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Abstract- In this paper, a Hardware-In-the-Loop (HIL) platform based real-time simulation, of a hybrid energy storage system
(HESS) control is proposed. The energy management strategy (EMS) is developed using a fuzzy logic controller (FLC), designed
and evaluated via software simulations, and embedded on a Field Programmable Gate Array (FPGA) platform. The HESS is
built upon a fully active parallel topology, including a Li-ion battery considered as the primary source, and a supercapacitor (SC)
used as the secondary source. The objective of this work is to evaluate initially, the performance of the proposed EMS, secondly,
the validation of the FLC-EMS C code, developed and embedded in the NIOS II Core of FPGA’s Altera type. The validation of
the developed code is performed by comparing the results obtained via the HIL with those of the software simulation. The HIL

simulations of the proposed model and strategy were performed using MATLAB/SIMULINK, under ECE-15 cycle.

Keywords Electric vehicle, FPGA, Fuzzy Logic Controller, Hardware-In-the-Loop, Hybrid Energy Storage System.

1. Introduction

Nowadays, global warming is a major priority of all the
world's concerns.  Environmental Organisations and
automotive manufacturers combine their efforts and
investments, to reduce the impact and greenhouse gas
emission rates of ground transportation [1]. The deployment
of zero-emission vehicle (Z-EV) projects, or pure electric
vehicles (P-EV), provides a technological solution with
benefits for environment and global health [2, 3], especially in
urban areas. Indeed, scientists work intensively on this
solution to enable this vehicle typology to consolidate its place
in the low-COz-emission vehicle segment. The inclusion of P-
EV challenges developers to overcome its limitations,
particularly those related to the electric machine-based
powertrain, battery-based energy storage system capacity [4,
5], and performance of battery chargers [6], related to their
efficiency, regulation and quality of supplied power.

Batteries are characterised by a high energy density.
However, this energy storage device, considered as a main
source in a P-EV, presents the disadvantage of having a low
power density and a limited lifespan. The battery's
performance is affected by high number of charge-discharge
cycles [7, 8], and fast power demands [9]. However, other
electrical energy storage systems provide energy performance
that allows to overcome the limitations of batteries, such as
supercapacitors (SC). It can be used as a complementary
storage system to batteries, creating a Hybrid Energy Storage
System (HESS). According to [10], the development of a
HESS powering an EV, increases the performance of power
supply system, and optimises the lifespan of battery by
reducing its stress. Moreover, the HESS allows a
complementarity of instantaneous power demands [11], and
the possibility to provide a large energy supply for an extended
range. In addition, the adequate topology of the HESS should
be adopted to improve the system's energy efficiency. Indeed,
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a comparative study of different topologies efficiency has
been conducted in [12-14], based on the complexity of the
architecture, the type and number of converters, the control
and stability of the DC voltage supplying the machine, and the
system efficiency. Another issue of EV performance
improvement has been elaborated in [15], aiming at an optimal
design of charging stations for charging and discharging EVs
in a smart grid environment, based on Priority Based
Algorithm (PBA).

The energy management system (EMS) is a key element
that allows to overcome the batteries limitations. The
objective of the EMS is to ensure an optimised energy
distribution between the HESS sources (SCs and battery). In
[16], an EMS based on adaptive fuzzy controller is developed
for an HESS's active topology, based on SCs and battery. The
EMS takes into consideration the criteria of SC’s State of
Charge (SoC) difference between the beginning and the end
of each cycle, the total energy conversion chain efficiency and
the battery current variation, in order to evaluate the
performance of the developed strategy. The architecture and
objectives mentioned previously have been used in [17], in
addition to the RMS current and battery load minimisation,
which are considered as objectives, and represent factors that
increase the battery degradation. An EMS based on a classical
FLC was presented in [18] to ensure an efficient energy split
in an architecture like that previously mentioned in [17]. This
work presents an EMS that uses three cascaded FLCs. The
first one is designed to control the power supplied by SCs and
battery, taking into consideration SoC of both sources and
battery lifespan. The second and third FLC are used to provide
duty cycle to control the DC-DC converters. The FLC inputs
references are the powers differences, generated by the first
FLC. Another work presented in [19], aims to develop a fuzzy
sliding mode-based strategy designed for the control of
multiphase and interleaved bidirectional DC-DC converters,
for EV applications. The objective of this work is to increase
the high voltage performance, to ensure a more efficient
control and an equal sharing of the load current between each
converter module.

