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Abstract
In this work the design of a phase-shift full-bridge (PSFB) converter with MOSFET
switches for a 50 kW fast charger station is developed. For the DC/DC stage two
designs are presented based on the single-phase and three-phase full-bridge (FB)
topologies. The converters are rated for 50 kW power at 420 VDC using 700 VDC
while operating at a switching frequency of 25 kHz. The main contribution of this
document is to analyze and compare the efficiency of the single-phase and three-
phase topologies.

For the PSFB converter, the control is performed by a fixed duty cycle slightly less
than 50% for each leg. The phase-shift between the two legs determines the power
transfer from the input supply to the load. Silicon Carbide (SiC) MOSFETs are
utilized as the power switches, to ensure low switching losses of high switching fre-
quencies. A nanocrystalline magnetic material is used for the transformer in order
to have high flux densities and low losses. The ZVS range for the single-phase and
three-phase converters are evaluated and it is found that the three-phase converter
achieves ZVS throughout the operation range.

It has been shown that the overall efficiency of the single-phase converter for 25
kHz is above 99 percent at full load condition. The different losses in the converters
are discussed. It is shown that the transformer loss is the dominant loss in those
converters. LCC analysis of the two topologies based on the cost of components has
been conducted, which shows that the single-phase converter is more cost efficient
compared to the three-phase version. Design equations are derived to help with a
suitable selection of components for a given specification. The system simulation
has been done using MATLAB/PLECS software. The theoretical calculations have
been verified with simulations. Some comparison results are described at the end of
this work.

Keywords: DC/DC converter; full-bridge; ZVS; phase-shift; fast charger.
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1
Introduction

1.1 Background

One of the most critical issues regarding local pollution is reducing the pollution
generated by hydrocarbon combustion of transportation vehicles. In the light of
this, hybrid electric vehicles (HEV) and full electric vehicles (EV) are providing a
solution through the use of a battery pack, which supplies energy for the electric
system. One of the frequently used topologies for a charger station is an AC/DC
conversion followed by an isolated DC/DC stage. DC/DC converters provide proper
voltage levels and the power management between di�erent energy sources and stor-
age elements. The topology is based on two switching converters, linked through a
high frequency transformer, which provides the galvanic isolation between the high
voltage side and low voltage side for safety reasons.

Although the battery capacity of the electric vehicles (EVs) is su�cient for short
trips, the needed time for charging is one of the challenges for EVs as an alternative
to internal combustion engines (ICE). The other problem with currently available
DC fast chargers is the low-frequency switching which increases the size, weight, and
cost of these fast chargers. Nowadays, there are some experiments of fast chargers
for the urban electrical buses like electrical buses in Santa Barbara, in U.S., and
electrical buses recently presented in Geneva, Switzerland and Sweden [1]. The
trends is towards a smaller size and more e�cient stations while the cost is reduced
[2].

In order to demonstrate a practical example of an electric charging system, several
studies have been done. For instance in [3], an automatic fast charger station with
a power level of 120 kW is developed for city Bus Line 60 in Gothenburg, Sweden
based on a hybrid electric bus. In this work, in order to eliminate low order current
harmonics and to obtain a unity power factor operation, it is suggested to replace the
passive diode recti�er with an active front-end converter. In [4] the current status
and implementation of battery chargers, charging power levels, and infrastructure
for plug-in electric vehicles and hybrids have been discussed. It has been shown
that, the major issues are the battery prices and required charging infrastructures
for a common utilization of PHEBs.

Furthermore, the recent improvement in the materials and tools enhance the overall
power density in charger systems. The idea is to reduce the components size, by
increasing the switching frequency. In [5] two di�erent designs based on a single-
phase Full-bridge and a Dual Active Bridge topology for the DC/ DC stage of a
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1. Introduction

50 kW charger has been proposed. The suggested designs in [5] improve the power
density by applying high-frequency switching. The recent research is paving the way
for a fair comparison of other topologies, which has been discussed in this work.

1.2 Aim

The aim of this project is to evaluate and compare two di�erent topologies, single-
phase full bridge and three-phase full bridge for the DC/DC stage of a 50kW fast
charger station with respect to the e�ciency, and the total converters costs.

1.3 Sustainable Aspect

Nowadays in industrialized countries, there is a high interest to produce hybrid elec-
tric vehicles (HEV) and full electric vehicles (EV) by the governments and public.
The three principal concepts of sustainable development are �Social justice�, �En-
vironmental protection�, and �Economic development�. From eco-environmental
perspective, EVs can be considered as a sustainable means of transportation when
the electricity for charging the batteries for the EVs is generated by renewable ener-
gies such as hydroelectric power, hybrid solar photovoltaic, wind power and nuclear
fusion.
In term of sustainability of EVs related to the batteries, the energy required to pro-
duce batteries, emissions and environmental impact in recycled consumed batteries
must be considered [6].

