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Abstract- The aim of this paper is to validate the compliance
between an EV and a battery with a reference driving cycle. The
Hardware in the Loop methodology is used. It is based on the
interactions between the different EV subsystems. In this paper,
a 35 kWh battery pack is studied. A 5 kWh module from this
pack is tested with the same power constraints when used in the
real EV. The developed power Hardware-in-the-Loop (HiL) test
bench is composed of a model of the traction chain and a
controllable current source. A driving velocity cycle is used as
an input. The HiL test is achieved at full power scale for a
module. It is shown that the tested battery could be used in the
studied EV as the limits of the battery operation are not crossed
for a WLTC velocity cycle.
Keywords—Hardware-in-the-Loop, Battery testing, Li-ion
batteries, electric vehicle

I. INTRODUCTION
The development of Electric Vehicles (EVs) is increased
due to the fast battery improvements in terms of price [1] and
energy density [2].
When a new battery is intended to be integrated as a subsystem into an Electric Vehicle (EV), different tests are
performed. EV simulation [3] can be a first step (for example
the battery sizing can be pre-validated). Full power tests are
required to validate the compatibility using various
experimental variables (temperature, voltage, current…).
Some power tests are performed by applying a recorded
current cycle to the tested battery [4]. Nevertheless, such a
method does not consider that the current from the traction is
influenced by the battery voltage [5].
In this paper, the HiL method is used [6]. The objective of
this paper is to test a real battery module at full power scale
in interaction with the real-time simulation of the traction
subsystem. The experimental measures are used as inputs of
the traction model. The current applied to the battery is
generated in interaction with these measures.
At first, the studied vehicle and the battery are presented.
Then, the vehicle model is organized using the Energetic
Macroscopic Representation (EMR) [7]. The control of the
velocity is achieved. The vehicle is simulated for prevalidation. Finally, the full power HiL test is performed on a
module which is a part of the studied battery.

II. VEHICLE SIMULATION
A. Presentation of the tested battery
The reference vehicle is a Renault Zoe (Fig. 1). This is a
compact vehicle (1500 kg) with a -full electrical traction (65
kW). As the traction is only electrical, the battery is the most
critical subsystem. Different battery size have been used since
2012 (from 20 kWh to 50 kWh).
In this paper, a 35 kWh Li-ion battery (NMC) is tested for
integration in the Renault Zoe. It is composed of 7 modules
produced by Bluways. These new modules are chosen for
their high power and energy densities (1.9 kW/kg and 142
Wh/kg) which make them versatile for EVs but also plug in
hybrid vehicles. They are mounted in series (Fig. 2). Each
module stores 5 kWh of energy and has a nominal voltage of
55 V. The battery nominal voltage is 385 V. The module and
the battery have the same capacity (80 Ah). The tested battery
is slightly lighter (-10 kg) and has higher power capabilities
(x5) compared to the original Zoe one despite a slightly lower
energy (-5 kWh). The goal is to reduce the losses in the
battery.
A battery is an energy storage system based on ions and
chemical reactions [8]. As a consequence, it should be
operated safely within temperature, voltage and current limits
[9].
Table 1 gives those limits for the studied battery, deduced
from the module and the architecture of the pack. The battery
is designed to operate between 441 V and 287 V. The peak
discharge current is 1200 A for 10 s and the maximal recharge
current is 240 A. This recharge current is only possible
between 5°C and 55°C. Under 5°C, the recharge current must
be limited to avoid Lithium plating.
Electrical traction
power : 65 kW

Weight :
1480 kg

Fig. 1 Simplified characteristics of the Renault Zoe
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Table 3 EV model parameters
iBat

Name
Battery equivalent series resistance

7 modules
in series

uBat= 7 uModule

Fig. 2 Battery pack to be tested for Renault Zoe

{
Module
63 V
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- 240 A
55 °C
5 °C

B. Structural scheme and EMR for the studied EV
Fig. 3 presents the structural scheme of the EV. It is
composed of a battery which is the energy source. The
electric drive is composed of a synchronous machine, the
inverter and associated torque control. An equivalent wheel
is used. It applies the traction force to the vehicle mass. A
mechanical brake is also considered. Fig. 4 presents the
Energetic Macroscopic Representation (EMR) of the studied
EV. EMR is a representation of complex multi-physical
models. It is based on power transfers, physical causality and
pictograms representing functions (see Annex A). Equations
(1-12) give the equations inside the Fig. 4 pictograms.
Variables used are presented in Table 2 and the value of the
parameters is given in Table 3. Equation (12) explains the
braking strategy. When the total force is positive (traction) no
mechanical brake is needed. When the traction force is
negative the braking is 40 % mechanical (60 % of energy
recovery) because of the mass distribution.
The EV model has been validated in [10] with
experimental variables recorded in a real Renault Zoe. This
model is available on the Simcenter Amesim cloud [11]. This
cloud is an online simulation service including libraries of
system (EVs for instance) and subsystem models.
Table 2 EV model variables
Name
Battery Open circuit voltage
Battery state of charge
Battery current
Battery voltage
Electric drive torque
Electric drive rotation speed
Torque at the wheels
Rotation speed of the wheels
Vehicle velocity
Forces for wheels, brake and road
resistance (friction+ aero+ slope)
Mechanical brake repartition

