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Efficiency Improvement of Synchronous Boost Converter with Dead

Time Control for Fuel Cell-Battery Hybrid System

Do-Yun Kim*, II-Kuen Won**, Jung-Hyo Lee’ and Chung-Yuen Won**

Abstract — In this paper, optimal control of the fuel cell and design of a high-efficiency power
converter is implemented to build a high-priced fuel cell system with minimum capacity. Conventional
power converter devices use a non-isolated boost converter for high efficiency while the battery is
charged, and reduce its conduction loss by using MOSFETs instead of diodes. However, the efficiency
of the boost converter decreases, since overshoot occurs because there is a moment when the body
diode of the MOSFET is conducted during the dead time and huge loss occurs when the dead time for
the maximum-power-flowing state is used in the low-power-flowing state. The method proposed in
this paper is to adjust the dead time of boost and rectifier switches by predicting the power flow to
meet the maximum efficiency in every load condition. After analyzing parasite components, the
stability and efficiency of the high-efficiency boost converter is improved by predictive compensation
of the delay component of each part, and it is proven by simulation and experience. The variation in
switching delay times of each switch of the full-bridge converter is compensated by falling time
compensation, a control method of PWM, and it is also proven by simulation and experience.

Keywords: Predictive control of dead time, Synchronous boost converter, High-efficiency fuel cell

converter

1. Introduction

There has been much research on the fuel-cell-and-
battery hybrid system that endows a fuel cell with long
charging time and low energy density of battery [1-4]. Fig.
1 shows that a fuel-cell-and-battery hybrid system is made
up of a fuel cell stack, a DC/DC converter that charges the
battery, a secondary cell, and an isolated full-bridge DC/
DC converter that changes the voltage of the secondary
cell to meet output requirements. The DC/DC converter
charges the battery with fuel cell power to minimize the
capacity of expensive fuel cells, and thus a non-isolated
DC/DC converter should be selected over an isolated
DC/DC converter, which is of low efficiency. In this study,
50 PEM fuel cells (35-42 V) and, as the secondary cell, a
lithium battery equivalent to 13 fuel cells (43-52 V) were
used, making the use of a boost converter a necessity.

The DC/DC converter of a fuel cell system should
feature a MOSFET instead of an IGBT, to achieve high
efficiency as a converter [8-13].

A non-isolated converter is used; in general, a boost
converter that uses a diode like Fig. 2. A diode boost
converter undergoes substantial current loss from the
conduction loss, and reverse recovery time caused by the
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diode. To achieve high efficiency, a synchronous boost
converter that uses a power switch instead of a diode is
required [5-7].

A Synchronous Boost converter has higher switching
losses than boost converters that uses a diode, but results in
better efficiency because the MOSFET switching losses are
lower in the low current region. However, due to the
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Fig. 1. Configuration of a fuel-cell-and-battery hybrid

system
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characteristics of the fuel cell which is a low voltage, high
current type, it is expected that the application of the
synchronous boost converter in the fuel cell application
will have a great effect in terms of efficiency.

Fig. 3 shows that a synchronous boost converter that
uses a MOSFET has a power switch consisting of a boost
MOSFET (Sg,.s) and a rectification MOSFET (Sg..). The
input and output voltage and current of the synchronous
booster converter are sensed for protection from over-
voltage and over-current. In keeping with the generative
capacity resulting from the hydrogen in the fuel cells, the
converter limits input current, but does not control output
voltage, to charge the battery with a set amount of power
generated by the fuel cells.

This paper shows how to predict the required dead time
based on the parasitic component of the switching
element in the synchronous boost converter of a fuel-cell-
and-battery hybrid system, to achieve higher efficiency
by controlling the dead time according to power levels
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Fig. 3. Configuration of a synchronous boost converter

[14, 15].

