is noted that some other parts of the vehicle may
not be mentioned in the figure, such as steering system, tire model because of the complexity in
presentation, but the sophisticated relationship among all of the parts inside the vehicle will be
described in detail later.

2.2. Hardware Realization

Based on the proposed configuration, Figure 2 illustrates the entire signal HIL simulation system
in terms of hardware implementation. The HIL system adopts two control boards as the main hardware
platforms, where each of them covers the specific tasks.

Firstly, the complete EV simulation model is adapted to run on DS1103 PPC Controller Board.
This well-known multi-purpose research platform was designed by dSPACE with powerful computing
capabilities and various I/O types. Some impressive specifications are 1GHz Central Processing Unit
(CPU), 96 MB global SDRAM, 16 ADC channels with 16-bit resolution, 16 DAC channels also with
16-bit resolution, 32 parallel digital Inputs/Outputs (I/Os), and many supported communication
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protocols. Differently from the simulation on Matlab/Simulink, it should follow some steps for
hardware implementation.

• All of the inputs and outputs of the model must be defined with proper I/Os of the DS1103.
Unlike in the simulation, where all of the control signals as well as feedback information can be
directly linked between the controller and the EV model, as illustrated in Figure 2 and referred
to Figure 1, the control signals are transferred through CAN bus communication protocol,
other states of the EV are converted into analog signals and exchanged among the platforms.
Accordingly, such information must be assigned to appropriate hardware I/Os.

• Typically, the calculated values in the model are represented in floating-point data type,
whereas the CAN bus protocol uses unsigned integer in its data field, therefore, data conversion
should be taken into account not only for DS1103, but also for all hardware platforms.

• The sample time is the fundamental factor that needs to be carefully chosen. It is the constant
iteration of time, in which all computations of the model are repeated. The smaller sample time is
used, the more precise model will be but as a trade-off, the higher computational hardware may
be required. In this paper, a sample time of 0.5 ms is used.

• After such preparation, the EV model can be complied and downloaded to deploy on the DS1103.

Steering 

Accelerator

Brake

Spectrum Digital
eZdsp F28335 
Control Card

ECU
(Motion 

Controller)

dSPACE DS1103 PPC Controller Board
Vehicle Model

Traction 
Motors
Models

Dynamic 
Model

Kinematic 
Model

Position 
Model

Si
gn

al
 In

te
rf

ac
e

Host Computer
(with Control Desk)

Legend:
CAN bus
Optical bus
Analog signals

Legend:
CAN bus
Optical bus
Analog signals

DACsADCs

Figure 2. Configuration of the proposed Hardware-in-the-loop simulation system.

Secondly, the eZdsp F28335 Control Card from Spectrum Digital is used for the realization of the
control algorithm, i.e., motion controller in this case. The core of the control card is the TMS320F28335
digital signal controller of Texas Instruments that offers the speed of 150 MHz with 32-bit floating
point unit on chip. In the proposed HIL system, the eZdsp F28335 imitates the real ECU of the vehicle,
which is responsible for the strategy of allocating command torque from driver to the separated
motor controllers. In order to do the task, the ECU is connected to the driving system, including the
steering wheel, the accelerator and brake pedals, and also collects measured physical data from the
vehicle model. The distributed torque values and other control information can be transfer to the
EV model on DS1103 through CAN bus. For that reasons, the implementation of control system
onto this hardware platform has similar steps as that of DS1103. Based on the requirements of the
control algorithm, the number of measured states may varies, so the quantity of analog-to-digital
(ADC) and digital-to-analog (DAC) channels on both hardware platforms needs to be defined and
assigned appropriately.

Because of different working voltage of the two hardware platforms, the signal interface is
designed in order to harmonize the signals exchanged in the system and filter electromagnetic
interference (EMI noise) as well. A host computer with installed Control Desk is used in order to collect
and store the experimental data. This is the software that is provided together with the DS1103 for
human-machine-interface (HMI) design and measurement data acquisition.

Eventually, the complete signal HIL simulation system is connected and described in Figure 3.
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Figure 3. The Complete Hardware-in-the-loop Simulation System.

3. Mathematical Model of 4 In-Wheel-Motor Electric Vehicles

3.1. Vehicle Dynamic Model

A vehicle can be seen as a six degrees of freedom moving object. However, for reasons of simplicity,
computational-effectiveness, as well as for representing common vehicles, some assumptions can be
made, as follows.

• The vehicle adopts the two-front-wheel steering system. Therefore, both rear wheels are fixed at
rear axle as non-steering ones.

• The vehicle is considered to be moving in longitudinal, lateral and yaw directions only,
i.e., reduced to three degrees of freedom.

