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A Flexible Cloud-based HIL Testing of
Batteries for Various Electrified Vehicles

R. German, T. Kalogiannis, A. Bouscayrol, J. He, F. Tournez, M. Berecibar, C. Husar, M.
Ciocan, S. Costa, A. Genic, B. Lemaire-Semail

Abstract— Power Hardware-In-the-loop (HIL) testing is
increasing in the automotive industry for testing
subsystems for new vehicles. Usually, the test is located in
a unique place (stand-alone (local) HIL). The key-points for
a vehicle manufacturer and subsystems suppliers are time
and confidentiality. Using the cloud is a way to satisfy the
both. Cloud model sharing is developed to spare time and
cloud-based real-time simulation limits the access to the
models to only certain variables. In this paper, a cloud-
based power HIL testing is proposed using a cloud of
vehicle models. The Energetic Macroscopic Representation
(EMR) formalism is used to organize all the models. It
facilitates the interconnections between the simulated and
power tested subsystems. Two new batteries are
experimentally tested, one for an electric vehicle, the other
one for a plug-in hybrid vehicle. The same cloud is used and
the power test facilities are located in two different
locations. This shows the flexibility of the method.

Index Terms — Hardware-in-the-loop, electric vehicle,
battery testing, energetic macroscopic representation, cloud-
based simulation.

. INTRODUCTION

AST development of electrified vehicles is a challenge to

limit the global warming [1]. Different vehicles are
developed in that aim [2]: Battery Electric Vehicle (BEV) [3],
Hybrid Electric Vehicles (HEV) [4] and Fuel Cell Vehicles
(FCV) [5]. But their integration in the automotive market is still
limited. New concepts must be developed to increase their
performances and reduce their costs. However, the
development of a completely new vehicle takes several years
according to the V-model [6], with the development and
validation phases. To speed up this development, digital tools
are more and more integrated in the V-model [7]. Virtual digital
prototypes enable to test the complete vehicle before any device
building. Moreover, real-time simulation of a part of the
vehicles is used in Hardware-In-the-Loop (HIL) testing [8] for
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reliable tests of physical components or subsystems before
integration in the real vehicle.

Co-simulation has been developed for development of
advanced virtual vehicle prototypes [9][10]. In that case,
several dedicated software packages are coupled. The interest
of co-simulation is that each team can keep its dedicated
software and expertise. Moreover, the confidentiality of new
components or concept can be preserved as only interface
variables are transmitted. The limitation of this approach is that
each software has its own model organization (0D or 2D,
structural of functional, etc.), and also its own solving
procedures. Dedicated interfaces have been developed to enable
interconnexion despite heterogeneity. This is the concept of
FMI (Functional Mock-up Interface) which is applied to co-
simulation [11] or parallel multi-step simulation [12]. This
interface is difficult to develop and lead to supplementary
computation time. This last point limits the use of co-simulation
in HIL testing, which requires real-time simulation.

Another approach is to use a cloud of models that can be
shared by different users [13]. This approach requires a
common organization of the model and software that can be a
high constraint. The positive impact of this common
organization is to limit the need of the development of complex
digital interfaces such as FMI. No computation time is lost for
compatibility problem resolution. This is a decisive point for
real-time simulation. The same model on the cloud can be used
for virtual vehicle testing but also for HIL testing of one
component. The confidentiality of the model can be preserved
by using a black-box model with only inputs and outputs
available for other models. An experience has been conducted
by the PANDA European project in the development of a cloud
of model [7]. The Energetic Macroscopic Representation
(EMR) formalism [14] has been used. The EMR is a
representation and not a model. The model is firstly chosen with
assumptions depending on the objective [15]. The
representation comes in a second time and consists in
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organizing the equations defined by the model. EMR is a strict
organization of any models with fixed inputs/outputs according
to the causality [16] and power exchanges. This functional and
strictly causal organization lead to reduce the computation time
compared to a classical structural and non-causal organization.
In [17], the simulation time gain has been quantified to 15%.
Another key advantage of the EMR is that the control structure
is deduced in a systematic and graphical way. A slight
drawback of this EMR-based approach is not classical and some
effort must be done to rewrite the model equations in a causal
way.

