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Abstract: Fuel cell hybrid electric vehicle is an attractive solution to reduce pollutants, such as noise and carbon
dioxide emission. This study presents an approach for energy management and control algorithm based on
energetic macroscopic representation for a fuel cell hybrid electric vehicle that is powered by proton exchange
membrane fuel cell, battery and supercapacitor. First, the detailed model of the fuel cell hybrid electric vehicle,
including fuel cell, battery, supercapacitor, DC-DC converters and powertrain system, are built on the energetic
macroscopic representation. Next, the power management strategy was applied to manage the energy among the
three power sources. Moreover, the control scheme that was based on back-stepping sliding mode control and
inversed-model control techniques were deduced. Simulation tests that used a worldwide harmonized light

vehicle test procedure standard driving cycle showed the effectiveness of the proposed control method.

1. Introduction

The important of reducing air pollution and the oil
crisis has activated the research for electrochemical

energy sys‘[emsl'3 )

. Among them, fuel cells provide a
high-efficiency power generation and is an interesting
solution to produce near zero emission electricity in
automotive vehicles and construction vehicles. Thanks to
the low operating temperature and pressure, proton

exchange membrane fuel cell (PEMFC) become the
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most practical fuel cell system in fuel cell hybrid
electric vehicle (FCHEV). In addition, the main fuel of
the PEMFC, hydrogen, can be produce using renewable
energy sources, which is zero emission. Since fuel cell
has slow dynamic characteristic, a fuel cell combined
with battery and supercapacitor for the power sources of
the FCHEV have been developed recently. Therefore,
the energy management which determines the power
distribution between the fuel cell system and auxiliary
energy storage devices is a significant technique®™.

The FCHEV current

converts the electrochemical energy to electrical energy

energy conversion system
and mechanical energy by using many components.
Therefore, such a complex system and its control
strategy require a simple representation of the whole
system by taking into account the integrality and
physical causality between components. Meanwhile,
EMR is a graphical description of the system, which
allows an easy design of the control algorithm”. The
EMR have been introduced at the University of Lille in

France in 2000 and have been utilized in many works
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for representation, modeling, and management of various
systems such as wind energy conversion system'?,
hybrid vehicle'”, marine current turbine system'?.

In order to realize the control signal for the FCHEYV,
a backtepping sliding mode algorithm is firstly applied
to track the reference speed of the wvehicle and
demanded power of the system. As a widely used
nonlinear control method, sliding mode control (SMC)
features outstanding performance and robustness. SMC
is based on a high frequency switching control law that
drives the

hyperplane

system’s trajectory onto a designed

in the state space to achieve desired
performance. Meanwhile, backstepping technique starts
the design process in feedback form and derive
controllers that stabilize each subsystem step by step
using Lyapunov technique. The combination of the
SMC and backstepping technique is to develop a global
stable controller for the FCHEV system based on

Lyapunov theory.
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Fig. 1 Fuel cell hybrid electric vehicle configuration

In this work, an EMR representation of the overall
fuel cell hybrid electric vehicle system is proposed. In
addition, an energy management strategy (EMS) is
developed to manage the power distribution between

fuel cell and energy storage devices. Basing on the

reference values obtained from EMS, the whole control
structure is then derived, using backstepping sliding
mode control technique and inversion rules.

The rest of this paper can be organized as follows.
The electrical vehicle modeling is presented in Section
II. The EMR of the system, EMS and control algorithm
are described in Section III. The simulation results of
the comparative controllers are given in Section IV.

Finally, the conclusion is presented in Section V.

2. Studied fuel cell hybrid electric
vehicle modelling

The proposed system structure of fuel cell hybrid
electric vehicle is shown in Fig. 1. The system
comprises of three subsystems: the energy storage
system, the power bus, and the traction subsystem. The
energy storage system is a hybridization of the batteries,
supercapacitors, and a PEMFC. In this structure, the
fuel cell system is designed as a primary power source
for the

supercapacitor jointly provide additional power when the

vehicle propulsion. The battery and
vehicle starts, accelerates, or climbs the slope. The
power bus is a DC bus between energy sources and
load. Both battery and supercapacitor parallelly connect
to the DC bus by the corresponding bidirectional
DC-DC converters. Meanwhile, the fuel cell system
parallelly connects to the power bus by a boost DC-DC
converter. The advantage of this structure is that the
supercapacitor can provide the peak power and recover
braking energy so that it reduces the load on fuel cell
and battery. In addition, since it also provides a long
lifetime for the

battery by less charging and

discharging.
Load
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Fig. 2 Fuel cell stack system

cajole-HEE 2019. 6 81



Modeling and Energy Management Strategy in Energetic Macroscopic Representation for a Fuel Cell Hybrid Electric Vehicle

