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Abstract

This paper presents the development of a software simulation program for an electric forklift powered by
a hybrid fuel cell — battery power supply. The power supply is based on a range extender active hybrid
configuration, where a proton exchange membrane (PEM) fuel cell is used to continuously charge a
flooded lead-acid battery on-board the forklift. The program involved modelling the discharging and
charging characteristics of a flooded lead-acid battery along with the fuel consumption of the PEM fuel
cell and the power consumed by the fuel cell’s balance of plant components.

Introduction

A forklift is a motorized vehicle that is used for lifting heavy objects. Forklifts are used in a variety of
places from factories and warehouses to military bases. Battery powered electric forklifts are the only
type of forklift that has regulatory permission to operate indoors or within an enclosed environment. This
is because battery powered forklifts do not generate any poisonous exhaust gases unlike the forklifts
powered by internal combustion engines [1].

However, there are two main problems with battery powered forklifts. The first problem is that
the battery must be recharged after use with externally installed charging equipment that is connected to
the grid. Furthermore the recharging event is a time consuming process which reduces the productivity of
the forklift [1, 2]. Using traditional charging methods, it takes at least eight hours to fully recharge a
forklift battery [2]. Hence these forklifts are limited to areas where charging equipment is installed. The
second problem arises from the fact that the forklift’s operating time between recharging events depends
on the capacity of the installed battery. Typically the battery is designed to provide power for eight hours
of operation on a single charge; the length of a typical shift at a factory [2]. However, a problem would
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arise if the forklift needed to be used occasionally beyond the designed capacity of the battery, i.e. over-
time operation.

Fuel cell technology, specifically Proton Exchange Membrane (PEM) fuel cell technology can be
exploited to overcome the problems associated with current battery powered electric forklifts. The
problem of lengthy recharging times and limited operation times would be eliminated if fuel cell
technology were to replace the battery in electric forklifts, as a fuel cell forklift could be recharged in
minutes by adding more hydrogen fuel.  Furthermore the use of fuel cells would also remove the
necessity of installing expensive on-site external charging equipment. Unfortunately fuel cells are
currently unable to supplant the battery in electric forklifts because (1) operating the fuel cell with
transient output power demands and repetitive start-up and shut-down cycles reduces the lifespan of the
PEM fuel cell [3], (2) the fuel cell cannot react quickly and precisely to changes in electrical load demands
due to the slow nature of the fuel cell chemical reactions [4], and (3) fuel cells currently cost much more
than equivalent batteries that can provide the same amount of power since fuel cells are not yet mass
manufactured [5].

One potential solution that is currently used to eliminate the start-up and transient operation
problems with fuel cells is to use the fuel cell as part of a hybrid power source. In such a power supply,
the fuel cell is combined with an energy storage device such as a battery or an ultra-capacitor. The focus
of this paper is on an electric forklift powered by a hybrid power supply consisting of a fuel cell combined
with a flooded lead-acid battery. By using the fuel cell within a hybrid power supply, the problems of
start-up and transient operation of the fuel cell are solved by always operating the fuel cell with constant
output power and having the energy storage device take care of all transient and start-up demands. The
benefits of a hybrid power electric forklift over existing electric forklift technology include:

e Eliminating the recharging time problem of traditional electric forklifts by having the fuel cell

recharge the battery on-board the forklift

e Removing the need and expense for external charging and battery swapping equipment

e Increasing worker productivity, as no more time is wasted recharging and swapping batteries

as is necessary for traditional electric forklifts

e Allowing for over-time operation

It is important to note that there are currently several companies that are actively researching and
developing a hybrid fuel cell electric forklift [6 - 8], however very little information is available in the
public domain. Thus, the objective of this paper is to fill the void in publicly available information by
examining the power electronics required to connect the battery and fuel cell together and also to explore
the operation of the hybrid power source through the development of a MATLAB software simulation
program. The program simulates the behaviour of a hybrid powered forklift as it operates through a full
day of activities based on steady state models of the battery, fuel cell, and forklift loading characteristics.