This EMR-based cloud of models has been used for virtual
testing a of BEV [18], a FCV [19] and a plug-in HEV [20].
Private models can be used with the remote property of the
cloud. For example, for the plug-in HEV, the electrical machine
model was confidential (no access to internal parameters), as it
was an innovative electrical machine developed by Valeo
company.

Hardware-In-the-Loop (HIL) testing is more and more used
in automotive industry. HIL method consists in coupling a
hardware part with a software part. The hardware under test
thus interacts with a digital model of the rest of the system,
simulated in real time [8]. For testing power components, a
power interface is used to translate the signals in power and
vice-versa [21][22]. The quality of HIL testing depends on the
dynamics of the power interface, the model accuracy of the
simulated part and the performances of the real-time simulator
[23]. HIL testing has been used to test batteries [24], power
converters [25][26], electric drives [27], hybrid powertrain and
their energy management strategy [28], etc. These tests [24]-
[28], have been achieved in a stand-alone configuration, i.e.,
with a local real-time simulator. The stand-alone HIL testing
requires a real-time model of the non-tested part of the vehicle
that can lead to a long development time. In stand-alone
configuration, all models are required to be run locally that can
lead to confidentiality issue. During the PANDA H2020
project, the EMR was used to organize BEV, FCV, HEV
simulations and battery, e-drive and the complete electrical
system of a P-HEV stand-alone HIL testing [29].

Cloud based HIL testing have been achieved since several
years for electric grid applications [30]. Compared to stand-
alone HIL testing, new constraints appear: the communication
delay between the different sites, the associated jitter and the
loss of messages [31]. The dynamics of the tested and simulated
parts must be slower than the communication delay to avoid bad
results or instability [30]. Using cloud-based power HIL tests is
more recent for electrified vehicles. An experience has been
conducted to test the anti-blocking system of a mechanical
brake using HIL and a real-time model in a long-distance
remote country (Germany/Japan) [32]. In [32] the authors
suggest to use Kalman filter estimator to compensate the
communication delay especially for intercontinental
communications when the distance is growing.

A vehicle-in-the-loop has also been presented for HIL testing
of a thermal engine and a battery, using a cloud connected to a
real vehicle to recover the driver request on a real driving cycle
[33]. These first experiences have dedicated organizations that
are difficult to generalize.

A previous work has been achieved using the cloud of
models of the PANDA project to simulate the Renault Zoe BEV
and, in a second step, this model has been used for a stand-alone
HIL testing of the battery [34].

The objective of the actual paper is to develop a cloud-based
HIL battery testing for different electrified vehicles from a
common cloud. The advantages are the confidentiality of the
models (remote because of the cloud), the seamless
interconnection and communication (because of the unique
organization) and the gain in term of model development time
(vehicle models already on the cloud). First, a new battery is
tested for the Renault Zoe, but now the real-time simulation is
operated in the cloud compared to [34]. Second, another battery
is tested using this cloud-based HIL testing for a Plug-in HEV.
This shows the flexibility of the method that can be applied
directly to any battery for any vehicle. In both cases, a
simulation team can develop a complete simulation in the
Cloud. A testing team can thus use this simulation without
redeveloping a vehicle model. Moreover, the confidentiality of
some parameters will be preserved as the local testing team (or
partner) has only access to exchange variables.

The organization of the cloud-based HIL testing is described
in section II. Section III is devoted to the cloud-based HIL
testing of a battery for a BEV. Section IV deals with the cloud-
based HIL testing of another battery for a plug-in HEV.

1. HIL TEST ORGANIZATION

A. Unified simulation organization

The quality of power HIL testing depends on different
factors. First, the testing interface should be as transparent as
possible in order that the tested subsystem believes it is really
connected to the rest of the vehicle. Second, the non-tested part
must be simulated in real-time to impose the right dynamics and
interaction to the tested subsystem. For cloud-based HIL
testing, the communication delay must be negligible compared
to the dynamics of the simulated subsystem to not affect the
right interaction and avoid instability [31]. For all these reasons
functional models respecting the natural causality can be
relevant. In that aims, the EMR formalism [14] has been used
to develop a cloud of models in the PANDA European project
for virtual and real prototype testing [7]. EMR is a graphical
formalism for model and control organizations of multi-
physical energy conversion systems.

