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A Novel Control Strategy of Bidirectional DC-DC Converter
for Interfacing Ultracapacitor to Fuel Cell Electric Vehicles System

Based on Dynamic Evolution Control

A. S. Samosir, A. H. M. Yatim

Abstract — Fuel cell electric vehicles gives far more promising performance. They have higher
efficiency and lower emissions compared with the internal combustion engine vehicles. The fuel
cell has a high energy storage capability, thus enhancing the range of operation for automobile
and is a cleaner source of energy. However, the fuel cell has a slow dynamic response, so an
auxiliary power source is needed during start up and transient conditions. Ultracapacitor usually
used as secondary power source for improving the performance and efficiency of the overall
system. Several methods have been devised to connect ultracapacitor to the fuel cell system. If the
ultracapacitor is connected in parallel directly with the dc bus, its charge and discharge current
cannot be controlled. Once the load changes significantly, the rush current would destroy the
ultracapacitor. Therefore, a bidirectional converier needs to be inserted between the dc bus and
the ultracapacitor to control the charge and discharge current. This paper proposes a novel
control strategy of bidirectional de-dc converter for interfacing ultracapacitor energy storage [0
fuel cell electric vehicles system. The controller of bidirectional dc-dc converter system was
designed and implemented based on dynamic evolution control. Performance of the proposed
dynamic evolution control is tested through simulation and experiment. Copyright © 2010 Praise
Worthy Prize S.r.l. — All rights reserved.

Keywords: Fuel Cell, Ultracapacitor, Electric Vehicle, Dynamic Evolution Control, Bidirectional

Dc-Dce Converter

Nomenclature
Y Error function
m Gain
k Positive coefficient
o Duty cycle
V. Error voltage
Vier Reference voltage
Vo Output voltage
Ve Ultracapacitor voltage
L Inductor
i Inductor current

t Time

1. Introduction

An electric vehicle powered by fuel cell gives far
more promising performance. The Fuel Cell Electric
Vehicles (FCEV) has higher efficiency and lower
emissions compared with the internal combustion engine
vehicles. Fuel cell has higher energy storage capability
thus enhancing the range of operation for automobile and
is a cleaner source of energy. Fuel cells also have the
added advantage of using hydrogen as fuel which will

Manuscript received and revised January 2010, accepted February 2010

reduce  world's non-renewable
hydrocarbon sources.

Automobiles have changing load requirements during
different modes of travel. Further there are braking and
acceleration requirements for control of automobile.
These demands require that the source of energy should
be able to respond to fast changing loads.

Fuel cells have no capability to respond to fast
changing loads. Fuel cell has a slow dynamic response.
Therefore, auxiliary energy storage is needed for
responding the increased load instantly during start up
and transient conditions. Among several energy storage
devices, ultracapacitor is a good option due to several
advantages like high power density, long lifecycle and
very good charge/discharge efficiency. Ultracapacitor
also have more cycles of charging and discharging during
its lifetime. They can also provide large transient power
instantly thus capable of providing energy for increased
load for automobile requirements like acceleration, or
sudden slope. Hence ultracapacitor is a suitable choice
for secondary source of energy in electric vehicles
applications.

Several methods have been devised to connect energy
storage device to the fuel cell. If the ultracapacitor is
connected in parallel directly with the dc bus, its charge
and discharge current cannot be controlled. Once the load

dependence  on
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changes significantly, the rush current would destroy the
ultracapacitor. Therefore, an interface converter needs to
be inserted between the dc bus and the ultracapacitor to
control the charge and discharge current.

A converter system for connecting ultracapacitor as
secondary energy storage to fuel cell electric vehicle
systems has been presented in [7]. The ultracapacitor is
connected to dc bus of the fuel cell electric vehicle
system through a bidirectional DC-DC converter.
Controller for interface converter has been designed
based on dynamic evolution control. This controller
controls ultracapacitor current such that the voltage
droop at dc bus is minimized even after a sudden change
in load current. In this paper, performance of the
proposed dynamic evolution control is verified through
simulation and experiment.

I1.

Refer to [7], the fuel cell, which is considered in this
research, has a 42V nominal voltage. The bus voltage
should be 100V and remain constant. So the fuel cell
voltage should be stepped up through a boost converter.
The ultracapacitor is connected to the bus through a
bidirectional converter. During the start up and transient
conditions, the ultracapacitor will supply the load. When
the power generated by the fuel cell is more than the
power needed for the load, and also during the
regenerative  braking, the converters charge the
ultracapacitor. The ultracapacitor has 165 F capacities,
and it can be charged up to 48V. The schematic of the
whole system is shown in Fig. 1.

Power Management System
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—— 000 —

+
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kg CT

Fig. 1. Interface Converter Topology

I1.

