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Abstract

This paper studies the impact of two significant aspects, namely fuel cell (FC) degradation and thermal
management, over the performance of an optimal and a rule-based energy management strategy (EMS) in a
fuel cell hybrid electric vehicle (FCHEV). To do so, firstly, a vehicle model is developed in simulation
environment for a low-speed FCHEV composed of a FC stack and a battery pack. Subsequently, deterministic
dynamic programming (DP), as an optimal strategy, and bounded load following strategy (BLFS), as a
common rule-based strategy, are utilized to minimize the hydrogen consumption while respecting the
operating constraints of the power sources. The performance of the EMSs is assessed in different scenarios.
The first objective is to clarify the effect of FC stack degradation on the performance of the vehicle. In this
regard, each EMS determines the required current from the FC stack for two FCs with different levels of
degradation. The second objective is to evaluate the thermal management contribution in improving the
performance for the new FC compared to the considered cases in scenario one. In this respect, each strategy
deals with determining two control variables (FC current and cooling fan duty cycle). The results of this
study indicate that negligence of adapting to the PEMFC health state, as the PEMFC gets aged, can increase
the hydrogen consumption up to 24.8% in DP and 12.1% in BLFS. Moreover, the integration of temperature
dimension into the EMS can diminish the hydrogen consumption by 4.1% and 5.3% in DP and BLFS
respectively.

Keywords: Two-control-variable energy management strategy, dynamic programming, fuel cell
hybrid electric vehicle, thermal management.
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1. Introduction
1.1. Motivation and challenges

The buildup of carbon dioxide (CO2) and other greenhouse gases is causing a rise in the average
temperature of the climate system, known as global warming [1]. Transportation sector is counted as one of
the major contributors to the anthropogenic emission of these gases [2]. Electrification of vehicles through
the introduction of hybrid electric and pure electric vehicle technologies has been considered as a potential
solution for decarbonization of the conventional vehicles [3]. However, the limitations of these technologies,
such as fossil fuel dependency in the former and limited driving autonomy as well as slow recharging rate in
the latter, have paved the way for the emergence of other sources such as proton exchange membrane (PEM)
fuel cells (FCs) in electrified vehicles [4]. Fuel cell hybrid electric vehicles (FCHEVs), which are still at an
initial phase of marketing progress, typically utilize a PEMFC stack as the primary source of power and a
battery pack and/or a supercapacitor (SC) as the secondary one [5, 6]. Therefore, the performance of a
FCHEYV is affected by many interconnected factors due to different nature of powertrain components. An
appropriate energy management between power sources can enhance fuel economy and lifetime of the
system. The available energy management strategies (EMSs) for FCHEVs can be classified into three types
of rule-based, optimization-based, and intelligent-based [7]. Rule-based EMSs are typically designed based
on heuristic techniques which are not guaranteed to be optimal or perfect, but instead adequate for attaining
an immediate purpose [8]. Optimization-based EMSs theoretically offer near-optimal solutions and are also
capable of drawing up new guidelines for revising the set of rules and inferential knowledge of the rule-based
methods [9]. Optimization-based EMSs fall into two groups of global, optimizing the cost function over a
fixed driving cycle, and real-time strategies, defining an instantaneous cost function based on the variables
of the system. The former is not suitable for real-time purposes owing to the necessity to know the driving
cycle in advance, but nevertheless is highly helpful for defining the optimal policy. Depending on the purpose
of the project, dynamic programming (DP) (as an optimal theory-based strategy) [10, 11] and metaheuristic
algorithms, such as genetic algorithm (GA) [12], (as near optimal strategies) have been abundantly used for
the development of off-line global EMSs. Real-time strategies have been also formulated by using optimal
theory-based methods, such as quadratic programming (QP) [13], Pontryagin's minimum principle (PMP)
[14], and equivalent consumption minimization strategy (ECMS) [15] with respect to the formulation of the
cost function. Intelligent-based strategies normally use the car navigation data and the history of motion for
recognizing and predicting the driving condition [16]. They can be incorporated into both of ruled-based and
optimization-based strategies to compensate for sensitivities and problems related to the driving condition
prediction. Several EMSs based on the discussed categories and their combinations are available in the
literature for hybrid vehicles. A brief summary of very recent developed strategies is given in the following
paragraph to clearly highlight the contribution of this manuscript.

1.2. Literature survey

A multi-mode fuzzy EMS is proposed in [17] to minimize the hydrogen consumption in a FCHEV where
a neural network-based driving condition recognition tool is utilized to select the most suitable mode of the
controller. This strategy has reduced hydrogen consumption by 8.89%, compared to a normal fuzzy EMS. In
[18], an EMS is proposed using the game theory, which takes into account the controller and the future
driving condition to improve the operational performance. The prediction of driving condition is performed
by employing Markov chain method. The results of this paper indicate that it can reduce hydrogen
consumption by more than 6.82% compared to other real-time strategies. In [19], an EMS based on optimal
control is proposed where the offline PMP is utilized to show the convexity of the PEMFC consumption
curve and derive a formula to determine the co-state. The obtained results show that the proposed EMS shows
a similar performance to the offline strategy with only 0.03% more consumption. In [20], an EMS based on
load following control is proposed and shown that it benefits from simple implementation and can keep the
battery operating in charge-sustained mode. In [21], a rule-based load following strategy is developed for a
FC-battery vehicle where the PEMFC model is updated by a recursive algorithm to embrace the drifts owing
to degradation. This EMS has been further improved in [22] and called bounded load following strategy
(BLFS). The operating power of the stack is limited between two points considering the efficiency curve of