Fig. 4 (a) shows the current flow when SBoost of the
synchronous boost converter is turned on. While Sy, is
turned on, Ly, is charged and energy stored in Cqyyr is
transferred to the load. Fig. 4 (b) shows the current flow
when Sg,. 18 turned off and Si. is turned on. Energy
charged in Ly, is transferred to Cqoyr and through S

Skoost ad Sge Operate complementarily, and actually
dead time is essential considering the time required to
turn on and off. This paper shows how to predict the
required dead time based on the parasitic component of
the switching element in the synchronous boost converter
of a fuel-cell-and- battery hybrid system, to achieve higher
efficiency by controlling the dead time according to power
levels [14, 15].
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Fig. 5. Waveform of the loss during the dead time
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2. Dead Time Loss of a Synchronous Boost
Converter

A synchronous boost converter using a MOSFET which
has a higher conduction loss than a diode is used to design
a DC/DC converter of a low-voltage large current type
with a fuel cell characteristic of a low cell voltage. The
dead time control of the synchronous boost converter can
reduce voltage drop, conduction, and overshoot with Irr

characteristic through the body diode of the rectifier switch.

The dead time control of the synchronous boost converter
which is proposed in paper can compensate the loss by
dead time in low output band by controlling the fixed dead
time at the maximum power according to the power.

A synchronous boost converter has an Sggogr switch for
voltage boost, and an Sg. switch for rectification. These
two switches are complementary to each other.

During the switch on-off interval, dead time based on the
on-off time delay is set. Too short a dead time causes an
arm-short, which leads to an overshot; too long a dead time
increases the conduction time of the Sy, Switch, and
causes a significant loss. Loss caused by the dead time of a
synchronous boost converter becomes manifest as shown
in Fig. 5. A longer dead time results in conduction in the
body diode of the Sg switch.

Eq. (1) shows that the first loss occurs from the voltage
drop of the diode. The parasitic diode of the MOSFET
generates a voltage drop of more than 1.2V, which is 0.4 to
0.7V higher than that of a normal diode

P]u.s‘s (V/) = V/ : ]L : (Tdead : 2) : f.‘\'w (1)

Eq. (2) shows that the second loss results from Q,,, the
voltage loss in the reverse recovery of the diode. The
characteristic low-voltage and high current of fuel cell
output produces a great loss, even from small voltage loss.

1 ¢
~ P emp -V,
2.9

r

P (0,) = “Sow )

The last loss, current loss from the reverse recovery
time of the diode, results from the parasitic component L,
between the boost reactor and the Sg,.. Eq. (3) shows the
extent of loss.

1
I)IGSS (IFV) = 5 .L : IVZV : f:YW (3)

LBans/fMOSF ET

3. The Proposed Method of Dead Time Control

The PWM dead time required between the switches of
a synchronous boost converter is divided into a delay
element resulting from the gate driver signals, and a delay
element resulting from the parasitic component of the

Gate Driver

Vgl MOSFET

PWM

Fig. 6. Gate driver configuration

switches and circuits in the power unit.

The proposed dead time control method achieves
higher efficiency by identifying a capacitance based on
the temperature of Cpg, the parasitic component C of the
switch element, and selecting a dead time based on the
switch temperature to minimize the flow time of Si. to the
body diode. Identifying the ideal dead time requires that
the signal level of gate driver PCB, a fixed delay value, be
first identified.

Fig. 6 shows the configuration of the gate driver. The
minor signal of 5V generated by the DSP is amplified to
15V to drive the MOSFET switch, and requires current to
charge the Cgg.

To enable quick on-off switching of the MOSFET, the
gate driver supplies minus voltage when the switch is
turned off, to maximize the discharge speed of Cgg. There
is on/off resistance that restricts on/off current charging at
switch-on and switch-off; delay time is determined by
resistance.

The dead time between the switches of a synchronous
boost converter that complement each other needs only
to accommodate the delay at switch-off, so only the turn-
off time for the off-signal voltage of -10V needs to be
identified, not the on-signal voltage of 15V. And switch-
off; delay time is determined by resistance.

The dead time between the switches of a synchronous
boost converter that complement each other needs only
to accommodate the delay at switch-off, so only the turn-
off time for the off-signal voltage of -10V needs to be
identified, not the on-signal voltage of 15V.