Currently, the development cycle of all industrial sectors
is governed by the time-to-market and the system complexity.
Hardware-In-The Loop (HIL) solution provides a perfect
opportunity to satisfy these challenges, for the development of
critical control applications, particularly for EV's control
system design. HIL simulation can provide an effective
solution to the imperfections of traditional methods. For this
purpose, a variety of solutions have been developed, e.g.,
MATLAB/Simulink for software application, Digital Signal
Processor (DSP) [20-21] as an interface and FPGA [22-25] as
a processor controller system. A second application of the HIL
was performed in [26], which consists in performing a co-
simulation (HIL) to conduct a quick verification of the
developed algorithm, embedded on a ZYBO-27 FPGA
platform, which controls a motor via a power converter,
emulated on a TYPHOON HIL 402 real time platform. Thus,
the HIL reduces the risk, cost and time required to evaluate
complex embedded systems.

This paper proposes a HIL simulation of a 1.5 kW HESS
based on an active topology. The EMS uses a FLC-based rules
controller. The HESS model was developed in a previous
work detailed in [17]. The EMS algorithm was developed and
embedded on an ALTERA Cyclone IV FPGA as a C code,
executed by the NIOS Il core. The objective of this work is to
evaluate the performance of the EMS and validate in real time
the developed C code algorithm, by comparing the HIL results
with those of the simulation.

The rest of this paper is organised as follows: section 2
presents a description of the proposed model and the
developed EMS. Section 3 details the developed HIL. Section
4 discusses the results of the experimentation and simulation.
Finally, Section 5 concludes the paper.

Nomenclature

Csc SC Capacitance (F)

COG Center Of Gravity

Epat Battery energy

EMS Energy Management System

FPGA Field Programmable Gate Array
HESS Hybrid Energy Storage System
HIL Hardware-In-the-Loop

ipat battery current (A)

battery current reference (A)

ich_bat DC-DC battery Current converter (A)

fch sc DC-DC SC Current converter (A)

ipc DC BUS Current (A)

Maximum current regenerated by braking

|bat7ref

|regfmax

Treq_ref HESS Current reference (A)

isc SC current (A)

Isc_ref SC current reference (A)

Keont Battery contribution factor

Mbat Battery mass

Msc SC mass

Npat Number of Battery Cells in series
Nsc Number of SC Cells in series
Pat Fil Filtered battery power reference
Phat_lim Battery power limit

Preq Required drivetrain power (W)

Resr SC Equivalent Series Resistance
RMSD Root Mean Square Deviation

SC SuperCapacitors

S0Csc SC State of Charge (%)

Ubat battery voltage (V)

Uba meas  Measured battery voltage (V)
Ubc DC BUS voltage (V)

Uch pat DC-DC battery voltage converter (V)
Uch sc DC-DC SC voltage converter (V)
Usc SC voltage (V)

Phat Battery energy density

Mo Power ratio

2. Proposed HESS and energy management strategy

2.1. HESS Presentation
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The studied system (Figure 1) is a HESS based on an
active topology, which provides a maximum power of 1.5kW,
using a Li-ion battery and SCs as power sources. The proposed
HESS is equipped with two converters to control the battery
and SCs separately, which allows a flexible power
management, and provides the possibility to be easily scaled
up to other required power value.

fpsan)
.
-]* 8251 G2
> :
wen 82n _$8 §WWNO. .
S P S B )
_____________ |
A A DC Bus
¢ 4
DC/DC
Converter
Olpat T =L
CONTROL ] 7T capacitor
Ose Supercapacjtor
i
G f DC/DC |
N : Converter |
! T I

Fig. 1. Synoptic scheme of the studied HESS.

