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Hybrid electric vehicles positively influence the transportation industry with regards to
reducing the use of fossil fuels and minimizing polluting emissions. A class of such vehi-
cles incorporates fuel cells and energy storage systems as alternatives to internal com-
bustion engines. This paper develops a dynamically efficient energy management system
for fuel cell hybrid vehicles for the purpose of achieving an optimal power allocation be-
tween the energy sources while adhering to component requirements and maintaining the
essential operational performance. The paper addresses a two stage control methodolo-
gies, pre-driving optimization using linear programming algorithms and on-line optimi-
zation using PID controllers and component mechanisms. The performance criteria are
based on the overall operational cost as well as the hydrogen consumption per trip.
Comparison against a state control algorithm shows improvements in hydrogen
consumption.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

The propulsion system of FCHV is equipped with fuel cells
supplemented with a hydrogen tank and energy storage
components. The addition of such power peaking sources

Environmental awareness regarding the dangers of polluting
emissions and the drainage of energy resources has led to an
extensive investment in research for alternative and clean
energy resources. Regarding the transportation sector, trends
are adopted in-order to develop new policies and trigger
technological improvements in an attempt to surmount these
effects. Fuel cell hybrid vehicle (FCHV) is one promising
candidate, embedded with battery storage systems exhibit
low emissions, high energy efficiency and independence on
fossil fuel based resources.

* Corresponding author. Tel.: +961 3 809859.

results in further degree of freedom in the allocation of power
resources. FC and battery systems aid each other to provide
cruising power. The battery system is responsible to provide
additional accelerating power as well as absorbing regenera-
tive braking power.

Research is heading towards improving different compo-
nents of the FCHV system such as the design of the FC [1,2],
chemistry of the battery [3—5], hybridization topology [6], the
technology and efficiency of the converters [7—9]. Moreover,
they are indulged in the design and optimization of the energy
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Nomenclature
LP Linear Programming
RB State control Rule-based Method

PEM-FC Proton exchange membrane fuel cells
NiMh  nickel-metal hydride battery
SOC State of Charge

DOD Depth of Discharge

NpT Number of battery cells

Prc FC output power, kW

Pyt BT output power, kW

Py Brake Power, kW

Py Load power, kW

Prcmin, PFcmax  FC minimum and maximum output power,
kw

PETmin, PRTmax BT minimum and maximum output power,
kw

SOCmin, SOCmax Minimum and maximum SOC

EgT Battery energy capacity, kWh

Raown-fc FC Ramp down rate, kW
Ripp-ste FC Ramp up rate, kW
Raown-bt BT Ramp down rate, kW

Rupbt BT Ramp up rate, kW

YEG Cost of H, consumption, $/kWh
YBT Cost of BT, $/kWh

U Vehicle speed, m/sec

vs.rc  Initial Cost of FC system, $/kWh
Hgr Battery heat capacity of battery, J/K
Izt Battery Current, A

Osi_BT Entropy of cell reaction, J/(As K)

BeT Battery damping factor

Tz Required Torque, Nm

Pmotor  Motor power, kW

Wm Motor speed, rpm

B Motor power loss, kW

Src FC Status

C, Coefficient of rolling resistance, 0.014
0 Road inclination, degrees

Vehicle acceleration, m/s?

lic-in, Idc-out DC/DC input and output currents, A
FC Current Request, A

Ifcmax ~ Maximum FC Current, A

Vius Voltage at the DC Bus, V

I1’—‘C7req

Prcreq  FC Power Request, kW

Irc.net  FC Net Current, A

Vic FC Voltage,V

Ny, Hydrogen Consumption, /sec
Vpr-oc  Battery open circuit voltage
Rgr Battery internal resistance
Tgr Battery temperature

IsT-ch-max Battery maximum positively charging current
IpT-disch-max Battery maximum negatively discharging

current
ar-soc  Battery Resistance — SOC Factor
OR-T Battery Resistance — Temperature Factor
MH, Initial mass of H, molecules in the tank, grams
My, Molar Mass of Hydrogen, kg mol™
v The volume of the fuel tank, m>
Tam b Ambient Temperature, °C
Ch, Cost of Hydrogen Fuel, $
A Consumed rate of H, molecules per kW of energy
At Time duration
N Total number of time sample steps
NBT Battery discharging efficiency
GR Gear Ratio
Pm-min  Minimum electric motor power, kW
Fr Total sum of forces, N
Fy Aerodynamic force, N
F, Force of rolling resistance or friction losses, N
F; Force due to inclination or load slope, N
Fa Acceleration force, N
) Air density, 1.21 kg/m?
A Frontal area, 3.48 m?
v Vehicle Speed, m/s
Cw Air drag coefficient, 0.44
m Vehicle mass, kg
g Gravitational acceleration, 9.8 m/s?

management system (EMS) [10,11]. Of importance is to find the
best fit in scaling and managing the different power sources
and storage units. The next section presents a detailed liter-
ature review of the different EMS studied for FCHV.