The first step in the development of the simulation program for a hybrid powered electric forklift
is to decide on how to connect the battery and the fuel cell together and also to decide on the relative
sizing of the two power supplies. The hybrid power supply must satisfy the following requirements:

e Power needs to be supplied to the load instantaneously on demand

e The hybrid configuration must be able to recharge the battery whenever the forklift is idle

e The output voltage of the power supply should be the same as the batteries currently used in

electric forklifts in order to minimize conversion costs

e The fuel cell needs to operate with constant power output or equivalently constant current

output to maximize its lifespan

e Current cannot be allowed to flow into the fuel cell. Cell reversal may occur with consequent

damage to the fuel cell if current flows into the fuel cell [9]
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Hybrid Power Supply Configurations

Passive and Active Hybrid

The methods that can be used to link the fuel cell and battery together to form a hybrid power
supply can be broadly classified into two categories: passive hybrids and active hybrids [10]. In a passive
hybrid, the fuel cell and the battery are connected directly together to the load [10]. The advantage of this
method is its simplicity and low cost. The main disadvantage of this method is that it provides the user
with no control over the power flow between the fuel cell and the battery. The power flow between the
two power sources is instead dictated by the internal impedance of each source [10]. As a result, it is not
possible to ensure that the fuel cell operates with constant current output which is a design requirement for
the forklift hybrid power supply. In contrast, control over the fuel cell output current is possible with the
use of an active hybrid.

In an active hybrid, the fuel cell and the battery are connected to the load via a Multiple Input
Power Electronic Converter (MIPEC) [10, 11]. A MIPEC consists of at least one DC / DC converter
along with a DC link and / or a transformer [12]. The DC / DC converter allows for the control of the
output current from the fuel cell, and thus allows for the control of the fuel cell output power which is a
design requirement for the hybrid powered forklift. Thus the active hybrid configuration was the one
selected for the hybrid powered electric forklift. The power conversion topology that was selected for the
hybrid power supply is shown in Fig. 1. As shown in Fig. 1, the fuel cell is connected to the battery and
the forklift via a current controlled boost DC / DC converter. The input and output voltages of the boost
converter are fixed by the fuel cell output voltage (Vi) and the battery output voltage (Vi) respectively.
When the forklift is active, power to the forklift is supplied by both the battery and fuel cell. When the
forklift is idle, power from the fuel cell is used to recharge the battery.

The selection of a boost DC / DC converter automatically prevents current from flowing into the
fuel cell either from the battery or from load regeneration due to the presence of a diode in the topology.
Also with this converter topology, the battery is directly connected to the forklift. Therefore all of the
forklift’s instantaneous power demands can be met by the battery, like in a traditional electric forklift. As
a result, this design automatically meets another design requirement, that the output voltage of the power
supply should be the same as the batteries currently used in electric forklifts in order to minimize
conversion costs. The main disadvantage of this topology is that it cannot control load regeneration
current flow into the battery. A solution to this problem would be to place an additional resistor in parallel
with the battery to act as a current sink for any excess current that the battery could not absorb. This
would be a lower cost solution than to increase the number of DC / DC converters in the MIPEC to allow
for the control of the regenerative load current.

MIPEC
——————————————————— |
I . I
i Current DC-Lmki - -
* 1| Controlled vt L
ead-
PEM } Boost | .
Ve | I Voa Acid
Fuel Cell i DC/DC !
-~ || Converter . Battery
i (Moeme) !
I I
Forklift
(Load)

Fig. 1: Hybrid Power Supply Converter Topology
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Sizing of the Fuel Cell and the Battery

The next step is to select the relative sizing of the battery and the fuel cell. Depending on the
relative sizes of the output power of the fuel cell and the capacity of the battery, a fuel cell — battery
hybrid power supply can either be classified as a power assist hybrid, a medium hybrid, or a range
extender hybrid as summarized in Fig. 2 [13].