Table 1. Li-ion Battery (3.7V Lithium cells)

Variables Symbol Value Unit
SoC Limits S0Chat [30,100] | %
Cells in series Nbat 7 -
Energy density Phat 160 Wh/kg
Battery mass Mpat 7.5 Kg
Battery energy Epat 50 Ah
Power limit Phbat_tim 15 kW

Table 2. Supercapacitors (SCP0650C0-0002R7STA - 650F,

2.7V, SPSCAP)

Variables Symbol Value Unit
SoC Limits SoCsc [50,100] | %
Cells in series Nsc 13 -

ESR RESR 0.8 mQ
SC mass Msc 10.335 Kg
Cell Capacitance Csc 650 F

Therefore, the modelling and control of the studied

system has been performed using the EMR approach [27-28]
in a previous work presented in [17]. The same model is
adapted for a 1.5 kW maximum power demand, to ensure a
constant voltage of the DC BUS Upc=24V, and validate the
EMS developed and embedded in the FPGA using HIL

simulation. The characteristics of the Li-ion battery and SCs
used in this study are presented in Table 1 and Table 2.

2.2. Proposed Energy Management System

The present study aims at improving the real-time energy
management of the proposed dual-source HESS (SCs,
battery). The developed EMS shown in Figure 3, is designed
to make decisions that assure the optimized contribution of
each HESS source. The most important objective of EMS
implementation is to satisfy the power demand, respecting
criteria related to battery power limit, battery stress reduction,
and available energy in SCs.

50 -} ‘.A&....l’é:—

—

kCONTR

o
POWER RATIO =~ @ SoCsc

Fig. 2. Output Battery’s contribution.

Then, the proposed approach based on FLC-EMS for real
time decision making, should assure a power profile with a
maximum value of 1.5kW, that represents the battery power
limit Ppa_im, and the control of SCs in an optimal range
SoCsce [50%,100%] during each cycle, in order to make it
able to satisfy the power requirements of the next cycle. Then,
the following rules should be respected:

» The power requirements Prq iS negative: the
recovered power is supported by SCs during transient phases,
specifically the power pulses. Once the SCs are completely
charged, the quasi-constant low frequency component of the
recovered power is supported by battery.

» The power requirements Prq iS positive: the power
demand during the transient phase should be supported by SCs
(when: Preq < Ppat 1im and SoCsc€ [50%, 100%]), specifically
the power pulses. The quasi-constant power demand is
supported by battery.

Thus, according to the theoretical basis of fuzzy logic
control, which consists to process imprecise parameters on
continuous values ranged from 0 to 1, the output value
depends on the degree of membership of a satisfied condition.
The proposed fuzzy controller supports two input groups
(Preq/Pbat_iim, SOCsc), and one output group Keont that defines the
battery’s contribution. The processing consists of three
important steps: fuzzification, inference rules processing and
defuzzification.
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Fig. 3. EMS Strategy [17].

Fuzzification is the first step in fuzzy processing. It
defines the linguistic variables and the membership functions
of the FLC inputs. The fuzzy system applied to the proposed
model, includes two input variables: SoCsc and the power ratio
(Preg/Pbat_iim) (Figure 4). Thus, three membership groups have
been defined for SoCsc: LOW_SC_CHRG, MED_SC_CHRG
and HIGH_SC_CHRG which represent the SCs charging
level. For the second input variable: Preg/Poatiim, three
membership groups have been defined, which represent the
ratio level of the required power to the battery power limit:
LOW_PWR, MED_PWR and HIGH_PWR.

INPUT VARIABLE : SOCSC

LOW_SC_CHRG HIGH_SC_CHRG
05T »
O L~ Il 1 1 1 1 1 1 — h
1] 10 20 30 40 50 60 70 80 90 100
INPUT VARIABLE : POWER RATIO
LOW_PWR HIGH_PWR
1F '/\‘\ ~
/'/ ™~
osr  ~ N
e N
o : : \
40 -20 0 20 40 60 80 100
OUTPUT VARIABLE : K., 1n
SC_ALONE BATT_ALONE
\ fs‘ \
05+ /
/ \
/ \
0 20 40 60 80 100 120

Fig. 4. EMS membership functions.