2.1 Fuel cell model

The PEMFC model consists of three sub-model: the
electrochemical model,
fluidic

capacitive

the electric model, and the
model. The electric model represents the
of the fuel while the

electrochemical model shows the strictly speaking fuel

behavior cell,
cell and the fluidic model represents the operation of
the gas supply. The working principle of the PEMFC is
as the following. Firstly, hydrogen is supplied to the
anode, which catalytically dissociates into protons and
electrons. The newly formed protons migrate through
the polymer electrolyte membrane to the cathode and
the electrons travel along an external load circuit to the
cathode side to create the current output of the fuel
cell. The environment air which contains oxygen, is
delivered to the cathode side. As soon as the protons,
oxygen, and the electrons arrive at the cathode side,
they combine to form water. Electricity and heat are
then created.

To derive the modeling of the fuel cell system, the
following assumptions are given:

1) The hydrogen is totally used, and the hydrogen
pressure is constant

2) The stack temperature and humidity in the cathode
are well controlled and the water inside cathode is only
vapor phase.

3) The stack voltage only has activation losses, that
is the losses due to the slowness of chemical reactions
at electrode’s surfaces.

4) The current dynamics of the motor which drives

the hydrogen compressor is negligible.

2.1.1 Electrochemical sub—-model

The electrochemical sub-model is represented by a
controlled voltage source in series with a constant
resistance. The activation losses are modelled electrically
by a paralleled RC branch, which cause the delay in
fuel cell voltage as there is a sudden change in stack
current.

The controlled voltage E is calculated by the

following equation.

E=E, - N5 (i fi)/(sT,/3+1) )
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where E,. denote open circuit voltage; N, the number of
cells; Ey the Tafel slope; ir and i, the fuel cell current
and exchange current, respectively; s the Laplace
transform variable; 7, the response time at 95% of the
final value. The first order transfer function 1/(s7,/3+1)
represents the delay of controlled voltage due to the
activation losses.

In order to obtain the open circuit voltage, the
following Nernst equation is employed, which allow us
to calculate the potential that will be formed across the
membrane based on the valence and concentration
gradient of the ion. In general, the Nernst voltage, the
exchange current, and the Tafel slope depend on gases
pressures, temperatures, compositions, and flow rates'.
Thus, for the following electrochemical reaction of the

fuel cell system

1
H, +502 - H,0

(@)
the Nernst voltage is determined as the following.
G, P (T
I RT, S‘“(OS) T <373.15°K
2F zF | B, P!
Ea= G, RT. ([P (T)P ®)
——L | =0 | 7> 373.15°K
2F  zF P, Py
where FE, is the Nernst voltage, R denotes the

universal gas constant, 7 is the temperature of
operation in Kelvin, ' denotes the Faraday’s constant,
z is the valence of the ionic species. Ps(7T) denotes
the saturation pressure of water at temperature 7,

which is calculated as the following.

log, (P, (T))=-2.18+2.95x107T @
~9.18x10°T? +1.45x107 T°

Hence, the Nernst voltage is rewritten as follows

1.229+(T—298.15)iF'43
Z

RT 0.5 o
+;ln(PHzPOZ ) T<373.15°K
-44.43 ®)

zZ

P PO.S
+£1n[HZ—OZJ T >373.15°K

zF 1,0

" [1.229+(T-298.15)
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The open circuit voltage is calculated as the

following.

EDC = KC En (6)
where K. is the voltage constant at nominal condition
of operation.