ηed
kgb
ηgb
Rwh
Mveh
F0
kAero

0.85
9.84
0.97
0.25 [m]
1480 [kg]
200 [N]
0.9 [Ns²m-2]

𝑢𝑏𝑎𝑡 = 𝑂𝐶𝑉𝐵𝑎𝑡 (𝑆𝑜𝐶𝐵𝑎𝑡 ) − 𝑅𝑏𝑎𝑡 𝑖𝑏𝑎𝑡
𝑇𝑒𝑑 = 𝑇𝑒𝑑_𝑟𝑒𝑓

Table 1 Battery operation limits
Battery
441 V
287 V
1200 A
- 240 A

Value [unit]
80 [mΩ]

Electric drive efficiency
Gearbox ratio
Gearbox efficiency
Radius of the wheels
Vehicle mass
Road friction
Aerodynamic coefficient

1 Module
• 5 kWh
• 55 V

Voltage high
Voltage low
Current discharge
Current charge
Temperature high
Temperature low (full power)

Symbol
Rbat

Symbol
OCVBat
SoCBat
iBat
ubat
Ted
Ωed
Twh
Ωwh
vVeh

Unit
[V]
[%]
[A]
[V]
[Nm]
[rad/s]
[Nm]
[rad/s]
[rad/s]

FWh, br, res

[Nm]

kbr

No unit

𝑘

𝑖𝑏𝑎𝑡 =

𝑒𝑑
𝑇𝑒𝑑 𝛺𝑒𝑑 𝜂𝑒𝑑

𝑢𝑏𝑎𝑡

1 𝑖𝑓 𝑇𝑒𝑑 𝛺𝑒𝑑 < 0
with 𝑘𝑒𝑑 = {
−1 𝑖𝑓 𝑇𝑒𝑑 𝛺𝑒𝑑 ≥ 0

(2)

1 𝑖𝑓 𝑇𝑒𝑑 𝛺𝑒𝑑 ≥ 0
−1 𝑖𝑓 𝑇𝑒𝑑 𝛺𝑒𝑑 < 0

(3)

𝑘𝑔

{

𝑇𝑤ℎ = 𝑘𝑔𝑏 𝑇𝑒𝑑 𝜂𝑔𝑏
𝛺𝑒𝑑 = 𝑘𝑔𝑏 𝛺𝑤ℎ

(1)

with 𝑘𝑔 = {

𝑘𝑑𝑖𝑓𝑓 𝑇𝑤ℎ
𝑅𝑤ℎ
𝑘𝑑𝑖𝑓𝑓 𝑣𝑣𝑒ℎ
=
𝑅𝑤ℎ

𝐹𝑤ℎ =
𝛺𝑤ℎ

{
𝐹𝑡𝑜𝑡 = 𝐹𝑤ℎ + 𝐹𝑏𝑟
𝑑𝑣𝑣𝑒ℎ
𝑀𝑣𝑒ℎ
= 𝐹𝑡𝑜𝑡 − 𝐹𝑟𝑒𝑠
𝑑𝑡
2
𝐹𝑟𝑒𝑠 = 𝐹0 + 𝐾𝑎𝑒𝑟𝑜 . 𝑣𝑣𝑒ℎ
+ 𝐹𝑠𝑙𝑜𝑝𝑒

(4)

(5)
(6)
(7)

𝐹𝑡𝑜𝑡_𝑟𝑒𝑓 = (𝑣𝑣𝑒ℎ_𝑟𝑒𝑓 − 𝑣𝑣𝑒ℎ ). 𝐶(𝑠) + 𝐹𝑟𝑒𝑠

(8)

𝐹𝑏𝑟_𝑟𝑒𝑓 = 𝑘𝑏𝑟 . 𝐹𝑡𝑜𝑡_𝑟𝑒𝑓
𝐹𝑤ℎ_𝑟𝑒𝑓 = (1 − 𝑘𝑏𝑟 ). 𝐹𝑡𝑜𝑡_𝑟𝑒𝑓

(9)

𝑇𝑤ℎ_𝑟𝑒𝑓 = 𝑅𝑤ℎ . 𝐹𝑤ℎ_𝑟𝑒𝑓

(10)

{

𝑇𝑒𝑑_𝑟𝑒𝑓 =
𝑘𝑏𝑟 = {

𝑇𝑤ℎ_𝑟𝑒𝑓
𝑘𝑔𝑏

0 𝑖𝑓 𝐹𝑡𝑜𝑡_𝑟𝑒𝑓 ≥ 0
0.6 𝑖𝑓 𝐹𝑡𝑜𝑡_𝑟𝑒𝑓 < 0

(11)
(12)