the PEMFC. These limits are refined using an optimal trajectory determined by dynamic programming. In
[23], a new configuration composed of three PEMFC stacks and a battery pack is put forward. In this work,
a hysteresis EMS is designed to increase the durability of the PEMFC system by utilizing each PEMFC only
at a fixed operating point. In [24], a state machine based EMS is suggested for a FC-SC-battery vehicular
system to extend the lifetime of the power sources by using them in their desired operational range. Moreover,
the output net power of the PEMFC is maximized by regulating the oxygen excess ratio through a PID
controller. In [25], a quadratic energy consumption curve of the PEMFC stack is employed in a multi-state
ECMS to formulate the power management in a tram. The strategy has led to 2.5% energy consumption
reduction compared to a rule-based power following strategy. In [26], an EMS is developed by using adaptive
control theory and fuzzy logic control (FLC). The authors recommend updating the values for defining the
FLC rules owing to the PEMFC voltage declines due to degradation after a while and under this condition
the rule-based values should be reconsidered. In [27], a self-organizing map is developed as the driving
condition recognizer tool to select the most suitable mode of a multi-mode FLC and an online PEMFC model
is used to estimate the maximum power and efficiency points of the stack which change over time. The output
of the FLC is constantly adapted to the real PEMFC state of health (SOH) and the results show an eight-
percent improvement in fuel economy compared to a similar strategy without an online model. In [28], a
novel degradation model of PEMFC stack is proposed to be combined in the EMS design of a FCHEV. This
model is based on wavelet analysis, extreme learning machine, and genetic algorithm and considers the
influence of PEMFC load current, relative humidity, temperature, and hydrogen pressure. In [29], an EMS is
formulated based on model predictive control and a cost function is proposed inclusive of hydrogen, PEMFC
degradation, and battery degradation costs. In [30, 31], two degradation models are proposed for PEMFC
and battery and incorporated in the sizing problem of a FCHEV. In [32], an online adaptive ECMS is
proposed for a FCHEV powered by PEMFC, battery, and SC. The SOH of PEMFC and battery are traced
online by an adaptive filter and the results show that without SOH estimation, the charge sustenance objective
of battery cannot be achieved when the power sources go under degradation. A review of health-conscious
EMS:s for FCHEVs is presented in [33] and it has been concluded that accurate degradation estimation should
be integrated into the existing EMSs to enhance the durability of the system.

1.3. Contribution

In the light of the discussed papers, it is clear that the vast majority of the existing studies do not take the
degradation of the power sources into account while designing an EMS for a FCHEV. However, recently,
some studies have attempted to take this point into account [29-32]. Moreover, the developed EMSs are
mainly based on one control variable as they just determine the reference current from the PEMFC stack.
However, PEMFC is a multiphysics system and there is an interdependence between its power delivery and
operating conditions. Fig. 1 presents the relation of power delivery with operating current and stack
temperature in a 500-W PEMFC with two different levels of ageing. As it is observed, stack current and
temperature have influence over the drawn power from the stack and their range varies for each power level.
Moreover, the location of maximum reachable power noticeably changes as the PEMFC gets degraded. In
this respect, the contributions of this work lie into the consideration of two substantial aspects. The first one
is inspecting the influence of PEMFC degradation over the performance of an optimal and a rule-based EMS.
This is worthwhile since it clarifies the degradation impact of PEMFC, which is a new and expensive
technology, over the operation of the vehicle without combining it with the ageing effect of battery pack. The
second contribution of this work is the incorporation of PEMFC thermal management into the EMS design.
This is vital to be considered as PEMFC is a system and its performance is influenced not only by current
but also by temperature and even other operating parameters.
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Fig. 1. The experimental characteristics of a PEMFC stack with two different degradation levels, a) new PEMFC, and b) aged
PEMFC.

1.4. Methodology and paper structure

This paper proposes the formulation of two EMSs with two control variables based on DP and BLFS for
a FCHEV. The control variables are PEMFC current and stack temperature, which have a crucial role in the
performance of the stack. The results of the proposed strategies with two control variables are compared with
the one-control-variable forms of DP and BLFS under two standard driving cycles. The one-control-variable
forms of the strategies only consider the operating current and is similar to the existing EMSs in the literature.
The formulation of each EMS is done for two cases of new and aged PEMFC stacks to represent the effect
of ageing as well as adding the temperature dimension on the operation of the FCHEV.

The remainder of this paper is as follows. Section 2 describes the powertrain modeling of the studied
FCHEYV along with the characteristics of the employed power sources. Section 3 deals with the development
of the EMSs. Section 4 discusses the utilized experimental set-up. Section 5 gives an account of the obtained
results of the work, and finally the main conclusions from the performed study are drawn in section 6.

2. Powertrain system modeling

The studied FCHEV in this work is based on a low-speed vehicle called Nemo. The structure of this
vehicle is shown in Fig. 2. The electric motor is driven by both of PEMFC stack and battery pack. The
PEMEFC stack is linked to the DC bus via a DC-DC converter while the battery pack is directly connected to
the bus. Table 1 provides the principal powertrain parameters of this vehicle.
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Fig. 2. The simulator for testing the EMS.



Table 1
Parameters of the vehicle

Specification Parameter Value
Rolling resistance 0.015
Aerodynamic drag 0.42
Frontal area (m?) 4
- Density of air (kg/m®) 1.2
Vehicle’s parameters Mass factor 1.035
Mass (kg) 896
Maximum speed 40
(km/h)
3-phase induction Power (W) 5690
machine Frequency(Hz) 131.1
FC system Rated power (kW) 4
voltage (V) 73
Battery Capacity (Ah) 6

A vehicle’s movement alongside its moving direction is entirely defined by the forces acting on it in that
direction. Fig. 3 demonstrates the forces acting on a vehicle going up a slope [34, 35].
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Fig. 3. Vehicle’s dynamics while moving uphill

According to Newton’s second law, vehicle acceleration can be written as:

dv(t) _ Y Fr—XFr
dt My (1

Where v is the speed of the vehicle, . F;, is the total tractive effort of the vehicle, ), F. is the total resistance,
M, is the total mass of the vehicle, and § is the mass factor that equivalently converts the rotational inertias
of rotating components into translational mass. According to Fig. 3, in the longitudinal direction, the major
external forces acting on the vehicle includes tire rolling resistance (F.,), aerodynamic drag (F,4), slope
resistance (F;,.), and the tractive effort of the vehicle (Fy,.). The dynamic equation of vehicle motion along
the longitudinal direction is expressed by [23, 24, 32, 36]:
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where g is the gravitational acceleration (m/s?), a is the road angle in degrees, Cy is the rolling friction
coefficient, p, is the air density (kg/m?), C, is the aerodynamic drag coefficient, Ay is the vehicle frontal area
(m?), and v(t) is the vehicle velocity (m/s).

