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A Versatile Load Leveling Method for Fuel
cell-based Electric Drive for Vehicular
Application
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Abstract: This paper presents a flexible power control strategy
of a fuel cell (FC)- battery combined hybrid power source fed DC
motor drive suitable to be used in electric vehicles which can be
capable of working efficiently with an straightforward control
method, operating the drive precisely in FC and hybrid modes
during the entire drive operation. Although Fuel Cells are very
widely accepted by the electric vehicle manufacturing industries,
still the power control criterion can be improved to increase
overall efficiency. The most appropriate Master Slave Control
technique has been implemented to control the modes based on
load power requirement and transient operations. The controller
with the algorithm guarantees that total load is shared exactly
between the two sources all through intense load and transients
conditions. Such method inevitably facilitates the fuel cell to work
in normal load region throughout transient and steady state by
equally sharing the load current between the master and slave
converters. The efficacy of the proposed scheme is verified
through  simulation which is carried out using
MATLAB/Simulink software. Investigational tests are carried out
using LabVIEW platform with PCI 6251 DAQ 1/O interfacing
card for viability of the system. FC can be considered as most vital
electric power and component of an electric vehicle.

Keywords : Battery, converters, dc motor, electric vehicle, fuel
cell, Power management.

I. INTRODUCTION

The prospective of Fuel cells proves to be useful in
various applications broadly provide electric power to
diversified utilities such as electric vehicles,
computers, mobile phones and electric grid and
especially in the application where usability of ac
supply is quite impossible. Among various types of fuel
cell, proton exchange membrane (PEMFC) emerges to
be appropriate in electric vehicles [1]-[3] due to its
high power density and allowable operating temperature
range [4]. Control of fuel cell power flow is one of the
challenging issues when it comes in electric drive application
which has drawn more attention towards the researchers in
recent years. DC systems have been used in various
applications due to its easy interconnection of renewable
sources, high reliability and high efficiency as compared to ac
systems, but less attention has given to use of FC in dc drive
system. In a single stage power conversion process a dc motor
can be driven directly from FC by connecting a conventional
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dc-dc converter with static load characteristic. But with a
varying load characteristic, FC as a single candidate is
inefficient during transient period and high load period as it
possesses slow dynamics with frequently varying load
characteristic. Also Fuel cells have limited range of operating
voltage and load following capability and are the main draw
backs which can be eliminated by mixing a battery bank of
adequate capacity. Therefore, an auxiliary power source is
essential for effective operation of FC in such applications.

The control strategies of FC and battery directly reflect on
hydrogen consumption. Many control methods have been
evolved in recent years which aims first at optimizing the
power sharing between the fuel cell and battery for a known
driving cycle in second case control is based on real-time
controllers such as fuzzy logic [8]-[10], neural network [11],
or predictive control [12], [13]. On the other hand, a
predefined driving cycle will definitely differ from realistic
one. Predictive control objective will never match with the
real control objective. This paper proposes a simple power
sharing technique without any complicated control structure
where the FC power can be used more efficiently while
reducing the hydrogen consumption.

Recently many power management control strategies have
been proposed for FC and battery hybrid systems which are
mainly based on rule-based control strategy and
optimization-based control strategy. In rule-based control
strategy, the rules are designed based on heuristics, intuition
and mathematical modeling and without prior knowledge of a
predefined driving cycle. The main purpose of these control
approaches is based on conception of load leveling which
leads the operation of the drive close to some predetermined
value during the vehicle operation. Master- slave control
strategy works with some predefined conditions and very easy
to implement which is the main focus of this paper.

1. CONVERTER STRUCTURE AND OPERATION

Power converters play a very vital role in such hybrid
power systems and they can be used with proper control
methods to stabilize FC which also needs to combine energy
storage units. A hybrid power system combined with storage
batteries shows fast dynamic response and high reliability by
compensating excess power requirement from fuel cell.
[1]-[8] Based on the electrical characteristic of FC mostly
high current, low voltage, a conventional boost converter is
designed which uses a single IGBT switch is more
appropriate and operates in current control mode. The dc-dc
boost converter for FC is shown
in Fig.1, which converts the dc
output voltage of FC from its
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rated voltage to desired dc link voltage. This DC-DC boost
converter designed with high frequency Inductor L,, DC link
capacitor C also acts as filter, a diode and one main IGBT
switch S;. The bidirectional dc-dc converter operates in
parallel with the FC converter consists of IGBT switches S,
S; and diodes D,, D3 connects the battery with the load.
Switch S, and diode D3 serve as buck converter and during its
operation batteries charges through regenerative braking
action. During boost mode operation of bidirectional
converter switch S; and diode D, operate that delivers the
power from the battery to load.
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Fig. 1. Configuration of hybrid power source.