Figure 4 shows how forces apply to the vehicle body as well as wheels and other information
related to motion, coordinate systems, and geometric parameters of the vehicle.
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3.1.1. Force and Torque Balance Dynamic Model

A vehicle requires appropriate forces to be applied on wheels for its movement. The combination
in amplitude of these forces decides the longitudinal behavior of the vehicle. Moreover, the coupling of
different direction forces also creates a torque, which is incorporated with steering system to make the
cornering and lateral behavior of the vehicle. Based on Figure 4 and Newton’s second law, the force
balance equations in longitudinal and lateral directions and torque balance around vertical axis are
written as in (1)

max = (Fx1 cos δ1 + Fx2 cos δ2)− (Fy1 sin δ1 + Fy2 sin δ2) + Fx3 + Fx4 − Fres

may = (Fx1 sin δ1 + Fx2 sin δ2) + (Fy1 cos δ1 + Fy2 cos δ2) + Fy3 + Fy4

Jz ṙ = (l f Fx1 sin δ1 + l f Fx2 sin δ2) + (l f Fy1 cos δ1 + l f Fy2 cos δ2)− lr(Fy3 + Fy4)

− 0.5b f (Fx1 cos δ1 − Fx2 cos δ2) + 0.5b f (Fy1 sin δ1 − Fy2 sin δ2)− 0.5br(Fx3 − Fx4)

(1)

where, m is the mass of the vehicle, Jz indicates moment of inertia around z-axis, r denotes yaw rate,
Fxi, Fyi are longitudinal and lateral forces applied at wheels, the subscript i = 1 . . . 4 denotes front-left,
front-right, rear-left, and rear-right wheels respectively, ax, ay are the acceleration of the vehicle in
longitudinal and lateral directions, and parameters l f , lr, b f , br describe the geometric characteristic of
the vehicle.

Equations in (1) are the dynamic model of the vehicle that contain various unknown variables.
Therefore, the rest of this section will deliver all elements to complete the whole dynamic model,
which fundamentally contributes to the proposed HIL system.

Neglecting the effect of wind, the total resistance force Fres consists of air resistance force Fair and
rolling resistance force Froll , and can be written, as follows [35].

Fres = Fair + Froll = Cd AF
ρ

2
v2

x + crrmg (2)

in which, ρ is the air density, AF is the frontal area of the vehicle, Cd is the aerodynamic drag coefficient,
crr denotes rolling friction coefficient, and g indicates the gravitational acceleration.

3.1.2. Steering Angle Distribution

As aforementioned assumptions, there are only two front wheels steered while cornering. It is
common to convert the steering wheel position rotated by the driver to the effective steering angle of
the front axle δdr generated by the rack and pinion system. In the other words, the model takes this
effective steering angle as the driver’s command instead of steering wheel position into account.

When cornering with a given steering angle of δdr, the center of gravity (COG) of the car will draw
a circle whose radius R can be calculated by (3).

R =
√

l2
r + (l f + lr)2 cot2 δdr (3)

However, because of the width of the axle, the two front wheels will move along two circles that
have different radii from that of the CoG. If the steering angles of both wheels are assigned equally,
then the vehicle might be unstable. For that reason, a distribution rule [36] can be used, as follows.

if δdr > 0→ δ1 = δdr, δ2 = arctan
(R− 0.5b f ) tan δdr

R + 0.5b f

if δdr < 0→ δ2 = δdr, δ1 = arctan
(R− 0.5b f ) tan δdr

R + 0.5b f

if δdr = 0→ δ1 = δ2 = δdr

(4)

where, δ1, δ2 are the steering angles of the front-left and front-right wheels, respectively.
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3.1.3. Tire-Road Behavior Model

Tire-road model describes the tire-road contact characteristic, which is represented by adhesion
coefficient µ and its relationship to slip-ratio λ of the vehicle. In the literature, this relationship is
non-linear and it can be achieved from the famous Magic Formula [37] or other popular tire models,
e.g., the Dugoff and LuGre friction model [38].

In this paper, the Burckhardt tire-road contact friction model is taken into account, since it has
sufficient data set for various road types as compared to other mentioned ones. The µ− λ relationship
at each wheel is given by Burckhardt, as follows.

µres = (c1(1− e−c2λres)− c3λres)e−c4λresv(1− c5F2
z ) (5)

where, µres is the adhesion coefficient at the tire-road contact, λres is the slip-ratio of the considered
wheel, Fz denotes the normal force at a wheel of the vehicle, and c1 − c5 are the road parameter sets.
Each type of road has a specific characteristic and can be described by groups of parameters, as listed
in Table 1, for typical road conditions. With respect to these data sets, the µ− λ relationship is shown
in detail, as illustrated in Figure 5.

Table 1. Burckhard tire-road contact friction model parameter sets for typical road conditions.

Type of Road c1 c2 c3 c4 c5

Dry asphalt 1.2801 23.99 0.52

0.002–0.004 0.00015

Wet asphalt 0.857 33.822 0.347

Dry concrete 1.1973 25.168 0.5373

Dry cobblestone 1.3713 6.4565 0.6691

Wet cobblestone 0.4004 33.7080 0.12.4

Snow 0.1946 94.129 0.0646

Ice 0.05 306.39 0

Figure 5. Different µ− λ characteristics by Burckhardt tire-road model.

When cornering, the side force appears that causes the lateral motion of the vehicle. Therefore,
the adhesion coefficient at each wheel is also divided into two components, as written in (6).

µl = µres
λl

λres

µs = ksµres
λs

λres

(6)
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in which µl and µs are the adhesion coefficients in longitudinal and lateral directions, respectively,
λl and λs are the slip ratio of the wheel in both of those orientations. In (6), ks is called attenuation
factor, which has the value between 0.9 and 0.95 for low profile tires. Otherwise, ks is chosen as 1 [36].