The inference process is the second step of the fuzzy
approach (Figure 4). It aims at deducing the output variable
state, according to the knowledge of the input variable's state.
In this case, the inference engine contains nine rules that
include all possible combinations (Table 3), i.e., IF "power
demand is medium" AND "the state of charge of the
supercapacitor is high" THEN "the contribution is that of the
supercapacitor alone".

Table 3. Rules-base of Fuzzy Logic Controller

LOW SC | MED _SC | HIGH_SC
_CHRG _CHRG | _CHRG
LOW_PWR | SC_ALONE BOTH BOTH
MED_PWR | BATT_ALONE | BOTH | SC_ALONE
HIGH_PWR | BATT_ALONE | BOTH BOTH

Defuzzification is the last step of the fuzzy processing,
which aims to calculate the output variable keont (Figure 2),
represented by the centroid abscissa of the output resulting
fuzzy area (Mamdani approach). In fact, three membership
groups have been defined (SC_ALONE, BOTH,
BATT_ALONE) that represent the battery contribution level.
Thus, the resulting fuzzy rules (surface of possible decisions)
according to the SoCsc variations and the load power demand
value, allows to define the current supplied by battery through
a filtered current reference (Figure 3).

3. Hardware-In-The-Loop Development

A simulation, is a scientific approach that explores
hypothesis through digital computation [7]. Therefore, in
order to evaluate a theoretical design model, a software
environment is used to simulate characteristics and subsystem
interactions. However, the real-time HIL simulator, is a
software-hardware platform, designed for complete diagnosis
of a control system. This technology is used to evaluate the
performance of a real control electronic unit, via the obtained
results instead of using conventional hardware (e.g.,
Oscilloscope).

in (Clock Input clk

o &k
dk_in_reset Reset Input
dk (Clock Output
ok reset Reset Output
5] B0 nios2_asys_0 Nios II Processor
dk (Clock Input

reset Reset Input
|Avalon Memory Mapped Master
/Avalon Memory Mapped Master

instruction_master
irq Interrupt Receiver

[ ‘\—< debug_reset_request Reset Output

] debug_mem slave  [Avalon Memory Mapped Slave

lcustom_struction_master
& |data_master
ldebug reset_request

e J0HG M Slave)
reset]

nios2_asys_0

clk
Rs232_external connection

232

onchip_memory2_0

Fig. 5. Altera Qsys interface and N1OS 11 processor
configuration options scheme.

The objective of this section is to present a system
integration platform, to build a HIL real-time simulator, using
the proposed HESS  model developed  with
MATLAB/SIMULINK. Indeed, the Altera Cyclone IV FPGA
chip and the Qsys integration tool are used (Figure 5).

The NIOS Il processor soft core is available with Altera's
tools. Therefore, the designed FLC-EMS algorithm, is
programmed using the C language and implemented in the
NIOS Il FPGA's processor core. The experimentation is
performed on the ALTERA Cyclone IV EP4CE6 FPGA
Development Board (Figure 6).

The built system includes the following elements:
» ANIOS Il processor in a basic configuration;

» A UART (Universal Asynchronous Receiver
Transmitter) for serial communication with MATLAB
simulation platform through USB port;
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» A memory that uses the internal NIOS Il ON-chip
memory blocks;

» The MAX232 circuit on the development board,
which is used as an interface between a TTL serial link (0-5V)
on the FPGA board, and the RS232 serial link;

> A RS232 to USB converter that enables the
communication with FPGA, and control of the simulation
model in MATLAB/SIMULINK. The Figure 7 shows the
structure of the described system.

USB POWER l

ALTERA SP3232 RS232
_SUPPLY

EPACE6E22C8 | SERIAL CHIP INTERFACE

AS DOWNLOAD ‘
INTERFACE

JTAG INTERFACE

Fig. 6. ALTERA Cyclone IV EP4CE6 FPGA Development
Board.

The proposed FLC-EMS is based on Mamdani's inference
mechanism [25], to build and execute the fuzzy rules. The
scheme presented in Figure 8 explains the functionalities of
the developed program, executed by the NIOS |1 core of the
FPGA hardware platform.