Due to the major advantages of parallel interleaved dc—dc
converter providing adequate output current and reduced
ripple content with high efficiency in output voltage makes
suitable for hybrid power system [9]-[11]. To ensure even
circulation of power under transient condition, the total
current needs to be shared equally between the converters by
using master-slave current sharing technique.

The operation of FC and battery converters is explained in
Fig. 2. During starting and while load changing both the
converters operate as shown in mode A. In steady state FC
converter operates alone to supply the load demands which is
shown in mode-B. During regenerative braking battery
charges through bidirectional converter from regenerative
power of motor and excess charge of fuel cell, this is shown in
mode-C.
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Fig.2. Hybrid mode operation during transient and high load
period (mode-A), steady state operation and regenerative
braking operation are shown in mode B and C respectively.
The mathematical modeling of dc-dc boost front end
converter used for fuel cell and bidirectional dc-dc converter
for battery using state space average method described in

author’s previous research paper [7].

Fuel Cell (PEMFC)

In PEMFC, many smaller molecules are combined to form
proton composed of molecules with a high molecular weight.
Hydrogen fuel and oxygen are used in PEMFC is acquired
from the air as an input and produces water and electricity.
PEM Fuel cell has high power density and can be operated at
high temperature of 50° C to 100° C. It takes very little time to
warm up and begins generating electricity quickly with an
efficiency varies at a wide range of 25% to 58% and widely
adopted its usefulness in transportation sector due to its
longevity, efficiency and high power density. Hydrogen
consumption can be brought under control by combining
battery into drive system with suitable power control
methods. In hybrid electric vehicle (HEV), FC has been used
with batteries which lead to zero emission. In this work, a
PEMFC model of 42 cells, 1.26kW, and 48V has been
considered in simulation study.

The output voltage equation of fuel cell is represented as
function of current and temperature E (i,t) and present the
potential variation due to chemical reactant disparity of fuel
and oxidant delay. The fuel cell output voltage, Egc is
expressed as

EFC = Eoc - Eactivation - thmic - Econc (1)
B rt [ ph,y/po,
E.=NJ|E, + = In| 2V 22 )
2F | ph,0,/po
thmic = NI fc'RFC (3)
E N [ Le e @)
. = . .In
actuation ZCZF | .
Een = N.m.exp(n.l fc) (5)

Where E, is the ideal voltage of FC, E,cuation IS the part of
activation voltage drop, Eqn, is the natural ohmic voltage
drop, E.q, is the concentration over voltage. Also the output
voltage is a function of Gibb’s free energy, gas constant, cell
temperature and partial pressure of reactance. In addition its
output voltage decreases as output current demand increases
as shown in Fig.3(a) also each operating point of a fuel cell
represents different power outputs and different power
conversion efficiency, hydrogen consumption, operating
temperature [4]. From the voltage current characteristics of
FC as shown in Fig.3 , it is evident that if the working of the
FC in the region after point C it would lead to use of excess
hydrogen. To achieve an effective power sharing during short
time over loading and transients the following power equation
is used.

Prc = Vrc.lrc
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Fig. 3 (a) curves showing V-1 and P-I characteristics of
PEMFC, (b) Efficiency of PEMFC.
Battery

The most suitable batteries used in ground vehicles are
Lithium-ion and Nickel-Metal hydride (NiMH) because of
their superiority in terms of high energy density, compact size
and consistency. Battery bank also can be recharged by the
regenerative action of the motor which provides resistance at
time of braking; thereby facilitate to reduce speed of the
vehicle.

The advantages of lithium-ion batteries are high energy
density, excellent performance at high temperature
environment, and also it is eco-friendly. Other important
features of the Li-ion batteries comprise less memory effect,
high specific power, high specific energy and long battery life
[15]. Due to these exceptional characteristics, lithium-ion
battery is more suitable for replacing NiMH as
next-generation batteries for wvehicles. The Li-ion
rechargeable battery is used as auxiliary energy source to
supplement the power to the drive during acceleration, cruise
and regenerative braking. The bidirectional converter which
allows charging and discharging of the battery operates in two
modes such as buck mode and boost mode. The detail
components with their parameters and values of the proposed
system are shown in the Table-1.
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Battery converter | Bi-directional dc-dc converter, L;
=1350 pH, C=2000 pF, ESR=10mQ,
fsw =20kHz.

DC Motor 0.5HP, 220v, 1500rpm

TABLE.1
Components Parameters

Fuel cell PEMFC, 1.26kW, 48Vdc

Battery Lithium-lon battery, 48V, 16A,
SOC=88%.