The requested power in the bus (Pg,) by the drive of the induction machine is calculated by:

P — Pwheel

{ BuS ™ ngmnenpc-ac 3)
Pwheel = Ftr X U(t)

where P,,p.q; 18 the required power at wheels, 7, is the transmission efficiency (92%), ngy is the motor

average efficiency (90%), and 1pc_4c is the inverter efficiency (95%). As shown in Fig. 2, the PEMFC stack

and battery pack are connected to the DC bus. Therefore, the relationship of PEMFC power (Pg¢), battery
power (Pg,;), and the requested power in the bus can be expressed as:

Ppys = Prcpc-pe + Prac 4

2.1. PEMFC modeling

The utilized model in this paper takes the temperature, current, and pressure as inputs and estimates the
voltage of the stack. It is based on a semi-empirical equation, suggested by Mann et al [37], which calculates
the stack voltage for a number of cells connected in series.

VFC = N(ENernst + Vact + Vohmic + Vcon) (5)
Enernse = 1.229 — 0.85 % 1073(T — 298.15) + 4.3085 X 10_5T[ln(PH2) + 0.51n (Pp,)] (6)
Vact = &1+ &T + &3TIn(CO,) + §4Tin(ipc)
o, = ro2 ™
2 7 5.08x1076 exp(—498/T)
Vonmic = —ircRinternat = —lpc(§1 + T + {3irc) 3
Veon = Bln(1 — —2—) ©)
FCmax

Where Vi is the output voltage (V), N is the number of cells, Ey s 1S the reversible cell potential (V), V¢
is the activation loss (V), Vypmic is the ohmic loss (V), V.., is the concentration loss (V), T is the stack
temperature (K), Py, is the hydrogen partial pressure in anode side (N m™~2), P, is the oxygen partial pressure
in cathode side (Nm™2), &,(n = 1...4) are the semi-empirical coefficients based on fluid mechanics,
thermodynamics, and electrochemistry, CO, is the oxygen concentration (mol cm™3), irc is the PEMFC
operating current (A), Ry rerna; 1S the internal resistor (), ¢, (n = 1 ... 3) are the parametric coefficients, B
is a parametric coefficient (V), ir¢ is the actual current (A), and iz 14y is the maximum. The semi-empirical
parameters of the voltage model have been tuned by a metaheuristic optimization algorithm. The explanation
of the optimization algorithm employment for extracting the parameters is considered redundant herein as it
has been comprehensively discussed in [38]. The obtained values for the parameters are: &;=-0.995,
£,=2.1228% 1073, &=2.1264x107, &,=-1.1337x10%, ;=-0.024, {,=7.60x107, {3=-1.06x107, B=0.4970.
The power of the PEMFC system (Pr¢s) is achieved by deducting the PEMFC stack power (Pg¢) from the
consumed power by the cooling fan (Py,,) and hydrogen valve (Pyqpe). The consumed power by the purge
valve is ignored in this paper since it has a fixed cyclic purging (every 10 s for duration of 100 ms).

Pres = Ppe — Pfan — Prawe (10)
Pre = Ve X Ipc (11)
Pfan =G Dfan2 +c; Dfan +C3 (12)
Pyae = Vvawe X Ivaive (13)



Where the empirical parameters (c; = 0.001365, ¢, = 0.1139, and c; = -0.9946) are determined by
experiments, as explained in section 4, Dy, is the cooling fan duty cycle, Vg, is the voltage of the hydrogen
valve, and Iy 44, 1s the current of the hydrogen valve. The consumed power of the hydrogen valve is constant
as it is normally open while the PEMFC operates.

The stack temperature is calculated based on the energy conservation law [39, 40], where the forced
convection equation includes the effect of the blower in the model.

mstCSt det/dt = Ploss - QNat - QForced (14)

Where my, is the stack mass (4.2 kg), Cs; is the specific heat capacity of stack (J/kg K) [40], T, is the
stack temperature (K), Pj,ss is the heat loss in form of entropy in the system, @y, is the natural convection,
and Qporceq 18 the forced convection. The change of Gibbs free energy in a system is defined in terms of the
change of enthalpy (AHy), temperature (T) and entropy change (ASy):

AG; = AH; — TAS; (15)

As discussed in [41, 42], presuming that the PEMFC is an isolated system, the change of entropy can be
considered as zero and the Gibbs free energy will be equal to the enthalpy variation (AHg). Under this
condition, the maximum voltage (Vj,,4) generated by the overall conversion of enthalpy into electrical energy
is calculated by:

AH
Vinax = ——~ (16)

NneF

where F is the Faraday constant (96485 C mol™1), n, is the number of electrons which is two in case of
hydrogen in the overall PEMFC reaction (H, + %Oz - H,0), AH; = —285.84 kj mol ™" if the water product
is in liquid form, and AHf = —241.83 kj mol~? if the water product is in vapor form. The higher value for
AHp is used in this work. It is known as the higher heating value (HHV), which is in fact the energy content
of hydrogen.

Under the condition Ig-(t) > 0, the delivered voltage by the cell is lower than the standard potential.
Therefore, it is impossible to reach V,,,, in a PEMFC as there is always heat loss in form of entropy in the
system. This heat loss is given by:

Pioss = Irc (NVipax — Vie) (17)

The natural convection is calculated by:

Qnar = hwat Anat(Tste — Tea) (13)

where hy; is the natural heat transfer coefficient (14 W/m?K) [39], Ayq is the total surface area of the 500-
W Horizon PEMFC (0.1426 m?) which has been obtained from the available dimensions in the manual of
the device, and T, is the ambient temperature (K). The forced convection which is the heat rate removed
from rectangular channels of the PEMFC by the two blowers is obtained by:

QForced = Vair Pair Ach Cp (Tst - Tca) (19)

where V,;,. is the air velocity (m/s), pqir is the ambient air density (1.267 kg/m?), Ay, is the effective cross-
sectional area of the channel, and C,, is the air specific heat capacity (1005 ]J/kg K). The effective area of the
channel is determined by:

Ach = 6 Ajiet (20)



where A;,.¢ 1s the total cross-sectional area perpendicular to the air flow running through the stack by the
blowers (0.22mx0.13m) and § is a correction factor for obtaining the effective area. The air velocity is
computed by:

Vair = @1 Dpan + @, (21)

where a, and a, are empirical parameters determined by experiments, as described in section 4. Hydrogen
flow (Hy f10w) is calculated by an empirical equation [43] as:

HZ,flOW =a iFC +b Dfa‘n. +c (22)

where the fitting parameters (a = 0.1539, b = -0.05308, ¢ = 1.657) are attained by experimental data and
the unit of hydrogen flow is SLPM.

