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ABSTRACT

Hybrid fuel cell battery electric vehicles require complex energy management systems
(EMS) in order to operate effectively. Poor EMS can result in a hybrid system that has low
efficiency and a high rate of degradation of the fuel cell and battery pack. Many different
types of EMS have been reported in the literature, such as equivalent consumption mini-
misation strategy and fuzzy logic controllers, which typically focus on a single objective
optimisations, such as minimisation of H, usage. Different vehicle and system specifica-
tions make the comparison of EMSs difficult and can often lead to misleading claims about
system performance. This paper aims to compare different EMSs, against a range of per-
formance metrics such as charge sustaining ability and fuel cell degradation, using a
common modelling framework developed in MATLAB/Simulink - the Electric Vehicle
Simulation tool-Kit (EV-SimKit). A novel fuzzy logic controller is also presented which
mutates the output membership function depending on fuel cell degradation to prolong
fuel cell lifetime — the Mutative Fuzzy Logic Controller (MFLC). It was found that while
certain EMSs may perform well at reducing H, consumption, this may have a significant
impact on fuel cell degradation, dramatically reducing the fuel cell lifetime. How the
behaviour of common EMS results in fuel cell degradation is also explored. Finally, by
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mutating the fuzzy logic membership functions, the MFLC was predicted to extend fuel cell

lifetime by up to 32.8%.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

The need to electrify the transport sector has never been clearer
or more urgent. Transportation has a 72.1% share of oil prod-
ucts according to the International Energy Agency (IEA) [1],
which when burnt drives irreversible anthropogenic climate
change. The policies of governments around the world are
evolving to tackle this challenge. For example, the UK Gov-
ernment has just brought forward its ban on non-hybridised
internal combustion engine vehicles by 10 years—2030.
Lithium-ion battery technology has evolved to meet the re-
quirements of many transport applications, particularly light-
duty needs [2]. However, battery electric vehicles (BEVSs) strug-
gle with applications where long-range, heavier-duty and rapid
recharging are paramount. Fuel cells operating on hydrogen
fuel are less advanced technology but have advantages over Li-
ion batteries that include greater range and refuelling speed. On
the other hand, fuel cells cannot accept regenerative braking,
are less dynamically responsive, and do not have a sufficiently
developed refuelling infrastructure. Unfortunately, fuel cells
and batteries are often portrayed as competing technologies
where one will ‘win’ over the other. Instead, the two should be
considered as complementary technologies; each deployable
from a stable of electrochemical power sources (which includes
supercapacitors and a range of battery and fuel cell types) to
suit the needs of different applications, either individually or
combined (hybridised) in such a way as to derive the best fea-
tures from each.

Hybrid systems

A well-designed hybrid system, composed of two or more
power sources, has the potential to be much more versatile,
allowing it to be applied to many different vehicle sizes and
types. Such hybrid systems can be optimised for different
attributes or combinations of attributes; for example, weight,
volume, dynamic response, efficiency, durability, cost, etc.
When designed well, such systems can have a transformative
impact compared to single-source systems. However, poorly
designed hybrids can needlessly add to system complexity
and cost and even result in an inferior overall solution.
Consequently, hybrid power system design is an area of
intense research that considers control aspects, development
of energy management systems (EMS) and the electrical,
thermal and physical integration.

While there are many benefits to power source hybrid-
isation, the basic concept behind hybridising a fuel cell with a
battery is that it enables the fuel cell to act as the primary
energy source (based on the use of a chemical fuel) operating
in the maximum efficiency range, while the battery

accommodates dynamic response, meets the peak power
demand and recuperates energy from regenerative braking.
Operating the system this way has also been shown to be
more efficient than using the fuel cell as a range extender [3].
This is partly because fuel cells operate best under steady
loads, ideally at partial load where the efficiency is highest,
and passing energy through the battery pack is approximately
95—-98% efficient [4,5]. It is worth mentioning an alternative
low carbon method of electricity generation which is the
direct combustion of hydrogen within a
thermophotovoltaic device [6—8]. These devices have the
possible application of providing small amounts of auxiliary
power, particularly for electrical devices, without reducing the
battery state-of-charge.

micro-

Passive or active hybridisation

Broadly, hybrid systems can be characterised as active or
passive systems. Active systems typically use a DC/DC con-
verter to step up the fuel cell voltage to the battery system.
Passive systems connect the fuel cell and battery system in
parallel; therefore, their voltages are intrinsically linked,
removing the need for DC/DC converters which add to cost
and have a conversion efficiency penalty [9]. While passive
systems have been studied extensively and provide useful
benefits [9—-13], the analysis and model presented here will
focus on active systems as this provides more flexibility and
independence of system operational voltage for the energy
management system.

Hybrid systems can be split into series or parallel configu-
rations. Series systems typically represent a range extender
arrangement, where the fuel cell is not directly connected to the
electric motor. Parallel systems (Fig. 1) are more common. In
this case, the fuel cell is connected to the DC bus via a unidi-
rectional converter. The battery is connected via a bi-directional
converter to keep the DC bus at a fixed voltage and allow for
charging from regenerative braking or the fuel cell. The DC bus
is connected to the motor via an inverter to convert the DC to
AC, although not all electric motors require AC.

Operationally, a fuel cell is a highly sensitive system with a
large number of failure modes such as membrane failures,
gasket cracking, structural and system integration failures
[5,14,15]. Furthermore, fuel cells rely on the distribution of
gases with typical time constants on the order of seconds,
limiting their dynamic response capability. Large load tran-
sients can lead to fuel or oxygen starvation, which can impact
durability [16]. Battery packs can also have thermal and
operational difficulties, however, due to their maturity and
research interest, innovations have been able to reduce these
issues [17]. It is still the role of the EMS to limit operational
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Fig. 1 — Configuration of active parallel fuel cell electric vehicle. Reproduced from [5].

conditions which reduce the lifetime of the system and the
vehicle efficiency.