In the first step, the values of the input variables (SoCsc,
7p=Preq/Piim_bat) are sent by the MATLAB/SIMULINK model
platform via serial port, received by the NIOS Il processor
core. This operation is achieved by the first part of the code
which assures the concatenation of the 8 bits data and its
conversions to the "Float" value type.

ACQUISITION-TRANSMISSION
INPUT/OUTPUT variables

ALTERA FPGA

4 AUSUBRUORURINNNNY

i - -
- - B =
. o e 5 Wratio p= Nios II/e -
S gh g £ = PROCESSOR =
SIM MODEL HIL MODEL Hsoc § UART - "sTRuCTION DATABUS =
o maxan -l =

Hcont E = =

by USB-Rs232 | 3 = =

= =

= =

TITTRTTTamamamay

Fig. 7. Scheme of the developed EMS HIL.
» Fuzzification

Fuzzification is the second step of the developed EMS
algorithm, which transforms the numerical inputs (SoCsc,
71p=Preq/P1im_bat) iNto @ membership set in the range of [0,1], to
corresponding fuzzy sets o; ( j is an index which defines the
desired input: j =1 for 7p=Preq/Piim_pat and j=2 for SoCsc). The
membership function (MF) is a triangular function, which
defines the value of the membership degree of each input.
Indeed, each input is described by three MFs. These last are
defined by three vertices of a triangle: l;j, li+1jand li+2j where
i is an index which indicates the number of the point I;; (Figure
8). The coordinates of I;; are noted Xij and Yi;.

The fuzzification mechanism shown in Figure 8, proceeds
first to the determination of the universe of discourse for each
input variable (i.e., the range of values that the variable can
take). Then, the degree of membership is defined according to
the membership interval of the input variable: [lij, li+1]. A
function (ranging from 0% to 100%) is used to define the
proportion of truth for each variable, it’s described by the
equation of the triangle function (1):

(Yig1,j=Yi)) (Yis1,j=Yij)
(o) = BT oy, LT 1
i (@) Kigr,j=Xij) (¥i; (Xiya,j=Xij) o) @D

where k is an index of the MF adopted (ke [1,2,3]).
> Construction of Inference rules

Based on the operations previously performed, a series of
rules are implemented. Each rule allows to define the response
through a decision matrix presented in Table 4, according to
the defined fuzzy rule of the following formula (2):

IF s (1) 1S A AND g2 (02) 1S B THEN yim 1S C (2)

where k and m are respectively the indexes of the MF adopted
for the inputs #, and SoCsc.

The “AND” operator in fuzzy logic approach, is
equivalent to the minimum operation. The application of this
operator to (uki(o1), um2(02)), generates the function
Viem(uk,1,4m,2) representing the input MFs intersection.

A truth set for each rule is then calculated. The
construction of these rules is principally based on "AND"
operator. Indeed, the code implemented in the NIOS |1 core is
mathematically based on formulas shown in (3).

( Yem = min (00, (@)
Ysc_atone = Min (Y1,1,Y23) 3)
YBoth = min (Y12,Y2,2 Y31 Y1,3Y3,3)

YBatt_Alone = MIN (Y2,1: Y3,1)

» Defuzzification

Defuzzification is the process that convert a fuzzy value
into a crisp value. Centre Of Gravity (COG) defuzzification is
more frequently used. It defines the output that corresponds to
the area COG of the output membership function,
characterizing the fuzzy set resulting from decision-making
matrix outputs. Indeed, Area and COG of each sub regions of
ykm are calculated. Then, the calculation of the surface COG
is done as follows:

oue = 5 (i (X)) )

where S; and X, are the area and COG of i"" sub-region. Note
that S; = [ ¥i.m(x)dx and n is the number of sub-regions.