In addition, the exchange current i, and the Tafel

slope are given as

Fk(P, +P, ) -A¢
I, T Te) (2% Oz)e” @)
Rh

RT
E, = 8
TSR @

where « denotes the charge transfer coefficient, Pip,
Po, and Pipo are in turn the partial pressure of
hydrogen, oxygen inside the stack and partial pressure

of water vapor.

2.1.2 Fluidic sub—model

The fluidic model is the gas circuit placed between
the reaction sites and the gas tanks. The partial
pressures of hydrogen, oxygen and water vapor are

determined by the following equations

Rg: Ryz  Rpg [
NN NN MAN—— +
Up Up, Upgo

Ean(7) :: s

£
g

O
1

Fig. 3 Equivalent circuit model of battery.

’*U

e = (1=Un, 1 P

P ( Up, )r 0, ©)
Ppo=(n+2n, ‘,.OE)PH
where Pr and P, are absolutely supply pressure of fuel
and air, respectively, 7, and ro, are the percentage of
hydrogen in the fuel and percentage of oxygen in the
oxidant,

vapor in the oxidant, Usp and Upp are the rates of

respectively, 7, is the percentage of water

utilization of hydrogen and oxygen, respectively, which

are calculated as follows

60RTi,,
M T
ZFPq,1y,
60RTi,
v, =—— =+
JH
2 ZZFPanro2

(10)

where ¢ and g, are the fuel flowrate and air flowrate,

respectively.

2.1.3 Electric sub—model
The fuel cell voltage uy is given as follows:
us :E—R,.if (11)
where R; is the internal constant resistance. The term

Riis represents the loss due to electrolyte resistances.

2.2 Battery model

The most general models for battery in an electrical
vehicle can be divided into two groups: electrochemical
19 In this
called dual
polarization (DP) model is adopted to describe the

models and the equivalent circuit models

work, an equivalent circuit model
behavior of the battery. The schematic diagram of the
DP model is shown in Fig. 3. Following this model,
the corresponding equation of the battery model can be

given as the following.

. U i

U, =——8___ B (12)

7 RBICBI CBI

UBZ iB

= 13
" RB2C82 CBZ ( )
Uy =Epp —Up —Up, +13Ry, (14)
2.3 Supercapacitor model

Similar to the battery models, supercapacitor

modeling methods can be summarized as two kinds:

electrochemical models with high precision but complex

19.20) 21,22)
2

computation -, and equivalent circuit models

which provide a trade-off between precision and
an electrical

complex computation. In this work,

equivalent circuit model of supercapacitor is employed

cojole - HEE 2019. 6 83
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Fig. 4 Equivalent circuit model of supercapacitor

as shown in Fig. 4. The modelling equations of the
supercapacitor based on Kirchoff’s voltage and current
laws are then derived as follows™

sa(t)

SC1

+CSC1USC] (t) =i, () (15)

USCI (t) + EOSC

Ryes "l (16)
Eosc + Ryeolise (1) + Uy (8) = g (2) 17)
isc(t) :isc1(t)+iscz () (18)

where Usci(f) and vs(f) denote the voltage drop across
the capacitor Csc; and the supercapacitor’s voltage,
respectively, FEopsc the open circuit voltage which
represents the relationship between stored charge and
the supercapacitor’s voltage usc, isc(t) the terminal
current, Rsco the constant resistor, Rsc; and Rse the

variable resistor which are given as the following.

Ry, (vsc ) /11"5( > Kgep (VSC) =V (19)

where 4, 4, and A3 are constants parameters. Taking
into accounts of the leakage effect, the state of charge

(SOC) of the supercapacitor is calculate as

5sc = _/14 (isc - iscz) (20

where dsc is the SOC of the supercapacitor, A=1/
(3600Csc) with Csc is the capacity in Ampere-hours.

2.4 DC-DC converter

It is supposed that the time constant of the inductor
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is much greater than the switching period of the
DC-DC converter and the modulation frequency is
sufficiently high to consider an average model*”, thus
the switching of the converter does not affect to the
Then the model of the

DC-DC converter shown in Fig. 5 can be given as

dynamics of the currents.

follows**?
V.-V, = L%+1LRL 1)
Vi=xV, (22)
il. io
—> —
—"™M—Ipc )
Vo ' Vo
¥
1 \ DC

Fig. 5 Equivalent circuit model of DC-DC converter.