EMR is based on the interaction principle: all elements are
connected by action and reaction variables whose product is the
exchanged power. This property enables a physical and logical
splitting between the subsystem under test, the power interface
and the subsystem simulated in real time.

EMR is based on the causality principle: the outputs are a
consequence of the inputs, with a delay; according to the natural
causality. This property enables the use of classical solvers that
leads to reasonable computation time. Moreover, the natural
causality enables a clear definition of the power interface that
has to interact in causal way with the tested real subsystem. A
simplified EMR of an electric vehicle is described as an
example (Fig. 1). The battery and the road are energy sources
(green ovals). The electric drive (e-drive) and mechanical
transmission (m-transmission) are conversion elements (orange
circle and square). The vehicle chassis is an accumulation
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element (crossed orange rectangle) with the velocity ve, as
output due to the causality principle.

m-transmission —— power variable

e-drive > 777777 > chassis ——> signal variable
_______ <_ _—————
U, T, F energy
Lo Q. energy

conversion

control

Fig. 1: example of EMR of a BEV

The vehicle control is depicted by light blue parallelograms,
including a control loop which depicts the driver (needed for
simulation). A more detailed EMR of this EV can be found in
[35].

The interaction variables are: battery voltage us, and e-drive
current i.q; e-drive torque 7. and m-transmission speed €2,
traction force F,, and vehicle velocity v.,; vehicle velocity and
resistive force Fr.;. The inputs and outputs of each subsystem
are thus fixed from the natural causality of the elements (e.g.,
the battery imposes the voltage). Different models can be used
for each subsystem, but their inputs and outputs must be
maintained. An advanced battery modelling using EMR is
presented in [36] and a more detailed model of the e-drive in
[37].

B. Simulation organization

EMR libraries have been developed in MATLAB-Simulink
[38], in Simcenter -Amesim © software [39] and other software
[38]. Multilevel models of batteries and e-drive have been
integrated for simulation of electrified vehicles in Simcenter -
Amesim © [7]. Models of other subsystems (e.g., chassis or
thermal engine) have also been developed. The models can then
be connected to simulate various electrified vehicles. A cloud
of model has been developed with Simcenter -Amesim © but it
can be achieved in other software packages. Classical stand-
alone simulation can be achieved by uploading the models from
the cloud. Cloud-computing simulation can also be achieved.

C. Stand-alone HIL testing

Power Hardware-in-the-Loop testing aims to test a power
subsystem in interaction with the simulation of other
subsystems. Let us consider the test of an EV battery as an
example (Fig. 2). The other parts of the system must be
simulated in real time. The system is split into 2 parts that have
to keep the same interactions (i.e., I/Os). The simulated systems
consist in mathematical models (purples pictograms in Fig. 2),
which generate signal variables. A power interface (e.g., power
amplifier) has to interface the power tested subsystem with the
virtual simulated subsystems. This power interface translates
power variables into signal variables and vice-versa. It must be
as transparent as possible. The dynamics of this power interface
must be faster than the higher dynamics of the simulated part.
The EMR leads to a clear definition of the power interface: it
must be a current source to deliver the current to the battery
from a reference current provided by the real-time model.

An EMR library has also been developed in Typhoon control
center [40] which is a software dedicated to real-time
simulation. A compilation tool has been developed between
Simcenter -Amesim © and Typhoon software to enable a
seamless transfer of EMR-based models.

D. Cloud-based HIL testing under a common framework

For cloud-based HIL testing, the test is split into 2 parts (Fig.
3). For any cloud-based power HIL testing, the power part (real
system to test (battery), sensors and power interface) is in the
local test facility. The rest can be simulated totally or partly in
the cloud. For the presented method (battery power HIL testing)
the traction model is simulated integrally on the cloud. This
corresponds to the model of the vehicle to test (without the
battery) and the vehicle control. This structure is flexible as any
battery can be tested for any vehicle model. For the chosen
partition simplicity, we simulate all the model in the cloud as
the dynamic is slow (~1s). Nevertheless, faster parts can be
located on the cloud as long as the communication delay is
negligible compared to the communication variable dynamics.
The second condition is that the simulated part on the cloud
must also run in real time to perform HIL testing. A vehicle
model considering the main dynamics of the vehicle and a
simplified electric drive model is sufficient for battery testing
[36].