3.1.4. Slip-Ratio Determination

Slip-ratio is a fundamental factor in motion control in order to guarantee the safety of a vehicle.
In literature, the slip-ratio is the difference between velocity of the car and that of the wheel, which can
be written in a simplified way, as follows.

λ =
ωRe f f − vx

max(ωRe f f , vx)
(7)

where, Re f f is the effective radius of the wheel.
As mentioned in (6), the slip-ratio should be in various forms, which are listed in Table 2 with

respect to the orientations and accelerating/braking states of the vehicle.

Table 2. Longitudinal and lateral slip-ratio with respect to states of the vehicle.

Slip-Ratio Braking (ωRe f f ≤ vW ) Accelerating (ωRe f f > vW )

λl
ωRe f f cos α− vW

v
ωRe f f cos α− vW

ωRe f f cos α

λs
ωRe f f sin α

vW
tan α

where, α is the side-slip angle and vW is the longitudinal velocity of the specified wheel.

Subsequently, the overall slip ratio is calculated as in (8).

λres =
√

λ2
l + λ2

s (8)

3.1.5. Wheel Longitudinal Velocity

A wheel longitudinal velocity vW is different from other velocities, e.g., vehicle velocity v,
longitudinal velocity vx, in some specific cases. When moving straight, all of the longitudinal velocities
are identically the same in terms of value and orientation. However, when moving in a curve,
depending on the tire-road contact adhesion feature, the direction of vW may not coincide with
that of longitudinal axis of the wheel.

The longitudinal velocities of the wheels depend on geometric parameters and some other states
of the car, and they can be approximated, as follows [36].

vW1 = v− r(0.5b f − l f β)

vW2 = v + r(0.5b f + l f β)

vW3 = v− r(0.5br + lrβ)

vW3 = v + r(0.5br − lrβ)

(9)

where, β is the body slip angle, as shown in Figure 4, and it can be determined as in (10).

β = arctan
vy

vx
(10)

Additionally, the actual velocity at the COG of the vehicle can be obtained, as in (11).

v =
√

v2
x + v2

y (11)
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3.1.6. Side-Slip Angle Determination

The side-slip angle at a wheel is the one that describes the difference between longitudinal
orientations of the wheel and its moving direction, as described in Figure 6. For front-wheel steering
cars, the orientations of the front wheels are identically their steering angles. (12) shows the calculation
of these slip angles based on the velocities of the vehicle.

α1 = δ1 − arctan
vy + l f r

vx − 0.5b f r

α2 = δ2 − arctan
vy + l f r

vx + 0.5b f r

α3 = − arctan
vy − lrr

vx − 0.5brr

α4 = − arctan
vy − lrr

vx + 0.5brr

(12)
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𝑂𝑊 
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𝐹𝑟𝑒𝑠  

Figure 6. Friction forces acting on a wheel. Fl and Fs are aligned with the actual movement direction of
the wheel which is indicated by the vector vW . Vector Fres is the sum of Fl and Fs. The longitudinal and
side forces Fx and Fy can be achieved by the projection of Fres on the (Oxy)W , which is in association
with the wheel coordinate.

3.1.7. Forces Acting on a Wheel

It is the difference between the actual moving direction of the wheel vW and longitudinal axis of
the wheel (Ox)W , which causes the forces Fl and Fs along the vW orientation and at the right angle to it,
respectively. Figure 6 illustrates this circumstance. Based on the adhesion coefficients in the respective
directions, these forces can be deduced for each wheel.

Fl = µl Fz

Fs = µsFz
(13)
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Transforming from direction of movement into wheel coordinate (Oxy)W , we have

Fx = Fl cos α + Fs sin α

Fy = −Fl sin α + Fs cos α
(14)

From (5), (6), (8), (14), and the slip-ratios calculated in Table 2, the friction forces acting on each
wheel in association with wheel coordinate can be written, as follows.

Fx =

(
µres

λl
λres

cos α + µresks
λs

λres
sin α

)
Fz

Fy =

(
−µres

λl
λres

sin α + µresks
λs

λres
cos α

)
Fz

(15)

3.1.8. Calculation of Normal Forces

The normal force is necessary for finalizing (5) and (15). In fact, Fz is depend not only on the mass
and geometric parameters of the vehicle, but also on the acceleration/deceleration of the car because
of the moment of inertia. In accelerating duration, the weight is put more on the rear wheels; thus,
with the same adhesion coefficient, the normal forces on these wheels increase with the increase of
acceleration. The same manner happens for the front wheels during deceleration. The normal forces
are rewritten from [39] for four wheels with consideration of lateral acceleration.