The dynamic evolution control theory has been
Zescribed in reference [6], [7] and [8].

In  dynamic evolution control, the dynamic
characteristic of system is forced to make evolution by

llowing an evolution path. With the selected evolution
ath is an exponential function as shown in Fig. 2, the

of the dynamic characteristic of system will
ase exponentially to zero by equation:

Dynamic Evolution Control Design
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Y=Yo-e™ (1)
where, V' is the dynamic characteristic of system, Yo is
the initial value of ¥, and m is a design parameter
specifying the rate of evolution.

2 >t
Fig. 2. Dynamic Evolution path

The dynamic evolution function of this controller can
be written as:

i):+m}’ =0,
dt

m>0 (2)

Synthesis process is done to obtain the control law that
guarantees the dynamic characteristic of system decrease
to zero by following the evolution path.

In de-de power converter, this control law corresponds
to the duty cycle equation of the converter. This duty
cycle equation a(Vo,Vyc,iL), represents a as a function of
the state vo, V, and i.. The duty cycle equation
a(Vo,Vye,ip) is obtained by analyzed and substituted the
dynamic equation of the converter system into the
dynamic evolution function (2).

The duty cycle equation is used to calculate the
desired value of signal level control V. The pwm signal
is generated by comparing a signal level control V,,; with
a repetitive waveform as shown in Fig. 3. The frequency
of the repetitive waveform with a constant peak, which is
a sawtooth Vst, establishes the switching frequency. This
frequency is kept constant. Therefore, the dynamic
evolution control is operated at constant switching
frequency.

Wt Duty Cycle | V¢
Vuc— Calculation >
iL-—’. a.(VD,Vuc,iL) PWM
Generator
V
st
Vst >

Fig. 3. PWM Signal Generator
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Fig. 4. Bidirectional DC-DC Converter

1V. Synthesis of the Bidirectional DC-DC
Converter Controller

A schematic diagram of the bidirectional dc-dc
converter, which is interfacing ultracapacitor to the bus,
is shown as Fig. 4. The converter can be operated in two
modes of operation, namely boost and buck operation.
During the boost operation, the converter operates as a
boost converter and the power flows from ultracapacitor
to dc bus. During buck operation, the converter operates
as a buck converter and the power flows from dc bus to
the ultracapacitor.

Due to this converter power switches are operated in
complementary way, it is sufficient to find out the
control law in boost mode of operation only. In fact, the
duty cycle of the upper switch, which is responsible for
the buck operation, is alwaysl -« .

Based on the state-space average model, the voltage
and current dynamics of the boost mode of operation are
given by:

di

Voe = }%4"’0[1_0’] 3)
av, . y,
/7;)211_[%&]— - 4)

where L is the inductance, C the capacitance, R the
load resistance, V- the ultracapacitor voltage, i, the

inductor current, v, the output voltage, and « the duty

cycle, respectively. Rearranging (3), the output voltage of
converter can be written as:

. di
Vo =Vye+vy-a— L—L
dt

(%)
The dynamic evolution synthesis of the controller
begins by defining the state error function (Y). In power
electronic application, Y can be selected as a function of
error voltage or error current. Refer to [5], with the
selected Y is a linear function of error voltage as (6):

Y= k'vcrr (6)
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The obtained duty cycle « is given by:

dv
k— 4+ (mk —1)
y m v

err

p
LAy Vi

a =

(7)

Vo

The expression for duty cycle a is the control action
for the converter controller.

Duty cycle eq. (7) forces the state error function Y to
make evolution by following eq. (1) and decrease to zero
with a decrease rate m. Hence the voltage output of
converter converges to the converters steady state:

= [F
Yg = ll‘(f/

(8)

Rearranging the duty cycle equation (7), the duty
cycle o can be written as:

V. _V/_' _
ref ~ VU +(mk 1)

Vo

k v, L di
ey Lk
dt v, dt

)

v(" e
Vo

Yo
It is interesting to note that the control law in (9)
consists of four distinct parts. The first part is the

feedforward term (V. —Vy )/ v, which is calculated

r

based on the duty cycle at the previous sampling instant.
This term compensates for variations in the input
voltages.

The second and third terms are like the proportional
and derivative terms of the perturbations in the output
voltage respectively. But the important things that make
this controller action is better than the conventional one
are the gain value of proportional and derivative terms
are not constant. These gains are varying with the output
voltage value. The last term consists of the derivative
terms of the inductor current. The gain of this term is also
varying with the output voltage value.

From (9), we can see that the input voltage, output
voltage and inductor current are involved in control
output. The advantage is the dynamic evolution control
can compensate all of variation in the input and output
voltages also the change of inductor current. It
contributes to the better dynamic performance of the
controlled system.