Optimum power allocation for FCHV

FCHV employ energy management systems to identify the
power allocation among the different sources. The EMS ad-
dresses the power distribution among the different vehicle
power sources in an attempt to meet the load demand while
adhering to operational and component constraints. EMS al-
gorithms range from simple rule based methods and heuristic
approaches to complex optimization algorithms. The key
element is the degree of knowledge of the driving cycle and
the computational complexity of the algorithm [12]. There is a
wealth of papers that addresses the design of the energy
management systems in FCHV. A comprehensive review of

the state of art of FCHV architectures along with the most
tackled approaches in EMS is presented in Refs. [13—15]. A
comparative analysis between the different methods for the
optimal power allocation is presented by Motapon el al [16].
EMS is tested for different driving scenarios such as highway
driving cycle, urban driving cycle, fast acceleration and
maximum driving distance [17]. In addition, EMS is designed
to satisfy the five different modes of operation in FCHV which
are starting, cruising, passing, braking and stopping.

Two kinds of EMS controllers are addressed, off-line con-
trollers and on-line controllers [18]. Off-line controllers use
intelligent or non-intelligent approaches in order to find the
optimal power split between energy sources in an attempt to
minimize hydrogen fuel consumption or system cost. Opti-
mization approaches can use linear programming techniques
[19], dynamic programming [20], stochastic dynamic pro-
graming [17], game theory [21], genetic algorithm [22], load
shifting [23], equivalent consumption minimization strategy,
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control theory [24,25], neural networks [26—28], predictive
controllers [29,30], adaptive optimal control [31], thermostat
and power follower controls [32,33] and H-infinity control [34].

On-line controllers are real time controllers, which use PI
controllers, frequency decoupling strategies or rule based
controllers. Rule based EMS excels in real time applications
because it does not require prior knowledge of the driving
cycle. However, it is based on heuristics and expertise of the
EMS designer. It is easy, simple and based on engineering
intuition. Rule based methods can be either fuzzy or deter-
ministic approaches such as state machine control. State
machine control is based on persons expertise as well as
heuristic approaches [35-37]. The performance of such a
method is highly dependent on the approach and the effi-
ciency of the rules. The main drawback is the hysteresis
component that results from the switching between the
states. Deterministic rule based EMS are usually based on
look-up tables where demand actions are known [38].

Tate et al. used linear programming [19] techniques to
optimize the split of power between an internal combustion
engine (ICE) and a battery system. The method is formulated
as a convex problem and then approximated as a large linear
program. To account for the change in battery efficiencies
during charging and discharging, they implemented them as
two separate variables. On the other hand, the whole power
train is modeled on efficiency basis. In Ref. [39], we adopted
the same methodology to a FCHV and implemented a
controller based on linear programming technique, however
we did not test the results on the vehicle model so it was just
an off-line power allocation of the sources. The main issue
with linear programming is that it can give us a gist of the
control while mainly to model the components in the FCHV
powertrain high levels of non-linearity is involved.

This paper tackles contemporary issues in the energy
management system of the FCHV. It addresses a two stage
control methodologies, pre-driving optimization algorithms
and on-line optimization using PID controllers. In the first
stage, linear programming is used to achieve the global opti-
mum of a known driving cycle. System losses are considered
in order to achieve a fair approximation of system compo-
nents. Linearization of cost and hydrogen consumption
functions aid in the use of linear programming. During on-line
optimization which is done using a complete Simulink
designed model of the fuel cell hybrid vehicle, linear pro-
gramming techniques are used to test the efficiency of such
algorithms in lowering operational cost while ensuring driv-
ability. PID controllers minimize the error between the actual
and approximated vehicle speeds.

The performance criteria are based on the overall opera-
tional cost as well as the hydrogen consumption per trip.
Moreover, battery state of charge and system efficiencies are
also measured and analyzed. The methodology yields several
outcomes in lowering system cost, improving efficiency of the
drive train and prolonged life of FC and battery. Comparison
with a state space EMS will highlight the distinct features of
the methodology. Comparison is done between a controller
using the optimization algorithms for the whole driving cycle
and a controller using state machine rule based techniques.
Results indicate a reduction in system cost and in hydrogen
fuel consumption. Moreover, the results highlight the

importance of using optimizing algorithmic in urban driving
cycles since reduction in hydrogen consumption is much
higher compared to highway cycles.

System description

The construction of the FCHV subsystem models is performed
using a graphical simulation environment software (MatLab/
Simulink). It is essential for the models to emulate the real
dynamics of the vehicle in-order to have efficient simulation
results. The FCHV is composed of at least ten different sub-
systems. The sources in the subsystem are a primary one-way
energy source unit and a secondary bi-directional storage
component. The former source is a PEM fuel cell system and
the latter is a NiMh battery. The mathematical models that
govern these subsystems encompass high levels of compu-
tational complexity. For this reason, simple dynamic equa-
tions as well as test-benched experimental results indexed as
lookup tables are used to model the subsystems in Simulink.
This Simulink model, is a feed forward backward model of the
subsystems based on a distributed control system with a CAN
bus communication method. The CAN network is designed to
regulate the performance of the FCHV. An energy manage-
ment system strategy based on linear programming optimi-
zation algorithms is formulated to coordinate the power split
between the sources.