Fuel cell DC-DC Boost converter, L=1600uH,

converter C=2000pF,
Vi, =45v. fgy =20kHz
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I11.  ANALYSIS OF THE CONTROLLER

The proposed integrated control structure using master slave
control [20] technique is suitable for control of hybrid electric
source comprises fuel cell and battery fed dc drive is shown in
Fig.4. Here FC converter treated as master converter and
battery converter as slave converter thus both operated in
parallel. Here, the master converter module is accountable for
motor speed regulation and provides the reference current for
the slave converter, while the slave converter is dedicated to
track the output current of the master module.

Master module has two control loops one outer speed and
another inner current control loop. The output of the speed
control loop is the reference to current control loop which
depends entirely on load. The battery converter receives the
current reference from FC converter. The speed control loop
gain affects the speed regulation of motor with load
variations, input and control parameters. The output of the
current control loop is compared with triangular signal carrier
signal of 20 KHz frequency. The comparator output then
passed through a suitably designed gate driver circuit to
generate PWM signal to control the IGBTs of the power
circuits. The reference current for the controller of the slave
converter is generated by the speed control loop of the master
module. This proves that the current circulation between the
converters is even, thus reduced problems associated with
unequal power sharing between the converter modules and
hence relieves stress on the FC.

Fuel cell current, Iy , battery current, l,,:and real speed of
the motor are fed back to the controller to generate the proper
switching signals for FC and battery converters to regulate the
output load current and the output voltage of power
converters. The difference of the reference and actual speed is
fed into PI controller to generate reference current for the
inner current control loop. Then the reference currents for the
FC and battery are compared with the actual currents of FC
and battery. The error signal is processed through different
current controllers. Since during boost converter operation of
both power converters, there is a constraint on flow of the
inductor current which is unidirectional, the dynamics of
current control loops has been decoupled from each other, and
PI controllers are designed separately for each current control
loop. Also with PI controller, steady-state error is eliminated
which facilitates precise power sharing. Even during rapid
speed change, the performance of Pl controller is better to
provide fast response without oscillations in the signals. Thus
it can be summarized that the basic principle of the proposed
control system is based on the required load power, FC and
battery health condition. There are three loops associated with
the control structure such as two inner current control loops
and one common output voltage control loop. The output
voltage loop generates the reference current based on the
error in the output voltage at the
DC link. To achieve fastest
response  of the current
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controller, large bandwidth is chosen.
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Fig.4 Control strategy of the converter system.

average inductor current in each module is controlled with the
help of average signal, Fig. 4 depicts the control structure,
which includes the current-sharing loop(CSL) and voltage
control loop (VCL). Both power converters are operated
parallel and use a common voltage control loop. Every power
module has its individual current-sensing network and its
current-sharing  control  loop.  Absolutely  negligible
steady-state error is achieved with the inclusion of nn
integrator in the main controller. Major advantages of
series-parallel converters include:[21]

(a) Higher efficiency can be achieved by using low voltage
IGBTs and due to standardization the cost and
mechanized effort can be reduced

(b) Power processing capability can be increase and lower
conversion ratios for individual converters can be
achieved.

(c) Power density also increased due to interleaving technique
and improved reliability due to even distribution of
stresses.

The following driving equations [15-18] are implemented
to validate the master-slave control strategy in the proposed
dc drive system which is suitable for electric vehicle
application. As the source voltages are different, both
converters are controlled at different duty cycles to maintain a
common dc link voltage. Therefore,

\Y :Vbat :Vo :Vdclink (14)

fc

ch_con'vs fc — Dbat—con 'Vs_bat :VO

(15)

As the power drawn from the two sources are equal in
hybrid mode,

Vil +Voalpa =Vo-l, (16)
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During hybrid mode the following Equation 18 describes
the current sharing between master module and slave module.
Thus the power can be shared equally among the two sources.

1 .
I ref — H Z:n:llm (18)

Where i, is the module currents; m=1,2;

In drive operation the converter is controlled in terms of
its voltage and current to supply excess energy required
during starting to load, change in load and facilitates
regenerative braking also. The required rated voltage at the
motor terminal as well as the charging/discharging of
battery is maintained by appropriate control of the
switching signal of the bidirectional converter.

FC and Battery Control

To control hydrogen flow rate of FC and to regulate power
flow from FC, it has two independent and parallel controllers.
Flow rate control of FC depends on fuel cell current. Second
controller compares the FC current with the reference load
current to generate control signal for dedicated FC power
converter.

The function of the controller used for bidirectional
converter regulates the duty cycle in order to maintain
required DC link voltage at load terminal. The controller
smoothly regulates the battery voltage and current to facilitate
charging and discharging of the battery with the indication of
SOC level. The switching signal with a dead time for the
bidirectional converter is shown in Fig.5. The switching
signal of S; and S, are shown which are complementary to
each other.