Power Assist Medium Range Extender
Hybrid Hybrid Hybrid
(Large Fuel Cell + (Medium Fuel Cell (Small Fuel Cell +
Small Battery) + Medium Battery) Large Battery)

Increasing Fuel Cell Size (Output Power) [KWW]

Increasing Battery Size (Capacity) [Ah]

Fig. 2: Hybrid Classification

The range extender hybrid configuration was selected for the hybrid powered electric forklift
mainly for economic reasons since it uses a relatively small fuel cell compared to the other two hybrid
types. Generally the larger the fuel cell, the more expensive it will be [13]. Using a larger battery is not
an important factor as currently batteries are less expensive than fuel cells; approximately ten to twenty
times less expensive [5]. In a range extender hybrid, the battery provides all average and peak power
demands from the load while the fuel cell is only responsible for recharging the battery. The next step is
to model the two power sources. It is important to note that a full model of the battery and fuel cell are
beyond the scope of this paper and only characteristics that are pertinent to the simulation program are
detailed.

The Flooded Lead-Acid Battery

The main characteristic of the flooded lead-acid battery that needs to be modelled for the software
simulation program is the battery’s depth of discharge (DoD(t)). The depth of discharge as shown in (1) is
the fraction of the battery capacity that has been withdrawn from the battery at a given time. The depth of
discharge value of the battery in the hybrid power supply is continuously changing: increasing as the
battery supplies charge to power the forklift and also decreasing as the battery is recharged either by the
fuel cell or by load regeneration. It is important to note that the depth of discharge is limited to 0.80 (the
discharge limit) for the lead-acid battery in order to prevent deep discharge. Deep discharging reduces the
life span of the battery [14, 15].

DOD(t) — QWithdrawn (t) (1)
O, (1)
where Qwitndgrawn(t) 1s the amount of charge withdrawn from the battery at time t and Q,(t) is the battery
capacity at time t.

Another important property of a battery is the battery’s percent state of charge (%SoC). The
%SoC of a battery is the percentage of its capacity remaining at a given time. The relationship between
the %SoC and the DoD of a battery is shown in (2).

%SoC(t) =(1—DoD(t))x100% 2)
In the simulation program, one method is used for calculating changes in the DoD(t) of the battery

during discharge events and another method is used during charging events. Aging, temperature, and self-
discharge effects of the battery are neglected.
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Discharge Mode

The discharge current of the battery in the hybrid power supply continuously varies as the forklift
moves and lifts loads. Thus a dynamic model for the battery’s DoD was used for the simulation program.
The fractional depletion model, as shown in (3), is based on Peukert’s equation and was used to model the
dynamics. The fractional depletion model tracks the change in the DoD of the battery (ADoDnpischarge Event)
over a period of time At.

n

AD _ I discharge
ODDischarge Event (At) - T At (3)

where n is the Peukert number for the battery, K is a fitting parameter, and Liischaree 1 the discharge current.
The complete derivation of the model can be found in [14].

Charge Mode

The charging of a flooded lead-acid battery proceeds in two phases, Phase 1 and Phase 2
depending on value of the battery’s state of charge, as illustrated in Fig. 3. If the battery is charged when
its %SoC is less than a value €, then Phase 1 charging occurs otherwise Phase 2 charging occurs. For a
flooded lead-acid battery, € ranges from 75 to 80 % [16]. Very few losses occur during Phase 1 charging
and as a result in this paper this charging phase is assumed to be lossless [15]. Thus during Phase 1 the
charge supplied to the battery (Qsuppiied,phase1) 1S €qual to the charge stored by the battery (Qstored.phase1). On
the other hand during Phase 2, not all of the charge provided to the battery is stored. Instead some of the
charge is used to split water stored inside the battery into oxygen and hydrogen gas; this reaction is also
known as electrode gassing [15]. The charge used for electrode gassing is considered to be a loss. As a
result during Phase 2, the charge supplied to the battery (Qguppiied,phase2) 1S greater than the charge stored by
the battery (Qstored Phase2)-