The vehicle considered is a light duty sprinter with a par-
allel drive train embedding a 70 kW induction electric motor, a
70 kW FC System and a 1.9 kWh battery system. The selection
of the sizes is based on the Mercedes-Benz Sprinter used for
the EU project HySYS (FP6) [40]. However, a 70 kW FC is used
for research instead of the 80 kW FC used in the EU project.
The system topology is shown in Fig. 1. The FC is connected to
the DC bus via a DC/DC converter that serves to stabilize the
voltage at the bus. The battery system is joined to the DC bus
in parallel using a bi-directional DC/DC converter. This en-
ables the battery to discharge current into the system to serve
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Fig. 1 — System topology.
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Fig. 2 — FC Simulink model.

the load, and charge current during regenerative braking. The
electric motor is connected to the DC bus via a DC/AC inverter.
It is serially coupled to the transmission system and wheels.
Vehicle auxiliaries are connected to the DC bus using two
branches. The first branch connects the 24V DC board to the
bus using a DC/DC converter. The other branch embeds a DC/
AC inverter to join the DC bus to the electric drives of the
subcomponents such as the air conditioning, servo brakes and
water pumps. During offline optimization the linear program
block considers the initial battery SOC and the available
hydrogen in the tank. As inputs to the program are the system
costs and vector of fixed input values which are (yrc, Ysi-rc,
YBT» EBT: PFC-min: PFC-max: PBT-mim PBT-max: socmim Socmax; Rdown-fc:
Rup—fc; Raown-bts Rup—bt: A MHD)'

Fuel cell system model

Fuel cell systems are composed of cells that convert the
chemical energy present in hydrogen fuel into electrical en-
ergy by oxidation—reduction reaction. They produce a
continuous amount of electricity as long as it is provided with
fuel and oxygen to maintain the reaction process. Proton ex-
change membrane fuel cells (PEM FC), are usually used in
vehicular applications due to their fast start-up time, high
power density and low operating temperature [10]. Their
transient performance when responding to load demand is
limited due to the chemical reactions that occur in the FC.
To build a fast and correct Simulink model of the FC,
lookup tables are used to approximate its performance. These
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Fig. 3 — FC net current curve.

tables were derived from experimental testing on an actual FC
test-bench in the labs of the University of Applied Sciences of
Essligen Germany. Fig. 2, shows a schematic of the FC system
adopted in the Simulink model. The current requested from
the FC (Irc-req) is limited to the maximum current (Ircmax) that
could be supplied by the FC according to the manufacturer's
data sheet. Then the power required from the FC is calculated
by multiplying the requested current with the corresponding
voltage of the DC bus (Vyys). The FC power request (Prc.req) is
also limited between the maximum (Prcmax) and minimum
(Prcmin) power of the FC that are provided in the data sheet.
From the resulting FC current request, the net current request
is computed using the net current curve in Fig. 3 which con-
siders the fuel cell efficiency. Then, the net current is used to
calculate the FC voltage using the polarization curve in Fig. 4.
The latter takes into consideration the losses in the FC system
such as activation and ohmic losses. Finally, using the net FC
current request, the hydrogen consumption is approximated
using the hydrogen consumption curve in Fig. 5. This curve is
a function of the current requested from the FC. In this paper,
the characteristics of the chosen FC is shown in Table 1.

Battery system

The next building block of the FCHV power-train is the NiMh
battery system. The battery characteristics are shown in Table
2. The optimum range of the battery SOC is derived using a
test benched process and is found to be located between 0.55
till 0.65.
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In Simulink, the battery controller is used to monitor and
calculate the maximum charging and discharging currents
that are permissible. The battery control system calculates
the maximum charge and discharge limits of the battery
system depending on the SOC level, open circuit voltage (Vpr-
oc), internal resistance (Rpr) and temperature (Tgt). The
maximum positively charging current is shown in equation
(1) and the maximum negatively discharging current is
shown in equation (2).

Ver-max — Ver_
UBT-max = VBT-oc g SOCmax
IB’F—cl’l—max = RBT (1)

0 SOC > SOCpax

Vor-min = Vor-oc 5505 506,
IpT—disch—max = Rgr (2)

0 SOC < SOCpin

The Simulink model for the battery is shown in Fig. 6. It
receives the battery current request and accordingly com-
putes the battery voltage depending on the SOC, internal
resistance and temperature. It is composed of four different
blocks that are interconnected. In the SOC generation block,
the SOC is updated from the current value inputted to the
block by current integration. The battery modeled that is
adopted for this paper has certain characteristic factors
shown in Table 2.