1.4 Ethical Aspect

The power electronic components must be designed in a secure way to mitigate the
health risk in accordance with the IEEE code of ethics, #1: �to accept responsibility
in making decisions consistent with the safety, health, and welfare of the public, and
to disclose promptly factors that might endanger the public or the environment� [7].
The DC/DC converter with all power electronic components will be isolated with
a non-conductive enclosure to ensure that there will be no threat to the user. As
another protective measure, current limiting fuses will be considered in order to
protect against a short circuit failure.

1.5 Scope

In this project, design and simulation with Matlab/Simulink for a 50 kW DC/DC
converter based on a single-phase and three-phase full bridge topology are discussed.
For the 50kW fast charger station, a full bridge topology with isolated transformer-
soft switched for high power density is a suitable choose.
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1. Introduction

1.6 Limitations

In this work some limitations have been considered.
ˆ The DAB set-up has not been discussed.
ˆ For the design of a three phase transformer one common three phase core

is presently not available, due to the the manufacturing technology. In this
work instead a design of a three phase transformer, 3 single core have been
considered.

ˆ The price of the DC-link capacitor has not been considered.
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2
Theory

2.1 Topology Review for High Power DC/DC Con-
verter

The dc/dc converter is an important component in a power charger application.
The �rst step in designing an isolated dc-dc power converter, is the selection of the
topology. Mainly, a topology selection is based upon the desired output power level,
battery voltage, the e�ciency of the converter, initial cost and long term operation
expense. One of the topologies, which is used in high input voltage and high-power
applications, is the phase-shifted full-bridge converter. The phase-shifted full-bridge
converter (PSFB) operates in zero-voltage switching of the primary switches while
keeping the switching frequency constant. By using a leakage inductor in series
with the primary side of the power transformer, zero-voltage switching is achieved.
However at light-load conditions, ZVS may be lost which will be discussed in detail
in the following sections [8].

In order to have high power densities of a converter, operation at higher switching
frequencies is required, which reduces the size of transformers and �lters. However,
by increasing switching frequencies, the switching losses related to the turn-on and
turn-o� of the switches also increases. Thanks to the zero voltage or zero current
switching topologies, which reduces the switching losses, operation of the converter
at high frequency switching is achievable. Therefore, the Phase-Shifted Full Bridge
DC/DC converter with ZVS operation at high switching frequency has higher e�-
ciency, higher power density, with lower size and cost.

2.2 Switching Loss, Conduction Loss

The main power losses in a DC/DC converter are switching losses and conduction
losses of switches and diodes. The switching losses are related to the overlap of
voltage and current waveforms during switches turn-on and turn-o�, which are de-
pendent on the voltage applied over the switch, and the current �owing through
the switch. The conduction losses are based on switches resistive losses and diodes
voltage drop losses. The switch resistive loss can be calculated by the resistance of
the switch multiplied with the second order of the RMS value of the switch current.
The diode conduction losses are obtained by the turn-on voltage of the diode, and
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2. Theory

the averaged value of the diode's current.

In high voltage and high-power applications, the switching losses dominate, due
to the high input voltage applied over the switches. By using the soft-switching,
which removes switching losses, it gets help to improve system e�ciency [9]. In or-
der to decrease conduction losses, a metal-oxide-semiconductor-�eld-e�ect-transistor
(MOSFET) based on Silicon Carbide (SiC) should be used, which reduce conduction
losses due to the low on resistance in comparison with similar devices [5]. Further-
more, choosing low forward voltage drop diodes for the output recti�er helps to
reduce conduction losses.

2.3 Transformer

2.3.1 Single-Phase Transformers

A single-phase transformer consists of two electrically isolated windings, wound
around two legs of a magnetic core, one on the primary side connected to the elec-
trical power source, and the other on the secondary side connected to a load . They
are mostly used in single-phase circuit. The core of transformer is either square
or rectangular type, which is divided into two parts vertical and horizontal. The
vertical part on which coils are wound called limb, while horizontal part is called
yoke [10], [11].

