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ABSTRACT

As we enter the age of electrochemical propulsion, there is an increasing tendency to discuss the viability or otherwise of different
electrochemical propulsion systems in zero-sum terms. These discussions are often grounded in a specific use case; however,
given the need to electrify the wider transport sector it is evident that we must consider systems in a holistic fashion. When
designed adequately, the hybridisation of power sources within automotive applications has been demonstrated to positively
impact fuel cell efficiency, durability, and cost, while having potential benefits for the safety of vehicles. In this paper, the impact of
the fuel cell to battery hybridisation degree is explored through the key design parameter of system mass. Different fuel cell electric
hybrid vehicle (FCHEV) scenarios of various hydridisation degrees, including light-duty vehicles (LDVs), Class 8 heavy goods vehicles
(HGVs), and buses are modelled to enable the appropriate sizing of the proton exchange membrane (PEMFC) stack and lithium-
ion battery (LiB) pack and additional balance of plant. The operating conditions of the modelled PEMFC stack and battery pack are
then varied under a range of relevant drive cycles to identify the relative performance of the systems. By extending the model further
and incorporating a feedback loop, we are able to remove the need to include estimated vehicle masses a priori enabling improving
the speed and accuracy of the model as an analysis tool for vehicle mass and performance estimation.
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casted developments have a compounding impact when considered
in a vehicle with improved system efficiency and durability reducing
the cost and requirement for hydrogen generation and extending
the potential cradle-to-grave impact of systems. Furthermore, the
potential to recycle fuel cell components and systems has been
demonstrated suggesting the longer term sustainability of this
technology may be more readily achievable at scale than for LiB
technologies”.

r I “he widely legislated requirement for net-zero transport has
increased the interest and development of electrochemical
power sources including proton exchange membrane fuel

cells (PEMFCs) and lithium-ion batteries (LiBs) for a range of

automotive applications. When considered in isolation both
power sources have a number of specific advantages and disad-
vantages, which, when considered in an appropriate manner allow
the technologies to be applied in an application specific manner to
maximise the utility and efficiency of a propulsion system. While

it is undoubted that the majority of passenger electric vehicles will Table1 Roadmap for fuel cell vehicle light-duty vehicles (LDVs), adapted

be powered by LiBs in the coming years. For these vehicles, LiB from APC fuel cell roadmaps"

t.echnology is w.e]l suited to deliver st{fﬁaent power over appropriate 2020 Yor 2035
time scales, which when coupled with the higher efficiencies typi-

cally observed offer compelling performance and economic bene- System cost ($/kW) 112 68 40
fits. However, there are concerns around the sustainability of these Stack cost ($/kW) 70 40 20
systems which may provide a market opportunity for fuel cell System efficiency (%) 60 65 70
electric vehicles (FCEVs) in this area over longer timeframes. Fur- Stack durability (h) 5,000 6,000 8,000

thermore, the comparatively high gravimetric energy density and
quick refuelling times of fuel cell (FC) systems may provide specific

benefits for fleet and heavier vehicles and those primarily designed
for extended range.

Table 1 shows a forecast of key design targets for automotive
grade PEMFC systems up to 2035, with substantial improvements
in the stack and system costs required, alongside enhanced system
durability and efficiency". While FCEVSs are currently regarded by
some as an overly expensive solution toward net-zero transporta-
tion”, the improvements outlined by this development roadmap
outline a path towards more competitive economics. These fore-

While there are significant benefits expected in fuel cell tech-
nology, it is undoubted that battery technology will also continue
to develop in the same timeframes. These expected improvements
in cell and system performance are detailed in Table 2 which
shows forecasts of battery technology at the cell and pack level.”
Alongside this there is an expectation that the higher volumes of
production which are expected will result in reduced cell and pack
costs, and the significant focus on automotive applications will
result in improvements in the charging times for systems. How-
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Table2 Roadmaps for battery electric vehicle (BEV) LiBs, adapted from APC electrical energy storage roadmaps™

2020 2025 2030 2035
Cell level transient discharge power density (W-kg™) 1100 1180 1260 1340
Gravimetric cell energy density (Wh-kg™) 280 300 320 340
Volumetric cell energy density (Wh-L™) 720 770 850 900
Cell cost ($-kWh™) 85 70 58 48
Pack level transient discharge power density (W-kg™) 715 825 945 1070
Pack C-rate 1.5 2.5 3.5 4
Gravimetric pack energy density (Wh-kg™) 185 210 240 275
Volumetric pack energy density (Wh-L™') 470 540 640 720
Pack cost ($-kWh™) 125 97 77 63

ever, even if the projected improvements in battery and fuel cell
technologies are realised, applications well suited to hybridisation
will remain. This approach allows the benefits of both technologies
to be leveraged, with the challenges associated with each individual
solution mitigated at a full system level.

The challenge in moving towards a widespread electrification of
vehicles involves converting existing systems including heavy
goods vehicles, buses and beyond which require comparatively
high specific energy and power density, adequate transient
response times for power delivery and very long range”. In these
applications, it is clear that there is a need to move beyond the
capability of existing LiBs and as a result of this there is a substantial
commercial interest in exploring the application of hybridised fuel
cell/battery vehicles. These systems often do not have the volumetric
constraint associated with electric vehicles which reduce the viability
of hybridised systems in passenger EVs. By undertaking a consid-
ered hybridisation, it is possible to maximise the benefits of the
battery and fuel cell systems on board, delivering long-range
propulsion over appropriate lifetimes with acceptable power
response. Further, in extending the lifetime of the propulsion sys-
tem, when compared to a single technology in isolation, it is also
possible to amortise the cost of the system over a longer duration
reducing the overall operating costs of the vehicle for users®™.

In general, there are three main architectures of hybrid vehicles,
namely series, parallel and series parallel*”. In a series architecture,
only one power source propels the wheels of a vehicle, while the
other source is used for recharging the main propulsive power
source; when using a parallel architecture, both power sources can
propel the wheels®”. The series-parallel architecture combines
both architectures, in which both sources can provide traction
while keeping the capability of one source charging another
source. The motor can work in both directions, both as a propelling
motor and a generator. Regenerative braking is possible in all
architectures, during regen, the motor operates in reverse and acts
as a generator, which provides recharge to the battery pack. The
powertrain layout modelled in this study is the parallel layout, in
which both the PEMFC stack and LiB pack can propel the vehicle
independently with the PEMFC not recharging the battery.