Table 1 — Fuel cell characteristic table.

FC Current ramp up/down rates (A/s) [290, 290]
FC Power ramp up/down rates (kW/s) [5, =5]
FC max. power (kW) 70
Resistance factor for series and parallel connection 40

FC stack number of cells 350

FC OCV (V) 345.8

FC minimum voltage (V) 250

FC maximum voltage (V) 430

Area for heat exchange on stack surface (m?) 1.5

Table 2 — Battery system characteristic table.

Number of cells in series 80
Number of cells in parallel 1
Nominal capacity of battery [Ah] 6.5
Minimum/maximum BT voltage [V] 160/328
Nominal battery voltage [V] 288
Temperature coeff. for OCV [V/K] —0.000134161
SOC at simulation start 0.8
Battery ambient temperature [°C] 20
Battery voltage at start of simulation [V] 280.75
Battery resistance at start of simulation [ohms] 0.3186
Max. charge/Disch. I [A] at 25 °C, 60% SOC 155/-360
Max. charge/Disch. P [kW] at 25 °C, 60% SOC 50.8/-57.5
Battery volume estimation [$m3$S] 0.012
Maximal battery temperature [°C] 50
Module weight [kg] 1.02
Power density [W/kg] 137.6471

The open circuit voltage generation block adds the effect of
SOC and temperature according to equation (3). The open
circuit voltage depends on the current SOC level so Vg
0co(SOC) is estimated according to Fig. 7. Then the battery
voltage can be derived accordingly depending on the ambient
temperature and the actual battery temperature. Note that at
the beginning of the simulation the battery temperature is
equal to the ambient temperature.

The battery internal resistance Rpr for a level of SOC and
for a specific battery temperature is calculated using the
method in equations (4) and (5). Figs. 8 and 9, indicate the
resistive factor added to the battery during charging and dis-
charging processes depending on the SOC level as shown also
in equation (4). Similarly, Fig. 10 shows the relation between
resistance and battery temperature as shown also in equation
(4). Therefore, after interpolating the factors or.soc and og-t
using Figs. 8—10 respectively, the battery internal resistance
can be computed using equation (5).

To calculate the temperature changes in the battery in
degrees Celsius, a simple equation is adopted based on the
thermodynamics system inside the battery. It is the

SOC
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Fig. 6 — Battery Simulink model block diagram.
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continuous integration of three factors as shown in equation
(6). The first factor is the heat loss by the current; the second is
the entropy generator which multiplies the battery current
and number of cells and temperature in kelvin by entropy of
cell reaction factor. Finally, the third factor is the difference
between the ambient and battery temperature multiplied by
the battery thermal resistance which depends on power in
each cell with respect to area. Finally, the output voltage of the
battery system is calculated in equation (7).

Vir—oc = BerVBr-0c0(SOC) + (@tocy[Tsr — Tamp|Net) ®3)
QR-_soc :f(SOC) QR-T :f(TBT) (4)

Rpr = ar_soc ar-T (5)

1
Ter = /HiBT U;Z;TRBT + Nprlprdsi_pr(Ter + 273) + 32(Tamp — TBT)] (6)

Vir = Vir_oc + Rerler ?)
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o
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Fig. 8 — Resistance dependence on SOG during charging.
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Drivers model subsystem

The driving cycle is usually indexed by a velocity profile. The
user can choose between the common known cycles such as
FTP-75, FUDS, Highway, JAP-1015, NEFZ or can generate a user
defined cycle. The driver's model subsystem is responsible to
send control signals to the energy management system. These
signals represent the magnitude of the accelerating and
braking torques. The derivation of these signals is based on
the reference speed set by the user and the actual vehicle
speed measured at the level of the wheels. In order to mini-
mize the speed difference between the referenced value and
measured value, a proportional integral derivative controller
(PID) is adopted. This type of controllers is widely used in the
control systems in-order to minimize the error between the
measured and the desired process value.

The PID controller consists of three parallel blocks: Pro-
portional, Integral and Derivative. The proportional part re-
duces the most of the overall error while the integral part
drives the system to a smaller error. Finally, the derivative

N
) Ell

-
(5

Battery Resistance (ohms)

05 1 1 i i 1 i
-30 -20 -10 0 10 20 30 40
Temperature in degrees Celcius

Fig. 10 — Resistance dependence on temperature.
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Table 3 — Drivers model characteristic table.