Total Battery Capacity (Qp)

Charge to be Stored by the Battery (Qstored)

Qstored,Phaset Qstored Phase2
// Prase
0 20 € 100
)

%SoC ‘
Discharge Limit

Fig. 3: The Two Phases of Charging for a Lead-Acid Battery
Phase 1 Charging

If during Phase 1 the battery is supplied with a charging current (icharee(t)) starting at time t; and
ending at time t, then the amount of charge stored by the battery (Qsored.phase1(t)) can be determined using
the relationship shown in (4).

t
qupplied,Phasel (t) = Qstored,Phasel (t) = jicharge (T)dT (4)
4
As the battery is charged, the battery’s depth of discharge decreases as charge is stored by the
battery. By offsetting the amount of charge previously withdrawn from the battery at the beginning of the
charging process with the charge stored during the charging process, the depth of discharge of the battery
can be determined by combining (1) and (4) together, as shown in (5). For a small time period over which
the charging current is constant (Ichare), the change in the battery’s depth of discharge (AD0Dppase1) over
this time period (At =t —t;) can be simplified to the relationship shown in (6).
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t
QWithdmwn (tl ) - .[ icharge (T)dz-
!

O, (1))
- IC ar; CAt D D
ADoD,,, . (Af) = ety DoDt) (6)

charge
QP (tl ) ¢ QWithdmwn (tl )

DOD(t) Phasel =

©)

Phase 2 Charging

As described previously, in Phase 2 some of the charge provided to the battery is stored while
some of it is used for electrode gassing; the charge used for electrode gassing is deemed as a loss. The
amount of charge used for gassing and the amount of charge actually stored by the battery must be
determined before the model for Phase 2 can be developed. Generally, the charging losses for batteries
are stated for the entire charging period and are not broken down into the losses for Phase 1 and Phase 2.
The losses are described by the battery charging factor or charge coefficient (o). The charge factor as
shown in (7) gives the ratio between charge supplied to (Qsuppiica) and charge that is stored (Qseorea) by the
battery for a complete charging event, i.e. the battery is charged starting with a %SoC of 20% and ending
with the %SoC at 100% as shown in Figure 3 [15]. Since there are losses during the charging process, the
value for o is always greater than one. For a lead-acid battery, o ranges from 1.1 to 1.2 [17]. In order to
account for the two charging phases, the relationship for o is also shown in its expanded form in (7).

qupplied qupplied,Phasel + qupplied,PhaseZ

o= = (7
Qstored Qstored

The charge factor for each charging phase is also defined as shown in (8) and (9).

_ qupplied,Phasel

aPhasel - (8)
Qstored,Phasel
where Olppaser 1S the charge factor during Phase 1 charging
_ qupplied,PhaseZ
aPhase 2 - (9)

Qstored,PhaseZ
where Olppase2 1S the charge factor during Phase 2 charging

However as previously discussed, the first charging phase is lossless, i.e. the charge supplied is
equal to the charge stored by the battery. As a result, the charging factor for the first phase (Otppaser) is
equal to 1. Thus, along with the use of Fig. 3 and (7), the relationship shown in (9) can be simplified as
shown in (10).