Energy management controllers

There have been many studies performed on EMS within the
literature. They typically focus on a single objective such as
minimisation of fuel cell degradation or fuel consumption.
However, while there are examples focused on electric aircraft
[18] and tramway systems [19], there is a lack of critical review
and comparison between hybrid vehicle EMSs.

One promising way of managing power share between
power sources is using fuzzy logic control (FLC). FLC is a rule-
based strategy that uses fuzzy inference systems to create
linguistic outputs from deterministic inputs [20]. Ahmadi et al.
[21] implemented FLC into a fuel cell, battery and super-
capacitor electric vehicle and benchmarked the performance
against 22 different drive cycles. Multi-objective optimisation
was performed using a genetic algorithm (GA) approach which
resulted in performance enhancements, fuel economy im-
provements and better charge-sustaining capability over the
non-optimised FLC. FLC has also been applied to various other
vehicles, such as trams, trains and UAVs [22—24].

Equivalent consumption minimisation strategy (ECMS) is a
commonly used real-time optimisation strategy in hybrid
electric vehicles [25—28]. It uses an equivalent cost function
that transfers the global optimisation into a local problem and
is minimised at every time step [4]. It does this while main-
taining the battery SOC within a specified range by the
implementation of an equivalence cost factor (Eq. (17)). Cost
function methodology can be used to minimise any variable,
whether it is H, consumption or performance degradation,
referred to as equivalent degradation minimisation strategy
(EDMS) [29]. The implementation of a degradation mini-
misation EMS presents difficulties as they require complex
degradation models which are highly dependent on design
and materials used within the fuel cell.

Xu et al. [30] present an application of Pontryagin's Mini-
misation Principle (PMP) on the operating cost of a plug-in
hybrid PEFC city bus. They developed an electric vehicle
model using MATLAB/Simulink consisting of a fuel cell sys-
tem, DC/DC converter, Li-ion battery electric motor and
gearbox models. They use the platform to compare Dynamic
Programming (DP), PMP, Charge Depleting Charge Sustaining
(CDCS) and several blended EMSs. Each EMS was compared to
one another using the operating cost, which was influenced by
change in SOC and cost of hydrogen. They found the operating
cost can be reduced by 7.2% by using the DP EMS compared to

CDCS EMS, and by 5.9% using the PMP strategy. No notice was
paid to the effects each EMS would have on wider system
considerations such as degradation and system lifetime.

Li et al. [26] developed a novel ECMS using sequential
quadratic programming, named SECMS, for a hybrid fuel cell,
battery and supercapacitor electric vehicle. A rule-based strat-
egy (RBS) and a hybrid ECMS-operating mode control strategy
(HEOS) were used to compare the SECMS. They found their
SECMS resulted in a 2.16% drop in hydrogen consumption
compared to RBS and 1.47% compared to HEOS. They also note
the SECMS would result in reduced degradation due to a
smoother fuel cell current; however, this was not modelled or
quantified.

Chen et al. [31] developed FLC so that the fuzzy parameters
are tuned in real-time depending on the driving conditions of
the hybrid fuel cell and battery electric vehicle. They named
this approach adaptive fuzzy logic parameter tuning (AFLPT).
Depending on various parameters, the fuzzy rule base can
either be in three states, normal driving condition, regenera-
tive braking condition or overload driving condition. They
report AFLPT results in less deviation from the desired battery
voltage compared to no AFLPT.

Yue et al. [20] developed a ‘health-conscious’ EMS for a fuel
cell hybrid electric vehicle. Their EMS was based on a prog-
nosis decision-making process and focused on prolonging the
lifetime of the fuel cell stack. Five fuzzy logic controllers were
optimised off-line using GA at different fuel cell and battery
degradation states. During operation, degradation factors
were determined which re-defined the rules of the fuzzy logic
controllers based on classification results and Dempster-
Shafer data fusion. Their modelling results show that with
an opportunely adjustable FLC, fuel cell lifetime can be
improved by 56% compared to a baseline EMS.

Hames et al. [25] presented a hybrid fuel cell and battery
light-duty electric vehicle model for the comparison of four
EMSs. They compare a peaking power source strategy (PPSS),
operating mode control strategy (OMCS), fuzzy logic control
(FLC) and ECMS. Comparison metrics are limited to hydrogen
consumption only, with efficiency and degradation factors of
the system neglected. They found the ECMS used the least H,
during the urban dynamic driving strategy (UDDS), and FLC to
use the most.

Wang et al. [32] developed a power management system
for a fuel cell/battery hybrid electric vehicle with an objective
function to minimise the overall lifetime cost of the system,
by minimising fuel consumption and maximising the power
source lifetime. Their model includes a complex fuel cell
degradation model, encompassing an electrochemical surface
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area (ECSA) loss model coupled to operational conditions such
as idle and high power. A semi-empirical capacity loss model
was also used to model battery degradation. They show how
varying the fuel cell cost factor (the amount the optimisation
tries to minimise degradation) impacts the performance of the
fuel cell and battery over time. They found minimising the
fuel cell degradation increased battery degradation. It remains
to be shown how this compares to other commonly used
EMSs.