2.2. Battery modeling

A lithium-ion battery pack is employed to assist the PEMFC stack to deliver the requested power from the
electric motor side. The specifications of the battery are listed in Table 2. An internal resistance based model
is used for modeling the behavior of this battery [44]. Fig. 4 shows the relationship of battery SOC with each
of open circuit voltage (Upqt—oc), internal resistance changes in charge (Rpa¢—charge)> and internal resistance
changes in discharge (Rpqt-gischarge)- The data regarding the internal resistance changes in charge and
discharge come from the experimental tests performed by the National Renewable Energy Laboratory
(NREL) [44, 45]. The battery current (I4;), bus voltage (U,s), and SOC are determined by:

2
(UBat—OC—JUBat—OC —4XRpqtXPBat

Igar = T (23)

Usus = Upat-oc — Ipat X Rpar (24)
ftt Ipatdt

50C(tr) = SOC(ty) —ne—>— (25)

CBat

where Pgg; is the battery pack power, Cg,; is the capacity, and 7. is the coulombic efficiency only during
charge (0.98) [36].

Table 2
The specifications of the employed battery
Specification Parameter Value
Maximqm current C/1A
continuous
SAFT Rechargeable Qapamty 6 Ah
lithium-ion battery cell Nominal voltage 365V
No. of cells in series 20
Cell mass 0.34 kg
Coulombic efficiency 0.99




0.08 . . . ' A
Rbatcharge
_0.06F Ebat discharge 138
‘-c-:* bat- OC ;
8 13.6 ‘;]—;
E 0.04 g
2 134 ©
8 >
® .02}
13.2
0 1 ) | ] .
0 0.2 0.4 0.6 0.8 p

SOC
Fig. 4. The relationship of SOC with Upq;_o¢ and Ry, per cell.

3. Energy management strategy

In order to explore the impact of ageing and thermal management in the performance of a FCHEV, two
different EMSs are developed in this paper. The first one is based on DP which is considered as an optimal
strategy and requires a priori knowledge of the driving cycle. This strategy illustrates the influence of the
mentioned factors in an offline case. The second one is BLFS which is a rule-based strategy and does not
need an information about the driving profile. This strategy highlights the effect of the considered factors in
a real-time case study. These EMSs are discussed in more details hereinafter.

3.1. Dynamic programming with two control variables

The model of a FCHEV can be expressed as a nonlinear state space model. One of the most common
methods which focuses on the optimal control of nonlinear, time-variant, constrained, discrete-time
approximations for continuous-time dynamic models is deterministic DP. Such DP tools have been already
employed successfully in the energy management problem of different HEVs [10, 11, 46]. In this work, the
MATLAB function introduced in [10] is utilized to solve the discrete-time optimal-control problem using
DP algorithm. The proposed DP here minimizes the hydrogen consumption by determining the optimal
trajectories of PEMFC stack current and cooling fan duty cycle. It should be noted that more complex cost
functions have not been considered in this study as the main purpose is to clarify the impacts of degradation
and temperature dimension consideration in the hydrogen consumption rather than reducing the degradation
through time. However, this work paves the way for formulating more complex cost functions in future to
reduce both hydrogen consumption and the occurrence of degradation in the PEMFC to the utmost.

The main states of the system are battery SOC and stack temperature. Moreover, the power of PEMFC
system is also considered as a state to be able to prevent sudden and big changes in the drawn power from
the stack. It should be noted that according to [47], a dynamic limitation of 50 Ws™!, which means a
maximum of 10% of the maximum power per second for rising, and also 30% of the maximum power per
second for falling, as suggested in [22], have been considered for the operation of the PEMFC system. The
steady space model equations can be described as:

Xiea1 = f (X ks Uiy Qi i) + X
X = [SOC' T, PFCS,SV] (26)
u= [IFC,CV' Dfan]

where X, is the state vector, u,, is the control variable vector, v, is the vehicle velocity, a; is the vehivle
acceleration, i, is the gear number, Prcg gy is the PEMFC power as a state variable, and I ¢y is the state
current as a control variable. As the driving cycle is known in advance, the vehicle velocity (v ), acceleration



(ay) and gear number (i},) can be included in the model function and as a result the steady space model will
be simplified to:

X1 = [ up) + x5, k=01,..N—-1 (27)

where T is the final time of the driving cycle and T is the sampling time. The minimization of the hydrogen
consumption is formulated as:

J =minY¥zs Hy(ug, k) (29)
The applied constrains to the control variables are as follows:

{ Iecmin < Irc,cv (k) < Ipcmax (30)

Dfan,min < Dfan (k) < Dfan,max

where Ipc min and Irc mqy are the minimum and maximum current of the PEMFC stack (I¢ ¢y € [0, 27]), and
D anmin and Dggp may are the minimum and maximum duty cycle of the cooling fan (Dyg,, € [ 34,100]). The
constraints on the state variables are defined as:

SOCpin < SOC(k) < SOChax (50Cin = 50 %, SOCpax = 90 %)
Tst,min < T (k) < Tst,max' (Tst,min =25°C, Tst,ma.x =65 OC)
PFCS,SV,min S PFCS,SV(k) S PFCS,SV,max (PFCS,SV,min = 0 W! PFCS,SV,max = 500 W)

APFC,SV,min < APFC,SV(k) < APFC,SV,maLx (APFC,SV,mL‘n = —150 Ws_l; APFC,SV,max =50 Ws_l)
(31)