Eq. (4) shows how this value can be identified, as well
as the discharge time of Cgs.

T,

OFF

=R - Cos Vs 4)

Table 1 shows that the CGS value changes with the
temperature, so identifying an accurate switch-off time
requires a capacitance corresponding to the temperature.
The on/off times in Table 1 were calculated by using a
temperature chamber to send a current of 18A to the 30V
of the switch. Dead time of the synchronous boost
converter is caused by Cpg, which is the parasitic capacitor
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Table 1. Capacitance produced by the MOSFET switch

temperature

Temp. Cas Cbs

25[C] 75 [nF] 52 [nF]
35[C] 68 [nF] 46 [nF]
45[C] 57 [nF] 41 [nF]
55[C] 45 [nF] 33 [nF]
65[7C] 36 [nF] 24 [nF]
75[C] 25 [nF] 16 [nF]
85[C] 15 [nF] 8 [nF]

m—_ > battery

N ) Tq—»]

Fael Cell

1

Fig. 7. Component "C" and current flow in a synchronous
boost converter

component at each end of the switch drain source, as well
as delay caused by the gate.

Fig. 7 shows the parasitic component C and current
flow for identifying on/off delay in the power unit of a
synchronous boost converter. On/off delay is also caused
by Cpg of the MOSFET switch, and the charging/discharge
current of rectification voltage. Eq. (5) shows switch delay
time occurring in the power unit.

C

_ DS(Sppy) Vaoou CDS(SM_> Vo
tdeud(POWER) - 7 7 (5)

L Rect.

To obtain an accurate final dead time, delay caused by
the gate drive and delay caused by the power unit both
need to be taken into account.

C Vrea
T = (25220 2
Rect.

OFF
52-107-55

1035-10°
=( 7 )+( 3 ) (6)
=(1682-107)+(310-107%)

=1.992[ 1]

The value calculated by the Eq. (6) must be found
between synchronous boost converters with dead times
of 1.992 puS or higher that are complementary. The
synchronous boost converter proposed in this study
changes Cgg charging capacity according to temperature
change for an accurate dead time measurement.
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Cos =Temp,,, —(temp - Ak)

Ak = CGS(MAX TEMP) (7)

Temp,,,
Ak : G-S capacitance of MOSFET per 1C

Eq. (7) shows the delay at the gate based on the capacity
change in the Cgg caused by switch temperature. Eq. (8)
shows the temperature change.

tdead (Total)

N CDS(S Tempyx) 0"
(TEMP MAX 107 - (tempkcal ’ tea M )) ’ Vout
=( Temp,,x )
Loyr (®)
N
-V,
Temp, D Ves )

CGS(TempW )’ 1

(TEMPMAX 107\/ _(tempReal ’

+( 7

OFF

Temp,,, : Maximum temperature of MOSFET V. : Input voltage
temp, . Sensed MOSFET temperature V., . Output voltage
C,, : Drain - source capacitance of

boost MOSFET at Temp,,

V. : G-Svoltage
1, : Input voltage
10" : Unit variable of capacitance

1 : QOutput current
(E.g.nF =10")

our

. Gate current

1, : Gate—on current I,.

Control of the equation-predicted dead time produces
switch temperature and current/voltage flow in the
synchronous boost converter, with which variable control
of the dead time can be performed.

4. Result of Experiment

Fig. 8 shows the setup for the experiment performed on
the converter of the independent fuel-cell-and-battery
hybrid system designed in this study.