A key aspect of developing a hybridised system is determining
an appropriate hybrid degree (HD), a measure of the fuel cell system
power output to the total required power of a vehicle. In the most
widely popularised FC hybrid vehicle, the Toyota Mirai, the HD is
around 0.71®; however, this will vary significantly when deter-
mining the requirements of a vehicle including the size of a sys-
tem, range, lifetime and cost. Determining an appropriate operating
power for the system is also a significant requirement in the
hybridisation of the vehicle as operating at higher powers can
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reduce the mass (and extend the efficiency of the vehicle) at a cost
to the lifetime.

A MATLAB model, HybeMass, is developed; this model exam-
ines both the hybridisation degree and cell operating power, iden-
tifying the requirements for PEMFC and LiB cell numbers, and
overall power system and gross vehicle mass (GVM). Typically,
automotive engineering follows the V-model concept, which
begins with full vehicle conception and moves to module and
component design and simulation, and finally component and full
vehicle testing. In this work, the introduction of a feedback loop in
the proposed the HybeMass MATLAB model to improve the effi-
ciency of the V-model process for module and component design
and simulation, specifically eliminating the need for a priori
understanding of the vehicle’s power demand. Identifying the
optimal HD to minimise the vehicle’s mass which can be used as a
key design factor to extend the range. Figure 1 shows a generic
automotive engineering V-model", a standardised method of
vehicle development used by automotive manufacturers; the boxes
with the dashed lines show the steps where the HybeMass mode
may be capable of shortening or removing some of the steps in the
vehicle design and testing process. The left side of the V” typically
involves simulation and software use, while the right side of the ‘V’
typically involves physical implementation and testing. Engineers
and the research and development (R&D) team typically need to
step back to the left side of the ‘V’ during physical testing and
implementation stages if something wasn’t designed or engineered
adequately; improper vehicle sizing may cause a step backward
during these design stages. It is far more time and cost-efficient to
ensure the sizing issues are addressed in the software and simulation
changes (left V); the HybeMass software aims to remove sizing
issues before reaching the physical testing and implementation
stages. Although not highlighted in Figure 1, problems with sizing
may still occur during the system verification stage. This stage is
the second-last stage before a vehicle is subject to mass manufac-
turing, identifying sizing issues at this late stage may induce major
developmental setbacks. It is crucial to address the sizing compli-
cation early.

Another example of a previous fuel cell hybrid electric vehicle
(FCHEV) sizing design methodology is shown in Figure 2, pro-
posed by Cai et al" Similar to the previous figure regarding the
automotive engineering V-model, the steps in which the HybeMass
model could benefit are boxed in dashed lines. The last two steps
are of interest, where the volume and mass of the energy storage
system (battery pack) and fuel cell system are designed, and the
suitability of them supporting the vehicle requirements needs to
be validated. Again, it is beneficial to address and validate the sizing
issue early to avoid any setbacks; the HybeMass model is capable
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Figure1 Generic automotive engineering V-model. The dashed box outlines the steps where the HybeMass model may increase the efficiency of the overall

design process.
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Figure2 FCHEYV sizing design methodology flow chart. Reprinted with permission from Ref. [11] © 2010 Elsevier.

of resolving this during earlier stages including the storage selec-
tion, storage size, charge and discharge limit, fuel cell selection, FC
actual power, and fuel storage steps outlined in the figure.

Transient drive cycles are used to estimate the power demands
of vehicles of different scenarios to determine the appropriateness
of the suggested system for light-duty vehicles (LDV), Class 8
heavy goods vehicles (HGVs), and bus applications. To ensure
accuracy parasitic component masses, auxiliary power draw, and
efficiency losses are also considered in the relevant systems within
the model.

This study focuses on the sizing and mass analysis of propulsions
systems for FCHEVs of all vehicle classes rather than providing
information regarding the required energy split or management
strategies (EMS) of such vehicles which is heavily dependent upon
use case and therefore unlikely to be generalised for the analysis
type detailed here. There is an abundance of literature on optimising
the EMS that a vehicle uses, but such studies tend not to elaborate
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on how the vehicle was sized before the application of EMSs. Usu-
ally, sizing is pre-determined without explanation or selected from
a pre-built vehicle. Table 3 shows a review of selected publications
that focus on the modelling of FCHEV or net-zero hybrid vehicles
of different vehicle types (LDV, HGV, bus, tram) with emphasis
on EMS and sizing studies. The table also outlines the power
source sizing and hybrid architectures of the studies. Zhang et al."
utilised a FCHEV model in MATLAB to study the effects of three
different EMSs for a range extender FCHEV LDV. The PEMFC
stack and LiB pack specifications and cell count are pre-determined
in the model based on a real FCHEV. The predetermined PEMFC
stack and LiB pack are rated at powers and capacities of 8.3 kW
and 77.33 Ah, respectively. Luca et al.” compared five different
EMSs on a FCHEV LDV with a pre-determined PEMFC stack
and LiB pack size of 25.5 kW and 11.1 kWh, respectively. The
comparison was computed based on the powertrain simulation
framework (EV-SimKit) created in MATLAB. Snoussi et al.™¥
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Table3 Literature review of past FCHEV and hybrid vehicle modelling literature with emphasis on EMS and power source sizing

hicl

Authors Focus of study Power source sizing Hybrid architecture :;;elc €
[12] EMS 8.3 kW PEMFC; 77.33 Ah LiB Range extender LDV
[13] EMS 25.2 kW PEMFC; 11.1 kWh LiB Parallel LDV
[14] EMS 1.2 kW PEMFC; 40 Ah LiB; 3000F supercapacitor Parallel LDV
[15] EMS 60 kW battery; 157 kW ICE Parallel LDV
[16] EMS 300 kW PEMFC; 240 kW, 48 kWh (68 Ah) Ni-MH battery Parallel Tram
[17] EMS Two 127 kW PEMEFC stacks; 450 kW Ni-MH battery Parallel Tram
[18] EMS 50 kW PEMFC; 38 kW lead acid battery; 351.6 Wh SC Parallel LDV
(19] EMS 210 PEMFC cell§ (power not specified); 5.9 Ah battery capacity; Parallel LDV