Physical systems

Many of these modelled EMSs have been applied to physical
systems [9,33—35]. Garcia et al. [36] developed a three-way
hybrid system using a fuel cell, battery and supercapacitor
for a tram. They used the SC to meet peak power as it has the
fastest response time, which is beyond that of the fuel cell and
battery. They modelled the system in MATLAB-Simulink,
using commercially available components. Their EMS used
an equivalent consumption minimisation strategy to optimise
hydrogen consumption. They tested their system with driving
cycles for the tramway. It was found that by maintaining the
DC bus voltage at 750 V the SOC of the battery and SC are best
kept at 65% and 75%, respectively. They report a fuel cell ef-
ficiency of 60.9% and an overall hybrid vehicle efficiency of
55.6%.

Yufit and Brandon [37] developed a hybrid test system
using off-the-shelf components including a PEFC, Li-ion bat-
tery and a DC/DC converter. They developed their system to be
suitable for an unmanned underwater vehicle application and
built a control algorithm to regulate the power share between
the fuel cell and the battery, along with a graphical interface to
visualise and record thermal and electrochemical perfor-
mances. Their control algorithm was a simple flow chart that
was dependent on the state-of-charge of the battery, voltage
and various system temperatures. During dynamic tests, they
report there was significant heat generated which resulted in
the battery needing sufficient time to cool down before being
able to use peak power again. This indicates a need to inte-
grate thermal modelling considerations into an EMS design.

Summary and impact

Following a survey of current research, there remains a need
to compare EMSs for electric fuel cell/battery hybrids using a
common modelling framework, focusing on key factors such
as power system degradation and hydrogen consumption.
This paper aims to present a common modelling framework
in MATLAB/Simulink, named EV-SimKit (Electric Vehicle
Simulation tool-kit), and demonstrate its abilities by usingit to
compare EMSs for automotive applications. Finally, a novel
fuzzy logic controller is presented and is demonstrated to
increase fuel cell lifetime by mutating the output membership
functions depending on the state-of-degradation (SoD) of the
fuel cell system, appropriately named the ‘mutative fuzzy
logic controller’ (MFLC). This significant development in fuzzy
logic combines what was previously achieved only with
multiple separate controllers, reducing computational cost on
board the vehicle and extending the lifetime at the same time.
The MFLC also extends beyond fuel cell control and is

applicable to any scenario where output signals need to be
adjusted based on input signals.

Models and parameterisation

This section presents the development of the electric vehicle
model, semi-empirical dynamic fuel cell model and an ECM
developed in MATLAB/Simulink. The fuel cell and battery
models include degradation subsections.

Vehicle model

The vehicle and motor components of the model function
under the basic operating principles presented in [38]. The
vehicle model evaluates basic forces acting on the body, tak-
ing into account various losses such as rolling and air resis-
tance to determine the acceleration of the vehicle, Eq. (1).
Tractive power is determined from the product of tractive
force and vehicle speed.

Ftr_(Frv+Faiv+Fgr)

a= - : (1)

The drive cycle input, from the Drive Cycle Source block in
Simulink, is evaluated against the vehicle speed and the dif-
ference is input to a PID controller to determine the acceler-
ator and brake pedal position. The pedal positions are input to
a simple motor model which determines motor power to meet
the required wheel torque to satisfy the vehicle acceleration.
The required motor power is a summation of power required
to move the vehicle and the power losses associated with the
motor, which is expressed in Eq. (2).

Pross = chZ + kiw + kww3 (2)

where 7 = motor torque, w = motor speed, k. = copper losses,
ki = iron losses, k, = windage losses and C = motor constant
losses [38]. The motor model also accounted for energy
regeneration during braking. With a regen fraction of 0.2, this
is representative of the amount of energy available for
regeneration in a typical electric vehicle [39]. All vehicle level
and motor parameters can be found in Table 1 in the

Table 1 — Fuel cell model parameters.

Name Value Unit Citation
Area 100 cm? -
Electrode catalyst specific area 600 cm?mg! —
Electrode charge transfer coefficient 0.5 = [47,48]

Electrode activation energy 21000 Jmol* [49]
Electrode thickness 0.002 cm [50]
Electrode catalyst loading 0.4 mgcm 2 —
Electrode catalyst layer porosity 0.653 = [50]
Anode reference exchange current 0.0889 A cm 2

density
Cathode reference exchange
current density

1.8395e-6 A cm 2

Electrode tortuosity 1.82 = [50]
Membrane density 2 gem™3 =
Membrane equivalent weight 1100 gmol * [51]
Membrane thickness (wet) 0.004 cm [47]
Number of cells 300 = =
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supplementary material. The total power demand of the
vehicle is calculated using the following

Pdemand = Pmot + PBDP + Paccessovy (3)

Where

Prnot = Tmot X Wmot + Ploss- (4‘)

Pacceessory accounts for cabin electronics and Pgop accounts for the
FC balance-of-plant (BoP). Parameters 7me and wpye represent
the motor torque and speed, respectively. The parasitic fuel
cell power, or BoP power, is the sum of the compressor power,
air blower power and coolant pump power. It is reported that
the compressor power can be up to 93.5% of the total parasitic
power [40]. Therefore, this was modelled in detail and the
others were set to constant values, as in [26]. The power
consumption by the compressor for a given pressure ratio and
the flow rate is given by Eq. (11).

<P;;’i:t>%l - 1} m. (11)

where C, is the specific heat capacity of air, Ty is the at-

T
Py = C, atm
Nep

mospheric temperature, 7, is the compressor efficiency, Py, is
the pressure out of the compressor (FC pressure), P;, is the
pressure into the compressor (atmospheric pressure), v is the
ratio of specific heats of air and m is the mass flow rate of air
required by the fuel cell.

Equivalent circuit model

An equivalent circuit model (ECM) uses electrical circuit
components to mimic the voltage response of a battery [41]. Its
semi-empirical nature ensures high versatility and low
computational load when modelling whole battery packs.
Fig. 2 shows the pulse discharge for a single temperature, ECM
design and parameterisation.