C. Simulation results for a WLTC
The class 3 Worldwide Harmonized Light Vehicles Test
Cycle (WLTC) is used as a reference velocity (Fig. 5). This
cycle is interesting for EV batteries testing as it contains
different road conditions (urban, extra-urban, highway).
Fig. 6 to Fig. 8 give the simulation results for the vehicle
model with the tested battery parameters (Fig. 2).
The vehicle is simulated on Simcenter Amesim using a
cloud service.
The simulated current is increasing with the EV velocity
(Fig. 6) but the current stays within the normal operation
limits (see Table 1). This is the same for the simulated battery
voltage. The battery SoC decreases by 12.5% for the total
distance of the WLTC (23 km). Thus, the estimated WLTC
driving range with the tested battery would be 184 km. These
variations have to be verified experimentally through a power
HiL test.
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Fig. 4 EMR of the studied EV
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Fig. 5 WLTC reference velocity cycle
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Final SoC = 67.5 %
400

800

1200

1600

time (s)

Fig. 8 Simulated evolution of the studied EV SoC

III. HARDWARE IN THE LOOP TEST
A. HiL test bench
From the battery point of view, the traction system is an
equivalent source of current. Thus, the hardware components
for the test are the battery and a controllable current source
(Fig. 9).
The software part is composed of the traction model and
control presented in Fig. 4. The battery model has been
replaced by the measures from the real one. The output of the
traction model controls the current source connected to the
battery (Fig. 9). A real-time simulation is compulsory for HiL
testing.
In this paper, a single module from the pack is tested. As a
consequence, a power adaptation should be used. The
adaptation factors are deduced from the architecture of the
battery presented in Fig. 2.
𝑢𝑀𝑜𝑑𝑀𝑒𝑠 . 7 = 𝑢𝐵𝑎𝑡𝐸𝑠𝑡
{ 𝑖
= 𝑖
𝑀𝑜𝑑𝑅𝑒𝑓

(13)

𝐵𝑎𝑡𝑅𝑒𝑓

Fig. 10 presents the HiL test bench developed for the
PANDA project[12]. The tested module is placed in the bench
in ambient air. No active cooling system is added. The vehicle
model is downloaded from the Simcenter Amesim cloud.
Then, it is converted to be used in the real-time simulator
(Typhoon HIL). The controllable current source is able to
deliver +/-200 A and is driven by an analog input. This bench
is flexible and the tested vehicle can be easily replaced by
other vehicle models downloaded from the Simcenter
Amesim Cloud.
uModMes

uBatEst

iModRef

iBatRef

Traction emulator

uModMes
IMod

Power adaptation
(13)
In

UModMes

uBatEst
Traction
model

UMod
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Real-time
simulator
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interface
+ Real time
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Fig. 10 Developed test bench

B. HiL Test of a module
The same velocity cycle is used than for simulation (Fig.
11). The evolution of the current is the same than for
simulation (Fig. 12) with small differences due to sensors and
modeling assumptions. This is confirmed by the energy
consumption with only 1% difference in term of SoC
variation between the simulation (cf. Fig. 8) and the
experimental results (Fig. 14).The voltage is divided by a
factor 7 (Fig. 13) compared to the battery simulation because
one module is tested instead of seven in series (section III.A).
From an electrical point of view the tested device is perfectly
adapted to be used as a battery for the studied EV.
The experimental driving range deduced from the HiL test
is 183 km for a WLTC.
Moreover, supplementary information can be obtained
during an HiL test. For example, the temperatures of different
points on the tested module have been recorded (Fig. 15) such
as the ambient air one (Fig. 16). The module self-heating is
negligible (< 3°C) during a WLTC. The temperature does not
exceed 23 °C which is optimal for battery operation.
With that full power test, the ability of the tested battery
has been validated experimentally from the electrical and the
thermal points of view.

Velocity
cycle

Real-time signal

Fig. 9 HiL principle for battery modules testing
Reference velocity (km/h)

Tested module current (A)
Current peak=126 A

Fig. 11 WLTC reference velocity cycle

Fig. 12 Experimental module current

Tested module voltage (V)

Tested module SoC (%)

Final SoC = 67.4 %

Fig. 13 Experimental module voltage

Fig. 14 Experimental module SoC
Ambient air temperature (°C)

Tested module temperatures (°C)

Fig. 15 Experimental temperatures on the tested
module

Fig. 16 Experimental ambient air temperature

IV. CONCLUSION
In this paper a new battery pack with high power and
energy densities has been tested for the Renault Zoe. A Zoe
model validated in previous publications has been used [11].
It is organized in EMR. The input is a reference velocity
cycle.
The new battery has been first been pre-checked in
simulation using a very simple battery model.
Then, a module of this battery has been tested in interaction
with the traction model of the studied EV. A specific power
test bench based on a controllable current source and real time
simulator has been developed.
Appropriate reduction factors ensured the power constraints
are the same than a module used in the Renault Zoe.
The HiL power test shows that the tested module stays
between its normal operation limits during a WLTC standard
velocity cycle. These module results are extendable to the
battery if we consider that ambient air circulate between the
modules when driving.
The conclusion is that the battery can be used for the studied
EV within standard driving conditions.
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