3.2. Bounded load following strategy

A commonly employed rule-based strategy, which is known as BLFS in the literature [21, 22], is used as
the second EMS in this study. BLFS is based on a hysteresis scheme to distribute the power between the
PEMEFC stack and battery pack. It restricts the operation of the PEMFC stack between maximum efficiency
(ME) and maximum power (MP) points and mainly has three modes of operation, namely ON/OFF, Pr 1in,
and Prc max- These modes are used with regard to the level of battery SOC and requested power. To assure
a low level of hydrogen consumption, the ME point of the PEMFC is employed as the Pr¢ p;;, mode. This is
due to the fact that the level of hydrogen consumption and degradation is higher when operating between the
open circuit voltage and PEMFC ME point. Hence, when the PEMFC is turned on, the ME mode is activated.
Prc max> Which sets the stack on its MP, is used when the battery SOC reaches the minimum SOC level. The
only time that PEMFC works between OFF and Pp¢ ;,, is the transitions from OFF to P ., due to the
slew rate limitations. The details of BLFS are available in [22]. The constraints regarding the battery SOC
and PEMFC slew rates are the same as DP strategy in the previous section. It should be noted that BLFS
determines the requested power from the PEMFC, and this power is then supplied by utilizing an appropriate
combination of current and temperature to reduce the hydrogen consumption in full measure. The
combination of current and temperature levels is selected by using an optimal power line extracted from the
PEMFC as explained in the subsequent section.

4. Experimental set-up

As the main objectives of this paper are to investigate the effect of degradation and thermal management
over the performance of an EMS, the experimental data of two 500-W Horizon PEMFCs with different levels
of degradation are employed to form a realistic perception of these effects. The experimental data are gathered
from a developed test bench in Hydrogen Research Institute of Université du Québec a Trois-Riviéres
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(UQTR), as shown in Fig. 5. In this set-up, a Horizon H-500 air breathing PEMFC is connected to a National
Instrument CompactRIO through its controller. The PEMFC controller carries out the following tasks:

e Controlling the stack temperature by acting on the blower.
e  Opening the hydrogen valve.
e Controlling the purging interval of the purge valve.
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Fig. 5. The developed PEMFC test bench in Hydrogen Research Institute of UQTR

The mounted axial fan is responsible for cooling down the stack and supplying the necessary oxygen. The
hydrogen supply subsystem comprises a hydrogen tank, a pressure regulator, a hydrogen supply valve, a
hydrogen purging valve, and a mass flowmeter. The pressure of hydrogen is adjusted between 0.5 and 0.6
Bar. In the anode side, the hydrogen valve provides the PEMFC with dry hydrogen which can have a flow
rate between 0 to 7 I/min with respect to the drawn power from the stack. The voltage of the Hydrogen
valve is V41 =12V, and the current of the Hydrogen valve is I;4;,. = 0.72 A. Moreover, the purge valve,
as the anode outlet, expels the excess water, hydrogen, and nitrogen every 10 s for a duration of 100 ms to
refill the anode volume with fresh hydrogen. The pressure difference between the anode and the cathode must
not exceed 0.5 bar to avoid membrane damages. The information between the CompactRIO and the PC is
transferred by an Ethernet connection every 100 ms. Temperature, current, and voltage of the FC system are
recorded and used for the modeling. An 8514 BK Precision DC Electronic Load is used to request load
profiles from the PEMFC. Fig. 6 demonstrates the consumed power of the cooling fan by measuring the
voltage and current of the fan in different duty cycles. The fitting parameters in (12) have been extracted
from Fig. 6. Fig. 7 illustrates the relationship between the air speed and duty cycle of the cooling fan. The
empirical parameters of (21) have been obtained from this figure.
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Fig. 6. The 500-W Horizon PEMFC Cooling fan power consumption respecting the duty cycle.
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Fig. 7. Air velocity with respect to the cooling fan duty cycle

Fig. 8 presents the experimental characteristics of the aged and new PEMFCs in terms of power delivery
and hydrogen consumption. Fig. 8a shows the relationship of power, temperature, and current for better
appreciation of the current and temperature interdependence. From Fig. 8a, it is realized that a specific level
of requested power from the PEMFC can be supplied by different combinations of current and temperature.
One point which has the lowest current in each power level is selected and shown by a circle marker for the
new FC and a diamond marker for the aged FC. In fact, the circle and diamond markers in Fig. 8a show the
location of optimal current and its corresponded temperature for supplying each power level. Connecting all
the circle markers leads to the realization of an optimal temperature-vs.-current line for the new FC and
connecting all the diamond markers gives an optimal temperature-vs.-current line for the aged FC. Fig. 8b
indicates the optimal line of hydrogen consumption for each of the new and aged PEMFCs. It should be noted
that the presented circle and diamond markers in Fig. 8b are the corresponding points of the optimal markers
shown in Fig. 8a. This confirms that each selected combination of temperature and current in Fig. 8a leads
to the supply of power by the PEMFC with the lowest hydrogen consumption. From this figure, it is also
observed that there is a noticeable difference between the hydrogen consumption of a new and an aged
PEMEFC. The specifications of this PEMFC are listed in Table 3. According to Table 1, Nemo vehicle requires
a 4-kW FC system. Hence, the PEMFC output voltage in the emulator of this work is scaled up after the DC-
DC converter to satisfy the requested power in the bus.
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Fig. 8. The experimental characteristics of new and aged PEMFCs, a) temperature-current relationship, and b) Hydrogen flow-
current relationship
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Table 3
The specifications of the Horizon H-500 FC
PEMFC Technical specification

Type of FC PEM

Number of cells 36

Max Current (shutdown) 29 A

Hydrogen pressure 50-60 kPa (0.5-0.6 Bar)
Rated H, consumption 7 SLPM

Ambient temperature 5t030°C

Max stack temperature 65 °C

Cooling Air (integrated cooling fan)

5. Results and discussion

A full account of the results obtained from different sections of this paper is provided in this section.
Firstly, the developed PEMFC model is validated by using some experimental data. Subsequently, the
scenarios for assessing the performance of each EMS are described. Afterwards, the results of the optimal
and the rule-based EMSs come under a close scrutiny in two separate sections. Finally, a synopsis of the
obtained outcomes is presented.