The ECM was parameterised to a Samsung 20R 18650 by
pulse discharging at four temperatures, 10, 20, 30 and 40 °C.
Parameterisation was performed using the Estimation Equiv-
alent Circuit Battery block and experimental data acquired
using a Maccor 4200 battery cycler with MTC-020 environ-
mental chambers (USA). The code for the parameter extrac-
tion was originally presented in [42], which is now included in
the Powertrain Blockset in MATLAB/Simulink. The mean re-
sidual was 2.99 mV along the entire discharge curve. The
values for the resistors and capacitors as a function of state-
of-charge (SOC) and temperature can be seen in
Supplementary Material Fig. 1. To isolate the effects of the
electrical EMS, the temperature of the battery pack was
assumed to be a constant 313 K during the simulations.

The ECM was integrated into the hybrid vehicle model
using the in-built Simulink Equivalent Circuit Battery block.
The current and voltage was multiplied by the number of cells
in parallel and series respectively to build the battery pack.

Battery degradation model

The semi-empirical battery degradation model is based on
experimental data from the same cell used to characterise the
ECM. The degradation is based on an increase in cell internal

resistance and capacity loss, as a result of charge throughput.
Fig. 3a shows the capacity loss over 350 cycles, and Fig. 3b
shows the increase in internal resistance over the same
number of cycles.

Cycling the cell 350 times resulted in an increase in the
internal resistance of 2.58 mQ, or an average increase of 7.37 x
10> Q per cycle. This was determined from the change in real
resistance at the inflection point, which is typically used by
battery management systems (BMS) to determine internal
resistance [43]. A cycle was defined as one charge and
discharge, an average of 3848 mAh. The total capacity loss was
84 mAh, equivalent to 0.24 mAh per cycle. The semi-empirical
part was adjusted from the work by [44,45], where accelera-
tion factors based on current, temperature and DOD increased
the degradation rate. The full degradation model can be seen
in Egs. (5) and (6).

I 1 1 0.5
Rincrease = RoN (E) exp <T B Tref) <DOD> (5)

I 1 1 0.5
C’m:c‘)“(@) exp (f‘ﬁf) (—Don> ©

where R, and C, are the parameterised degradation rates, N is
the number of cycles, I is the cell current, T is the cell tem-
perature, DOD is the depth-of-discharge and I, and T are the
reference parameters which were based on the conditions of
cycling in Fig. 3.

Fuel cell model

A one-dimensional, dynamic PEFC model was implemented
into the model using a MATLAB function block and open-
source code developed by Lazar et al. [46]. The model calcu-
lates the cell voltage by subtraction of activation, ohmic and
mass transport overpotentials at every operating current. The
model reduced computational load by excluding MEA
composition and treating it as a black box. This allows the
model to be implemented into a more complex model, such as
a vehicle model and real-time applications. However, the
model does incorporate water transport through the mem-
brane by the means of osmosis, diffusion and hydraulic
permeation.

The model was parameterised to a HyPlat GDE (HyPlat Ltd,
Cape Town, SA) and a Gore —Select (Gore & Associates, New-
ark, USA) membrane. Parameters can be seen in Table 1.

Fig. 4a shows a polarisation curve from the fuel cell model
parameterised against experimental data. Data was acquired
using a Greenlight testing station on a single 100 cm? metallic
fuel cell with serpentine flow field geometry with HyPlat and
Gore MEAs. The fitting was performed by adjusting voltage
correction coefficients and exchange current densities. The
calculated cell voltage was multiplied by the number of cells
in the stack to obtain the total stack voltage.

The fuel cell system efficiency is a combination of several
efficiencies associated with the fuel cell [53]. First is the
reversible efficiency:

AGy
Mrev = er (7)
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Fig. 3 — Capacity fade plot (a) and Nyquist plot (b) for a commercial Samsung 20R cycling at 2C with no constant voltage (CV)

stage at ambient temperature.

where AG; is the Gibbs free energy of formation, and AH; is the
enthalpy of formation. The second is the voltage efficiency:

E
Mol = Ei

rev

®)

where E is the cell voltage, and E., is the reversible cell
voltage. Next, there is the fuel utilisation efficiency, upe,
which is the fraction of fuel consumed in the cell. We then
have the power conditioning efficiency, u,, and then parasitic
efficiency, 7,, which accounts for the BoP:

b

Ei ©)

mp=1l-a-

where a and b are empirical constants. Here, it is assumed
Hguel = 0.95, ppe = 0.95, and a and b are equal to 0.0499 and 0.05
respectively [53]. The high fuel utilisation efficiency was
assumed due to an on-board hydrogen recirculation system.
The fuel cell system efficiency is then the product of all con-
stituent efficiencies:
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System efficiency against power output can be seen in
Fig. 4b. At very low stack powers, the system efficiency be-
comes negative due to constant BoP parasitic power con-
sumption to maintain OCV, hence the efficiency is set to —0.05
under these conditions.

The temperature of the FC stack was set to a constant 333K
throughout the simulations. This was done to isolate the ef-
fect of the EMS on system performance, as the thermal
management system will also impact degradation rates and
system efficiency.