The steady state error can be eliminated with the use of Pl
controller and precise load sharing is achieved. The
proportional-integral (P1) controller is helps to eliminate the
steady state error between the actual signal and the desired
signal to be tracked. The transfer function of Pl controller is

given by equation 19.
Ge(s)=Kp +% (19)

Where Kp and K; are gains of proportional and integral
controller.
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Fig.5 Complementary Switching signals for
Bidirectional Dc-Dc converter with dead time.

IV. SIMULATION RESULTS

In this section, the simulation results of the hybrid power
system fed dc motor drive with load current sharing using
MSC method is presented. The parasitic resistance of the
inductor L,is 10mQ and the ESR of the capacitance is 30mQ.
It is imperative to note that the power management at different
driving cycles is the main prerequisite of electric drive in
means of transportation operating system. Fig. 6(a) shows the
speed response of the dc drive system with a variable
reference command
(80rad/sec—100rad/sec—130rad/sec—80rad/sec).  Speed
reduction shown from 130rad/sec to 80rad/sec during
regenerative braking. As shown in Fig.6 the controller
effectively tracks the suggested speed command within a
reasonable time period of one second. As FC possesses poor
dynamics, during starting, the required power is drawn from
the battery source. After FC reaches its proper chamber
temperature, it shares equal power with battery to supply the
load. In steady state operation of the drive, load current is
shared equally among the two energy sources through the two
DC-DC converters. Fig. 6(b) shows the developed motor
torque in correspondence to the load torque. Fig. 7(a) & (b)
show the battery current and SOC during starting and steady
state operation of the drive. Due to higher bandwidth of
battery current control loop, during starting battery channel is
able to respond faster than FC, which relieve the stress on FC
system. Battery current is high during starting. Fig.8(a) & (b)
shows the fuel cell current and voltage respectively. FC
current is insignificant at beginning due to its sluggish
behavior at starting. Fig.9 shows the actual load power and
both sources power throughout complete operation.
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V. EXPERIMENTAL VALIDATION AND
RESULTS.

The proposed hybrid source fed drive system was
developed and tested completely in the laboratory. In this
section experimental validation of the simulated results under
transient and steady state are presented. The proposed load
current sharing using MSC technique scheme is tested by
using a 0.5HP DC motor. Transient and steady state system
behavior is carried out. The dc motor is fed from a rectifier
and battery bank of 48V, 42Ah. Mitsubishi IGBT modules
(CM50DU-12H) have been used in implementation of
bidirectional and unidirectional dc-dc converters. The motor
speed sensor circuit is developed using an IR LED and one
L14F1photo transistor. The current transducers (part no-LA
55-P) are used to sense the converter output currents. These
variables are used for generation of reference current and for
PI- current controllers. The master-slave digital controllers
were implemented in LabVIEW environment which is shown
in Fig.10. The hardware consists of PCI 6251 DAQ
input/output interface card with a connector block. Fig.11
shows the generated gate signals for the IGBT switches S; and
S, of the bidirectional dc-dc converter. The gating signal of S,
is complementary of the gating signal of S; with a dead time of
Sus.

During forward motoring mode of the dc drive, the
bidirectional converter operates in boost mode. In MSC
scheme both FC converter and battery converter share equal
amount of the load current. A driver circuit (IC- M57962L) of
20 KHz switching frequency is set to achieve the balance
among converters output current ripple level, reasonable
switching loss and switching stress. Fig.12 shows the dynamic
speed response while demanded reference speed changes
from 500rpm to 600rpm. The controller performance in Fig.

Retrieval Number: F92911088619/2019©BEIESP
DOI: 10.35940/ijeat.F9291.109119

734

13 shows the speed response of the drive with a reference
speed of 600rpm. Fig.14. (a) and (b) shows the current sharing
phenomena of FC and battery converter. The mean values of
the two converter currents are close and thus establishing
equal current sharing between the master and slave modules.
The total load current of 0.4A is shared equally by both the
converters (0.2A each). The converter current of slave
module tracks the corresponding master module current
signal well as expected. In order to impose electrical load to
the drive system, a generator was mechanically connected to
the motor and current sharing phenomena achieved when load
resistance changes from 100Q to 60Q as shown in Fig.15
while motor runs at a speed of 600 RPM. Fig. 16 shows the
current sharing among FC and battery when load changes
from 60Q to 100Q respectively at a motor speed of SOORPM.
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Fig. 10. Master-slave digital controller implemented in
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load change from 100Q to 60Q at 500rpm.

VI. CONCLUSION

This paper demonstrates the effectiveness of master-slave
current sharing method in FC-battery hybrid power system
under transient and steady state condition. This current
sharing method has been tested with two different power
converters connected to different voltages of fuel cell and
battery respectively. The proposed technique of load current
sharing has been implemented for efficient power
management in hybrid power system is analyzed and verified
through simulation and experimental results. Load current
sharing and source management control system is designed
with power management control. This load current sharing
method will enhance the system reliability with longer life
span of FC and battery.
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