5.1. PEMFC model validation

The performance of the PEMFC model has been examined under a random current and cooling fan duty
cycle profile. Fig. 9a demonstrates the applied current to the PEMFC. Fig. 9b illustrates the cooling fan duty
cycle as well as the estimation of stack temperature. Moreover, the estimation of the PEMFC voltage is
presented in Fig. 9c. From Fig. 9, it is observed that the utilized model is able to satisfactorily emulate the
behavior of the real PEMFC stack.

a) 30 T T
< 20} |
Zqor [ [
b) 100 T T T T T 330
;\‘5 80 Ff 320
e 60f 310<
a 40 fe\of & 9 300 @
20852, : =0 290
© 300, 1
S 25t I %
S— 60
220 000 ~ Looq
> 15 Measured | é oo i
O Estimated|
1000 2000 3000 4000 5000 6000

Time (s)
Fig. 9. Performance validation of the PEMFC model, a) applied current to the PEMFC, b) cooling fan duty cycle and the
corresponding temperature estimation, and c) voltage estimation.

5.2. The considered scenarios for testing the energy management strategies

The performance of the formulated EMSs is explored under two driving cycles, namely worldwide
harmonized light-duty vehicles test cycles (WLTC class 2) and West Virginia Interstate Driving Schedule
(CYC_WVUINTER). WLTC is a rather new global standard for defining the levels of pollutants and fuel
consumption of traditional and hybrid cars. Fig. 9 shows the employed driving cycles and their corresponding
requested power curves. According to this figure, WLTC class 2 contains three driving regimes of low,
medium, and high speed. However, CYC_ WVUINTER is mainly composed of a high-speed driving regime.
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This driving profile helps to better appreciate the effect of temperature inclusion as it has less start-stop

cycles.

- 6A
- =
E 10 - 142
~ [}

2
B 5 3
g 0ot
a0 . ‘ ‘
0 200 400 600 800 1000 1200 1400
Time (s
b) (s) 10
w10+ <
£ <
= 5%
T 5t oy
3 2
<] g
n 0 L L I L L L I
0 200 400 600 800 1000 1200 1400 1600
Time (s)

Fig. 9. The utilized driving cycles and the obtained requested power for DP formulation, a) WLTC class 2, and b)

CYC_WVUINTER.

Each of the EMSs is examined by considering four cases studies:

EMS for tuning one control variable for the new PEMFC (1D — New FC): In this case study, the
required current from the new PEMFC is determined by each EMS while the PEMFC stack
temperature is regulated by using the same policy as the original PEMFC fan controller. In this
regard, the cooling fan duty factor is kept constant around 34% and only if the temperature
reaches 60 °C, the duty cycle switches to 100% to avoid reaching the limiting stack temperature,
which is 65 °C. This policy for controlling the cooling fan duty cycle has been adopted based on
the observation of the 500-W Horizon PEMFC operation with its controller.

EMS for tuning one control variable for the aged PEMFC (1D — Aged FC): In this case study,
the required current from the aged PEMFC is determined by each EMS while the PEMFC stack
temperature is regulated by using the original PEMFC fan controller policy.

EMS for false-input case study (1D — FI) with one control variable: The false-input case study
has been adopted in a specific way for each of DP and BLFS strategies. Regarding the DP
strategy, the obtained optimal control policy from 1D — New FC case is employed while the used
PEMEFC is the aged one. This case study shows the effect of PEMFC degradation on the
performance of the optimal EMS. Concerning the BLFS, the aged PEMFC is employed while the
operating constraints, such as ME and MP points, are set according to the new PEMFC. This case
study clarifies the influence of not updating the PEMFC characteristics over the fuel economy of
the vehicle.

EMS for tuning two control variables for the new PEMFC (2D — New FC): The second scenario
investigates the performance of each strategy with two control variables for the new PEMFC. In
fact, each strategy determines the current and duty cycle of the cooling, which regulates the
temperature. The results of this case study are comparable with 1D — New FC case and illustrate
the influence of temperature dimension inclusion over the performance of the vehicle. The
formulation of EMSs with two control variables has not been repeated for the aged PEMFC and
false input cases to avoid the discussion of similar analyses in the paper.

5.3. Dynamic programming results

Fig. 10 illustrates the obtained results from running DP strategy for WLTC class 2 driving cycle in the
four above-explained case studies. Fig. 10a presents the scaled-up drawn power signals from the PEMFC for
each case study. According to this figure, DP has adopted a specific policy for each of 1D — New FC and
1D — Aged FC case studies, which implies that the optimal policies of power sharing cannot be the same for
the aged and the new PEMFC. Fig. 10b, Fig. 10c, and Fig. 10d present the battery SOC level, the real-scale
drawn current from PEMFC, and stack temperature evolution respectively.
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Comparison of 1D — New FC and 1D — Aged FC case studies shows that from 0 to almost 600 s, the SOC
descends to around 50% for both strategies. However, from 600 s to almost 1000 s, the strategies show
completely different behavior. On the one hand, the 1D — New FC increases the drawn current to a high of
22 A. Then, it drops to almost 17 A for almost 300 s and gradually decreases to 0. This variation causes
fluctuation in the stack temperature (from 27 °C to almost 40 °C) and battery SOC (from a high of 50% to a
low of 80%). The 1D — Aged FC, on the other hand, sustains the battery SOC level around 55% by gradually
increasing the current and temperature within this interval. From 1000 s to the end, the 1D — Aged FC
increases the current to almost 20 A which causes a surge in the stack temperature while the 1D — New FC
tries to use less current by discharging the battery and cooling down the stack.

Regarding the 1D — FI case study, it demands the same power signal from the PEMFC as 1D — New FC
since it uses the same DP policy. However, the PEMFCs’ health states are different. Fig. 10b also shows that
1D — FIand 1D — New FC have the same battery SOC variations since they extract the same power from the
aged and new PEMFCs respectively. Nonetheless, Fig. 10c illustrates that in 1D — FI case study, the aged
PEMFC needs to operate in higher current levels, especially between 700 s to 1000 s, to supply the same
power as the new PEMFC. The stack temperature is also higher in this period for the 1D — FI case.

The comparison of 1D — New FC and 2D — New FC DPs indicates that the DP with two control variables
has ended up with more variations compared to the one with one control variable. It stems from the fact that
in 2D — New FC, each specific level of power can be supplied by different combinations of current and fan
duty cycle (which leads to different temperature levels). Therefore, the 2D — New FC DP attempts to choose
the combination that leads to the lowest hydrogen consumption. However, there are not many combinations
of current and fan duty cycle for the case of 1D — New FC DP.