Simulation on the cloud has two advantages. First, nothing is
shared between the two parts except the inputs and outputs. This
guarantees confidentiality for the vehicle manufacturers.

This may encourage these manufacturers to propose cloud of
models with appropriate levels of confidentiality. The second
advantage is the gain of the development time: the vehicle
model is developed once, can be used in simulation and HIL
testing and can be shared with different partners.

In this paper, the cloud is located on a server in Paris, that
contain  Simcenter -Amesim©. The cloud computer
characteristics are given in Table 1. Two local computers are
used in Brussels and Lille. These local computers are Typhoon
Electronic Control Units (ECU) (Table 2) connected to the
cloud using an Ethernet link.

tested

power

vev—re_f

tm-ref

model

Fig. 2: Stand-alone HIL testing of the battery of a (BEV example)

The link between the two geographical points is established
using a remote SSH tunnel facilitated by the open-source
PuTTY software. The local HIL device (Typhoon) also requires
a direct connection to the internet. PuTTY allows for the
configuration of necessary IP addresses and target ports to
facilitate data exchange. Data exchange takes place using the
standardized Modbus TCP/IP protocol.
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Fig. 3: Cloud-based HIL testing of the battery for a vehicle

This protocol blends the advantages of bus type
communication with the structures of IP networks. It is an open,
reliable, and standardized communication protocol based on the
client-server model, with a relatively straightforward setup.
Furthermore, it is equipped to identify lost or corrupted packets
and provide automated solutions through mechanisms "Cyclic
Redundancy Check" (CRC). On the server side, the Simcenter
-Amesim© software uses a Shared Memory (SHM) block
combined with a Python script, interfacing the Modbus client
with the SHM block. This arrangement enables the reading and
writing of data to memory, as well as the conversion of data into
an appropriate format for transmission. For network
confidentiality and safety concerns, the server only allows
connections that have been pre-approved, thereby preventing
any unauthorized connections to the server (authorization of IP
addresses through the firewall, in both directions).
Additionally, knowledge of the data exchange port is necessary
for communication. Finally, the data is encrypted, making it
difficult to intercept during transit.

Different tests have been achieved to estimate the
communication delay between the cloud computer and the local
computers. The maximal delays are 30 ms for the Lille
connection and 60 ms for the Brussels connection.

To prevent various problems due to remote testing (such as
distortion, instabilities, power run-out...) the communication
delay has to be negligible in comparison to the variation time of
the variables at the interface between the local test facility and
the cloud one (battery current/voltage in our case). The
methodology to prevent such problems is described below.

 First, the communication delay is measured by sending
signals to the cloud and waiting for a confirmation of arrival. In
our case, the average communication delay is 30 ms for Lille
and 60 ms for Brussels.

* Second, the dynamic of the studied system (the vehicle
model) is identified. In our case, when a driver presses the
acceleration pedal, it gives a torque reference that is converted
to a current imposed to the battery. The global dynamics of the
vehicle model is a second or more.

e Third, the communication delay and the model dynamics
are compared. In our case, the battery current variation is more
than 10 times slower than the communication delay. So, for the
battery power HIL testing, this delay can be considered
negligible.

+ Fourth, a pure real-time simulation test (using only virtual
component) is performed between the local facility and the
cloud before power HIL testing. In our case, this test has

confirmed that there is no impact of the communication delay
on the simulation.

* Finally, if all the previous checks confirm that a test is
feasible, then the power HIL testing can be realized.

The power interface is also a critical component. It emulates
the power on the tested subsystem. As the traction subsystem of
the vehicle is an equivalent current source the power interface
is a current source. Two variables are important to properly
emulate.

e  The current level must be the same as in the battery in
the real vehicle.

e The dynamic of the power interface must be lower
than the dynamics of the model.