Fuel cell degradation model

The fuel cell degradation model is comprised of an electro-
chemical surface area (ECSA) loss model coupled with opera-
tional conditions, which are known to cause accelerated
degradation. This approach has been previously demon-
strated in [32]. The ECSA loss model was adapted from [54],
which models the ECSA decay rate as a function of the
remaining Pt surface area:

ds

o= ks, (12)

where £ is the Pt surface area decay rate, k the decay rate
constant and S(N) is the Pt surface area. It has been shown
that Pt surface area tends to a minimum value, where further

loss becomes increasingly unlikely. This value has been
determined to be approximately 20% of the original value
[55,56]. Therefore, ECSA loss can be represented by the
following exponential decay function

S(N) = Spin + (1+ Spmin)e N (13)

which is obtained by integrating Eq. (12) between 1 — S, and
S(N) — Smin. N represents the cycle number of the accelerated
stress test (AST). The decay constant depends on several
factors, such as temperature, humidity and voltage. Parame-
terising this model to the ECSA loss data presented in Fig. 4c
gave a kusr value of 3.1031 x 10~*. Data were obtained in a
previous study by Hack et al. [52]. The upper voltage of the AST
was 0.95 V, which is not always the operating condition of the
fuel cell. Therefore, the k value can be modified using Eq. (14).

& = kgy eC(UPL-UPLast) (14)

where, UPL is the upper potential limit of the fuel cell and
UPL,sr is the upper potential limit of the AST, and C is a con-
stant set to 0.0152 mV~* [54].

Pei et al. [57] break down the degradation of a fuel cell into
four key operating regions: load change; stop/start; idle and
high power, indicated by P; — P, in Eq. (15), respectively.

AP

Tr=
f kp(Plrh +P2n2+P3t3+P4t4)

(15)

where AP is the maximum allowable performance decay, k, is
an accelerating factor set to 1.72 [57] and n4, n,,ts,ts denote
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the number of load changes and stop/start occurrences, and
the time of idle and high power respectively. The approach to
convert P; — P, to the equivalent ECSA loss values was fol-
lowed from [32] and resulted in the following: P; = 0.002199
%/load change, P, = 4.54 x 10~° %/stop/start cycle, P; = 0.0545
%/hour and P4 = 0.0467 %/hour. The only caveat is the AST
clearly degrades the FC significantly faster compared to
normal operation. It is predicted that an AST lasting 200 h is
equivalent to the same as three years of degradation under
normal conditions [58,59]. Therefore, a factor of 100 was
removed from the decay rates to account for this, already
included in the values above.

Energy management system

The EMS manages the share of total power demand between
the fuel cell stack and the battery pack. Depending on various

=

[PowerSystemDemand] > ’/”_

system parameters such as SOC, temperature and load type,
the power drawn from each power source will vary. Five EMS
were built into the Simulink workspace, as seen in Fig. 5, and
are detailed in the following subsections.

Rate Limited Power

A simple Rate Limited Power (RLP) EMS was used as a baseline.
The inputs to this EMS was the power demand and battery
SOC. The FC power followed the power demand but a rate
limiter was used to ensure there were no large step changes in
FC power. The rate limiter prevented the FC from increasing
and decreasing faster than a rate of 0.4% of total power per
second. The battery power was set to the difference between
the power demand and FC power output. If the battery SOC
was greater than 60%, the fuel cell power ramped down to
maintain the SOC in the optimal range and prevent excessive
fuel usage. Fig. 5b shows this control system implemented

(a)

S
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>

FC Power Fraction
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o ¥ /
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Fig. 5 — Implementation of EMSs in Simulink workspace in the following order: PI Control, Rate Limited Power, State
Machine Control, Fuzzy Logic Control and Equivalent Consumption Minimisation Strategy.
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into the Simulink workspace. The output is a value between
0 and 1 which represented the fraction of maximum fuel cell
power. The maximum FC power was set to the power output
at 1.25 A cm ™2, or approximately 0.6 V per cell.

Conventional fuzzy logic control

Fuzzy logic control (FLC) calculates continuous output values
based on a set of predefined rules, membership functions (MF)
and imprecise inputs [21]. These predefined rules are based on
user knowledge which makes the control of fuzzy logic sub-
optimal. This can be improved with the use of an optimisa-
tion method to tune the membership functions. For this work,
a basic FLC was implemented and optimised using a gradient
descent method with a sequential quadratic programming
algorithm in Simulink Design Optimisation.

The FLC had two inputs, power demand and SOC, and a
single FC power fraction output. The user knowledge base is
inputted in the form of a set of rules. A rule-base is used to
inform the FLC what the output should be depending on a set
of input conditions. For example; “if SOC is high” and “power
demand is low” then “FC output is low” is a single rule. All
rules used in the system can be seen in Table 2.

The optimisation aims were to minimise the degradation
cost by adjusting the output membership function parameters
while ensuring the battery SOC did not fall below 45% from a
starting value of 50%. The degradation cost, Dcst, is quantified
using Eq. (16):

Deost = a(Cfc * ch) + 16(Cb + Dp) (16)

where Cf is the cost of the fuel cell system, set to DoE 2020
target of $30/kW, Dy is the degradation of the fuel cell system,
Cyp is the cost of the battery pack, set to the DoE 2020 target of
$125/kWh and D is the degradation of the battery pack. Pack
end-of-life (EoL) was taken to be 80% of beginning-of-life (BoL)
capacity. As each cell has a capacity of 2 Ah, pack degradation
was calculated using:

_ Closs [mAh}

T (17)

The fuel cell degradation, Dy, was determined from the
ECSA percentage loss over the EoL condition, set to 27%
remaining ECSA. Degradation constants, « and 3, can be used
to make the equivalent cost comparable; however, they were
both set to one during this optimisation. This quantity is also
used to compare each EMS in Results and Discussion.

All input and output membership functions were of a
Gaussian type to allow ease of control during optimisation.
Fig. 6¢c and d shows the output membership function before

Table 2 — Rules of FLC. L = low, M = medium, H = high,

P = positive, N = negative.