V. Simulation Result

A comprehensive simulation analysis was conducted
to verify the controller performance. The whole system
was simulated in MATLAB SIMULINK.

The performance of dynamic evolution control under
starting condition of fuel cell and regenerative braking
are tested. The control goal is to regulate dc bus voltage,
Vo =100V.

The reference of the dc bus voltage is fixed 100V
during the operation. Fig. 5 shows the demanded power
for a period of time.

International Review of Electrical Engineering, Vol. 5. N. 1
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The bus voltage and fuel cell voltage is represented in
Fig. 6, and the simulation result of iyc, ipc, and i, are
shown in Fig. 7. Demanded power during T1 and T2 is
S00W. During T3 the vehicle is braking, and during T4
demanded power is 500 W.

Fig. 7 shows that during the first time span, T1, the
fuel cell power is less than the required power, therefore
the ultracapacitor will supply the load. In the second time
span, T2, fuel cell power has reached the required level,
so it will supply the load. Fuel cell starts to supply
current.

The current of fuel cell increase to nominal current,
zlong with the ultracapacitor current is decrease. During
the third time span, T3, the vehicle is braking. The
Jltracapacitor  will charge during the regenerative
oraking. In the fourth time span, T4, fuel cell supply
power to the load and ultra capacitor backup the
difference power between the supplied power from fuel
-¢ll and the load demand power.

Fig. 6 shows that in all time spans the dc bus voltage
Zoes not droop. The ultracapacitor accomplish to
1abilizing the dc bus during the low power of fuel cell
and during the transient time. The power generated by
‘uel cell and ultracapacitor is shown in Fig. 8.

The results show that the ultracapacitor and converter
mprove the dynamic response of fuel cell system, hence
-nabling fuel cell powered automobile to accelerate
2pidly and also respond to sudden changes in load
-onditions.
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Fig. 5. The demanded power
:‘:\ T T T : 5 I
PERLE FVPOIE B . N P [ PR T
0 S e O S

Time (s)

Fig. 6. Fuel cell and dc bus voltage

mvright © 2010 Praise Worthy Prize S.r.1. - All rights reserved

67

=
5
=
<
30 i i H i i H H
0 0.1 0.2 03 0.4 a5 06 07 08
Time (s)
Fig. 7. Simulation result of Iy, Irc and lo
UC and FC Generated Power
1000 ¢ ; : r ; ,
s T |
500 § sessesalass U S
EETN 1 Se—— .. S O
<
3
s (RN St SR SN S SR
o '
-1000 :
1500 i H i H H H H
0 01 0.2 03 0.4 05 06 0.7 08
Time (s)

Fig. 8. Power generated by ultracapacitor and fuel cell

VI.

In order to verify the effectiveness of controller, a
prototype of system is prepared for experimentation. In
this experiment the fuel cell is controlled to feed 3.5A
constant current to dc bus. The load demand was
switched between 3A and 4A by changing the loading
resistor. In this experiment, the objective of controller is
to regulate the dc bus voltage at 20V level.

For flexible and rapid prototyping design approach, a
TMS320F2812 eZdsp board is used. The TMS320F2812
eZdsp board is employed to implement the dynamic
evolution control and the PWM signal generator. Fig. 9
shows the complete hardware set-up for converter system
implementation.

Fig. 10 shows simulation result when the step load
change was applied to the system. At time 40 ms, a step
load change occurs, the load current change from 3A to
4A. as a result of this change, it is shown that the
ultracapacitor current change from to 0.8A to —1.2A. It’s
mean that the condition of ultracapacitor was changed
from charging to discharging condition.

Fig. 11 shows experiment result when the step load
change was applied to the system. When a step load
change occurs, the load current was change from 3A to
4A. As a result, it is shown that the ultracapacitor
current change from to 0.8A to —1.2A. It’s clear that the
controller has been change the condition of ultracapacitor
from charging to discharging condition. These results

Experiment Result

International Review of Elecirical Engineering, Vol. 5, N. |
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shown that the controller was accomplished in
controlling the bidirectional dc-dc converter to charging
and discharging the ultracapacitor, in order to regulate
the voltage of dc bus.

VII. Conclusion

A new control method for bidirectional dc-de
converter, that interfacing ultracapacitor energy storage
to a fuel cell system is presented in this paper. The paper
shows that using a bidirectional converter as an interface
between fuel cell and ultracapacitor gives better control
over fuel cell voltage during transients. The controller
allows the ultracapacitor to respond to fast changing
loads and then get charged back to its nominal voltage
when the fuel cell power is bigger than the demanded
load or when vehicle is braking. The fast transient
response during a step load transient is confirmed by the
experiment.

DC Bus Yoltage (V)

o o
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o
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Fig. 10. Simulation result, the load current changes from 3A to 4A
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