Last point, using the same model organization in the cloud
and the Typhoon controller board makes the development of an
FMI unnecessary.

Table 1: characteristic of the cloud computer

Core processor intel Xeon Platinum 258C
Number of cores Dual cores (2.5 GHz)
RAM 4GB

Selected communication port Ethernet
Communication protocol MODBUS TCP/IP

Table 2: characteristics of the local real-time signal interface
Processor Typhoon HIL606 (Zyniq-7 SoC)

Selected in/out delay 20 ps

Digital 1/Os 64 DIs/64 DOs, 5V logic
Analog 1/0s 32 Als/64 AOs, +/- 10V
Selected communication port Ethernet
Communication protocol MODBUS TCP/IP

I1l.  HIL BATTERY TESTING FOR A BEV

A. Studied Vehicle

The BEV is Renault Zoe (Fig. 4.a) of 1468 kg. Its traction
system is composed of a NMC Li-ion battery (22 kWh, 350V),
a 65 kW electric drive (inverter and synchronous machine) and
a classical mechanical transmission. A new battery composed
of 7 Bluways modules of 5 kWh (Table 3) is studied (Fig. 4.b).
The battery nominal voltage is the same than the original one
and the total energy is higher (35 kWh).

Table 3: characteristics of a single Bluways module

Voltage (min/max) 43V-61V
Current (charge/discharge) 1200 A /240 A
Total energy 5kWh

Number of cells 30

Module topology 15 in series / 2 in parallel
Weight 35kg

B. EMR and control of the vehicle

The EMR of the vehicle (Fig. 5) has been already proposed
in [35]. It is assumed an equivalent wheel (nor curve neither
wheel slip) and a static model of the e-drive (considering the
efficiency). In terms of energy consumption this model is
validated with only 3% of errors compared to experimental tests
on the real vehicle [35].

The battery, the mechanical brake and the road are energy
sources (green oval pictograms) imposing the battery voltage
Upar » the braking force F,,;, and the resistive force Fes.
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Fig. 4: Studied EV: a) vehicle, b) structural scheme

The electric drive is modelled by a static model (multi-
domain conversion, orange circle) that imposes the torque 7eq
and the current i.; from the torque reference T.s.r, the battery
voltage and the rotation speed (2.4, with 7., the drive efficiency:

Teq = T;fd—nref ith{ k=1if TegQeq >0 M
, edQed W .
lbat = ubztnk:ij k = _1 lf TedQed < 0

The gearbox is a conversion element (orange square) which
imposes the torque 75 and speed (2 from the drive torque and
wheel speed 2,;, with 7 its efficiency.

Top = kgpTeallhp . h{ k=1if TypQupn >0 )
ng = kngwh k=-1 lf Tgb'Q‘Wh <0
The wheel is a conversion element (orange square) which
imposes the traction force F,; and the wheel speed from the
torque Ty and the velocity ve,, with R, the wheel radius:

{th = 1/Rthgb (3)
Quwn = 1/RypVey

The vehicle chassis is composed of 2 elements. A coupling
element (overlapped orange square) couples the traction force
and the braking force Fj, assuming an ideal braking. The
resulting force is Fi,;.

Fror = Fyn + Fpr “)
Fbr = Fbr—ref (5)

An accumulation element (crossed orange rectangle)
imposes the vehicle velocity as a state variable from the total
and resistive forces Fl.,, with M the vehicle dynamical mass:

d (6)
Frot — Fpr =Mavev

The resistive force depends on the velocity, with 4 the

friction coefficient and B the aerodynamic coefficient:

Eres = AvVgy + Bvezv 7

A control scheme can be directly deduced from the inversion
of the EMR. The accumulation element (6) is inverted by a
closed-loop control to obtain the Fio...r from vehicle reference
Ver-ref, With C(2) a controller:

Ftot—ref = C(t)(vev—ref - Uev—meas) (8)

The coupling element (4) is inverted to distribute Fio.rer in
Fprerand Firor, With ky a distribution input defined by the
strategy level.