Controller proportional factor K, 130
Controller integral factor K; 2
Controller derivate factor K 1
Avoid integrator overflow factor a,, 0.05

part minimizes the overshoot and reduces settling time of the
overall system. Equation (8) calculates the torque demand.
This torque is limited to the maximum torque of the vehicle
electric motor which is 230Nm in this case. The error factor
e(t) is the difference between the measured speed and the
reference speed. Table 3, indicates the values of the parame-
ters of the PID controller. These values resulted from testing
and tuning the controller to fit the Simulink model.
d(e(t))

Treat) = Kpe(t) + K / ety + kG (®)

Vehicle model subsystem

The total sum of forces (Fr) acting on the wheels are the
aerodynamic force (Fy,), the force of rolling resistance or fric-
tion losses (F,), the force due to inclination or load slope (F;)
and the acceleration force (F,). These forces are described by
equations 9—-12. The power demanded by the vehicle as a
function of speed is given in equation (14). For simplicity, the
road is considered to be flat and therefore 6 is zero.

Fy = (1/2)pAsCyV? ©)
F, = mgC, cos(f) (10)
Fi = mg sin(9) (11)
F, =ma (12)
Fr=F,+F +F+F, (13)
P, = UFr (14)

Electric motor subsystem

In FCHYV, there is one propulsion driving source which is the
electric motor. Its size is determined at early stage of power
train design to satisfy the peak power requirements [17].
Models of the electric motors have a high degree of complexity
especially if one tried to incorporate them into a bigger model.

Table 4 — Electric motor characteristic table.

Continuous power (kW) 70
Peak power (kW) 90
Continuous torque (Nm) 180
Peak torque (Nm) 230
Max speed (rad/s) 1248.8
Motor mass (kg) 50
Cp (/kg K) 1500
Surface area (m2) 0.5
Heat transfer coeff. (W/m2K) 10

Motor Inertia (kgm2) 0.1098

Power Losses in the Motor-|

x 10

4.5
1400 -+ 4
1200} 35

E 1000} 3

H

2 800 25

(7]

S e} 2
400 : 15
200} i L

i i : H ; : 05

100 120 140 160 180 200 220
Motor Torque (Nm)

Fig. 11 — Power losses in the motor and inverter system.

Failure to provide a fast response time can crash the whole
model. For this reason, in FCHV control applications, the
electric motor is modeled as a static entity with certain power
losses [41]. The power losses and efficiency maps are usually
referred to by look-up tables.

The electric motor Simulink block translates the power
demanded from the sources to torque and speed to drive the
wheels. Table 4, indicates the motor characteristics. The los-
ses in the motor and inverter are handled using 2-D lookup
table based on the rotor speed and output torque. The dy-
namics of the electric motor are ignored because the period of
the power train of the FCHV is much larger than the period of
the motor dynamics. This is why it is redundant to go into the
motor dynamics. Therefore, the motor is modeled with its
efficiency maps as shown in Fig. 11 and equation (15).

Prnotor :f(Treqy wm) = TreqWm + Ploss (15)
Transmission subsystem

The transmission system translates the torque from the
motor system into gear ratio, torque and speed values to the
wheels. The gear box is based on the motor speed and thus
alters the gearshift lever consequently. After the gear com-
mand is generated, it is translated to a gear ratio. In FC the
gear is always at one and so the gear ratio is 13.

Auxiliaries subsystem

The Simulink model considers the auxiliary power that is
required from the FCHV components. These include the
power required from the cooling system, power braking
(20 W), power steering (120 W), air-conditioning (600 W) and
fuel-cell system auxiliaries (1000 W).

Power conditioning subsystem

The power conditioning of the FCHV is composed of two
components. The first is a DC/DC two-way converter con-
nected between the battery and the DC bus. The second is the
inverter which transforms the DC power from the bus into AC
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current to be fed to the electric motor. The latter is modeled as
power losses along with the electric motor losses.

The DC/DC converter allows the passage of current from
DC bus to the battery system and vice versa depending on the
voltage level on both sides. The current at the input of the
converter I4c.ip is related to the current at the output Igc.out Of
the converter. Table 5 indicates the characteristic data of the
DC/DC converter adopted for this paper.

Energy management system block

The main subsystem in the FCHV is the energy management
system (EMS) block. The EMS block, is the main drive of the
FCHV since it organizes the power allocation between the FC
system and the battery system. The algorithms that are dealt
with in this paper exhibit a slow response time especially
when compared to the response time of the FCHV. For this
reason, the EMS is tweaked for it to be adaptable to all algo-
rithmic scenarios. This is accomplished by using lookup tables
linked directly to the output of the algorithmic blocks in the
Matlab files environment.

The FC status block pinpoints the conditions in which the
FC is turned off Sgc. There are four lookup tables embedded in
the EMS block. These lookup tables are derived beforehand
from the algorithmic techniques discussed in the forthcoming
chapters. All tables are horizontally indexed by the cycle time
of the FCHV. Vertically, they are indexed by the FC power re-
quirements, battery power requirements, motor torque
request and braking torque request. Fig. 12, reveals a topo-
logically view of the above mentioned design. The FCHV
model is based on current calculations and not power com-
putations. For this reason the FC and battery power requests
are translated into current request by dividing those requests
with the voltage at the DC bus.