2.3.2 Three-Phase Transformers

A three-phase transformer with three windings wound on a three-legs magnetic
core is usually used in a three-phase circuit. A primary and a secondary winding
are placed one on top of the other on each of the three legs of the core. A core-
type transformer can have three, four or �ve legs. A bank of three single-phase
transformers also can be used in a three-phase circuit. The three-phase transformer
with a common core is a cheaper one with smaller size and less weight. The main
disadvantage of the three-phase transformer with a common core is that if one
phase becomes defective, then the whole transformer needs to be replaced. The
advantages of three single-phase units are transportation, maintenance and spare
unit availability. In a three-legged core-type transformer the magnetic �ux of one
phase is returned through the other two phases. During ordinary operation the total
magnetic �ux is expected to be zero [10], [11].

6



2. Theory

2.3.3 Zero Sequence Impedance

When a three-phase transformer is subjected to abnormal supply voltages and un-
balanced loadings, the positive and negative sequence impedance values are identi-
cal to symmetrical components, but the zero-sequence impedance of a three-phase
transformer depends on the type of winding connections on each side, and the core
construction. Its equivalent circuit depends on the path available for the �ow of
zero-sequence �ux within the transformer magnetic circuit [10].

As in a three-legged transformer there is no physical low magnetic-reluctance path
from top to the bottom of the core, then the zero-sequence �ux must go from the
top yoke through the air gap, into the tank. As the air gap has high magnetic re-
luctance then, the magnetic impedance of the zero-sequence �ux, which is inversely
proportional to the magnetic reluctance, is very low. Under unbalanced condition,
the zero-sequence current will be large, and the core and tank may have unaccept-
able temperature [10].

In order to provide lower magnetic reluctance for the zero-sequence �ux, mainly
close to the positive-sequence magnetic reluctance, a fourth or �fth leg is added
to the transformer core structure, which provides a magnetic low-reluctance return
path for the zero-sequence �ux in the transformer. The additional leg in the four-
leg transformer is designed to have the same size of the other legs. The �ve-leg
transformer has two additional legs with almost half size as compared to the main
legs. The zero-sequence returned �ux in a four or �ve-leg transformer is respectively,
3 or 1.5 times the �ux �owing at each leg surrounded by the winding. In a four or
�ve-leg transformer when the zero-sequence voltage approaches a certain value of
the rated voltage the additional legs begin to saturate, and the magnetic impedance
begins to drop [10], [12]. Schematics of three-legged, four and �ve-legged core-type
transformer magnetic paths are shown in Fig. 2.1.
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2. Theory

(a)

(b)

(c)

Figure 2.1: Schematic of core-type transformer magnetic paths
(a) three-legged (b) four-legged (c) �ve-legged
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2. Theory

2.3.4 Transformer Losses

The total transformer losses are a sum of coil and core losses, which are produced
by the electrical current �owing in the coils and the alternating �ux in the core of
the transformer. The losses related with the coils are called the load losses, which
vary with the transformer loading. The losses produced in the core are called no-
load losses, these losses occur in the transformer core whenever the transformer
is energized (even when the secondary circuit is open), and do not vary with the
loading on the transformer [13].

2.3.4.1 The Coil Loss

Ohmic heat losses, orRI 2 losses, in the winding conductors are the main part of
the load losses. The magnitude of heat losses increases with the square of the load
current and is proportional to the resistance of the winding. By increasing the cross-
sectional area of the conductor or by reducing the winding length, the resistance of
the conductor decreases which results to reduce the losses [13].

2.3.4.2 The Core Loss

The core loss is the sum of three components:hysteresis loss, eddy current loss and
the excess loss[13].

- Hysteresis Loss
Hysteresis losses come from the molecules in the core resisting being magnetized and
demagnetized by the alternating magnetic �eld. This resistance by the molecules
causes friction that result in heat. These losses depend on the type of material used
to build a core. By changing the size and type of core material, hysteresis losses can
be reduced.

- Eddy-Current Loss
By Faradays law, the change in �ux through the core induces circulating currents in
the core and are responsible for resistive heating of the core. Eddy current losses can
be minimized by reducing the thickness of lamination and increasing the resistivity
of the material in the core.

- Excess Loss
Due to the presence of leakage �eld, there are excess losses in the material. The
percentage of these losses are very small as compared to the hysteresis and eddy
losses so they can be neglected.
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2. Theory

- Core Loss Calculation

To calculate the core loss, Steinmetz proposed an empirical equation

Pcore = kf � B � (2.1)

which is widely used nowadays.It's simple, but only valid for sinusoidal excitation.
So, an improved general Steinmetz equation is proposed for arbitrary wave-
form. According to the IGSE the transformer core loss per unit volume is expressed
as [14],

Pv =
K i

T

Z T

0
j
dB
dt

j � j� B j � � � dt (2.2)

and the transformer core loss is given by

PCore = PvVe (2.3)

wheref is the fundamental frequency of the excitation, andB is the maximum �ux
density, K i , � and � are the core material constants, and can be easily obtained by
manufacturer datasheets, andVe is the total volume of the core [14].