Fz1 =

(
krx − kx

ax

g

)(
1− k f y

ay

g

)
Fz2 =

(
krx − kx

ax

g

)(
1 + k f y

ay

g

)
Fz3 =

(
k f x + kx

ax

g

)(
1− kry

ay

g

)
Fz4 =

(
k f x + kx

ax

g

)(
1 + kry

ay

g

)
(16)

where,

krx =
1
2

mg
lr
l

; k f x =
1
2

mg
l f

l
; kx =

1
2

mg
h
l

kry = 2
h
br

; k f y =
2h
b f

; l = l f + lr

3.2. Vehicle Kinematic Model

With the second assumption, which does not deal with the suspension system, the vehicle can be
considered as a rigid body object that has its dynamics, as indicated in (17)

Mν̇ + C(ν) = τ (17)

where,

M =

m 0 0
0 m 0
0 0 Jz

 ; C(ν) =

 0 −mr 0
mr 0 0
0 0 0

 ; τ =

Fx

Fy

τz

 ; ν =

vx

vy

r


in which M is the inertia matrix, C(ν) is the Colioris matrix and τz in the vector, and τ denotes the
torque around the vertical axis going through the COG of the vehicle.
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Disregarding the torque-related term and taking the first two equations of (17) into account with
the consideration of the Newton’s second law of motion, we have

v̇x = ax + rvy

v̇y = ay − rvx
(18)

Equation (18) is the kinematic model that shows the relationship of accelerations, velocities,
and yaw rate of a common vehicle.

3.3. Traction Motors Modeling

EVs have taken advantage of electric motors, which feature much better performance than ICE
vehicles. Some superior benefits of using electric motors for traction system of a car can be listed here.

• Very fast response. The average response time of an electric motor is around 1–5 ms, which is
hundreds of times faster than that of the ICE. Therefore, the vehicle can react quickly to
unexpected circumstances in the safety aspect.

• Direct torsion torque control. By measuring and controlling the current of the motor, one can
apply torque precisely and very fast to the wheels. This unique characteristic would enhance the
safety of the vehicle as well as the excitement of the driver.

• Regenerative braking ability and high energy efficiency. It is only the electric motor that can
convert braking/deceleration energy into electricity and charge back to the storage system.
Moreover, the global efficiencies of EVs are much higher than that of ICE vehicle, because of
the very high efficiency of the motor itself and the absence of some mechanical parts,
e.g., gearbox and clutch.

• Distributed traction motors. At the same power range, the electric motor is smaller in volume
and simpler in structure than the ICE. This allows for every wheel of the vehicle to be driven by
independent and separated motor or even in-wheel/wheel-hub motor, which integrates all of
the power converter, brake, cooling system, and motor in one wheel. Such EVs are very flexible,
powerful, and promisingly safe.

Thanks to those advantages, the traction electric motors in this paper are simply represented by
first-order transfer function. For each wheel, this model can be written, as follows.

Td =
Km

τms + 1
T∗d (19)

in which, Km is the motor gain from set point to real value, τm is the time constant of the motor,
Td indicates the driving torque at the motor shaft.

When running on the road, all of the friction forces as well as resistance forces applied on the
vehicle/wheel can be converted into the load of the motor; thus, the torque balance equation around
the motor shaft can be figured out by (20).

Td − Re f f Fx − kbTb = Jx
dω

dt
(20)

where, Jx is the inertial torque of the wheel and the rotor and kbTb is the braking torque applied on
the wheel shaft. In case of the wheel-hub is used, the motor is connected directly to the wheel; thus,
kb = 1. Otherwise, kb is the gain to convert braking force to the motor shaft.
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3.4. Vehicle Position Model

Let us define θ the deviation angle between the earth-fixed coordinate and the vehicle body-fixed
one, as described in Figure 7. While taking a turn, this angle varies and its value is the integral of the
yaw rate r around the vertical axis of the vehicle.

θ =
∫ t

0
rdt (21)

Based on this deviation angle, the velocities of the vehicle that are associated with earth-fixed
coordinate vtrans

x and vtrans
y can be obtained by projecting vx and vy onto the respective axes.

vtrans
x = vx cos θ − vy sin θ

vtrans
y = vx sin θ + vy cos θ

(22)

Note that the positive rotation direction in (22) is defined by counter-clockwise.
Finally, the position of the vehicle in the two-dimension earth-fixed coordinate is written,

as follows.

xpos =
∫ t

0
vtrans

x dt

ypos =
∫ t

0
vtrans

y dt
(23)

𝑣𝑥  

𝑣𝑦  

𝑟 𝐶𝑂𝐺 

𝑣𝑥
𝑡𝑟𝑎𝑛𝑠  

𝑣𝑦
𝑡𝑟𝑎𝑛𝑠  

𝜃 

𝑥𝑒  

𝑦𝑒  

𝑂𝑒  

𝑦𝑝𝑜𝑠  

𝑥𝑝𝑜𝑠  

Figure 7. Position of the vehicle in two-dimension earth-fixed coordinate. The velocities vx and vy are
associated with vehicle body-fixed frame. Sum of the projections of these vectors on the earth-fixed
coordinate (Oxy)e are vtrans

x and vtrans
y , which are then used for the position model of the vehicle.

3.5. Mathematical Model Implementation Procedure

Figure 8 depicts the flowchart of the program that simulates the vehicle. Because of the limitation
in computing power of the simulation hardware, all of the constants should be initialized at the
beginning of the program. Additionally, in order to reduce the calculation time, lookup tables can
be used for some blocks, for example, adhesion coefficients will be calculated in advance and put
in a lookup table instead of repeating (5) in every sampling time. Following that, all of the models
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and equations are implemented with the procedure that is illustrated in the flowchart. Thereafter,
this program is complied and downloaded to run on the chosen hardware platform.