Looking more closely at the performance of the 2D — New F(, it is seen that from 0 to almost 600 s, the
requested current from the stack is higher than the 1D — New FC. This results in warming up the stack to a
desired level during this interval (35 °C to 40 °C) and sustaining the battery SOC level around 60%. From
600 s to almost 1000 s, the 2D — New FC strategy virtually keeps the stack temperature between 35 °C to 40
°C and SOC level between 60% to 65%. From 1000 s to the end, this strategy shows a smooth fluctuation to
finish in the same SOC level as initial.
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Fig. 10. DP results for WLTC class 2 driving cycle, a) the drawn power from PEMFC stack (scaled-up signal), b) battery SOC, ¢)
the real scale drawn current from the stacks, and d) the real scale stack temperature evolution.

Fig. 11 represents the results of DP strategy for the CYC WVUINTER driving cycle. Fig. 11a presents
the scaled-up power provided by the PEMFC in each scenario and the corresponded battery SOC, stack
current, and temperature are shown in Fig. 11b to Fig. 11d respectively.

Comparing the 1D — New FC and 1D — Aged FC cases, it is seen that the DP for the new FC discharges
the battery up to 300 s and after that it turns on the PEMFC to recharge the battery and meet the requested
power. However, the DP for the aged FC decides to charge the battery to a high of 75% in this interval. From
300 s to almost 1100 s, both strategies increase the drawn current from the PEMFC with slightly different
fluctuations to meet the requested power and in both cases the stack temperature rises. From 1100 s to the
end, the stack temperature in both cases decreases, and finally, they finish in the same SOC level.

With regard to 1D — FI case study, it can be observed that the aged PEMFC requires to work in higher
current and temperature levels from almost 400 s to 1400s to supply the requested power and sustain the
same battery SOC level as 1D — New FC.

Concerning the 2D — New FC, it is observed that this strategy sustains the SOC level around 60% up to
300 s. From 300 s to almost 1100 s, it increases the drawn current from the PEMFC with some oscillations
to meet the requested power which in turn increases the stack temperature. From 1100 s to the end, the
strategy tries to keep the desired temperature level.

Fig. 12 compares the PEMFC current distribution of 1D — New FC and 2D — New FC DPs for both
driving cycles. From Fig. 12a, it is seen that both strategies work in various levels as the WLTC class 2
driving cycle contains several stops and low-speed traffic conditions. However, in case of
CYC_WVUINTER driving cycle, the strategies, specifically the one with two control variables, can operate
more time in the efficient current zone which is between 17 A to 21 A, according to the presented
characteristics in Fig. 8.

2D-New FC - 1D-Aged FC
----------- 1D-New FC - - - 1D-FI

0 500 1000 1500
Time (s)
Fig. 11. DP results for CYC_WVUINTER driving cycle, a) the drawn power from PEMFC stack (scaled-up signal), b) battery
SOC, c) the real scale drawn current from the stacks, and d) the real scale stack temperature evolution.
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Fig. 12. PEMFC current distribution of 1D — New FC and 2D — New FC DPs for: a) WLTC class 2, and b) CYC_WVUINTER.

Fig. 13 compares the consumed hydrogen, which is the most important factor in this work, for all the
previously-discussed cases in DP strategy. According to this figure, the hydrogen economy decreases as the
PEMFC gets aged. By comparing the 1D — New FC and 1D — Aged FC cases, it can be seen that hydrogen
consumption increases by 14.7% in WLTC class 2 and 11.7% in CYC _WVUINTER. Moreover, it is
observed if the PEMFC gets aged and the DP policy remains the same (1D — FI case study), the hydrogen
consumption increases by 24.8% compared to 1D — New FC case and 8.7% compared to 1D — Aged FC in
WLTC class 2. In CYC_WVUINTER, 1D — FI case study escalates the hydrogen consumption by 20.2%
and 7.6% compared to 1D — New FC and 1D — Aged FC respectively. The obtained results from 1D — FI
case study shows that the energy management policy should be adapted to the real health state of the PEMFC
stack, otherwise it leads to poor performance of the strategy. Regarding the influence of thermal management
incorporation into the EMS formulation, comparison of 1D — New FC and 2D — New FC DPs shows that the
hydrogen consumption is declined by 2.91% and 4.1% in WLTC class 2 and CYC WVUINTER
respectively.
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Fig. 13. Hydrogen consumption a) WLTC _class 2 driving profile, and b) CYC_WVUINTER driving profile
5.4. Bounded load following strategy results

Fig. 14 shows the performance of the BLFS for WLTC class 2 driving cycle. The requested power from
the PEMFC, the battery SOC evolution, the drawn current from the PEMFC, and the stack temperature are
shown in Fig. 14a to Fig. 14d respectively. From Fig. 14, it can be observed that all the case studies almost
demonstrate similar patterns as the rule-based strategy follows the same policy at all conditions. However,
the drawn current from the PEMFC stack seems to be different specifically in the 1D — Aged FC and 1D —
FI cases since the aged PEMFC cannot reach the same level of power as the new one and the 1D — FI case
receives the false feedback signal.
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Fig. 14. BLFS results for WLTC_class 2 driving cycle, a) the drawn power from PEMFC stack (scaled-up signal), b) battery SOC,
c) the real scale drawn current from the stacks, and d) the real scale stack temperature evolution.