Problem formulation

The problem formulation is a constrained optimization
problem with linear constraints. The main aim is to find the
optimal power allocation between the components of the
FCHV, thus to find the power required from the FC (Prc) and
the power required from the battery (Pgr). The cost function is
depicted in equation (16).
N
min |:Z[('YFC + ¥s1-rc)Prc(t) + (vpr)Par(t) + YFchv(t)]At] (16)

t=1

The cost minimization function considers four factors.

Table 5 — Power condit

ning characteristic

table.

Current Limit in buck mode 40
during battery charging (A)

Current Limit in boost mode —40
during battery discharging (A)

Buck converter efficiency 0.96

Boost converter efficiency 0.96

Converter specific weight (kW/kg) 2

Energy Management System

Look-up Table

<]
|—FC Current Requirement——-
=——Time Step- EC
Status
Bus - =
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Time mepPy;

Motor Speed

Look-up Table

i,
A
il |
Tim o T,
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Braking Torque—————
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Look-up Table

| 14 M
wullh YA
W
M O

|
Timomp Py,

Fig. 12 — EMS topological model.

First the cost of hydrogen consumption, then the cost of
operating the FC as it consumes power. The third factor is the
cost of discharging the battery power. Finally, the cost of
power dissipation which occurs when the battery is fully
charged and the load is generative. Thus the cost function
considers the life cycle of the FC.

System constraints

The system constraints are the following:

SOC(t) = SOC(t — 1) — (Ppr(t)At)/(nprEsr) (17)
Prc(t) + Ppr(t) — Pur(t) = P(t) (18)
Prcmin < Prc(t) < Prcmax (19)
Psrmin < Por(t) < Permax (20)
SOCpr-min < SOC(t) < SOChr-_max (21)
Raown—cAt < Prc(t) — Prc(t — 1) < Ryp_reAt (22)
Raown-btAt < Ppr(t) — Per(t — 1) < Ryp-piAt (23)
N

> " APrc(t)d(t) < MH, (24)
k:

- The SOC period coupling constraint shown in equation
(17), computes the SOC of the battery at each instance in time
depending on the current battery power and previous SOC.
The deducted charge represents the fraction of energy from
the total energy available in the battery spent at time t. The
power balance constraint in equation (18) ensures the load is
always supplied with the needed amount of energy whether
from battery or FC. The system discards the extra power via
Pyr, which is usually the case when the battery is fully charged
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and the load demand is generative. Constraints shown in
equation (19), equation (20) and equation (21) are limitation
constraints for the supplied power of the FCHV components.
The ramp rate constraints in equation (22) and equation (23)
limit the ramp rate of both the FC and the battery. These
are essential to prevent oxygen starvation of the FC system
which occurs when a high instantaneous power is required
from the FC. The storage capacity constraint shown in equa-
tion (24) guarantees that the hydrogen tank is able to cover
the whole trip.

The cost of the battery and fuel cell system that are shown
in the LP formulation can be assumed from the research. For
the FC, the current cost is approximately 5000$/kW for 5000 h
under cycling conditions [42]|. Therefore, the service life of
the FC can be approximated to 1$/kWh. The rate of con-
sumption of hydrogen molecules per kW is averaged from
the Simulink model at about 0.01 g/kWs. The cost of
hydrogen is approximated to be 3$/kg which makes the kW
cost of hydrogen consumption equal to 0.161 $/kWh. Ac-
cording to the annual energy outlook report, the cost of the
battery for electric vehicle in 2014 is approximately 700
$/kWh [43]. NiMh batteries for vehicular applications have a
lifetime of more than 1000 cycles [44]. By choosing the bat-
tery cycle lifetime of 1000 cycles, it can be speculated that the
battery service life is around 0.7 $/kWh which is 70% of the
FC service life.

Finally, the initial mass of hydrogen molecules available in
the tank is calculated by using the ideal gas equation. The tank
has a volume of 0.08 cubic meters and is maintained at a
pressure of 300 atm. Therefore, after calculating the number
of moles (n), the initial molar mass of hydrogen in the tank is
estimated to be 1970g.

Simulation results

The linear programming algorithm along with the PID
controller methodology discussed in the previous sections is
applied, tested and analyzed for known driving cycles. A
multiple of simulated comparative experiments demon-
strates the efficiency, significance and applicability of the
algorithmic strategy. It is tested for known driving cycles such
as highway and the FUDS driving cycles. The outcome of the
algorithm is the optimal power split between the FC and the
battery. This is injected in the vehicle Simulink model which
incorporates also PID controllers. The behavior of the system
resources and electric motor is analyzed and the hydrogen
consumption is compared against the state machine
controlled. The vehicle component parameter used for
simulation is shown in Table 6.

Table 6 — Vehicle component parameters.

FC power limits (kW) [0 70]
BT power limits (kW) [—40 40]
SOC limits [05 0.9]
Initial SOC 0.8

Final SOC 0.8

FC ramp rates (kW/s) [-10 5]
BT ramp rates (kW/s) [-15 8]
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Fig. 13 — Speed and torque curve for highway driving cycle.