55 F supercapacitor
[20] EMS 5 kW PEMFC; 11 kWh, 400 Ah LiB Range extender LDV

40 kW PEMFC and 100 kW LiB; 40 kW PEMFC and 60 kW LiB;
(8] Sizing 60 kW PEMFC and 40 kW LiB; 80 kW PEMFC and 20 kW LiB; Parallel LDV

100 kW PEMEFC and 20 kW LiB
[21] Sizing 5 x 8 matrix of configurations Series Minibus
[22] Sizing Range of PEMFC sizing from 20 to 160 kW; 5.5 and 11 kWh LiB Parallel Bus
[23] Sizing 80 kW PEMFC; 3.27 kWh Ni-MH battery Parallel LDV
[24] Sizing 164 kW PEMFC; 54 kW, 1.4 kWh LiB Range extender and parallel HGV
[25] Sizing 20 different HDs Series SUV
[26] Sizing 70 kW PEMFC; 50 kW, 100 Ah LiB Parallel Bus
[27] Sizing 30 kW PEMFC; 12 kWh battery Range extender
(28] EMS and sizin 35 kW PEMEC and 2.08 kWh SC; 29.1 kW PEMFC and 1.41 kWh SGC; Parallel Bus

8 31.9 kW PEMFC and 3.97 kWh SC; 26.9 kW PEMFC and 16.2 kWh SC

[29] EMS and sizing ~ Varying Parallel LDV

developed a powertrain model in MATLAB which studied the
effects and optimisation of combining filtering-based EMS with
fuzzy logic control (FLC) in a FCHEV LDV with a parallel
PEMFC-LiB-supercapacitor drivetrain. A predetermined com-
mercial PEMFC stack was chosen for the analysis, namely the
Nexa Ballard 1.2 kW stack. A theoretical 40 Ah lithium iron
phosphate (LFP) battery was pre-determined and modelled for the
analysis.

By developing our HybeMass model we hope to enable the
extension of these studies by enabling developers to explore the
impact of the sizing of and HD of FCHEV’s on the energy man-
agement. By providing this additional design consideration, our
model will enable the optimisation of the system for the range and
use case of vehicles, minimising the opportunities for overdesign
in net-zero vehicles.

1 Methodology

A power source sizing and mass estimation model was developed
from the ground-up in MATLAB Simulink, referred to hereafter
as the HybeMass model. The model developed is composed of five
subsystems: a power cycle convertor, parasitic losses and efficiency
adjustments, cell count calculator, system mass feedback loop, and
PEMEFC diode and LiB overcharge protection. A flow diagram of
the aforementioned subsystems is shown in Figure 3. The MATLAB
program developed here ‘self-updates’ the newly added PEMFC
and battery cell mass upon the pre-existing vehicle chassis mass to
find the optimum number of cells needed to minimise the mass of
the vehicle. The full formulation of the model is described in
depth below.

The cell count calculator subsystem calculates the number of
PEMEFC and LiB cells required to support the vehicle, as well as
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Figure 3 HybeMass model, general overview of subsystems.

calculating the PEMFC stack and LiB pack mass. In addition, the
new gross vehicle mass (GVM) with power systems can be calcu-
lated. The power cycle convertor subsystem utilises vehicle design
and powertrain development equations which will be outlined in
further subsections (power cycle convertor subsystem) to convert
a drive cycle to a power cycle. This converted power cycle only
factors in tractive power and the mass of parasitic components,
excluding the power draw by parasitic and auxiliary components.
These losses and efficiency losses in the powertrain are obtained in

iEnergy | VOL 3 | March 2024 | 59-72



An adaptive fuel cell hybrid vehicle propulsion sizing model

the next subsystem. Finally, the PEMFC diode and LiB overcharge
protection subsystem, can be used to obtain separate power division
profiles for the PEMFC stack and LiB pack. This subsystem
extends beyond a simple arbitrary division of power with the
model ensuring the PEMFC stack does not observe a negative
voltage and the LiB pack is not overcharged within this system.

A simplified energy management system (EMS), percentage
split, was used for the model. This approach assumes a linear divi-
sion of required power between the PEMFC stack and LiB pack.
For example, the PEMFC stack may account for 80% of the
required power at a given second while the LiB pack accounts for
the rest 20%, suggesting a 0.8 HD. As the proposed study focuses
on the mass and HD of systems, the EMS is kept simple to allow
consistency and accuracy. There are more dedicated EMSs for
PEMEFC-battery hybrid vehicles in literature, such as equivalent
consumption minimisation strategy (ECMS), fuzzy logic control
(FLC), and rate limited power (RLP) control™. Dedicated EMS
may prolong PEMFC or LiB durability; however, they may skew
the HD. This is a particular challenge for approaches including
RLP, which rarely use the PEMFC stack at peak efficiency™. The
percentage split approach deployed in this work ensures that the
system is performing at the HD intended.

1.1 Power cycle convertor subsystem

To estimate power demands for the vehicle intended, drive cycles
are transformed into power cycles. The drive cycles used include
worldwide harmonised light vehicles test cycle (WLTC) Class 3,
world harmonised vehicle cycle (WHVC), and orange county bus
cycle (OC BUS), representing the velocity profiles of a LDV,
HGV, and bus driving. This conversion is undertaken by calculating
three individual force components shown in in Figure 4, namely
aerodynamic drag (F,), rolling resistance (F,), and inertial force
(F;) which are then summed. This is then multiplied by velocity
values to obtain a time resolved power demand. Due to the lack of
angular data in standardized drive cycles the gradient force is
omitted in this work. The aerodynamic drag force, which is a
function of the velocity of the vehicle and a range of design criteria
was calculated using:

F,= %pchv2 (1)

where p is the air density of 1.225 kg m™ at sea level and 15 °C, ¢,
is the air drag coefficient, A is the vehicle’s frontal area, and v is
the speed at a given time step”.

The rolling resistance force (F;) was calculated using:

F, = mgc,cos (6) (2)

where m is the mass of the vehicle, g is gravitational acceleration,
¢, is the rolling resistance coefficient, and 6 is the road gradient,

Figure4 Convertinga drive cycle to power cycle for power demand esti-
mation.
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which is omitted in drive cycle scenarios”.
The inertial force (F;) was calculated using:

F =ma (3)

where a is the vehicle’s acceleration.

