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Abstract

Soft switching full bridge dc-dc converter for electric vehicle application
has been implemented. The high voltage and high power required for
electric vehicles can be obtained using voltage doubler rectifier. The
main objective of this paper is to demonstrate experimentally that the
combination of zebra battery, soft switching dc-dc converter and ultra
capacitor bank can solve the problems like poor specific power, high
voltage spike across the rectifier diode and allowing excellent
performance in both acceleration and regenerative braking in an electric
vehicle. The amount of energy stored allows us to have 50kw of power
in 15 seconds, which is enough to accelerate the vehicle without the
help of the traction battery. The vehicle uses a brushless dc motor with
nominal power of 40 kw and has a peak power of 55kw. Energy flow
diagram for this vehicle is also demonstrated. The operation principle of
the proposed converter is analysed and verified with the help of
simulation results.

Key words- Energy storage, regenerative braking, soft-switching, voltage
doubler rectifier.

I. Introduction

The dc-dc converters using in electric vehicles has some of the draw backs
such as poor specific power (in watts per kilogram), switching loses, poor
energy storage capability and high voltage stress developed across the rectifier
diodes. The battery using in electric vehicle has the drawbacks such as fast
and sudden battery discharge during the period of acceleration (or) fast
charging during regenerative braking. This can be avoided with the help of
ultra capacitors. On the other hand, ultra capacitors allow regenerative braking
even when the batteries are fully charged. The ultra capacitor technology that
allows to store 20-30 times more energy than conventional electrolytic
capacitors [1, 2]. In electric vehicles the key advantage of using ultra capacitor
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energy transfer method is the high efficiency operation ie. an inherent nature
of many capacitor clamped or switch capacitor circuits. Sodium - Nickel
chloride batteries (ZEBRA) are a very good choice for electric vehicles [3].
They are safe and low cost and can endure more than 1000 cycles without
significant degradation. From this the combination of ZEBRA battery and ultra
capacitor bank provide excellent performance in both acceleration and
regenerative braking in an electric vehicles. The power inverter using in
electric vehicles use IGBTs switches. IGBTs can handle high voltage and high
power with lower cost compared with MOSFETs, so IGBTs have been
replacing MOSFETs in several tens of kilowatts of power [4]. The
conventional DC-DC converter using in electric vehicles has disadvantages such
as circulating current flows through the power transformer and switching
devices during free wheeling interval, high voltage stress developed across the
rectifier diode and due to the output inductance the reactive power loss is
high. For resetting the primary circulating current, several options have been
proposed (a) Inserting in the primary a dc blocking capacitor and either a
Saturable inductor [5] (or) two diodes in series with the lagging leg. This
solution attracts increased conduction losses and reactive power loss (ie. Core
loss due to saturation of transformer core and it needs large blocking
capacitor, so its use is restricted up to a few kw power level.

Fig.1 shows the energy flow diagram of an electric vehicle, bidirectional
power management is an important feature of dc to dc converter using in
several automotive applications such us hybride electric vehicles propulsion
system. From this according to Faraday’s Law of Electro Magnetic Induction
an EMF gets induced in the generator which is converted to DC with a help
of rectifier, which is inverted using inverter for traction motor. Then using soft
switching full bridge DC to DC converter we can get smooth ripple free
variable DC output. In hybrid electric vehicles a DC to DC converter is a
integral part of the DC architecture. This DC to DC converter maintains a
power balance between the input and any energy storage inside the vehicle and
provides continuous power to the electric motor.

This paper proposes the leakage inductance of the transformer together with
ultra capacitor bank and voltage rectifier capacitor can reduce the voltage stress
across the voltage doubler circuit and to give smooth ripple free high voltage
across the output terminals. The combination of zebra battery and ultra
capacitor bank to give excellent performance in both acceleration and
regenerative braking in an electric vehicles. Also in the proposed design, the
usage of inductance is less; so we can minimise the inductor losses such as
core loss and copper losses.

Il Operational Principle

The circuit diagrams and key waveforms of the proposed converter are shown
in figure. The operational principal of the proposed converter are divided into
five modes. Due to the symmetry of operation only one half cycle is depicted
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here. With the help of equivalent circuits the operational principle is clearly
explained.
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Fig.1 Energy flow diagram for this vehicle

Mode 0
After giving the supply the current starts to flows through S; and S, and the

energy is transferred from primary to the secondary side some amount of
energy gets stored in the leakage inductance of the transformer, rectifier
capacitor, ultra capacitor bank. Now these devices are in charging mode and
the primary current increases to high value due to the resonance between
leakage inductance of the transformer and rectifier capacitor is given by
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Mode 1
When the voltage across the rectifier increases to high value high voltage

stress developed across the rectifier diode. This can be minimized with the
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help of clamping diode and resonance condition (ie the resonance between
leakage inductance of the transformer, rectifier capacitor and to some extend
ultra capacitor bank).
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The clamped voltage is given by

The current flowing to the clamping diode is given by
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Fig.3 Key waveforms in one switching cycle
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Mode 2

With the help of clamping diode the voltage stress across the rectifier is some
what minised. Now the clamping diode is cut off, the voltage across the
voltage doubler cell is equal to twice the secondary input, the current stress
across the rectifier is minimized. During this period the capacitors are charging
and the capacitor voltages are equal.
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The voltage across capacitor 1 can be obtained as
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Mode 3

Now switch Sz turns off, the intrinsic capacitors of S; and S, are charged by
the reflected load current when the voltage across, S; increases to input
voltage, the body diode of S, conducts and S; attain ZCS and it turns off, at
the same time S, attains ZVS and it turns on large amount of current
reflected. The voltages increases very fast because large current reflected from
the load. When the switch Sz turns off, the voltage across primary reduces to
zero value, at that time current in primary starts decreasing.