Xs; 1s polygon’s centroid which is defined by its vertices
(%0, ¥0), (x1, Y1), -+ (X1, Yn—1) and described by (5):

1 _
Xs, = aZ}l:ol(xj + X4 1) (5 Yjr1 — Xj41Y)) (5)

1 @n_
where: A; = EZ?:(}(xjyj+1 = Xj+1Yj) (6)
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Fig. 8. Mechanism of the proposed FLC-EMS Code.
Table 4. Decision-making matrix
AND Uiz Uz2 Us,2

Ykm =Min (w1 (01), pm2 (02))

o2 € [loz, 11,2] or [l12, 12,2]

o2 € [ls2, la2] or [la2, 15.] a2 € [ls2, 172] or [l7,2, ls2]

Hi1 | 01 € [|0'1, |1'1] or [|1'1, |211] Y11 (SC_AIone) yl,g(Both) ]/1,3(Both)
21 | o1 € [laa, laa] or [lag, Is4] y21(Batt_Alone) y2,2(Both) ¥23(SC_Alone)
Uz | o1 € [lea, l71] or [l71, 1s1] y31(Batt_Alone) y3.1(Both) y3,3(Both)

Therefore, the development of the defuzzification
algorithm, takes into account the criterion of processing speed
as a fundamental requirement, in order to ensure a fast
response of the EMS implemented in FPGA. Indeed, the
defuzzification function of the developed algorithm, is
designed to calculate the COG based on the mesh of the
resulting polygon surface. For this purpose, the triangle model
has been taken as the basic element of the generated mesh,
since this model allows to simplify the calculation formulas
(4) and (5). The COG of triangle model is based on the average
of the vertices coordinates in the new formulas, as illustrated
in equations (7), (8), (9) and Figure 9.

X5, = g(xj + X1 + Xj12) (@)
Si = 3 h(G41 — %) ®)
where the triangle height is expressed as following:

h = |)’j+z - }’j| ©9)

Xi (i, vi) Xi (xj+1, yi+1) Xi (xj+2, yj+2)

L]
Xsi A
Xsi

Xi (xj+2, yj+2) Xi (x5, vi) Xi (xj+1, yj+1)

Fig. 9. Mesh triangle configurations.

After the analysis of the obtained polygons presented in
Figure 10 and 11, five groups of areas were defined. The areas
are activated by comparing the defuzzification inputs
(¥'sc_alone, VBoth, YBat_Alone), With the intersection point of the
outputs triangles (Pi (Xpi,Ypi)):

> SSC_ALONE = (SO USl1uS2uS9uUS10u Sll)
depends on ysc_aLone;

» Spotn=(S3 U S4 U S5U S12 U S13 U S14) depends
ON Ysc_ALONE,
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> SBATT_ALONE: (56 US7US8uUS1I5uUS16uU 517)
depends on ysc_aLone;

> S2 depends on ysc_aLone and ysotw;
> S6 depends on YsotH and YBATT_ALONE-

Therefore, the calculation of the COG is performed based
on the abscissas calculated from the inputs (ysc_alone, ¥Both,
YBat_alone), and the coordinates of the vertices of the MFs

summarizes the processing performed by the algorithm, to
compute the areas used for the COG calculation of the
resulting polygon.

Thus, the calculation of the COG surface abscissa of the
resulting polygon, represents the contribution of the battery
keont. This value is sent via the serial port to the simulation
model platform running under MATLAB/SIMULINK, so that
a new calculation loop can be started.

predefined during the development of the EMS. Thus, Table 5

A SC_ALONE BOTH BATT_ALONE
1]

..VQ(' ALONE

0,57 513

512

Y o
N, st s3 .7
S0 2\ .~ s4

-10 ] 10 50

Fig. 10. Resulting polygon mesh (ySC_ALONE > YP, yBOTH > YP, yBATT_ALONE > YP).

4 SC_ALONE BOTH BATT _ALONE

0,57

VS C|

Fig. 11. Resulting polygon mesh (ySC_ALONE < YP, yBOTH < YP, yBATT_ALONE < YP).