Although all of the equations that contribute to the simulation model of the EV are listed in a
given order and the program flowchart is also supplied, the computation procedure of the complete
model should be treated carefully, as there exists several recursive calculation loops. Figure 9 presents,
in detail, the running process through the equations of the EV model. The following remarks should
be noted when realizing this model.

• For each equation in Figure 9, the input vectors indicate the required information for achieving
the output vector, which is the result of that equation. Additionally, some equations that are the
derivation of the final one may be omitted, i.e., only the most fundamental ones are shown in
the flowchart.

• The calculation process is illustrated for one representative wheel, i.e., the front-left wheel, but it
is identically applicable for other wheels.

• The flowchart consists of two main blocks, including the wheel model block and vehicle chassis
one. The wheel block outputs the longitudinal and lateral forces, which are then incorporated
with those of other wheel blocks at (1) to make the accelerations of the vehicle.

• As the front-wheel steering vehicle is mentioned as the studied object, only two steering angles
at the front wheels are obtained and delivered to the vehicle chassis block. Therefore, both rear
wheel blocks only generate friction forces.

• In order to avoid algebraic loop issues that are caused by the existence of recursive computation,
the feedback signals, e.g., states of the vehicle, must be initialized.

In this paper, the simulation model is realized and validated on Matlab/Simulink, while using
common transfer functions and S-functions to implement the system on the real-time platform without
any further conversion.

Start

Constants, Parameters 
Definition and Initialization

Driving Torque and 
Steering Angle Distribution

Wheel Rotational Speed

Slip-ratios 

Wheel Slip Angles

Friction Forces on 
Wheels

Dynamic Model

Kinematic Model

Position Model

Finished?

End

Y

N

Adhesion Coefficients

Figure 8. Program Flowchart for the Signal Hardware-In-the-Loop (HIL) Simulation System.
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(23)(18)(1)
𝑥𝑝𝑜𝑠 ,𝑦𝑝𝑜𝑠  𝑣𝑥 ,𝑣𝑦 , 𝑟 

𝑎𝑥 ,𝑎𝑦 , 𝑟  

(2)
𝑣𝑥  𝐹𝑟𝑒𝑠  

(16)

(5)
𝐹𝑧1 
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𝑎𝑥 ,𝑎𝑦  

(15)Table 2(20)
𝐹𝑥1 ,𝐹𝑦1 

(6)

𝜇𝑙1 ,𝜇𝑠1 

𝜆𝑙1 ,𝜆𝑠1 
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𝜆𝑟𝑒𝑠1 

𝜆𝑙1 ,𝜆𝑠1 𝜇𝑟𝑒𝑠1 
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𝑣𝑊1 

𝛼1 

𝑣𝑊1 

𝛽,𝑣,𝑣𝑥 ,𝑣𝑦 , 𝑟,𝐹𝑧2 
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Figure 9. Calculation flow for 4-wheel-driven EV simulation model. For simplification, the representative
wheel 1 is shown. The calculation procedure for other wheels is identically the same.

4. Validation Results

4.1. Testing Scenarios

Several representative scenarios are proposed in order to evaluate the performance of the HIL
simulation system. For these tests being performed successfully, the system must be properly connected
and powered. Additionally, several states or measured signals should be displayed on the screen of
the host computer, which can be done by setting up in the Control Desk software. So that the driver
(tester) will be able to manage the evaluation as this is the drive-able system.

In the first test case, which is also called Scenario 1, the vehicle moves on the normal road with a
good adhesion coefficient µ. The vehicle is accelerated by pushing the accelerator pedal. The driver
can adjust the position of the pedal in order to see the change of velocity that aims to describe the
longitudinal behavior of the studied vehicle. When the vehicle reaches an arbitrary speed, the driver
will turn the steering wheel clockwise and then counter-clockwise continuously to show the lateral
behavior of the vehicle.

Scenario 2 is carried out by letting the vehicle moving on the slippery surface with low adhesion
coefficient at the right side wheels, whereas the others on the left still run on the adhesive road.

Lastly, in Scenario 3, the vehicle will be run on a poor adhesion surface that covers the whole
vehicle’s track width.

The scenarios 2 and 3 both represent the typical circumstances in daily transport operation.
When driving in such situations, if the control performance is poor, then the vehicle can easily loose
the control and consequently the accident may happen. Figure 10 illustrates all of the proposed
evaluation scenarios.
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Low 𝜇 Low 𝜇 

Low 𝜇 Low 𝜇 

High 𝜇 High 𝜇 

Scenario 1 Scenario 2 Scenario 3

Figure 10. Scenarios for HIL Simulation System Evaluation.

Note that there are no control algorithm applied in these test cases. Hence, in order to ensure the
legal model implementation that requires reference torques for four motors at wheels, the command
torque of the driver will be distributed equally. In other words, in all three scenarios, the reference
torque that is supplied to each motor is one-fourth of the command torque.

T∗di =
1
4

Tdr (24)

Additionally, the high adhesive road that is used in all the scenarios is the dry asphalt and the
snow condition is adopted for low adhesive road.