Having calculated the constituent forces the overall force
observed by the vehicle at a given velocity (F,) can be obtained as
below™:

Flol:Fa+Fr+Fi (4)

This force can then be used to calculate the instantaneous
power requirement (P,..,) by multiplying the force by the speed
shown in the drive cycle.

Preq =Fq.v (5)

Due to the dynamic nature of the drive cycles, which include
acceleration and deceleration the inertial force can provide a positive
or negative value to the overall force, which, in turn provides an
opportunity for the required power to be negative. In these
instances, negative power enables regenerative braking to be
introduced to further reduce the overall size of the system; how-
ever, it should be noted that this process introduces further ineffi-
ciencies. Here a factor of 0.8 was used to account for the losses
associated with regenerative braking, this value is similar to that of
a 2015 Nissan Leaf, as tested and has been further suggested by
Fotouhi et al.”.

Three types of vehicles were modelled using the HybeMass
model: a LDV, Class 8 HGV (GVM > 15,000 kg), and bus. The
parameters used for the LDV, HGV, and bus scenarios are pre-
sented in Table 4 with each vehicle scenario requiring specific
inputs. Where possible, parameters from the fewest number of
manufacturers possible have been chosen. Given the aim of the
model to minimise the cell count, only the chassis and vehicle
dynamic parameters were needed to be obtained from manufac-
turer specification sheets. The parameters were selected as close to
the 2015 Nissan Leaf (chassis and vehicle dynamics parameters)
and 2017 Toyota Mirai (hydrogen tank size and mass of hydro-
gen) for LDVs, and the Tesla Semi (chassis and vehicle dynamics
parameters) for HGVs. The bus parameters were selected based
on parameters estimated by Yang et al.”, with the engine mass
subtracted to provide an input for the chassis mass. The stored
hydrogen mass for the HGV and bus is taken from previous com-
mercially available vehicles of the same scenario, namely the Toyota
Mirai and Hyundai Xcient Class 8 HGV or from previous literature
analysing the same type of vehicle, for example, the bus’s hydrogen
mass () of 11 kg™. Where commercial data was available, i.e.
for LDVs, the hydrogen tank’s mass (m1,,,) was obtained from
manufacturers’ data sheets. The mass of hydrogen tanks for
HGVs and buses is rarely published in data sheets as very few
commercially available models exist. In this case, the gravimetric
capacity (wt %) targets outlined by Department of Energy (DOE)
was used to calculate the tank’s mass from the hydrogen mass.
The DOE estimates a target of 5.5 wt% for automotive-grade
hydrogen storage for 2025". Therefore, when calculated using the
estimated hydrogen requirement of 35 kg and 11 kg for the HGV
and bus, respectively, the mass of each tank was found to be 636
kg and 200 kg, respectively. Due to the early stage of deployment
of FCHEVs, it is difficult to incorporate specifics regarding the
hydrogen tank, especially in how much the weight of the tank
would change between different hybrid degrees. For future work,
a ratio between the different hybrid degrees could be implemented
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Table4 Vehicle mass and dynamic parameters for LDV, HGV, and bus scenarios®**!

Parameter Vehicle type Description Value
Cq LDV Drag coefficient 0.28
A LDV Frontal area (m?) 2.27

GVM LDV Gross vehicle mass (kg) 1780
Mignk LDV Mass of hydrogen tank (kg) 87.5
My LDV Mass of hydrogen contained (kg) 5
Mpaee LDV Mass of battery in commercial vehicle (kg) 151

Cq HGV Drag coefficient 0.36
A HGV Frontal area (m?) 9

GVM HGV Gross vehicle mass (kg) 37195
Miank HGV Mass of hydrogen tank (kg) 636
My HGV Mass of hydrogen contained (kg) 35
Miate HGV Mass of battery in commercial vehicle (kg) 2293

Cq Bus Drag coefficient 0.65
A Bus Frontal area (m?) 7.78

GVM Bus Gross vehicle mass (kg) 17600
Miank Bus Mass of hydrogen tank (kg) 200
My Bus Mass of hydrogen contained (kg) 11

Mengine Bus Mass of engine in commercial vehicle (kg) 1093

for the tank weight estimation. When running the model, a
MATLARB setup file is to be executed before running the Simulink
model to initialise the aforementioned parameters.

Automotive-grade commercial PEMFCs and LiBs were chosen
to propel the vehicle in the MATLAB model. A commercial
PEMEFC stack from a 2017 Toyota Mirai was used to characterise
the fuel cell in the model. The primary design parameter used in
the sizing model was the maximum power of a cell, which, while
not provided by the manufacturer’s datasheets can be estimated
from the maximum power of the stack and number of cells which
form the stack (128 kW and 370 cells respectively) suggesting the
maximum cell power is 346 W or 1.46 W cm™ (237 cm™ active
area)®¥,

For the LiB proportion of the powertrain the LG M50 cylindrical
21700s were chosen, the same cells are used in a 2022 Tesla Model
3 long-range model™’ with the specifications of the cell outlined in
Table 5. A maximum continuous discharge power of 20 W (1C
discharge) was estimated by the authors from cycling and
characterising the cell via a Maccor battery cycler, and a
maximum charging power of 12 W was estimated based on the
manufacturer’s specification sheets™.

Cell operating power is another degree of freedom that can
drastically affect the mass of an FCHEV. The Toyota Mirai and
LG M50 cells can either run at maximum power or a nominal

power to fulfil the power requirements of the vehicle. Here, we
defined a nominal operating power to be half of the maximum
power of the cells, which results in 173 W and 10 W for the Toyota
Mirai PEMFC and M50, respectively. The maximum power of
both the fuel cell stack and battery pack are unlikely to be used
due to the accelerated degradation associated with this decision,
however in this scenario the pack mass will be minimised. When
running at a nominal power, the stack and pack mass naturally
increases, however there is a corresponding improvement in system
durability. The selection of the operating condition is a decision
driven by a range of factors including cost, mass, and lifetime, so
to assess a range of considerations four conditions were explored:
maximum PEMFC power, maximum battery power (NPML),
maximum PEMFC power, nominal battery power (MPNL),
nominal PEMFC power, maximum battery power (NPML), and
nominal PEMFC power, nominal battery power (NPNL) as out-
lined in Table 6.