Highway driving cycle

The highway driving cycle is characterized by slow dynamics
and high speed points. Fig. 13 shows the vehicle speed from the
Simulink model. There are two speeds in the upper window of
the figure, the actual vehicle speed (Va) and the required
vehicle speed (Vieq). The former speed is calculated in the
Simulink model based on the actual forces acting on the vehicle
and the total moment of inertia of the vehicle. The required
vehicle speed is specified by the user for the respective driving
cycle. These two speeds are approximately overlapping by the
help of the PID controller that tried to minimize the error be-
tween the actual and required speed. The second part of the
figure dictates the electric motor output torque required. Fig. 14
reveals the power allocation in-order to meet the load demand.
The battery is usually charging when the load is generative and
FC is the main source supplying the load. The 1.9 kWh battery
aids the 70 kW FC when needed. After 450 s the battery stopped
discharging so as to maintain the required final SOC. A snapshot
of the power allocation is shown in Fig. 15 where the battery is
shown to contribute to the load much less that the FC due to its

60 ! ; T T ; ! ;

£
=
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3
o
0. .
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— ——Power Demand | : : : :
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Fig. 14 — Power sources for highway driving cycle.
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Fig. 15 — Episode of the power sources for highway driving
cycle.

size. Fig. 16 shows the FC currents, itis clear that the net current
is greater than the current request almost all the time due to the
losses adding up in the FC. However, at instances when the FC
net currentisless than the FC current specifically around 300s, a
dip in the actual speed is also witnessed. So the system is trying
to readjust its variables. A snapshot of this incident is shown in
Fig. 17. Fig. 18 shows the behavior of the battery SOC during the
cycle and how it maintains it's starting SOC. Finally, Fig. 19 re-
veals a snapshot of the DC bus voltage and indicates that it is
maintained between 305 and 360V. The data of the results is
shown in Table 7. It is revealed that the FC is the main source in
supplying the demand. The cost of operation which includes
the life cycle costs of the system components is $4.6.

FUDS driving cycle

FUDS is characterized by fast dynamics since it is close to an
urban cycle. The characteristic speed curves resulting from the
PID controllers of the Simulink model is shown in Fig. 20. Also
the electric motor output torque is revealed. The power

—FC current request
——FC net current

Current (A)
8

i 1 1
300 400 500 600 700 800
Time (s)

0 100 200

Fig. 16 — Fuel cell currents for highway driving cycle.

——FC current request

Current (A)

Time (s)

Fig. 17 — Episode of fuel cell currents for highway driving
cycle.

allocation in Fig. 21 directly grabs to the attention that the
battery is exploited more using this driving cycle. This is due to
the frequent decelerations that lead to regenerative braking
energy and thus battery charges. This is revealed in Fig. 22.
Fig. 23 shows at different instances that the battery and FC are
working together in order to supply the load. The net and
required currents from the FC are shown in Figs. 24 and 25,
however unlike the highway cycle; the net current is always
greater than the required current. It is also witnessed that
during this cycle the speed dips are not that visible. This is
because the cycle does not have high speeds. Fig. 26 shows the
behavior of the battery SOC throughout the cycle. Finally, the
DC bus voltage is maintained within 305 and 360V as shown in
Fig. 27. Table 8 dictates the numerical results with a cost of $2.2.

Effect of increasing the battery capacity

The effect of increasing the battery capacity is also consid-
ered. It is known as a rule of thumb that by increasing the
battery capacity, the mass of the battery will increase and thus

092
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o
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1 1 i i 1
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Fig. 18 — SOC for highway driving cycle.
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Fig. 19 — DC bus voltage for highway driving cycle.
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Fig. 21 — Power sources for FUDS driving cycle.

Table 7 — LP results for highway driving cycle.

Electric energy demand (kWh) 4.23
Electric energy supplied by FC (kWh) 3.97
Electric energy supplied by BT (kWh) 0.36
Electric energy dissipated through brake (kWh) 0.004
Final state of charge of BT 0.6
Cost of operation ($) 4.6

the weight of the vehicle will increase. This will affect the
forces acting on the vehicle and will therefore increase the
total demanded load. For this reason, the battery capacity is
usually bounded. However, it will be assumed that when the
battery capacity increases by 1 kWh then the size will increase
by 10 kg. By doubling the 1.9 kWh battery to 3.8 kWh, the
vehicle mass will increase by 20 kg. Table 9 indicates the re-
sults of such an increase for both driving cycles considered. It
is noted in both driving cycles that by increasing the battery
size, lower hydrogen consumption and thus lower operational
cost are achieved. Urban driving cycles use the battery more
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Fig. 20 — Speed and torque curve for FUDS driving cycle.

than highway driving cycles. This is due to the increased use
of brake through stopping and starting in urban cycles. Thus a
23% cost reduction is observed in the FUDS driving cycle when
the battery capacity was double; while only a 10% cost
reduction occurred in the Highway driving cycle.