The studied EV is the i-MiEV of Mitsubishi, which has the parameters listed in Table 3.

Table 3. i-MiEV Parameters.

Parameters Value Unit

l 2550 mm

l f 1199 mm

lr 1351 mm

b f 1475 mm

br 1475 mm

h 559 mm

Re f f 300 mm

Jz 900 kgm2

Jx 2 kgm2

cW 0.29 -

A 2.49 m2

ρ 1.2041 kg/m3

4.2. Experimental Results

4.2.1. Scenario 1 Results

Figures 11 and 12 show the driving profile that is generated by the driver for the first
evaluation scenario, including accelerator, brake pedal position, and steering wheel angle, respectively.
The accelerator pedal is initially pushed to 68% for about 20 s and then released to 19%. This position
is kept for nearly 10 s, and then the driver increases the pressure again and holds it at 68% to t = 50 s.
At this moment, the steering wheel is rotated clockwise, thus the steering angle is changed from zero
to negative value. This is to imply that the car will be right cornered. After returning the wheel to zero
position, the driver continues to turn left by anti-clockwise rotating the steering wheel. Until t = 70 s,
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the driver sets the angle to zero in order to control the car going straight. Finally, at t = 85 s, the brake
pedal is pressed to slow down the vehicle.

Figure 11. Accelerator and Brake Pedal Position for Scenario 1.

Figure 12. Steering Wheel Angle for Scenario 1.

The response of the car to the driver’s command in terms of wheel and vehicle velocities, slip-ratios
at each wheel, and position are shown in Figures 13–15, respectively.

In the velocity waveforms presented in Figure 13, the good quality road is reflected by the closely
matching of wheel velocities and that of the vehicle. At the beginning of the test, the velocities rise
following the increase of accelerator pedal position. This growing trend is flattened when the driver
keeps the pedal at lower level, thus the car moves at a nearly constant speed. In the next phase of the
acceleration, the vehicle reaches to around 18 m/s (65 km/h) when the accelerator pedal is kept at
68%. The velocities at wheels precisely equal to each other and also almost equal to that of the vehicle
from the beginning to t = 52 s thanks to high adhesive coefficient of the road. From this moment,
the driver starts cornering the vehicle which causes the differences between the velocities, as shown in
two zoomed figures. The Zoom 1 shows the detailed difference at the first cornering and the Zoom 2
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illustrates that of the second turning duration. At t = 78 s, the vehicle is slowed down, because the driver
starts pushing the brake pedal. If the pedal is more pushed, the vehicle velocity is more decelerated,
as can be seen.

Zoom 1

Zoom 2

Zoom 1 Zoom 2

Zoom 1

Zoom 2

Zoom 1 Zoom 2

Figure 13. Velocities of Wheels and Vehicle for Scenario 1.

Figure 14. Slip-ratio at Wheels for Scenario 1.



Energies 2020, 13, 6448 19 of 28

Figure 15. Position of the Vehicle for Scenario 1.

Figure 14 describes the slip-ratios λres of wheels, which is the remarkable feature of the proposed
system. In the duration of straight movement of the vehicle, the slip-ratios are very small, due to the
negligible deviation between wheel and vehicle velocities. The significant change of the slip-ratio
appears when the car is being cornered. The λres reaches to maximum of 0.062 in the first cornering
and up to 0.123 in the second one. These values are still considered in the safe region of slip-ratio
(under 0.2). However, if referring to the conventional slip-ratio calculation (7) in the previous subsection,
which only takes into account the difference between wheel velocity ωRe f f and longitudinal velocity vx,
the slip-raito cannot obtain such big values. Two zoomed figures in Figure 13 are the evidences for this
remark, as the difference among velocities exists, but is not noteworthy. Thanks to the aforementioned
calculation presented in Table 2, the total slip-ratio is composed of longitudinal and lateral values.
Hence, the significant amount of λres in Figure 14 are mainly caused by lateral slip-ratio λs. In the other
words, the vehicle seems to be drifted a bit when cornering at relatively high speed (18 m/s at the first
time and 21 m/s at the second time).

Figure 15 illustrates the position of the vehicle on two-dimensional (2-D) plane. The trajectory acts
in accordance with the driver’s command that is shown in Figures 11 and 12. The car goes straight and
then is turned right and left following the steering wheel reference and eventually continues straight
to the end of the test. Generally, running on the good road condition, the vehicle can safely obey what
the driver wants in terms of secured states of the car.

4.2.2. Scenario 2 and 3 Results

Scenarios 2 and 3 will be carried out in the same test, since they are both used for evaluation on
slippery road. In these test cases, the accelerator pedal is kept constant at value of 68% while the brake
one is free throughout the entire evaluation, as depicted in Figure 16. Additionally, the steering wheel
is held at zero in order to imply that the car is expected going straight for the whole test.

The velocities of wheels and of the vehicle increase, obeying the given accelerator pedal position,
as depicted on Figure 17. The vehicle is accelerated to about 11m/s before getting into slippery road.
From this moment, evaluation scenarios are respectively started.