To accurately reflect the power estimation in each scenario it is
important to consider parasitic losses and auxiliary power draw of
vehicles, including the wider fuel cell balance-of-plant (BoP) and
battery pack components, infotainment, and climate control sys-
tems. The PEMFC and LiB BoP and parasitic components are
estimated using a gravimetric cell-to-pack ratio (GCTP) approach.
The GCTP is a ratio commonly used by the battery and BEV

Table5 LG INR21700 M50 parameters for characterisation and MATLAB modelling”

Parameter Specification
Capacity (Ah) 5
Nominal voltage (V) 3.63
Maximum charge c-rate at 25 °C (C) 0.7
Maximum continuous charge power (W) 12
Maximum continuous discharge power at 25 °C and 1C (W) 20
Mass (kg) 0.068
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Table6 Operational terminology and maximum power output of PEMFC and LiB cells

Operation terminology Pemfc maximum power (W) LiB maximum power (W)

MPML 20 20
MPNL 20 10
NPML 10 20
NPNL 10 10

industry to account for the extra mass the parasitic components
may add. The GCTP ratio factors in components such as battery
management systems (BMS), thermal management systems
(TMS), metal cases, cabling, and beams™!. Different manufacturers
have different estimates for GCTP, a GCTP of 0.64 is used for this
analysis, which is the estimate for a 2017 Tesla Model 3'*. While
the GCTP is a well-defined and understood parameter in BEV’s
the equivalent, gravimetric cell to stack ratio (GCTS), for fuel cell
systems have not widely been reported yet. Here, this was estimated
from data available from a Toyota Mirai. It has been reported a
single cell in the Mirai has a mass of 102 g™ with the full fuel cell
system weighing 52 kg"'. From this we can estimate an approximate
GCTS for the Toyota Mirai system of 0.65. This does not include
the mass of the hydrogen tank for fuel supply as this is incorporated
at later stages of the model.

Figure 5 shows the schematics of the power cycle convertor
subsystem of the HybeMass model. F,, F,, and F, are calculated
separately using Equations (1) to (3). The forces are each multiplied
by the instantaneous velocity to determine the power required.
The power values are then totalled to obtain the required power
curve. The subsystem’s computed results were then provided to
the parasitics and efficiency adjustments subsystem, discussed in
more detail in Section 1.3.

1.2 System mass feedback loop

The system mass feedback loop which has been developed for this
model enables the optimal hybridised configuration for the vehi-

Force of
rolling
coefficient

Parasitics and
efficiency
adjustments
subsystem

Force of

drag

Inertial force

Power cycle convertor subsystem

Figure 5 Model overview of power cycle convertor subsystem. This subsys-
tem converts a drive cycle to a power cycle to determine the maximum
required power of the proposed vehicle.
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cle, minimising the mass of the final system. Firstly, the required
power can be defined as purely tractive power. The analysis can be
further in depth as per simulation and design requirements. The
tractive power required should equal to the total power the
PEMEFC stack and LiB pack can produce. A stack and pack is
defined as the product of the power of a single PEMFC or LiB
multiplied by the total number of PEMFC and LiB cells in the sys-
tem, this equation is shown in Equation (6) below.

X Ny

Ppevre X Nppyire+Prip =P req (6)

cell cell

where Ppeyire and Ppg,, are the power output of a single PEMFC
or LiB cell, respectively, this power can be rated at nominal or
maximum (or in between), as discussed in Section 1.1. Npgyre and
Ny, is the number of PEMFCs and LiB cells, respectively. Py, is
the required power.

If only accounting for tractive power (Puu.), the tractive
power can be calculated using the power estimation method
described in Section 1.1. The overall equation is shown in Equation

(7).
leclivs:FlolXV: (F3+Fr+Fi) XV

— (%pchvz + mgc, cos (6) +mu> xv  (7)

The singular PEMFC and LiB cells can operate at a nominal or
maximum power, as explained in Section 1.1. The mass of the
vehicle can be broken down into the mass of the vehicle’s body
(no power source components), 7, , and the mass of the power
sources, in this case, PEMFC stack and LiB pack, the mass of the
stack and pack can be calculated as the number of cells (Npgurc,
Niis,,, ) multiplied by a singular cell mass (#pemec, Miin, )- Nervrc
and Ny, are the parameters to be solved by these equations. The
full equation is shown in Equation (8), which acts as the basis of
the system mass feedback loop equation.

Premrc X Npemre+Pris., X Nus

cell cell

1
3 pCiAvp,. + (mvbody + Npemre Mpenre + Niis,y, MLisg, ) 8CutVpu T

(mvmy + Neevrcteemre + Niis,., mLchcu) Apy VPonas

(8)

Where a5, and v, is the acceleration and speed at the maxi-
mum required power time step, respectively.

1.3 Parasitics and efficiency adjustments

The aforementioned equations in Section 1.2 only account for
tractive power of the vehicle and does not consider additional,
parasitic mass introduced by the PEMFC and LiB systems. As dis-
cussed previously, additional components including cables, control
and thermal management systems and housing/endplates are
needed for the PEMFC stack and LiB pack to function properly.
As mentioned in Section 2.1, GCTP and GCTS values are used to
estimate the additional mass of the parasitic components. For a
more detailed analysis, the system mass feedback equations should
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account for the extra power required from the parasitic mass
(Prparasivcs )» shown in Equation (9).

Preenre X Negvre+Pus,, X Nus,

cell

= Pracive + Pmparasilics (9)

By adding GCTP ratios to Equation (8), a new source power
equating to required power equation is shown in Equation (10). In
this equation, P., is now added with the parasitics mass,
accounted for by GCTP and GCTS ratios. The GCTS and GCTP

ratios are accounted for separately in megyre and my s, fields. For
NPEMFCmPEMFC NLiB. mLiB.

simplicity, the terms ‘——~-c—— and ‘— -+ will be
phcity. GCTSpevirc GCTP 5

called mg, and my, infurther mentioned equations, respec-
tively.
Previre X Neewire+Pripy X Niipo =

Nremrc Mppmrc N LiBeoy MLiB,

GCTSeemrc GCTP, 3 > & Vrnot

+ NLcheu Mgy an v
Pmax ¥ Pmax
GCTPyj5

1
Ep CdAVPmﬂx + <m1’body +

m .+ NpemecMpeumec
¥ GCTSpamrc

(10)

The PEMFC stack or LiB pack’s total power should equal to the
required power allocated by the HD. The HD suggests to the ratio
split of the PEMFC stack or battery pack. Since HD is defined as
the power of the PEMFC to the total power, the ratio split of the
LiB pack can be defined as 1 — HD. The two separate equations for
the PEMFC and LiB are shown in Equations (11) and (12).