Fig. 15 illustrates the BLFS performance for the CYC_WVUINTER driving cycle. As this driving cycle
has more high-speed regimes compared to the WLTC class 2, the difference between the performance of
different cases becomes more evident in this case study. Taking a closer look at Fig. 15¢ and 154, it is seen
that from 400 s to almost 1100 s, 1D — FI has extracted the highest current from the PEMFC and had the
highest stack temperature. The 2D — New FC has almost extracted the lowest current level from the PEMFC
for the same time span. To fully comprehend the difference between the performance of the discussed case
studies for BLFS, they need to be compared in terms of hydrogen consumption. However, since these cases
are based on a real-time strategy, there is no guarantee that they exactly finish in the same final battery SOC.
Therefore, to have a fair comparison of hydrogen consumption, each test has been conducted five times
starting with different initial SOCs (60%, 65%, 70%, 75%, and 80%). Subsequently, the difference between
the initial and final SOC (ASOC) versus the hydrogen consumption is plotted. Fig. 16 presents the hydrogen
consumption with respect to the battery SOC changes. From this figure, it is observed that the 2D — New FC
case has achieved the lowest, and the 1D — FI case has reached the highest hydrogen consumption in both
driving cycles regardless of the initial and final battery SOC. Considering ASOC = 0.3 in Fig. 16, the
following conclusions can be reached:

e Comparison of 1D — New FC and 1D — Aged FC cases indicates that ageing has increased the
hydrogen consumption by 3.22% in WLTC class 2 and 7.02% in CYC_WVUINTER.

e Ignoring the characteristics’ update in the PEMFC stack has resulted in a considerable rise in
hydrogen consumption. In this regard, comparison of 1D — New FC and 1D — Aged FC with
1D — FI shows that in case of WLTC class 2, hydrogen consumption has increased by 7.56%
and 4.2%, and in case of CYC_WVUINTER, it has increased by 12.14% and 4.78% for the new
and aged PEMFC respectively.

e Concerning the influence of temperature dimension integration, comparison of 1D — New FC
and 2D — New FC illustrates that the rule-based strategy with two control variables is able to
decrease the hydrogen consumption by 3.8% in WLTC class 2 and 5.37% in CYC_WVUINTER.

18



The difference between the improvement of hydrogen economy in WLTC class 2 and
CYC_WVUINTER is their different driving speed profiles.
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Fig. 15. BLFS results for CYC_WVUINTER driving cycle, a) the drawn power from PEMFC stack (scaled-up signal), b) battery
SOC, c) the real scale drawn current from the stacks, and d) the real scale stack temperature evolution.
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Fig. 16. Hydrogen consumption with respect to the difference between the initial and final battery SOC, a) WLTC _class 2 driving
cycle, and b) CYC_WVUINTER driving cycle.

5.5. Synopsis of the obtained results from both EMSs

In order to give a clear understanding of the considered case studies in this paper, a summary of the main
conclusions is provided in Table 4. It should be noted that the obtained results from the performed studies in
this paper are presented to show the potential of the proposed approach in enhancing the hydrogen economy
of FCHEVs. In Table 4, three comparative studies namely 1D — New FC vs. 1D — Aged FC, 1D — Aged FC
vs. 1D — F1, and 2D — New FC vs. 1D — New FC are reported. The first one shows the effect of PEMFC
ageing on the hydrogen consumption, the second one clarifies the importance of adaptation to health state of
the PEMFC during the lifespan of the vehicle, and the last one elucidates the influence of stack temperature
dimension consideration in addition to the operating current over hydrogen consumption. It should be noted
that the comparisons of 1D — New FC vs. 1D — FI and 2D — New FC vs. 1D — FI have not been considered
since they are extreme cases and the anticipated outcomes are obvious in these cases.
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The comparison of 1D — New FC vs. 1D — Aged FC shows that hydrogen consumption has increased by
different percentages depending on the utilized EMS and driving cycle. One important aspect to point out
here is that in case of DP, the percentage of increase in WLTC class 2 is higher than CYC WVUINTER.
However, in case of BLFS, it is inverse. The difference in the behavior of EMSs is mainly due to the fact that
DP determines the best policy depending on the driving cycle while BLFS follows the same rules for both
driving cycles. This pattern can also be seen in the second case study (1D — Aged FC vs. 1D — FI) due to the
same reason. However, in the third comparative analysis (2D — New FC vs. 1D — FI), it is seen that the
percentage of hydrogen consumption decrease in CYC WVUINTER is higher than WLTC class 2 for both
of DP and BLFS EMSs. This is due to the fact that CYC WVUINTER driving cycle does not contain a lot
of changes which is favorable for allowing the PEMFC stack to reach the. However, WLTC class 2 driving
cycle contains several start-stop cycles and big changes in the speed.

Table 4
The summary of the achieved results by DP and BLFS

Compared case Description Optimal EMS (DP) Rule-based EMS (BLFS)

studies WLTC class2 CYC WVUINTER  WLTC class2 CYC WVUINTER
1D — New FC H, consumption increase 14.7% 11.7% 3.2% 7%
1D — Aged FC owing to ageing.
1D — Aged FC H, consumption increase 8.7% 7.6% 4.2% 4.7%

1D —FI owing to not adapting to

the PEMFC health state.

2D — New FC H, consumption decrease 2.9% 4.1% 3.8% 5.3%
1D — New FC due to considering two

control variables.

6. Conclusion

This paper focuses attention on the influence assessment of a PEMFC stack degradation and thermal
management over the fuel economy of a FCHEV. In this respect, a deterministic DP, as an optimal EMS, and
BLFS, as a real-time rule-based EMS, are formulated with one and two control variables for a new and an
aged PEMFC stack. Similar to the existing EMSs in the literature, the EMS with one control variable only
determines the required current from the PEMFC stack, while respecting the limitation of the power sources,
and the remainder is supplied by the battery pack. However, the EMS with two control variables determines
the required current and stack temperature of the PEMFC stack to supply the power. Considering this
temperature dimension in addition to the current is a new step regarding the EMS design which has escaped
the attentions in previous studies. The performance of the formulated EMSs is evaluated under two driving
profiles of WLTC class 2 and CYC_WVUINTER. The analysis of various scenarios indicate that the
integration of the temperature dimension can enhance the fuel economy up to 4.1% and 5.3% in DP and
BLFS respectively. Moreover, the ageing of the PEMFC stack can deteriorate the fuel economy up to 14.7%
in DP and 7% in BLFS. The final results also indicate that if the policy of energy management for power
distribution between PEMFC and battery is not updated as the PEMFC gets aged, it can increase the hydrogen
consumption up to 24.8% in DP and 12.1% in BLFS. Looking forward, future investigations are necessary
to validate the kinds of conclusions that can be drawn from the proposed EMS of this work with two control
variables by using more complex cost functions including the degradation of PEMFC stack and battery pack.
Moreover, as this study shows the potential of an EMS with two control variables in improving the fuel
economy of a FCHEV, it is necessary to formulate other common real-time strategies with two control
variables to have more realistic perception in real-world cases.
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