{ Fbr—ref = detot—ref (9)
th—ref =1- kd)Ftot—ref

Both conversion elements, (2) and (3), are directly inverted
to obtain the e-drive torque reference, Ted.r.s:

(10)
(11)

The EMR and control are presented in Fig. 5. More details
can be found in [35]. A cloud simulation of the vehicle is also
proposed in [34].

C. Cloud-based HIL set-up

Now, the model is split into 4 parts (Fig. 6): the battery under
test, the power interface, the signal interface and the cloud
simulation (traction model and control). The cloud is located in
Paris and the testing bench is in Brussels (275 km). The cloud
and the local interface parameters are set to the same values as
in § IL.D.

The power interface is ensured by a PEC SBT8050 battery
cycler (maximum of DC 80V, +0.05% measurement accuracy,
Fig. 7). A CAN bus communication is established between the
local real-time simulator (Typhoon ECU) and the PEC cycler.

Due to the power interface limitations, a single real module
is tested. It represents a part of the vehicle battery. As the
vehicle battery is composed of 7 modules in series, a power
adaptation is inserted in the local simulator:

{ubat = TlUmoq
ipat = lmod

Where u,,,q and ipy.qare the voltage and current of one
module. Uy, and iy, are the voltage and current of the whole
battery.

Tgb—ref = Rthwh—ref
Ted—ref = 1/knggb—ref

(12)

gearbox  wheel chassis
——————— > €rmmmm > Crmmm e
G F

gb wh

e-drive

an (10)

E<
Torr Ty Frprs Vern
ed-ref gb-ref wh-ref k, tht-ref ev-ref
4

Fig. 5: EMR of the traction of the studied EV
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Fig. 6: Organization of the HIL testing for BEV

Fig. 7: Organization of the HIL testing for BEV

In this way, the tested module has the same voltage and
current than in the real vehicle. A safety process is developed
in the local simulator. An emergency stop is provided when the
Ethernet connection is lost. Moreover, mechanical circuit
breakers and fuses are utilized as passive safety elements. The
battery module under test in Brussels is connected to the power
interface.

D. Experimental results

A real urban velocity profile is used as an input for the cloud
simulation part (Fig. 8. a). The cloud simulation leads to a
reference e-drive current sent to the local simulator, which
generates the module current (Fig. 8. b). The power amplifier
imposes this reference current to the module that leads to an
evolution of the voltage (Fig. 8. ¢). The SoC of the module is
also a consequence of the load current (Fig. 8. d).

These experimental results validate the use of this new
battery for the Renault Zoe and the proposed driving cycle.

IV. HIL BATTERY TESTING FOR A PLUG-IN HEV

A. Studied Vehicle and tested battery

The studied Plug-in Hybrid Electric Vehicle (P-HEV) is a
demo car (Fig. 9) of 1400 kg with an Internal Combustion
Engine (ICE) of 96 kW. This vehicle has been retrofitted from
a gasoline car (Peugeot 308 SW) by including 2 e-drives (4 kW
in the front and 25 kW in the rear) and a low-voltage battery
(48V, 5 kWh) by Valeo [20]. The test is focused on a new
48V/10 kWh battery in replacement of the original one. It is
composed of 5 Yuasa modules connected in parallel (Fig. 9).
The parameters of a Yuasa module are given in Table 4.

a) 30|
= == speed Ref Vhev (m/s)
20 === Vhev
10 |
(0]
[0} 500 1000 1500 t (S)
200 )
b) == == Ref iMod (A) =——Mes
100 |
o ' %
-100 «‘
200, 500 1000 1500
t(s)
c)

59

57 L

55 [

aq O 500 1000 1500 t(s)
80
0,
sl SoCwmod (%)
70|
65
o 500 1000

1500 t (s)

Fig. 8: Experimental results: a) velocity, b) module current, c)
voltage, d) SoC

Table 4: characteristic of a single Yuasa module

Voltage (min/max) 33V-504V
Current (charge/discharge) 300A/475A
Total energy 2 kWh
Number of cells 12

Module topology 12 in series / 1 branch
Weight 17 kg

B. EMR and control of the vehicle

The EMR of the vehicle (Fig. 10) has already been proposed
in [20]. It is a complete model including a thermal engine and
two electrical drives. A specific Energy Management Strategy
(EMS) has been developed by Valeo to reduce the fuel
consumption by adapted the distribution inputs and gearbox
ratios. It is kept confidential on the cloud.