Prgyre X Nppype =
1
EPCdAVPmax + (m"body + Moo + mpack) &CuxVp T

(mvbody + Migack + mpack) aPmax VP.MX] X HD (1 1)

Piig.en X Nipeet =
1
EPCdAVPmax + (mvbody + Myaex + mpack) 8CiVpu +
(mvbedy + Mook + mpack) A VPmax] x (1—HD) (12)

The realistic application of the equation can be improved further
by factoring accessory load values (P,..) and efficiency losses such
as DC/DC convertor loss. The new equation for P, is shown in
Equation (13).

Prenre X Nepvre+Prisy, X Niisey = Pracive + P, parasiies T Py (13)

Equation (14) shows the equation used to factor in parasitics
and accessory load and efficiency losses™.

Preq = Plraclive/rlinv + Pacc/r]dc (14)

Where 7, and 7, are the efficiency factors for the invertor
and DC/DC convertor, respectively. P, is the parasitics and
accessory load power draw. In the case of the LDV, the maximum
parasitic and accessory load power draw is 12.9 kW, with the
breakdown of these loads shown in Table 7. This analysis considers
the worst-case scenario of the power draw. In reality, an FCHEV
LDV uses a fraction of this at any given time with an estimated
average of 5 kW used in LDV applications for the parasitic and
accessory loads™. This data is not widely available for bus and
HGV scenarios, therefore in this model the estimated power loading
has been scaled to 12.5 and 20 kW, respectively, based on the mass
of the vehicles. These efficiency and accessory load values make up
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Table 7 Breakdown and estimate of parasitic and auxiliary power draw for
an FCHEV LDV, values adapted from Lawrence et al.""

Component Power (W)

Exterior lights 175
Headlights 125
Interior lights 64

Windshield wipers 64

Power windows 180
AC compressor 4000
Cabin heater 3000
Cooling fans 400
Cabin blower 250
Cooling pumps 180
Rear defog 150
12 V battery charging 120
PEMFC cooling pump 600
PEMEFC recirculating pumps 400
Motor lube pumps 120
PEMFC blower 2000
Power steering 800
Vacuum pumps 200
Controllers, relays, and contractors 100

the bulk of the parasitic and efficiency loss subsystem. The sub-
system also contains a regenerative braking factor of 0.8 to adjust
for charging losses™.

The total required power is now updated with parasitics and
accessory power draw and efficiency factors, shown in Equation
(15).

Minw
(15)

Prgare X Nepmre + Pus,, X Nup,, = (

The final equations to obtain Npgwre and Niz,, was updated
with tractive power, power caused by additional mass of the para-
sitics (BoP and battery system components), power of parastics
and auxiliary power draw, and efficiency loss factors. Equations
(16), (17), and (18) show the updated and final versions of the
goal seek equation. Equation (16) represents the overall power
system power output, while Equations (17) and (18) represent the
PEMFC stack and LiB pack power output, respectively.

Progaire X Nepvre + Pus,, X Nus,, =
1
E Pcd14VPmax + (mvbcdy + Mitack + mpack) gCnVan +

(M, + Mt + M) A Voo |/ iy + Pace } M4 (16)

Prgvre X Npgwpe =
1
{ [Epchvanx + (mvh(‘dy + My + mpack) 8CiVrpe T

(Mo, + My + M) @y Voo | My, + Puce } M, x HD - (17)
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Piig cen X Nijp et =
1
{ {EPCdAvpm - (P, + M+ M) GV +

(th.my + My + mpack) AP VPm] / Hin T P } / Mg X

(1— HD) (18)

1.4 Cell count calculator and its synergy with other subsystems

The cell count subsystem is the constant update and display of the
cell count calculated. Figure 6 shows the detailed connections and
layout of the system mass feedback loop and cell count calculator
subsystem, as well as its synergy with the power cycle convertor
subsystem and parasitics and efficiency adjustments subsystem.

PEMFC
feedback
loop
equations

Simulink
algebraic
constraint
block

Calculated
LiB cell
count

Simulink
algebraic
constraint
block

LiB feedback
loop
equations

Calculated
PEMEFC cell
count

System weight

feedback loop Cell count calculator subsystem

subsystem

Force of
rolling
coefficient

Force of
aerodynamic
drag

Inertial force

Simulink sum

Two MATLAB function blocks are used to input equations 17
and 18. The solver functions are connected to these two equations
to obtain a result for Npgyre and Ny ,. The Npgyre and Nig,
values are constantly re-uploaded into the system mass feedback
loop for recalculation of the power requirements and newly
updated cell count. Every time Npgwre and Nyjg,, values update,
the power requirements is directly affected due to the change in
power systems mass, allowing a new power cycle to be obtained in
the power cycle convertor subsystem. The parasitics and efficiency
subsystem applies factors to the new power cycle, and the max
power considering GCTS and GCTP factors, parasitics power
draw, and efficiency losses are used to size the re-occurring
PEMFC and LiB cell count (Npgyre and Ny, ), This constant is
updated constantly with the new maximum required power from

GCTS
constant
block

Total power
system
weight

(simulink sum
block)

Hydrogen
tank weight
constant
block

GCTP
constant
block

Parasitics and
efficiency
adjustments
subsystem

block

Power cycle convertor subsystem

Figure 6 Detailed block layout of system mass feedback loop subsystem.

iEnergy | VOL 3 | March 2024 | 59-72

67



ARTICLE An adaptive fuel cell hybrid vehicle propulsion sizing model

a “To Workspace’ block found in the power cycle convertor sub-
system. Forming a loop of newly calculated required power
accounting for the additional mass of the newly added PEMFC
and LiB cells, realising the system mass feedback loop feature.
After Npgyre and Ny, are obtained, the mass of the PEMFC
stack and battery stack can be obtained by multiplying the result
by the destined singular cell mass; a GCTS or GCTP factor is then
applied to account for parasitics mass. For the PEMFC stack
counterpart, a pre-determined hydrogen tank mass can be added
to the overall BoP and the overall power systems mass.