Scenario 2 begins at t ≈ 22 s; when the front-right wheel enters the low adhesive surface and,
immediately, its velocity increases very fast. This wheel gets to the maximum speed of 14.3 m/s and
leaves the slippery road; following that, the rear-right wheel starts running on this surface. With the
same manner, its velocity also rises dramatically to approximated 14.7 m/s before returning to the
good road condition. For both right wheels, after leaving the sliding surface, their velocities reduce
sharply to that of other wheels and synchronously with the speed of the vehicle. On the contrary,
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both left wheels still work properly on the good road condition, showing by their velocity trend did not
nearly change during the test. The vehicle velocity also has the same behavior to these wheels when its
velocity keeps increasing all the time.

Figure 16. Accelerator and Brake Pedal Position for Scenario 2 and 3.

Zoom 1 Zoom 2

Zoom 1

Zoom 2

Zoom 1 Zoom 2

Zoom 1

Zoom 2

Figure 17. Velocity of Wheels and Vehicle for Scenario 2 and 3. The Zoom 1 is associated with Scenario
2 and the Zoom 2 is for Scenario 3.
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When the vehicle reaches to 16m/s of speed (t ≈ 32 s), once again, it gets in the sliding surface,
which is Scenario 3. Different from the previous test, in this case, the two front wheels simultaneously
enter the low adhesive road. The friction force is weakened, while motor torques are still remained,
which results in the unexpected increase of wheel velocities. The increase in the speed of wheels
only stops and reduces dramatically when they get out of the sliding surface. The same behavior
happens for both rear wheels. The maximum velocity of four wheels in the test case is nearly 20 m/s.
Interestingly, because there are still two wheel running on the high adhesion road while others are
moving on bad condition, the vehicle velocity retained its tendency. This is the remarkable advantage
of a all-wheel-driven (AWD) vehicle.

The safety aspect of the vehicle in these scenarios can be evaluated by slip-ratio, as illustrated in
Figure 18. Empirically, the secured working region of the vehicle is λres < 0.2. If the slip-ratio is larger
than this number, then the vehicle will be considered to be slipping on the road, i.e., the wheel spins
without adhesion on the road surface. This circumstance must be avoided, because the car may loose
control easily and this is the duty of all motion controllers, e.g., Traction Control System (TCS) of Toyota
or Dynamic Stability Control (DSC) of BWM. Without control, the slip-ratio of the studied vehicle gets
over the value of 0.2, as depicted in the figure. Dangerously, these ratios are in the increasing tendency
and, if the slippery surface is longer, then the slip-ratios will reach a much higher value. However,
the behavior of the slip-ratio at wheels complies with the manner of working situation, which is the
key expectation of the proposed system.

Zoom 1 Zoom 2

Zoom 1 Zoom 2

Zoom 1 Zoom 2

Zoom 1 Zoom 2

Figure 18. Slip-ratio at Wheels for Scenario 2 and 3. The Zoom 1 is associated with Scenario 2 and the
Zoom 2 is for Scenario 3.

The position trajectory of the CoG of the vehicle depicted in Figure 19 also shows the serious
situation, especially in the Scenario 2. The vehicle’s lateral position is changed suddenly when the side
wheels come over the low µ surface. Let us focus on the instant when the front-right wheel enters
the slippery surface that causes the adhesion force to be reduced at this wheel. Because the summed
force of two left wheels still remains, the difference between the forces on the right and left side of the
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vehicle generates torque in the clockwise direction. Consequently, the vehicle rotates and moves to
the right. When the front-right wheel leaves the low friction surface with high rotational speed and
returns to the adhesive road, it causes a “strike force” applied to the right side. This jerks the vehicle
to the left in a very small duration. This phenomenon is repeated when the rear-right wheel runs on
the low adhesive road. Although the side displacement is small (under 0.5 m) and the speed of the
vehicle is relatively low, this unexpected change may still cause a dangerous situation to the car and
the driver. For Scenario 3, the vehicle’s trajectory is on the straight line, because there is no lateral force
or different friction forces between the left and right sides of the vehicle.

Figure 19. Position of the Vehicle for Scenario 2 and 3.

5. Application Example Using the Proposed HIL Simulation System

5.1. Control System Configuration

An application example of control system based on optimal driving force distribution
algorithm [40] has been implemented in order to further validate the performance of the HIL simulation
system. This research work exploits the “glocal” (global-local) control scheme, in which the global
controller is responsible for generating distributed reference driving forces F∗xi to guarantee the
coordination among the motions of wheels and of the vehicle, the local controllers create reference
motor torques T∗di that are based on the generated force commands in order to ensure the secured
slip-ratios at the wheels of the vehicle. Figure 20 shows the configuration of the example control system.

The input of the control system is the driving force Fdr, i.e., driver’s command; thus, the accelerator
pedal signal should be redefined instead of aforementioned Tdr. As mentioned about the design
procedure earlier, the whole control system of this application will be deployed on the eZdsp F28335
Control Card. In Figure 20, one local controller for the front-left wheel is described. Other controllers
for other wheels are designed identically. The reference motor torques that are generated from the
control algorithm are multiplexed and transmitted to the vehicle through the CAN bus. Whereas,
the measured signals, including wheel rotational speeds and longitudinal acceleration of the car,
are connected to ADC ports of the control card, as they are analogous. On the vehicle model side,
instead of using sensors as real experiments do, such signals can be output from DAC ports of the
DS1103 Controller Board, which is one of the advantages of the proposed HIL simulation system.
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The detail distribution algorithm and control design can be found in [40]. For the driving force
observer as well as the slip-ratio estimator, one can find them in [41], as the development of motion
controller is not in the scope of this paper.