Power
train

Fig. 6 Hybrid energy system in the electric vehicle.

i, =Ki L?]”
P =1, forboostconverter or for
bidirectional converter withi,V,, > 0

p =-1, forbidirectional converter withi,V,, <0

(23)

where V;, Vo are the input voltage and output voltage
of the DC-DC converter, respectively, L and R, are the
inductance and the resistor of the inductor, x is the
ratio of output voltage and input voltage of the
converter, i;, and ip are the current through inductor and
the output current of the converter, respectively, 77 is
the efficient of the converter.

2.5 Traction subsystem
In the studied electric vehicle show in Fig. 6, a
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bank with a bidirectional DC-DC
converter and a fuel cell bank with a boost converter

super-capacitor

are added in parallel on the battery with another
bidirectional DC-DC converter. At the DC link, the
voltage is imposed by the battery while the currents are
distributed in a parallel node. Thus, thecurrent of the

hybrid energy system can be calculated as
by =g Tigy Ty (24)

where ip., iol, iop, and igy are the DC link current,
the output current of the boost converter, and the
output current of the bidirectional DC-DC converters
of the battery and the supercapacitor, respectively.
The electro-mechanical conversion of the induction

motor is calculated by

TM = lebus
ey =ky o,

25

where Ty, ew, ky, and @y denote the traction torque,

electromotive force, and electromechanical constant

conversion, and rotation speed of the motor,

respectively. The mechanical transmission to a wheel is

represented by

Measured [ |

: | Ty
signals Control o e
Scheme

io1ai02d103d

Fig. 7 EMR of the studied electric vehicle.

Vg =R @y, /rG
F= FGTMa]/RW

- {1 Fyv,, 20 (26)

-1 Fv,, <0

where vgy and Fr denote the velocity of the electric
vehicle and the traction force, respectively, R, and a
are the wheel radius and efficiency of the gear box,

respectively. Thus, the motion equation of the electric

vehicle is given by the following equation.

d F.-F
EVEV :(Tm—R)"'A 27)
EV

where mgy is the total mass of the electric vehicle, A
denotes all the nonlinearities in the vehicle dynamics
including disturbance and model uncertainties, Fr is the
resistive force, which is calculated as follows®

2
FR = mEVgCr +05pac (Vwind +VEV) + mEVgCZ
— — —

(28)

Rolling resistance force Aecrodynamic drag force Uphill resistance force

where g is gravitational acceleration, C, is the rolling
resistance coefficient, C, is the standard aerodynamics,
Vwind 18 the wind velocity, C; is the slope rate, g, is the
air density at 20 Celsius degree.

3. EMR and EMS for the FCHEV.

3.1 EMR of the studied FCHEV

The system is described using EMR with the
synoptic shown in Table 1. The EMR of the whole
system is depicted in Fig. 7, which comprises energy
storage and generation subsystem, parallel coupling
subsystem, power train subsystem, and EMS block. The
EMR describe

components in the system and emphasize some system

the energy exchange between the

characteristic such as physical causality and interaction
principle™®.
deduced systematically from the EMR. According to the
EMS, the of the three DC-DC

converters are calculated to select the power sources of

The control algorithm scheme is then

desired currents

the system. Then three control signals are derived to

send to three switchers of the corresponding converters.

3.2 EMS of the hybrid power sources.

The hybrid electric vehicle is supplied by three
power sources, which are fuel cell, battery, and
super-capacitor. Since fuel cell has slow dynamics, it
can be compensated by faster dynamics from storage
devices such as battery and  supercapacitor.
Supercapacitor has lower energy density than battery,

however, higher power density, which provide very fast

cajole-HEE 2019. 6 85
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Fig. 8 Energy management algorithm for the

electric vehicle

dynamic cycles. In addition, battery lifetime relies on
many factors such as the number and depth of
discharge cycles, operating temperature, and so on. In
order to keep the battery operating in a long lifetime,
the battery current slope should be limited. On the
contrary, supercapacitor is employed for fast dynamic
cycles.