0.8 (€-0.2)

(4% = o
Phase2 (1 _ 8) ( 08

) (10)

If Phase 2 starts at time t, and ends at time t, then by using the reasoning provided previously for
the lossless charging phase, the depth of discharge during the second charging phase can be determined
using the relationship shown in (11). For a small time period over which the charging current is constant
(Leharge), the change in the battery’s depth of discharge (AD0Dphase2) Over this time period (At =t —t,) can
be simplified to the relationship shown in (12).
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0 ic arge (T)
QWithdmwn (tZ ) - .[ ~charee 277 dT

t Phase2

DoD(t ase2 : 11
(s 0, (t,) an
_ Icharge At
ADOD(At) — aPhaseZ - _ Icharge At DOD(tz ) (12)
Phase2
QP (tz ) aPhaseZ QWithdrawn (tz )
The PEM Fuel Cell

The role of the PEM fuel cell in the hybrid power supply is to continuously recharge the battery.
This allows the fuel cell to operate with a constant output power (Prc). The program models the rate of
fuel consumption of the fuel cell and the net fuel cell output power. For simplification, the simulation
program does not model any start-up or shut-down transients.

Fuel Consumption Rates

The amount of hydrogen fuel consumed by the fuel cell can be calculated using (13) [18]. At the
rate shown in (13), the amount of air needed to support the fuel cell chemical reaction is shown by (14)
[18].

P
H, flow rate= —<— [mol / 5] (13)
2FﬂFVcell

where F is the Faraday constant (96 489 C), U is the fuel utilization coefficient, and V. is the mean
voltage of each of the individual fuel cells within a fuel cell stack [V] [18]. V. can range from 0.6 to 0.7
V and a common estimate for V. is 0.65 V while a common value for pg is 0.95 [18].

: : 28.964x107)AP,
Airflowrate=rm,, = ( i [kg /sec] (14)
0.84FV
where A is the factor by which the air flow rate should be greater than the stoichiometric rate so that all

cells in a fuel cell module receive sufficient oxygen [18]. A common value for A is 2 [18].

Balance of Plant Components

For PEM fuel cells, there is a difference between the gross output power (Prc), the power that the
fuel cell module produces from its chemical reactions and the net fuel cell output power (Prcner), the
actual amount of power available for use. This difference arises because some of the gross output power
is consumed internally in the fuel cell by its balance of plant (Pgop) components that are necessary to
support the operation of the fuel cell. Balance of plant components include an air compressor to compress
the input air to the operating pressure of the fuel cell, an ejector to decompress the input hydrogen fuel to
the operating pressure of the fuel cell, and a cooling system for the fuel cell. The remaining power that is
available to the user is referred to as the net fuel cell output power (Prcpe) as shown in (15).

PFC,Net = Ppe — Pyop (15)

The electrical power consumed by the cooling system (Pcoolingsystem) can be calculated using (16).
The power consumed by the air compressor (Pcompressorelectrical) €an be calculated using (17). The definitions
and common values for the parameters in (16) and (17) are summarized in Table I [18]. The ejector which
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is used to lower the pressure of the stored hydrogen gas does not require any electrical energy. The total
power consumed by the balance of plant components can be calculated using (18) and is usually less 30%
of the gross fuel cell output power. The software simulation program is discussed next.

1.25
P.|—-1
FC(I/cell J

Cooling System = SCE (16)
7-1
4
compressor,electrical = ma[rcp T'l (&J - 1 (17)
7. |\ P
Table I: Fuel Cell Balance of Plant Definitions and Common Values
Parameter Definition Common Value
G, The specific heat of air at a constant pressure 1004 J/(kg'K)
T, The temperature of the environment surrounding the fuel cell 293.15K
P: The pressure of the environment surrounding the fuel cell 101.3 kPa
(Atmospheric Pressure)
P2 The operating pressure of the fuel cell > 200 kPa
v The ratio of the specific heat of air at a constant pressure and the 1.4
specific heat of air at a constant volume (C,) (y= C,/C,)
Ne The isentropic efficiency of the compressor as specified by the 0.6
manufacturer of the compressor
Nm The mechanical efficiency of the compressor as specified by the 0.98
manufacturer of the compressor
SCE System Cooling Effectiveness [18] 20
PBOP = Pcompressor,electrical + PCooling System (1 8)

The Software Simulation Program

The simulation program tracks the behaviour of the battery and fuel cell by monitoring various
performance metrics of the hybrid powered forklift as it operates through a full day of activities. The
components that were modelled in the simulation program are summarized in Fig. 4.