1.5 PEMFC diode and LiB overcharge protection subsystem

The diodes and overcharge protection subsystem is useful for
exporting separate power cycles for the PEMFC stack and LiB
pack. The exported power cycles can be used for further analysis
such as bench or hardware-in-the-loop drive cycle testing. How-
ever, even with the pre-determined percentage split or EMS, there
are some modifications that has to be applied to the power cycle
to prevent charging the PEMFC stack or overcharging the LiB
pack. The PEMFC stack power profile should never have a
required power less than 0, while the LiB pack should not have a
regen more than N . multiplied by the maximum charge
power a M50 cell can take. Switches are implemented within the
model to act as diodes and overcharge protection to prevent these
safety issues. This subsystem is useful for exporting power profiles
for the PEMFC stack and LiB pack so that these devices can be
used for physical testing such as facilitating hardware-in-the-loop
bench testing based on drive cycles.

2 Results and discussion

The results obtained from the model are presented below for three
different vehicle scenarios, a LDV, Class 8 HGV, and bus. The
overall mass of the propulsion system is broken down into five
different power system components, LiB component mass (shown
in yellow), LiB mass (green), hydrogen tank mass (blue), PEMFC
component mass (orange), and PEMFC mass (black). By exploring
different HDs for these vehicles it can be seen that the overall mass
of the propulsion system reduces significantly as the extent of
power delivered by the fuel cell increases. It is also clear that once
a decision to hybridise a system is made the net mass change of
the fuel cell system is relatively small when compared to the
change in battery mass for all scenarios. It is clear from the results
that operating a system with maximum PEM and LiB power
(MPML) will provide the lowest system mass while the NPNL
setup would most likely have the best durability. It is also evident
that in some instances, a relatively low HD can increase the mass
of the system, removing the most significant benefit assessed using
this model. However, in general a trend is observed that reduces
the overall system mass when hybridisation is considered. While
the result suggest a HD of 1 is the lightest system, this solution has
no LiBs included which is unlikely to be a satisfactory solution due
to the accelerated degradation likely imposed on the PEMFC
stack. In addition further BoP would be required to start the
PEMEFC’s BoP. The PEMFC stack would be running at ambient
conditions without a battery pack to power up BoP components
such as heating cartridges, removing the ability to adjust for
PEMFC operating parameters such as cell temperature and
humidification. This may affect the performance of the stack.

2.1 LDV
Figure 7 presents the mass distributions for a LDV FCHEV,
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FCEV, and BEV under different HDs and cell operating powers. It
can be seen with a 0.2 HD for MPML and NPML, hybridisation
increases the mass of the power system by 8% and 10%, respec-
tively, when compared to a full BEV setup. The added system
complexity of hybridisation combined with the extra mass makes
these setups unfeasible. Aside from these HDs at these cell operating
points, the trend is that higher HDs result in lower power systems
mass for LDVs.

Table 8 shows the change in mass of the power systems with
increasing HDs for the four scenarios examined. These results
highlight potential mass reductions range from 43% to 71% for
the 0.8 HD when compared to the full BEV. The 0.8 HD is a
common degree for commercially available FCEVs, similar to that
of a Toyota Mirai (0.71 HD)®".

The NPML cell operating power is the best setup to prolong the
durability of both the PEMFC and LiB, while maintaining a feasible
power system mass. LiBs tend to have higher dynamic response
when compared to PEMFCs™. Having the PEMFC running at
nominal powers would slow down its degradation rate and maxi-
mum power drop, as well as decreasing the transientness of the
PEMEFC power profile. Less transientness may prolong the lifetime
of the PEMFC. A high level of transient operation accelerates the
voltage decay of the PEMFC". Gas lag and starvation are the
main contributors causing the degradation of PEMFCs during
dynamic loads, causing electrochemical surface area (ECSA)
decrease™. LiB cells can cope with transient response better and
experience less degradation when subjected to dynamic loads,
allowing them to run at maximum operating power can bring
mass saving benefits. In a commercial scenario, the LiB cells may
need to be oversized or to be operated at a near maximum operating
power instead of the absolute maximum to account for higher
vehicle life expectancy. Even by running the PEMFCs at a nominal
power at the popularised 0.8 HD, a 43% drop in mass is still
expected when compared to a full BEV.

From Table 8, it can be seen the maximum propulsion system
mass savings for the devices explored in this work when hybridising
a LDV is 71% (0.8 HD MPNL). However, this scenario assumes a
situation in which the fuel cell is operated at its maximum power
with the LIB operating under nominal conditions. Operating a
fuel cell at its maximum power will undoubtedly impact the dura-
bility, and by extension the lifetime cost of the propulsion system
for the vehicle. It can be seen that a balance-point shall be put into
place when designing a FCHEV, obtaining both favourable mass
reduction and vehicle life expectancy. But overall, the results
obtained from the model show vehicle mass reductions when
hybridising, which increases the validity of hybridising for mass.

2.2 ClassSHGV

Figure 8 presents the mass distributions for a heavy goods
FCHEV, FCEV, or BEV under different HDs and cell operating
powers. It can be seen with a 0.2 HD for MPML and NPML,
hybridisation increases the power systems mass by 18% and 20%,
respectively, when compared to a full BEV setup, which, if minimal
system mass is the aim of hybridisation renders these solutions
unfeasible. In addition to the 0.2 HD, a 3% increase in mass is also
seen within the 0.4 HD when operating at NPML. Aside from the
0.2 and 0.4 HD, the trend is that higher HDs result in lower power
systems mass for HGVs in a similar manner to the results seen
previously.

Table 9 shows the increase or decrease of mass of the power
systems of different HDs for the four scenarios explored in terms
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Figure 7 Power system mass distributions for a LDV FCHEV and FCEV scenario under different cell operating powers. (a) MPML (b) MPNL (c) NPML (d)

NPNL.