The experiment setup consists of a gate drive controller
for driving the DSP controller and switching; a full-bridge
converter that includes a fuel cell simulator; and a
synchronous boost converter. Experiment parameters of

Table 2. Experiment parameters of synchronous boost

converter
Parameter. Cps

Input voltage 30~50[V]
Output voltage 40 ~ 55 [V]

Output power 500 [W]

Switching frequency 25 [kHz]

Boost inductor 500 [pH]

Output Capacitor 50 [uF]
Switch MOSFET
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Fig. 8. Experiment setup with a fuel cell simulator

Current

Fig. 9. Image of the fuel cell simulator

synchronous boost converter are as following.
4.1 Fuel cell simulator

Fig. 9 shows the fuel cell simulator. As fuel cell damage
can result from arm-short caused by dead time control of a
synchronous boost converter or insufficient dead time, a
fuel cell simulator was used instead of actual fuel cells,
which are costly. The fuel cell simulator controls constant
voltage according to the VI characteristic

Fig. 9 shows the configuration of the fuel cell simulator.
Control is performed in start mode and dynamic mode
according to the output voltage and sensed current. In start
mode, voltage is kept at 30V when current of 1A or more
flows at the initial 50V, before switching to dynamic mode,
in which dynamic control of voltage occurs according to
the current level. If discharge current reduces to 1A or less,
start mode is restored, and voltage is kept at the initial level
of 50V for voltage control corresponding to the fuel cell
characteristics. Fig. 10 shows the discharge VI curvature of
a DMFC. The simulator was controlled based on the VI
discharge curvature of a DMFC. Fig. 11 shows that the VI
characteristic of the fuel cell simulator was controlled.

Vaoltage | V)
— Power [W]
60 | - 600
Z S0 500 ;
% 40 e 500 &
Z 30 300 ;
S -
20 200
10 100
0 H 10 15 20
Current [A]
Fig. 10. VI curvature of a DMFC
p— Yem i IV idh

Bour 2 10A/dI

Fig. 11. VI curvature of the fuel cell simulator
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Fig. 12. Waveform of the switch overshoot at the input
current of 5.1A

4.2 Synchronous boost converter

Dead time of the complementary switches, S, and
Sreets 1N the synchronous boost converter was kept at a
consistent value of 2 fs, regardless of the temperature,
current, and output voltage.

Fig. 12 shows the waveform of switch voltage and
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Fig. 14. Waveform of the switch overshoot at the input
current of 8.5A

current at the input current of 5.1A. The efficiency of the
converter is 90.8%, as the overshoot current is 20A.

Fig. 13 represents the waveform of the switch voltage
and current at the input current of 6.8A. The efficiency of
the converter is 92.3%, as the overshoot current is 25.5A.

Fig. 14 gives the waveform of the switch voltage and
current at the input current of 8.5A. The efficiency of the
converter is 93.2%, as the overshoot current is 29.6A.

Fig. 15 shows the waveform of the switch voltage and
current at the input current of 10.2A. The efficiency of the
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Fig. 16. Waveform of the switch overshoot at the input
current of 11.9A

converter is 93.7%, as the overshoot current is 33.84A.

Fig. 16 gives the waveform of the switch voltage and
current at the input current of 11.9A. The efficiency of the
converter is 93.9%, as the overshoot current is 36.8A.

Fig. 17 represents the waveform of the switch voltage
and current at the input current of 13.6A. The efficiency of
the converter is 94.1%, as the overshoot current is 40.2A.
Fig. 18 shows the waveform of the switch voltage and
current at the input current of 15.6A. The efficiency of the
converter is 94.1%, as the overshoot current is 43.9A.
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Fig. 17. Waveform of the switch overshoot at the input
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As seen these waveforms, in the conventional method,
representing the constant dead time control, the peak
current is increased corresponding to the increasing the
load.

The peak current of system makes the total system
efficiency low. In order to alleviate this problem, the dead
time should be readjusted corresponding to the temperature
and current. Fig. 19 shows the efficiency curve when the
converter uses the conventional fix dead time of 2us. It is
noticeable that the less current is flowing, the less the
efficiency.
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Fig. 19. Efficiency curve of the synchronous boost converter
that uses conventional fix dead time
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Fig. 20. Relationship between the dead time and current in
the conventional constant dead time method

Dead Time(us)

Tout(A)

Fig. 21. Relationship between the dead time and current in
the proposed method

4.3 Synchronous boost converter with dead time
control

Fig. 20 shows the relationship between the dead time
and current in the conventional constant dead time method.
In the conventional method, the dead time stays constant as
the current varies; however, in the dead time predictive
method proposed in this paper, the dead time varies along
with the current variation as shown in Fig. 21.