An equivalent wheel, static models of the e-drives and the
ICE (including the respective efficiencies) are considered. The
clutches are considered as ideal. In terms of energy
consumption this model leads to only 5% of errors compared to
a more complex model [20].

The EMR (Fig. 10) is built from the different equations (13)
to (23). The control equations are also obtained from an
inversion of the model equations. A closed-loop control with a
controller C(t) is required for the inversion of the accumulation
element (23). Distribution inputs are required for the inversion
of the coupling elements: ky distributes the electrical and
mechanical braking forces (26); k4> distributes the wheel forces
(27); ky3 distributes the ICE and the e-drive torques (31).

For all equations j refers to the traction (number 1 for the
front or 2 for the rear) and ref means reference.

13)

lpat = led1 + ledz
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Where i, is the battery current and i,4; and i,4, are the
current coming from electric drive 1 and 2.

{Tedj = ledj-ref { k= 1if Toq;Qgp; >0 (14)

TeajQgp; with .
ubam’e‘d,- edj gbj

ied j
Teqj refers to the electrical drive torque, {1yp; is the rotation
speed at the gearbox input and 7.4;is the efficiency of the
electric drive. The variable k is depending on the power transfer
(traction or braking mode).

Ttot = Tear + Tice (15)
Where Ty, is the total torque coming from the electric drive
1 T4, and the internal combustion engine Tj,.

LT T TT 4
T Tubal
= 4

front e-drive (ed1)

' Torque
Pt £ T H ! Converter
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Dog clutch
+

gearbox

rear e-drive (ed2)

Fig. 9 : Studied P-HEV

{Tgbl = kgp1TeotMog1 . h{k =1if Typ1Quwn1 >0 (16)
k=-1if TypQup <0

{Tgbz = kgv2Teazgb2 { k= 1if TgpoQynp >0

Qgpz = kgpaQwna k= —=1if TgpoQwnz <0

Where Ty, is the Torque at the gearbox 1 output, kg, is the

gearbox 1 ratio and n’ggl is the efficiency of the gearbox 1. For

gearbox 2 the same equation is used, but the torque comes from
a unique electric drive (Typ)

{thj = 1/Ryn Ty,
Qunj = 1/RypVey
Where F,,,; is the force applied to the wheels, Ry, is the radius
of the wheels and v, is the velocity of the vehicle.

ngl = glewhl

(17)

(18)

Frot1 = Fyn1 + Funz (19)
Where F,,;, is the total traction force.
Frotz = Frorr + Fpr (20)

Where F,,, is the total force including the braking force F,.

The control of the ICE and the brakes are represented by tunable
source elements in EMR.

€2y

Fbr = Fbr—ref (22)
The equation of the vehicle dynamic and resistance to the
movement are given below.

Tice = Tice—ref

(23)
Fioto — Fpr = Mavhev

24

The control equations are given below. They correspond to the
light blue pictograms in Fig. 10.

= 2
Fres = AVpey + thev

FtotZ—ref = C(t)(vhev—ref — Vhev—meas) (25)

{ Fbr—ref = kletotZ—ref (206)

Ftotl—ref =(1- kdl)FtotZ—ref

{ thl—ref = ksztotl—ref 27)

thz—ref =(1- de)Ftotl—ref

Tgbj—ref = Rthwhj—ref (28)

Tedz—ref = 1/kgb2Tgb2—ref (29)

Tiot—rer = 1/kgp1Tgp1-ref (30)
(31

{ Tice—ref = deTtot—ref
Tedl—ref =(1- kd3)Ftot—ref

The simulation of the vehicle using this EMR model has been
achieved in [20] and a stand-alone power HIL testing of a
Bluways battery in [41]. But these tests were performed by
Valeo to keep the confidentiality of the electric dive and the
energy management strategy. A new Yuasa battery will be now
tested in another site, and the complete model cannot be
transmitted to the testing site to preserve the confidentiality.
The cloud will be used in that aim. The different
communication variables are shown in Fig. 11. The
communication between I/Os is ensured by an Ethernet
bidirectional connection. The cloud is located in Paris and the
testing bench is in Lille (220 km distance).