Table 5. Conditions and used formulas for COG calculation

Conditions Active Areas
Vee aLone > Yo S0, S1, S2 h=Ye
59, SlO, S11 h= YSC_ALONE - Yp
Voo > Yo S2,S3,54,55,56 | h=Y5
S12, S13, S14 h=yeoth - Yp
YBATT_ALONE > Yp S6, S7, S8 h=Ye
S15, S16, S17 h = yeart ALone - Yp

(Ysc_aLone < Yp) && | S21, S22, S23 h =max (ysc_aLong, Y80TH)
S0, S1 h = ysc_aLone
(veorn < Ye) S3, 54, S5 h = yeor
(VeaTT ALone < Yp) && S61, S62, S63 h =max (ysaTT_ALONE, ¥BOTH)
S7, S8 h = yeaTT_ALONE
(yBotH < Yp) S3, S4, Sb h = ysotn (While h = 0: not activated by the previous function)

886



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

H. Jbari et al., Vol.12, No.2, June 2022

4. Simulation and Experimental Results

The simulation models were built and run in the same
MATLAB/SIMULINK platform, and evaluated under the
ECE-15 driving cycle. The first model (SIM MODEL) uses
the FLC-EMS developed with SIMULINK tools. The EMS
control of the second model (HIL MODEL) is provided by the
FPGA via serial port, to control the battery contribution
(Figure 12). As it is shown in Figure 12, the ALTERA
Cyclone IV EP4ACE6 FPGA development board is connected
to the computer via the serial port, in order to be able to receive
the data (SoCsc, Preq/Ppat_iim) transmitted from the simulation
model running on MATLAB/SIMULINK, and to transmit the
value of kcontr in real time, as it has been described in detail
in the previous section. The initial SOCsc and SoCga: are 81%
and 95% respectively. The objective of the simulation and
experimentation is to evaluate the performance of the EMS
and validate the code embedded in the FPGA, by comparing
the results of the developed models (simulation and HIL).

USB to RS232

o | 2
SIM MODEL  HIL MODEL

SOCse ﬁ
Npower d

EMS : FLC

k(n“
C- CODE p feont

Fig. 12. Hardware-In-the-Loop (HIL) architecture for
proposed HESS.

Indeed, the first evaluation criterion of the developed
EMS consists in the SCs control, and ensure their functioning
as an energy buffer, in the range defined during the
development of the EMS: SoCsc € [50%, 100%]. The control
in this range ensures an optimal energy efficiency of SCs.
Thus, according to the analysis of Figure 13, both models:
simulation and HIL provide very close results concerning the
following parameters: S0Csc, S0Cpa and power ratio
Preq/Piim_bat. The range of SoCsc variations, doesn't exceed the
interval defined in the EMS: SoCsc € [52%, 81%], and the
difference of SoCsc between the initial and final state doesn't
exceed 0.07% (SoCsc(t) - SoCsc(t) = 0.07%), which
demonstrates that the EMS ensures the SCs control as a perfect
energy buffer.

The second evaluation criterion of the EMS, concerns the
analysis of the decisions made by the EMS, particularly the
management of the contributions of each energy source.
Indeed, according to Figure 13 and 14, the rules defined during

the EMS development were respected during the different
periods of the ECE-15 cycle:

> Negative power (braking): The SCs are engaged by
EMS to support the power generated during these temporary
phases: [23, 26]s, [85, 94]s and [175, 187]s. This power, which
is represented by a negative current in Figure 14, is relatively
high in current value (lreg max= 41.12A). The energy recovered
during this phase is exploited in the SCs recharging, which is
useful for this device, to make it able to satisfy the next reuse.

» Constant and quasi-constant power demand: During
this temporary phase, the EMS ensures that battery can supply
constant and quasi-constant power during the following time
intervals: [14, 23]s, [60, 85]s and [142, 175]s. The minor
variations in power demand have a limited impact on the
battery's performance, which reduces the stress on the battery
and improves its reliability.

> Positive power (power pulses): this phase is very
important, as the EMS is expected to make the SCs
contributing to support 60% to 90% of power pulses on one
hand, and the battery to support progressively the remaining
energy on the other hand during : [10, 14]s, [50, 60]s and [116,
142]s. Figure 14 demonstrates the reliability of the EMS
decision making, by exploiting the fast dynamics
characteristic of SCs, to satisfy the high current requirements
during a short period of time, and the minimisation of the high
and fast current demand impact on battery degradation. This
demonstrates the advantage of SCs integration.