In this section, the example control scheme will be validated only with Scenarios 2 and 3,
because these test cases can effectively highlight the dominant features of the algorithm.

Vehicle 
Model

Wheel 
Speed 

Controller

Driving 
Force 

Controller

Driving 
Force 

Observer

Slip-ratio
Estimator

Optimal-based
Driving Force 
Distribution

𝐹𝑑𝑟  

𝐹𝑥1
∗  

𝐹𝑥2
∗  
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𝐹𝑥4
∗  
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∗  

𝑇𝑑2
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𝑇𝑑4
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Legend:
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Global Controller Local Controllers

Figure 20. Configuration of Driving Force Distribution and Control for EV with Four In-Wheel Motors,
adapted with implementation on the proposed HIL simulation system.

5.2. Results

Figures 21–24 illustrated the validation results of the example control system running on the
proposed HIL simulation system.

Let us focus on the reference motor torque that is shown in Figure 21. From the driving force
command, four torque values are generated, which are quite stable at the beginning of the test.
However, taking a closer look to the waveform within this duration, the controller distributes more
torque to the rear wheels than to the front ones. This actually makes sense, because, referring to (16),
the normal force at rear wheels increase when accelerating. Hence, more wheel torque can exploit
more friction force, leading to better acceleration, which also can be seen in Figure 22 for longitudinal
friction force.

When t ≈ 23 s, Scenario 2 is carried out, which leads to the small difference between in velocity of
the right-front wheel and the vehicle, as shown in the Zoom 1 of Figure 23. Remarkably, when traveling
on the low µ condition, the friction force decreases sharply, the control system immediately reduces
motor torque of the respective wheel, i.e., the right-front one in this case, in order to keep the slip-ratio
at a properly small value, as shown in Figure 24. Simultaneously, the torque at the rear-right wheel is
increased in order to compensate the reduction in friction force of the sliding wheel. Consequently,
the car is kept going safely in a secured state. The same control behavior is applied within the remained
Scenario 2 duration, in which the front-right wheel torque is boosted to pull the right side of the vehicle
when the rear-right one is running on low friction surface.

Scenario 3 is taken part in the test when t ≈ 33 s. When both front wheels are traveling on the
sliding road, the motor torques are decreased, following the reduction of the friction forces and, thus,
keeping the slip-ratio at a small value (around 0.02, as depicted in the Zoom 2 of the Figure 24).
The controller compensates for the loss in the total driving force by reinforcing torque at both rear
wheels. This leads to the sum of all longitudinal forces remaining the reference value. The same
response is made by the controller when the rear wheels are running on the low adhesive surface as
the final section of Scenario 3.
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For the whole validation, Figure 24 shows the advantage of the control scheme in the safety
aspect, in which the slip-ratios are kept under the maximum value of about 0.09, much smaller than
those of uncontrolled schema results. Moreover, the wheel speed is controlled very fast; therefore,
the unexpected sliding duration is significantly small and the vehicle can overcome the bad road
condition smoothly.

Figure 21. Distributed Motor Torque Generated by the Control System.

Figure 22. Longitudinal Driving Forces Acted on each Wheels.
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Figure 23. Wheel and Vehicle Velocities. The Zoom 1 is associated with Scenario 2 and the Zoom 2 is
for Scenario 3.

Zoom 1 Zoom 2

Zoom 1 Zoom 2

Zoom 1 Zoom 2

Zoom 1 Zoom 2

Figure 24. Slip-ratio at each Wheels. The Zoom 1 is associated with Scenario 2 and the Zoom 2 is
for Scenario 3.
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6. Conclusions

In this paper, an experimental platform that is based on signal HIL simulation system for 4-IWM
EVs has been proposed. The HIL system is derived from detailed dynamic models in longitudinal,
lateral, and yaw directions, which are frequently used in motion control of EVs. The term “detailed” is
shown in adhesion coefficients calculation, slip-ratio computation, and tire force models, which are
further complex than the conventional ones. Thanks to these features, the specific aspects in behavior
of the vehicle is emphasized and allow for better control performance assessment. The advantages
of the proposed signal HIL simulation system are illustrated through various evaluation plans with
several road conditions and different driving scenarios. The capability and application of the HIL
system are also confirmed by examining a representative control strategy in optimal driving force
distribution for four wheels of the studied vehicle. Being developed from DS1103 and F28335 digital
signal controllers that are very common research platforms, the proposed system is cost-effective, safe,
open, and can be used widely.

In the future, this work on signal HIL simulation system can be extended in both directions:
(i) applying this system to other vehicle control problems and (ii) expanding the system model.
Autonomous driving is an example of the former direction, in which adaptive cruise control or
automatic lane-changing can exploit the position model of this HIL platform. On the other hand,
the proposed system can be enlarged by adding models of energy storage devices or specific electric
motors. By that, the system can be used for research on energy management and electric drives that
illustrate the open and expandable features of the proposed experimental platform.
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