Fig. 22 shows the waveform of the switch voltage and
current at the input current of 5.1A and dead time of 1.4ps.

http://www.jeet.orkr | 1897



Efficiency Improvement of Synchronous Boost Converter with Dead Time Control for Fuel Cell-Battery Hybrid System

FELETIWE dmiy

- it |

. Cﬂ! T d
.-:z_,om-.-a“ S PRV :

}'.‘i Hp |

Ul < |

e m WAPE !
[r—— - i — —
] i 7 i i
= - -
P e e e
Bl b Trages W W e T — o e
P PO = HIEE L T
udst 300061 . ] i ol
(P S0, i
Udz 30080 . L
5 = % h- TV
e 275, ] “g"' s i
P 150267 . ) N LCL—.. L':;H" |
P2 DS o - T‘ e -
1 1 B .
...... T By vy il

Fig. 22. Waveform of the switch voltage and current at the
input current of 5.1A and dead time of 1.4us

i F

Fig. 23. Waveform of the switch voltage and current at the
input current of 6.8 A and dead time of 1.2pus

The overshoot current is 20A, the same as the
conventional method; however, the efficiency of the
converter is 91.3%, improved by 0.5% compared to when
the dead time was 2ps.

Fig. 23 shows the waveform of the switch voltage and
current at the input current of 6.8A and dead time of 1.2ps.

The overshoot current is 25.5A, decreased by 1A, and
the efficiency of the converter is 93%, improved by 0.7%
compared to when the dead time was 2ps.

Fig. 24 shows the waveform of the switch voltage and
current at the input current of 8.5A and dead time of 1us.
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Fig. 25. Waveform of the switch voltage and current at the
input current of 10.2A and dead time of 0.8us

The efficiency of the converter is 94%, which is improved.

Fig. 25 shows the waveform of the switch voltage and
current at the input current of 10.2A and dead time of 0.8us.
The overshoot current is 33.4A, and the efficiency of the
converter is 94.5%, which is improved.

Fig. 26 shows the waveform of the switch voltage and
current at the input current of 11.9A and dead time of 0.6pus.
The overshoot current is 36.2A, and the efficiency of the
converter is 94.9%, which is improved.

Fig. 27 shows the waveform of the switch voltage and
current at the input current of 13.6A and dead time of 0.4ps.
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Fig. 26. Waveform of the switch voltage and current at the
input current of 11.9A and Dead Time of 0.6us
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Fig. 27. Waveform of the switch voltage and current at the
input current of 13.6A and dead time of 0.4us

The overshoot current is 39.3A, and the efficiency of the
converter is 95.2%, which is improved.
Fig. 28 shows the waveform of the switch voltage and

current at the input current of 15.6A and dead time of 0.2s.

The overshoot current is 40.9A, and the efficiency of the
converter is 95.4% which is improved.

As a result, it is proven that the proposed method
decreases overshoot, and increases its efficiency, compared
to the conventional constant dead time method.

Fig. 29 compares the efficiency between the predictive
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Fig. 28. Waveform of the switch voltage and current at the
input current of 15.6A and dead time of 0.2us
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Fig. 29. Efficiency comparison between the predictive
dead time control and conventional fix dead time

dead time control and conventional fix dead time. More
than 0.5% of efficiency improvement takes place in the
high-efficiency of 94% by just implementing predictive
dead time control. Greater efficiency improvement is
expected when predictive dead time control is implemented
where a large current is flowing.

5. Conclusion

This paper explores the design and control of a high-
efficiency DC-DC converter with predictive temperature
control method in a fuel-cell-and-battery hybrid system.

Our system applies a boost converter for high-efficiency
of battery charge, and implements a synchronous boost
converter topology using MOSFETs instead of diodes, to
reduce loss that occurs by diodes. We propose a method
that improves efficiency by 0.5%, by reducing loss that
occurs by switching delay that varies by load and tem-
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perature, by predicting the ideal dead time from temperature
of the component, output voltage, and input current.
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