The chosen power interface (Fig. 12) is a Cinergia Grid
emulator AC&DC 60 kVA [42]. It is a controllable current
source able to deliver a+187A/-187A in DC mode for an analog
control input between 10V/-10V analog signal. The maximum
power is 54 kW. The current delay added by the power interface
is about 5 ms so it is negligible compared to the dynamics of
the battery current (1s).

Due to the power interface limitations, a single module is
tested. As the P-HEV battery is composed of 5 modules in
parallel, a power adaptation is inserted in the local ECU:

{ Umod = Upat (32)

mod = tpat/5

The tested module thus receives the same current than a
module in the real vehicle. Moreover, a safety process is
developed in the local simulator to prevent any issue. A
software emergency stop is sent when power limitations are
achieved or the Ethernet connection is lost. A hardware
emergency stop is also provided, as well as battery fuse, circuit
breaker and disconnector.

C. Experimental results

The test consists in a WLTC (Worldwide harmonized Light
vehicles Test Cycles) class 3 (Fig. 13. a). This is an extra-urban
standard driving cycle. The control in the cloud aims to follow
the velocity (zoom of Fig. 13. a). It also delivers the current
reference to the local ECU.
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D. Cloud-based HIL testing set-up

First the model is split into different parts (Fig. 11): the new
battery under test, a power interface, a local ECU as digital
interface and the vehicle model to be simulated in real time on
the cloud. In that way, the electrical drive model and the energy
management strategy are not shared

The simulated current and voltage are exchanged trough the
Ethernet connection. From the local test, the module current
reference is generated by the power amplifier (Fig. 13.b). The
current reference defined from the cloud is well achieved by the
power amplifier (zoom in Fig. 13.b). The measured voltage of
the module (Fig. 13. ¢) is sent to the real-time cloud simulation
part. The SoC (Fig. 13.d) decreases from 60% to 50.9 %. (Fig.
13.d). Moreover, the battery temperature is also tested (Fig.
13.¢).

These experimental results validate the use of the tested battery
for this P-HEV and this driving cycle. The battery behavior can
also be tested for more driving cycles and also auxiliary loads.

V. CONCLUSION

A unified model organization has been proposed to achieve
cloud-based power HIL testing of different batteries for
different vehicles. This has been achieved using a common
cloud of model used for both pure simulation and HIL testing.

The EMR formalism is used as a guideline for model and HIL
organization. The key advantage of the EMR is to specify the
inputs and outputs variables of every subsystems which is
decisive for partition and interconnection of local and cloud
parts. The EMR imposes a strict formalism for modelling and
control due to the integral causality and mirror effect.

A new battery module is tested for the Renault Zoe using a
HIL platform in Brussels and the cloud in Paris. Another battery
module is also tested for a P-HEV using a HIL platform in Lille
and the same cloud in Paris. For both tests the power part is
local while the models of the vehicles run in real-time on the
cloud. This ensures confidentiality as the local test facility has
no access to the internal parts of the vehicle models. This
method is directly generalizable and scalable to any larger/
smaller vehicle and battery as long the power interface is able
to supply the tested battery at the same amount of power than
in the emulated vehicle.

1<

T, gh2-ref  (28) th?—re_f

Such a cloud of vehicle models can be shared by different
entities for HIL testing of different parts of a vehicle without a
need of redeveloping models. This means a gain of time in
vehicle development.

From the EMR of the studied system, different testing
possibilities can be deduced in a systematical way because of
the input/ output organization. The condition is, the
communication delay is short compared to the variables implied
in data exchange. For example, future works could thus test an
electric drive of the same vehicle using the cloud-based HIL
method. That highlights the flexibility of the method which can
be applied to any vehicle and any subsystems.
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