FC Power Power Demand
NH NM NL PL PM PH
SOC L L L H H H H
M 1L 1L, 1L M M H
H L L L L L M

and after optimisation, which resulted in a reduction of $3.00
over the duration of the drive cycle, as can be seen in Fig. 7b.
The majority of this cost-saving came from a reduction in
degradation due to load change by increasing the width of the
medium MF and reducing the step size to the high and low
MFs. This is discussed further in Results and Discussion.

Fig. 7c and d shows the fuzzy surfaces, where the output
(FC power fraction) is displayed on the z-axis with each input
on the x- and y-axis. The changes due to the optimisation can
be clearly seen, with the peak and average FC power
decreasing and the creation of a plateau where the fuel cell
will operate the majority of the time.

The FLC was implemented into the Simulink model using
the Fuzzy Logic Controller bock which links to the fuzzy
inference system (FIS) in the MATLAB workspace. The block
diagram can be seen in Fig. 5d.

Mutative fuzzy logic controller

The optimised FLC was developed further by introducing fuel
cell degradation as a third input. This was quantified as ‘state-
of-degradation’ (SoD) with 0 being the beginning-of-life and 1
the end-of-life condition. Moving the degradation between a
state of low to medium, according to the membership func-
tions seen in Fig. 6e, triggers a mutation of the output mem-
bership functions, hence the name mutative fuzzy logic
controller (MFLC), with the goal to prolong fuel cell lifetime.
These mutations follow the general trend of reducing the
average fuel cell power output and decreasing its dynamic
response to load changes. The output membership functions
of the MFLC can be seen in Fig. 6f. Three levels of fuel cell
degradation were used in this example, low degradation
which corresponds to an SoD between 0 and 0.3, medium
degradation which corresponds to 0.2—0.8 and high which
corresponds to an SoD of 0.7—1. The effect of the MFLC on fuel
cell lifetime will be discussed in Results and Discussion.

Equivalent consumption minimisation strategy

The ECMS is based around the implementation of a cost
function that minimises the fuel usage of the system [18]. It
does this within pre-defined operating regimes of battery
power, SOC and FC power. The cost functions aim to minimise
Eq. (18):

F = (Pgc + aPpage) dt (18)
where « is the equivalence factor expressed by Eq. (19).

(SOC — 0.5(SOCpin + SOCrmax))
SOCmin + SOCpnax

a=1-2pu (19)
where u is the SOC balance coefficient, typically 0.6, SOCy, is
the minimum SOC level of the battery pack and SOCpy is the
maximum SOC of the pack. The equality constraint, Eq. (20),
ensures the power demand is always met.

Pdemand = Pfc + Pbatt- (20)

The following boundary conditions apply to ensure the FC
power, SOC and battery power are all operating within their
limits (21)—(23).

j.ijhydene.2022.05.192

Please cite this article as: Luca R et al., Comparative study of energy management systems for a hybrid fuel cell electric vehicle - A novel
mutative fuzzy logic controller to prolong fuel cell lifetime, International Journal of Hydrogen Energy, https://doi.org/10.1016/



https://doi.org/10.1016/j.ijhydene.2022.05.192

10 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

NM

PL PM o

0.5 0.6 0.7 0.8 0.9 1
Fuel Cell Power

Degree of Membership

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fuel Cell Power
. L M H
0.5 (e) B
0 r f . T T T f Y T
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1

Fuel Cell Power

e Mutation 0
s Mutation 1 |_|
o s Mutaiton 2

0.5 0.6 0.7 0.8 0.9 1

Fuel Cell Power

Fig. 6 — FLC membership functions, with power demand input (a), SOC input (b), FC power fraction non-optimised (c), FC
power fraction optimised (d), MFLC FC degradation input (e) and MFLC FC power fraction outputs (f). L = low, M = medium,

H = high, P = positive, N = negative.

Pfc, min < Pfc < Pfc.max» (21)
Pbattmin < Pbatt < Pbatt,max- (22)
14 <a<18. (23)

The cost function was implemented into the Simulink
workspace using a MATLAB S-Function block (Fig. 5e). The
MATLAB function fmincon minimised the cost function every
step during the computation.

Classic PI control

A proportional-integral (PI) control was set to maintain the
battery SOC around a fixed value; in this case, it was 50%. The
error in SOC to the ideal value was used to determine the FC
power.

State machine control

The implemented state machine control (SMC) is based on the
EMS in Ref [18,22]. Each state is defined by two inputs, with a
fixed output for each state. These are presented in Table 3.
This control logic was implemented with a MATLAB function
block, where If statements were used to segment the states.

Results and Discussion

The Worldwide Harmonised Light Vehicle Test Protocol
(WLTP) (Class 3) was used to simulate the vehicle driving
conditions [60]. This drive cycle was chosen as it consists of
four characteristic driving scenarios; urban; suburban; rural
and highway driving, each with a different maximum speed,
which can be seen in Fig. 8a. Each test case had the same
initial conditions to allow for comparison. Fig. 8 shows
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Table 3 — State Machine Control States [18]. Pg
min = Minimum FC power, Py ,,ax — maximum FC power,

P4 = power demand, P op: = optimal FC power and
P.,g = battery charge power.

State SoC Demand Power (Pg)  Fuel Cell Power
1 ngh Pd < Pfc min Pfc min

2 ngh Pfcmin<Pd<Pfcmax Pd

3] ngh Pd > Pfc max Pfc max

4 Normal Pg < Pfe opt Pc opt

5 Normal Ptc opt < Pa < Pgc max Pg

6 Normal Pd > Pfc max Pfc max

7 Low RE R rap— Pg + Pcng

8 Low Pa > Ptc max Ptc max

example plots of the simulation using the PI EMS. Fig. 8a
shows the drive cycle and the vehicle speed, which are seen to
be identical. The motor was assumed to be able to apply suf-
ficient torque to meet these criteria. It was also assumed the
power systems were able to meet the demand of the motor
instantaneously.