Table8 Percentage power systems mass increase or reduction (%) of various
HDs and cell operating power when compared to a full BEV in a LDV sce-
nario. Positive nomenclature suggests an increase in mass while negative
nomenclature suggests a decrease in mass

Hybridisation degree
Cell operating power
0.2 0.4 0.6 0.8 1.0
MPML 8 -12 =32 =50 -67
MPNL -11 -33 =53 =71 -86
NPML 10 -9 =27 —43 =59
NPNL -10 =31 =51 —68 -83

of percentage when compared to a full BEV. Mass reductions
range from 38% to 61% for the 0.8 HD when compared to the full
BEV, illustrating the benefit of hybridising to reduce the gross
vehicle mass. The mass reductions for this common HD is not as
significant as compared to the LDV scenario, but is still capable of
reducing the mass by more than half (61% and 58% reduction) of
that of a BEV. This would require cell operating power setups of
MPNL and NPNL. As highlighted previously, MPNL scenario is
unlikely to be optimal to maximise the lifetime of the system and
therefore would likely be assessed in the broader context of vehicle
operation. However, NPNL may be a viable option if a manufac-
turer is looking to prolong the life of power sources for as long as
possible, with some sacrifices in increased weight. The total power
systems mass of a NPNL 0.8 HD setup is 1592 kg; when comparing
this to a commercial heavy-goods BEV’s battery pack mass of
2293 kg™, as outlined in Table 4, the mass is still less. The heaviest
possible power systems option for the 0.8 HD would still be lighter
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than a heavy-goods BEV’s battery pack.

As for the optimal hybrid configuration of NPML, any HD
over 0.6 would result in a power systems mass less than that of the
full BEV counterpart and the estimated commercial LiB HGV’s
pack mass of 2293 kg™

2.3 Bus

Figure 9 presents the mass distributions for a FCHEV, FCEV, or
BEV bus under different HDs and cell operating powers. Slightly
different from the LDV and HGV scenarios, an increase in mass
can only be seen with the NPML 0.2 HD configuration when
compared to a full BEV setup; all other configurations show
improvements in mass reduction as the HD increases.

Table 10 shows the increase or decrease of mass of the power
systems of different HDs and cell operating power in terms of
percentage when compared to a full BEV. Mass reductions range
from 50% to 71% for the 0.8 HD when compared to the full BEV.
The total power systems mass of a NPNL 0.8 HD setup is 583.37
kg; the mass is almost reduced by half when comparing this to a
commercial ICEV bus’s engine mass of 1093 kg'’, as outlined in
Table 4. Even if adopting the NPNL cell operating power config-
uration for the 0.8 HD, the system mass would still be lighter than
an ICEV bus’s engine. Any HD over 0.6 would result in a power
systems mass less than that of the full BEV counterpart and the
estimated commercial LiB HGV’s pack mass of 2293 kg™

3 Conclusions

This research, featuring the self-built MATLAB model Hybe-
Mass, has thoroughly examined the HD and cell operating
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Figure8 Power system mass distributions for a heavy-goods FCHEV and FCEV scenario under different cell operating powers. (a) MPML (b) MPNL (c)
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Table9 Percentage power systems mass increase or reduction (%) of various
HDs and cell operating power when compared to a full BEV in a HGV sce-
nario. Positive nomenclature suggests an increase in mass while negative
nomenclature suggests a decrease in mass

Hybridisation degree
Cell operating power
0.2 0.4 0.6 0.8 1.0
MPML 18 -1 =20 -38 =56
MPNL -2 -23 —42 -61 =79
NPML 20 3 -14 =31 —48
NPNL -1 =21 -40 =58 =75

power, establishing the necessary parameters for PEMFC and
LiB cell numbers, as well as the overall power system and
GVM. The implementation of a novel system mass feedback
loop has enabled the automatic adjustment of the required
power demand based on the changing mass of the system.
This adaptive approach identifies the optimal HD, crucial for
minimising vehicle mass—a pivotal design factor contributing
to extended range. The evaluation extended to transient drive
cycles, allowing for the estimation of power demands in
diverse scenarios for LDVs, Class 8 HGVs, and buses. To
ensure precision, the model accounts for parasitic component
masses, auxiliary power draw, and efficiency losses in the rele-
vant systems.

For most vehicle scenarios, a HD of 0.4 or more would result in
a lesser power systems mass when compared to a full BEV.
MPML cell operating power configuration would provide the
lightest power systems while having the lowest durability. MPNL
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disregards the electrochemical benefits of PEMFCs and LiBs and
is not a recommended setup; though mass reductions can still be
seen with this configuration. NPML utilises the advantageous
electrochemical properties of both PEMFC and LiB, and is con-
sidered a balance point for maintaining both feasible mass config-
uration and vehicle durability. NPNL is the ‘safest’ choice in terms
of vehicle durability, but results in the most mass. This would be a
good setup if a manufacturer’s goal is to produce ‘longer-lasting’
vehicles. However, even with the NPNL hybridisation setup, the
mass of the power systems is still less than that of a full BEV.

The HybeMass model developed here is a useful tool to enable
improve the efficiency of FCHEV component sizing for automotive
manufacturers and researchers. The novel system weight feedback
loop eliminates the need to estimate the vehicles accurate GVM
and power requirements a priori, instead calculating the number
of PEMFC and LiB cells required alongside the total power
requirements. The model has been demonstrated for different
scenarios of automotive, namely LDV, HGV, and bus, across dif-
ferent HDs and operating powers; allowing the user to identify
viable configurations depending on the vehicle design goals and
purpose. Further by introducing simple modifications to the input
the model can be deployed across any vehicle class and type. The
model acts as a quick visualisation, elimination and calculation
step prior to hardware-in-the-loop testing or bench testing of
individual PEMFC or battery cells and will support wider efforts
to accelerate the electrification of transport in academia and
industry. For future work, a suitable ratio can be applied to adjust
the hydrogen tank weight estimation between different hybrid
degrees.
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Figure9 Power system mass distributions for a heavy-goods FCHEV and FCEV scenario under different cell operating powers. (a) MPML (b) MPNL (c)

NPML (d) NPNL.

Table 10 Percentage power systems mass increase or reduction (%) of various
HDs and cell operating power when compared to a full BEV in a bus sce-
nario. Positive nomenclature suggests an increase in mass while negative
nomenclature suggests a decrease in mass

Hybridisation degree
Cell operating power
0.2 0.4 0.6 0.8 1.0
MPML -1 =20 -39 =57 =75
MPNL -12 -33 =52 =71 —-88
NPML 1 =21 -34 =50 —66
NPNL -11 =31 =50 -67 -84
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