Xcoohng Systern o MPEC

Prc et DC Bus Forklift
. Boost DC/DC
2 Converter and

Controller

Ti.p

Hurnidiier / Air

->i Humidifier )—»

WS — Ejector
H>

Compressed H,
Hag)

(Mocioc)

mooz>»
mooOoI—H>»0

PEM Air ‘

- | FuelCell

Module
. Some of the output water is
Air + HyO < captured by a condenser and
used in the humidifiers

o

N
R —

Lead Acid
Battery

Fig. 4: Elements Modeled in the Simulation Program
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The program was developed by linking the models of the fuel cell and battery in a range extender
— active hybrid configuration. The performance metrics that are monitored include the battery state of
charge (%SoC) and the amount of fuel consumed by the fuel cell.

The software simulation program for the hybrid powered forklift was developed using the
longitudinal dynamics simulation method and was implemented using MATLAB [19]. In the program,
the behaviour of the forklift during the day is described by a continuous series of discrete time intervals.
Within each interval, a percentage of the time is assigned to each of the following forklift actions: lifting a
load, moving at constant speed, idling, braking, and lowering a load. The length of the interval period is
inversely proportional to the accuracy of the simulation, i.e. the smaller the interval period, the higher the
accuracy [19]. The performance metrics or characteristics of the forklift are calculated at the end of each
interval period. For simplification, variable speed operation of the forklift was not included in the
simulation program. In the program it is assumed that the transition from one forklift action to another
occurs instantaneously. An example of the output from the simulation program is shown in Fig. 5 using
component values shown in Table II for a forklift operated over eight hours (Tworday) Where it spends 5%
of the time lifting loads, 5% of the time lowering loads, 18% of the time moving laterally, 5% of the time
braking, and 67% of the time idling. For the remainder of the day (Tovemign), the forklift is idle.

%S0C versus Time Plot - After Tphase2

100

|

95 ,,,‘ ,,,,,,,,,,,,,,,,,,,,,,,,,, —
\ \ \ |

90f- -~ fypount ofHydrogep bonsumed. £L.39L _ _ L _ - — —
85 Lo —
80

FE R e e e e i =

%S0C (%)

0 ---—-+fy-th---q g - -~ —

851 — — —1— — — —1— — — - -k - -

[ e e e —

55

50
0
Time (Hours)

Fig. 5: %SoC versus Time Plot Based on the Values Shown in Table II

Table II: Values used in Simulation Program

Characteristic Value
Forklift Lifiing 133.30 A
(Load Currents for Lifting, Lconstant speed 137.50 A
Moving Laterally at a Constant Tbraking -68.75 A
Speed, Braking, and Lowering) Ligwering -91.65 A
Viat 48V
K 480 Ah
Flooded Lead — Acid Battery n 1.2
o 1.2
€ 80 %
Prc 1.2 kW
Irc 46 A
PEM Fuel Cell VEc 26 V
P2 200 kPa
SCE 20
Boost DC / DC Converter Nbe/ne 0.8
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One can observe from Fig. 5, the effect of the gassing losses which reduces the charge transferred
to the battery during charging events whenever the battery’s %SoC is greater than 80%. Also, the net fuel
cell output power (Prcne) Was calculated by the program to be 999.51 W, thus approximately 17% was
lost to the balance of plant components of the fuel cell.

Conclusion

This paper summarized the development of a software simulation program designed specifically
to track the performance of the battery and fuel cell in a hybrid powered electric forklift. The results of
the simulation program can then be used to adjust the size of the battery and fuel cell so that they meet the
requirements for the range extender hybrid configuration while minimizing the size and cost of the battery
and fuel cell. Future work would include validating the models used in the simulation program with
physical measurements.
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