Fig. 8b shows the drive cycle transformed into a tractive
power cycle and motor input power using the equations in
Section Vehicle model. The motor input power is higher than
the tractive power due to the motor losses defined in Eq. (2).
Negative tractive power is a result of the vehicle de-
accelerating. A negative motor input power represents a
period of regenerative braking when the motor is acting as a
generator. Peak regenerative power is significantly lower than
tractive power due to the regen fraction, a variable that is

adjustable in modern electric vehicles. The difference be-
tween regen power and negative tractive power is provided by
the friction brakes.

Fig. 8c shows the power split between the fuel cell and
battery pack under a PI controlled EMS. The inputs to the PI
EMS were power demand and battery SOC. As the SOC devi-
ated away from the ideal value (set to 0.5 in these simula-
tions), the FC power fraction increased to bring the SOC back
to ideal levels. This can be seen between 0 and 600 s. As the
vehicle began to move, the SOC quickly dropped below 0.5,
therefore the FC power began to increase. As the vehicle came
to a significant rest around 400 s, excess FC power went back
into the battery pack and therefore the SOC increased. When
the SOC passed 0.5, the FC power began to ramp down to save
excess H, consumption. During suburban driving,
(500—1000 s) the SOC dropped again below 0.5 and the fuel cell
power ramped up to recharge the battery pack.

Each EMS operated the vehicle power system in vastly
different ways. The characteristic of each EMS can be sum-
marised by these key attributes; average FC power; peak FC
power ramp rate; peak FC power; average battery pack power;
peak battery pack power; number of stop/starts; time spent at
OCV.

Table 4 quantifies the results for the key attributes of each
EMS. The fuzzy logic controllers and their programming for
what constitutes a low or medium level of SOC resulted in a
relatively high power output from the fuel cell. This resulted a
negative average power for the battery pack, indicating the
battery pack ended the drive cycle with a higher SOC than it
started. In fact, this was the case for all but PI and RLP EMSs. It
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Fig. 8 — Output plots for PI-controlled system. (a) Shows the

WLTP Class 3 drive cycle with vehicle speed, and the distance

travelled over the drive cycle, (b) shows the required tractive power and motor input, which is slightly higher than tractive
power due to motor losses, (c) shows the power output/input of the battery pack and power output of the fuel cell stack, (d)
shows how the battery SoC changes throughout the drive cycle, () shows the total system efficiency and (f) shows the fuel

cell system efficiency.

is no surprise that the average power of the battery pack was
very close to zero. This is because it is designed to supply the
average power requirement of the drive cycle, hence no new
energy from the battery pack should be required. Due to the PI
controller being backward facing, only reacting when the SOC

dropped a certain level, it is effectively playing catch-up, and
hence PI had the largest average draw from the battery pack.
Perhaps what is more interesting is the dynamics of each EMS,
which is quantified here by the peak rate-of-change of fuel cell
power (PJ’,C). Because the RLP EMS was limited to 0.4% increase
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Table 4 — Values for key attributes for each EMS. Meaning
for column headings follow the key attribute listed above.

Units for power are kW, stop starts are number of
occurrences and time spent at OCV is in seconds.

EMS Pr Py Pr  Pou Pru Stop/Starts tocy

PI 6.62 1.08 225 1.75 55.7 8 401
ECMS 941 1.79 255 -1.18 305 167 430
SMC 9.99 1.57 225 -147 335 1 0
RLP 8.35 0.100 179 0.121 481 1 0
FLCS 10.82 2.38 175 -224 384 1 0
FLCO 1211 1.35 15.1 349 421 1 0

in fuel cell power per second, the peak rate is therefore
equivalent to 100 W per second. ECMS, SMC and FLCS all has
high rates of change, which all lead to high levels of degra-
dation. The optimisation of the fuzzy logic controller reduced
the peak rate of change by 43.3% from 2.38 kW/s to 1.35 kW/s.
This quantity has a severe impact on fuel cell and battery
degradation, which is explored more in later sections.

In the following sections, the effect each EMS has on sys-
tem and fuel cell efficiency is analysed, and then the effect
each EMS has on power system degradation is quantified.

Effect of EMS on system efficiencies

The total efficiency of the vehicle power system was calcu-
lated to provide an overall comparison for efficiency. This was
defined as:

_ Useful Energy
~ Total Energy (24)

Nsys

where the useful energy was taken as the energy to power the
motor, inclusive of motor losses, and total energy is the
summation of energy in H, used and change of battery SOC.
Fuel cell system efficiency calculations are detailed in Section
Fuel cell model. Fig. 8e shows the total system efficiency on a
point-by-point basis. The cause of the abrupt nature of the
plot fluctuating across the entire range is that when the sys-
tem regenerates power, the instantaneous efficiency steps to
above 1. When the vehicle is at rest, the efficiency drops to
below 0 as the fuel cell is still using a small amount of fuel to
maintain OCV. During this period the fuel cell system effi-
ciency was set to —0.05. The average of total system efficiency
was used for comparison, which can be seen in Fig. 9a for each
EMS.