In order to manage the energy distribution between
the fuel cell, battery, and super-capacitor based on a
dynamic classification, the four following operating
modes are considered

(1) Fuel cell, battery and supercapacitor combined
driving mode: the main source and storage supply
energy to the load. In this mode, the fuel cell system
mainly drives the vehicle. If the demand power is
greater than maximum power of fuel system, the fuel
system supplies the maximum power, and the remaining
demand power is provided by the battery if the SOC of
the battery, denoted as &, higher than its expected
value, denoted as SOC*. If the demand power still
cannot be satisfied, the supercapacitor must discharge if
Ssc is higher than SOC*. The power calculation in this

mode can be expressed by the following equation.

{PFC = 1).‘-'6' max

29
Boei = Pectlper + Batlpes + Pocllpes 29)

where Prc, Ps, Psc, Puae, Premax denote the power of
fuel cell system, battery power, supercapacitor power,
traction power, and maximum value of fuel cell power,
respectively, 7pci, b2, Zpes are the efficiency of the
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DC-DC converters for fuel cell system, battery, and
supercapacitor, respectively.

(2) Fuel cell and battery combined driving mode: In
this mode, if the & is higher than SOC¥*, the battery
discharge and the remaining demand power is provided
by the fuel cell. If &sc is lower than SOC*, then it
must be charged by the fuel cell. The power relation in

this mode is given by

Broee T BscMpes = Prcllper + Pallpes (30)

(3) Fuel cell individual driving mode: In this mode,
the fuel cell individually drives the vehicle. If the
demand power is lower than maximum value of the
fuel cell system, dp and Jsc are lower than SOC¥,
then fuel cell
supercapacitor. The power relation equation is derived

must charge the battery and

as

Fig. 9 Control architecture for the FCHEV system

B ¥ Ballpes + Bsctlpes = Beellper (€29)]

(4) Recovery mode: when the vehicle decelerates or
brakes, the motor turns into power generation mode and
the fuel cell system stop working. In this mode, the
energy firstly. When the
then the battery

supercapacitor — recover
supercapacitor is full of energy,
recovers energy.

From the above analysis, the EMS for the electric
vehicle can be expressed in the Fig. 8. As depicted in
this figure, the energy distribution between fuel cell and
storage devices relies on the required current and the
voltage of the supercapacitor, where ipimax, ioamax, and
Uscmax are the maximum values of ipy, i, and wusc,

respectively.
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3.3 Backstepping sliding mode control method.

The control scheme for the electric wvehicle is
developed based on the motion equation of the vehicle
(27) and the dynamic equations of the converters
(21)-(23).

Let us define the tracking error e; =vgy - Vg, where
vevg denotes the desired speed of the electric vehicle.
The sliding surface for the velocity tracking subsystem

can be chosen as
s, = + ¢ (32)

Assuming that the resistance force Fp can be
measured, then from the vehicle dynamics (27), the

desired traction force is designed as
Fpy = Fy+my, (Vyy, — 26 —ks—k,sign(s)—A)  (33)

where &k and k, are positive designed parameters.

Consider a Lyapunov function
Vv, =0.5s (34)

Taking the derivative of V; and defining e, =
FrFr;, one obtains

V=58 =——s¢, _klslz -k, |S1|_S1A (35)

EV

The parameter k; is chosen such that k, > sup{[A[}
It is clear that the tracking error e; could converge to
zero only if the tracking error e, is close to zero.
Therefore, the objective of the next step is control e;
as small as possible.

Let us define iy, 1S the desired value of the DC link
current, €3 = ipys ~ ipsa 18 the DC link current tracking

error,

Table 1: Parameters of the hybrid power system

Par. Value Unit Par. | Value | Unit
N. 70 - a 0.6 -
R 83145 [Jmol'K' | mp | 0.99 -
F 96,485 | Cmol” roe | 021 -
z 2 - Ry | 1.8 Q
K. 57.6 - Cp 6.5 Ah
R 0.08 Q Cser | 150 F

‘ Reference - - - -PID Proposed Controller
150 . ; . . ‘
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Time(s)

Fig. 10 Velocity tracking performances and tracking

errors

then we obtain the following relationship

e, = Kse,
R a9
reky

In order to control the tracking error e; converge to
zero, according to the equation (24), three DC-DC
converter output currents ip;, io, i3 should follow their
desired values ipig4, 024, i03a. Therefore, inversed control
signals xj, o, i are derived for the three converters as
the following.