The decreasing slope is obtained as

dip _V, 1 11
dt  n L,
Mode 4

Now the converter is in freewheeling stage. The current in primary decreases
to zero and the primary circulation loss is eliminated. Due to the symmetry of
operation the operational principle of other half cycle are same.

I11 Design Considerations

A. Soft Switching State-Plane Trajectory

Fig. shows the soft switching state plane trajectory. This diagram clearly
depicts the operational modes of the proposed converter. The dc-dc converters
in electric vehicles use insulated Gae Bipolar transistors (IGBTs) which are
based on soft switching (ie. Switches are on under ZVS and OFF under ZCS).
This is clearly indicated in the soft switching trajectory. From this diagram the
peak value of the resonant current is 1, —1,_. The load current increases during

charging modes and decreases during discharging modes. The selection of
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resonant capacitor is one of the important factor for the proper operation of
the circuit, because the resonant capacitor reduces the turn off loss and turn-
off dv/dt of the device. A large size capacitor can reduce the turn-off loss and
turn-off circuits at the device. The rate of change of voltage across the

resonant capacitor is given by

dV

dt

I
C
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Fig.5 Soft Switching State-Plane Trajectory
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B. Selection of Resonant Frequency

Resonant frequency is the main factor to reduce the current stresses of rectifier
diodes and conduction losses. Which is decided by leakage inductance and
rectifier capacitance. The resonance frequency should be lower than switching
frequency
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Leakage inductance is not adjustable without an additional leakage
inductance we can select the rectifier. Capacitance, using the equation

2 f 2
Cl =C2 2% = 15
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C. Selection of Ultra Capacitor

The ultra capacitor system installed in an electric vehicle uses a high specific
power brushless dc motor with a nominal power of 32kw and has a peak
power of 53 kw. The ultra capacitor voltage is controlled through the variables
such as vehicle speed and the state-of-charge of the battery.

Fig. shows the ultra capacitor charge curve. This curve is plotted according
to the time needed by the control to store the right amount of energy into the
ultra capacitor bank. The amount of energy stored in the ultra capacitor is
according to the car speed and battery state-of-charge. Suppose if the battery is
fully charge only small amount of energy stored in the ultra capacitor bank.
From this diagram the ultra capacitor level of energy (or) charge is calculated
through electric vehicle speed (ie. car speed) and the battery state of charge
(battery % DOD). The higher the speed, lower the charge and the higher the
battery state-of-charge, the lower the charge too. The shape of the Kinetic
energy curve is estimated through the of vehicle is proportional to square of
speed and the time the control takes to reach the desired ultra capacitor
charge. The capacitance value is selected usually according to the voltage
ripple level, which is usually less than 1% of output voltage (Vo). Hence the
capacitance can be determined as
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Fig.7 Ultra capacitor charge curve
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D. Design of Leakage Inductance

A high turns ratio result in higher leakage inductance that causes a severe
voltage stress across the rectifier diodes and increases power loss. When ny>ny,
current ripple of the leakage inductance will increase. Since a larger current
ripple will result in larger core loss in the leakage inductance, a high turns
ratio is not desirable. In this study we choose n=2

V
le =(1+Tn_2Dmaxj. ° 17

Iripple 1Es

IV Simulation Results

Fig shows the simulated results of the proposed converter. The requirements of
high power in car is obtained with the help of voltage doubler circuit. This is
depicted in Fig. Due to the resonance between leakage inductance of the
transformer and voltage doubler capacitors, high voltage stress developed across
the voltage doubler circuit. This is eliminated with the help of conduction of
clamping diode. With the help of clamping diode and ultra capacitor bank we
can obtain ripple free output voltage. That is also depicted in fig.
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Fig.8 Experimental waveforms of the proposed converter (a-d) Gate Pulses (e)
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(b)
Fig.9 Zero-Voltage Switching Waveforms of leading —leg Switches(a) turn-off
voltage (b) turn-off current
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Fig.9 Efficiency comparison with respect to conventional model

V. CONCLUSION

A hybrid energy storage unit comprising zebra battery, soft switching full
bridge DC-DC converter and ultra capacitor bank. Seems to be the promising
choice for future electric drive vehicles. The purpose of the device is to allow
higher accelerations and decelerations of the wvehicle with minimum loss of
energy and minimum degradation of the battery pack. It is also having the
advantage of not using any inductor in the converter. This will increase the
power density. Efficiency comparison is also plotted with conventional circuits.
This will also depicts the improvement of efficiency in the proposed converter.
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