State machine control algorithm for comparison
methodology

The proposed methodology of dynamically efficient energy
management system is compared against a state machine
control algorithm. The latter is proposed and tested by Panik
[45]. Different states are formulated depending on the
demanded power and vehicle speed.

1. State 1: Motoring (P > 0, v > 0, Py, > Prcmin) If the demanded
load is positive and greater than the minimum power that
can be supplied by the FC, then the FC system is turned on

Battery power
Fuel cell power
— — —Power Demand

k) :
fi

Power (kw)

1 P i L i 1 i i
150 200 250 300 350 400 450 500
Time (s)

i
50 100

Fig. 22 — Episode of the power sources for FUDS driving
cycle.
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Fig. 23 — Episode of the power sources for FUDS driving
cycle.

Current (A)

and limited to the minimum power values. The battery
system supplies the difference between the required load
and minimum power value of the FC.

. State 2: Motoring (P, > 0, V > 0, Prc-min < Pr. < Prcmax) If the

demanded load is positive and ranges between the mini-
mum and maximum power that can be supplied by the FC,
then the FC system is turned on and limited to the
demanded power values while preserving the ramp rate
constraint. The battery system supplies the difference be-
tween the required load and supplied power value of the
FC.

. State 3: Motoring (PL > 0, v > 0, P, > Prcmax) If the

demanded load is positive and is greater than the
maximum power that can be supplied by the FC, then the
FC system is turned on and limited to its maximum power
value while preserving the ramp rate constraint. The bat-
tery system supplies the difference between the required
load and supplied power value of the FC.
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Fig. 24 — Fuel cell currents for FUDS driving cycle.
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Fig. 25 — Episode of fuel cell currents for FUDS driving cycle.

4.

Battery SOC

State 4: Generating (P, < 0, v > 0, P. > Ppymin) If the
demanded load is generative and is greater than the min-
imum power that can be endured by the motor, then the FC
system is turned on and limited to its minimum power
values. The battery system supplies the difference between
the required load and supplied power value of the FC.

. State 5: Generating (P < 0, v > 0, P < Ppymin) If the

demanded load is generative and is less than the minimum
power that can be endured by the motor, then the FC sys-
tem is turned on and limited to its minimum power values.
The battery system supplies the difference between the
minimum motor power and the supplied power value of
the FC.

. State 6: Idling (P, = 0, v = 0, Pi, < Prcmin) If the demanded

load is in idle mode and is less than the minimum power
that can be supplied by the FC system, then the FC system
is turned on and limited to its minimum power values. The
battery system supplies the difference between the auxil-
iary power demand and the supplied power value of the FC.

i 1
600 800 1000
Time (s)

Fig. 26 — SOC for FUDS driving cycle.
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Fig. 27 — DC bus voltage for FUDS driving cycle.

Table 8 — LP results for FUDS driving cycle.

Electric energy demand (kWh) 2.3
Electric energy supplied by FC (kWh) 1.9
Electric energy supplied by BT (kWh) 0.4
Electric energy dissipated through brake (kWh) 0

Final state of charge of BT 0.5
Cost of operation ($) 2.2

7. State 6: Idling (P, = 0, v = 0, P, > Prcmin) If the demanded
load is in idle mode and is greater than the minimum
power that can be supplied by the FC system, then the FC
system is turned on and limited to its minimum power
value while preserving the ramp rate constraint. The
battery system supplies the difference between the
auxiliary power demand and the supplied power value of
the FC.

The comparative study shown in Table 10 indicates that for
a highway cycle, 10% improvementin cost and 5% in hydrogen
consumption can be achieved. While in FUDS, up to 30%
improvement can be achieved. This is the difference between
an optimization method that can take all the cycle into
consideration and those that have instance optimization.
Improvement in urban cycle is witnessed more due to the
frequent stopping which employs the battery more and saves
energy from regenerative breaking.

Table 10 — Comparison between LP and RB EMS.

Driving cycle H, consumed Trip cost ($)
(8)
LP RB LP RB
FUDS 94 131 2.2 3.4
Highway 170 180 46 5.1

Conclusion

This paper presented a methodology to optimize the
controller of FCHV based on linear programming and PID
controllers. The problem formulation which takes into ac-
count the life-cycle cost of the system components considered
minimizing hydrogen usage along with operational cost.
Detailed Simulink model of the vehicle subsystems is built.
Test simulations were performed on two driving cycles. The
objective was to develop a conceptual approach for an energy
optimization approach which is able to consider a wide range
of constraints and targets. The simulations in this article serve
to explain and to prove the process. Comparison against a
state control based EMS indicates that the system cost can be
reduced by 30 %—10 % depending on the driving cycle. More-
over, up to 30% reduction in hydrogen fuel consumption is
noted. Future work will evaluate the trade-off between the
battery capacity, fuel cell size, hydrogen tank volume and
convenience.
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