Kl = (Kpleol +Kil eOldt+u/7me’s )/ubusimes (37)
KZ = (KpZeOZ +Ki2j602dt+u87mes)/ubusimes (38)
K} = (Kp3603 + Ki3 eO3dt + uSC7m65 ) / ubu57n1es (39)

where eo1 = ioi-iows, €0 = ioriona, €os = loz-iosa Kpi,
Ky, K3, Kii, Kp, K are designed control parameters,
UB mes, USC mess Ufmes, and Upys mes are the measurement

values of up, usc, uy, and upys.
4. Simulation results and discussion
In order to validate the effectiveness of the proposed
control method for the fuel cell hybrid electric vehicle,

some simulation tests have been done. The simulation

tests are performed in MATLAB/Simulink environment.

cojole - HEE 2019.6 87
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Fig. 12 Current tracking errors

The sampling time of the simulation test is selected
as T, = 10
cell, battery, and supercapacitor is depicted in the Table 1.

The control structure for the FCHEV system is show

in Fig. 9. Firstly, from the standard cycle condition for

second. The parameters of the hybrid fuel

testing vehicle performance, the reference velocities are
given. Then the velocity controller block will calculate
the desired traction force for the powertrain system to
guarantee the tracking performance of the car speed.
Basing on electromechanical conversion and the desired
traction force, the desired bus current is computed,
which is the input of the energy management block
along with supercapacitor voltage. The inversed control
schemes for the three DC-DC converters are then
developed to derive the suitable control signals &, #a,
and #;. In this paper, the Worldwide Harmonized Light
Vehicle Test Procedure (WLTP) are chosen to be the
standard driving cycle for the FCHEV system. The

parameters of the proposed control approach are chosen

88 Journal of Drive and Control 2019. 6

as A=0.1, k; = 2.5, k, =1.6. The control performance of
the proposed control method is compared to the PID
of the
proposed control method. The parameters are optimized
as K, =55, K; =05,
method.

controller to investigate the effectiveness

and K; =16 using trial and error

Applying the comparative controllers, the velocity
the velocity

tracking errors, the current tracking errors, and the SOC

tracking performances of the vehicle,

of the battery and the supercapacitor are shown in Figs.

10-13, respectively.

0.85
208 I
075 L 1 L Il Il
0 300 600 900 1200 1500 1800
L 09F
0
“0.85"
08 Il L 1 1 L
0 300 600 900 1200 1500 1800

Time(s)

Fig. 13 SOCs of the battery and the supercapacitor.

As can be seen in Fig. 10, the simulation results
show that both controllers can achieve good tracking
performances, however, the proposed control method
PID controller, exhibiting better
trajectory tracking performances. In addition, the current
11 and Fig. 12

reveal that effectiveness of the inversed current tracking

overperforms  the

tracking performance shown in Fig.

control, which guarantee the fast response and high
tracking performance of three output currents of the
three DC-DC converters. The SOCs of the battery and
supercapacitor are also measured during the WLTP
driving cycle. As can be seen in Fig. 13, the state of
charge of the battery is significantly lower than that of
the super-capacitor. This result indicates that the lifetime
of the battery can be guaranteed, and the maintenance

cost can be reduced.
5. Conclusion
In this paper, the backstepping sliding mode based

inversed control algorithm for the fuel cell hybrid

electric vehicle is proposed. A detail model of all the



To Xuan Dinh et al.

components and the control algorithm are developed in
EMR. In addition, the EMS is derived to calculate the
reference powers for the fuel cell system, the battery,
and the super-capacitor. Finally, the simulation results
with  WLTP validate the
effectiveness of the EMS and the proposed control

standard driving cycle
algorithm with not only high tracking performance for
the car speed and currents but also assuring the long
lifetime of the battery. One of our future work is to
implement the proposed control algorithm in the real
system to validate the control performance of the
control in presence of noises,

designed system

uncertainties and state of health degradation.
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