The third evaluation criterion of the developed EMS, is
the reduction of the battery charge/discharge cycles, without
compromising the constant value of DC bus voltage,
respecting the battery power limit. According to Figure 13, the
profile of the SoCpar is smoothed, and the frequency of the
battery current variation is minimal compared to that of the
SCs shown in Figure 14.

Moreover, Figure 15 shows that the DC bus voltage is
almost constant: Upc = 24V during the ECE-15 cycle, which
shows that the complementarity between the HESS's energy
sources is optimal, and the EMS's decision making is of high
performance. On the other hand, the battery power ratio shown
in Figure 13 does not exceed Preq/Piim_par<l. The observed
maximum value iS Preq/Plim_patt = 0.96.

The experimental results allow to validate the developed
EMS code and provide perspectives on a better integration in
a hardware control platform, designed for a dual source HESS.
Indeed, according to Figure 13, 14 and 15, the sources SoCs,
currents (battery and SCs) and DC BUS voltage curves
profiles are almost similar (simulation and HIL results). Thus,
the EMS embedded in the FPGA operates appropriately to the
input’s variations (S0Csc, Preq/Pbat_iim) in the same way as the
SIMULINK block. Thus, the EMS algorithm embedded in the
FPGA seems to work correctly.

The obtained results by HIL and simulation models, allow
to observe an acceptable registered error. Indeed, according to
the results analysis shown in Table 6, precisely, the Root Mean
Square Deviation (RMSD) between HIL and SIMULINK
model energetic parameters. They seem to be weakly affected,
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as they register an accepted RMSD values. The origin of this
values is the result of the precision fixed in the code compiled
by the NIOS I core, which has a value of 1e-3. The error value
was set to ensure optimal performance of the simulation time,
and the data transfer speed between the simulation platform
and the FPGA, via serial port. Thus, the simulation results
show that the algorithm embedded on the FPGA is completely
functional.

Table 5. Registered RMSD and Maximum error (HIL-
Simulation)

Parameters RMSD Errormax
SoCsc (%) 0.0246 0.056
S0Cgat (%) 104 2.28 10

Isc (A) 0.0256 0.0744
lgat (A) 0.0264 0.0745
Upc (V) 3.12 10 8.910°

Preq/PIim_batt 3.1474 10V 3.331016

5. Conclusion

In this paper, a HIL solution has been presented, aiming
at the validation of an FLC-based EMS algorithm. The
proposed EMS has been developed using C code and
embedded on an ALTERA FPGA. The objective of the
proposed EMS development is to ensure the control of an
active topology HESS.

developed EMS with a fuzzy logic controller, satisfies
perfectly the requirements fixed during its development
related to:

» SCs integration and control as an energetic buffer;
> Battery charge/discharge cycles reduction;
> Battery power limit;

» Robustness of the EMS decision-making, related to
the activation of each source, depending on the different
driving cycle phases (acceleration, constant speed and
braking).

On the other hand, the algorithm developed and executed
on the NIOS Il FPGA core, is functional and in perfect
agreement with the EMS based on the SIMULINK block, as
demonstrated by the obtained RMSD values. The obtained
results allow to validate the theoretical bases of the fuzzy logic
approach and the FLC-EMS C code embedded in the FPGA.

The presented approach has been validated for an FLC
based EMS, using nine rules and three MFs for the designed
inputs/outputs. Moreover, the UART is used as a FPGA
communication interface, which imposes a very important
simulation time. Therefore, future work will focus on the
development of an EMS based on the same controller,
adopting a more complex algorithm with a number of MFs
exceeding three functions. The hardware implementation will
apply the same approach presented and explained in this
article. The validation of the EMS will be performed using a
faster interface like dsSPACE, and other hardware platforms
like the STM32.

The results of the simulation and the HIL
experimentation, demonstrate on the one hand, that the
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Fig. 13. Simulation results of the EV’s HESS under ECE-15 (HIL and simulation results).
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