As aresult of the hybrid specifications chosen (25.5 kW fuel
cell and 11.1 kWh pack), the total system efficiency was highly
dependent on how the energy was managed between the fuel
cell and battery. Note, these system sizes were specified for
this study, and this paper does not constitute a sizing opti-
misation exercise, rather a power share strategy study. For
example, if most of the energy came from the battery pack,
the resulting efficiency was high. If the fuel cell provided most
of the energy required, the average system efficiency was
much lower due to the lower system efficiency of the fuel cell,
which is approximately 35%. This resulted in a trade-off be-
tween SOC sustaining performance and system efficiency,
which can be seen clearly in Fig. 9a.

Due to the positioning of the SOC membership functions in
fuzzy logic controller standard (FLCS) and fuzzy logic
controller optimised (FLCO), the fuel cell operated at high
power for most of the test as the controller defaulted to having
a high SOC level. This resulted in a high fuel cell system effi-
ciency of over 36% but a low total system efficiency of around
26%. This was due to using H, to charge the battery pack,
which ended the drive with a SOC of 65.0% for the FLCO EMS. It
is noted that this energy will then be available next time the
vehicle is used. Although total system efficiency was the
lowest, the FC system efficiency was the highest. This was due
to the controller operating the fuel cell at a fairly constant load
of 12 kW, a result of minimising the degradation cost. The
opposite of this performance was the PI EMS. This EMS oper-
ated the fuel cell at a fairly low average power, with significant
time spent idling, resulting in a very low average fuel cell
system efficiency of 21.1%. This also resulted in a fairly poor
charge sustaining ability, but therefore a very high total sys-
tem efficiency of 49.8%. Hybrid vehicles typically do not have
direct grid charging of the battery pack and therefore the
ability to sustain the state-of-charge is essential.

Effect of EMS on power system degradation

Choice of EMS had a significant impact on fuel cell and battery
pack degradation. As detailed in Section Battery degradation
model, the fuel cell degradation model captures four key
operational conditions: load change, stop/start, idle and high
power operation, which all accelerate fuel cell degradation.
Fig. 9b shows the magnitude of these factors for each EMS
(note this is plotted on a log scale). Over a single drive cycle,
RLP had the lowest impact on fuel cell degradation, with a
total degradation cost of $0.028 from high power operation
and stop/start. However, due to the FC acting more passively,
RLP EMS resulted in the second-highest battery degradation
cost of $0.136. The optimised FLC performed well in terms of
FC degradation with a cost of $0.65, a reduction of $4.05
compared to the standard FLC. Most of this came from lower
cost due to load change, achieved by increasing the width of
the output membership functions. The optimisation results in
a slightly increased battery degradation due to the fuel cell
acting more passively; however, this is insignificant compared
to the cost reduction in fuel cell degradation.

ECMS performed the worst with a fuel cell degradation cost
of $12.58, the majority coming from load change effects
($12.31). This occurred because ECMS kept increasing the fuel
cell power from zero to maximum power every time there was
significant demand, as it is only programmed to reduce H,
usage. However, ECMS has the lowest battery pack degrada-
tion due to this behaviour, costing only $0.034. SMC also per-
formed well for battery degradation due to the high average
power of the fuel cell, along with large transients to meet peak
power, resulting in lower peak current and less charge
throughput from the battery pack.

Fig. 9d shows the total power system degradation cost for
each EMS. The optimised FLC shows the best overall perfor-
mance, as power system degradation cost is low and it dis-
played very good charge sustaining ability. It operated the fuel
cell system at the highest efficiency which is the key quantity
as the fuel cell provides all of the energy required for driving.
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utation was induced to see the effect of this compared to the
each mutation.

Effect of MFLC on fuel cell lifetime

The MFLC was operated according to the same test condi-
tions previously stated; however, after each drive cycle, the
SoD was increased to induce a membership function mu-
tation. The degradation states used were 0, 0.5 and 1 for
each drive cycle. Fig. 10 shows the effect each mutation had
on FC state-of-health over each drive cycle. The MFLC with
no mutations was also operated over three drive cycles to
act as a baseline. Due to the FC degradation input

membership function, 25% of the FC life will be operated
under mutation 0, 50% under mutation 1 and 25% under
mutation 2, which resulted in a 32.8% increase in FC life-
time. The trade-off to each mutation would be a reduced
peak power output and slower response time to dynamic
loads in this case.

The MFLC is not limited to mutations solely from FC
degradation. Any number of vehicle parameters could induce
a mutation of membership functions, such as FC temperature,
battery temperature, or hydrogen tank level.
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Conclusion and future work

An effective energy management system is essential in the
successful and long-lasting operation of a hybrid fuel cell
battery vehicle. A modelling framework named EV-SimKit
has been outlined which allows for the fast comparison of
EMSs for a range of vehicle types. ECMS and SMC were
found to have a significant impact on fuel cell degradation
due to rapid and large load changes. RLP resulted in very low
FC degradation due to the nature of the EMS; however, this
also meant it rarely operated the FC system at peak effi-
ciency. Both FLCS and FLCO had high FC system efficiency;
however, FLCS had a large impact on fuel cell degradation.
The optimisation significantly reduced this to 0.028 $/km,
which was the second-best of all EMSs. A novel develop-
ment was then presented on the fuzzy logic controller,
whereby the output membership functions were mutated as
a result of a calculated quantity named state-of-degradation
(SoD). In a real application, this could equally be true
degradation, such as reduction in mV at a given current
density compared to beginning of life performance. The
MFLC was operated at three different states of degradation,
and it was shown to increase fuel cell lifetime by 32.8%
when operated in the ratio of 1:2:1 for mutation 0, 1 and 2
respectively.

As system degradation is also a function of temperature,
future work could include implementing thermal models for
the fuel cell and battery pack, a tube and fin radiator with fan
and a hydraulic network model for pressure drop and pump
power simulation. EV-SimKit can then be validated at a sys-
tem level.
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