2.3.5 Transformer Design Consideration

Design changes to reduce transformer losses, always involve trade o�s. For example,
consider varying the cross-sectional area of the transformer core. An increase tends
to lower no-load loss while raising the winding loss. An increase in volts per turn
reduces winding loss while increasing the core loss.

Unfortunately, some e�orts to reduce winding losses increase core losses and vice
versa. For example, increasing the amount of conductor used reduces the winding
losses, but it may necessitate using a larger core, which would increase core losses.
Manufacturers are developing techniques that optimize these losses based on the
expected loading [13].

10



3
Methods

3.1 Transformer Isolated Phase-Shifted Full-Bridge
Converter

An isolated DC/DC converter is followed by a front-end AC/DC converter in the
battery charger circuit. The role of the AC/DC converter is power factor correc-
tion which is out of the scope of this work. The isolated phase-shifted full-bridge
converter operates under zero voltage switching by utilizing the advantage of the
transformer leakage inductance and the junction capacitance of the power tran-
sistor to achieve resonant switching with no additional snubbers. The signi�cant
advantage of the isolated phase-shifted full-bridge converter compared to the con-
ventional full bridge converter is its high e�ciency due to the reduction of switching
losses which is the result of ZVS operation. The ZVS enables high switching fre-
quency operation with high power density and conversion e�ciency [15], [16]. Here
the e�ect of the phase�shift operation of switches and the resonance between the
transformer leakage inductance and the capacitance of the power transistor will be
discussed.

3.1.1 Principle of Operation

The phase-shifted full-bridge DC/DC converter with zero voltage switching opera-
tion is shown in Fig. 3.1. There are two legs in the bridge with four power transistor
switches, considered constant duty cycle around50%for each leg in order to control
the output voltage. The gate signals turn on/o� the switches in the bridge with a
phase shift between the duty cycles of any two diagonally switches in the left leg
and the right leg. This phase shift between the two legs determines the duty cycle of
the converter and enforces how much power transfer that takes place from the input
supply to the charger. With a phase shift of zero, the duty cycle will be 1 which
results in hard-switched operation of the converter. In the case that the phase-shift
angle equals 180 degrees, the duty cycle will be zero and there is no power transfer.
The gate signals, the primary current, the voltage in the primary and secondary of
the transformer are presented in Fig. 3.2. The switching periodTs and the duty
cycle D are shown in the �gure too.
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Figure 3.1: Phase-shifted full-bridge converter with ZVS operation

Figure 3.2: The waveforms of the phase-shifted full-bridge converter
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3.1.1.1 Initial Condition t < t 0

SwitchesQA and QD are conducting and on the secondary side of the converter
the diodesD1 and D4 are conducting current through the output inductor LF to
the output load of the converter. The zero voltage switching will be obtained by
using the energy stored in the leakage inductance of the transformer to discharge
the output capacitor of the switches in order to get zero voltage across the switches
before turning on.

3.1.1.2 The Right Leg Transition t0 < t < t 2

At time t0, the right leg transition initiates by turning o� QD . The current through
the primary of the transformer charges the output capacitor ofQD and discharges
the output capacitor of QC . Subsequently, after fully dischargingCC , the input
diode of switch QC conducts the current. If the switch QC turns on the voltage
across the switch is zero. At timet0, when the switch QD turns o�, the primary
current of the transformer is in the peak value which is the re�ected current of the
secondary of the transformer with a large current of the output �lter. Then ZVS can
be achieved forQC and QD easily even at the light loads. In the right leg transition,
after discharging CC , the current circulates betweenDC and the transistor QA ,
then the transformer primary voltage decreases and at the end of this time interval
the primary voltage is zero. On the secondary side also the secondary voltage of
transformer goes to zero and after that the output �lter supplies the load current.

3.1.1.3 The Left Leg Transition t2 < t < t 3

At time t2, the left leg transition starts by turning o� QA . For switchesQA and QB

the ZVS mechanism is di�erent. The ZVS is provided by the resonance between the
leakage inductance of the transformer and the output capacitance of the switches.
In the secondary side of the converter all diodes are conducting and there is a short
circuit across the secondary side of the transformer. Then the primary current of
the transformer is i (t2) which is less than the peak value. The stored energy in the
leakage inductance has to be larger than the stored energy in the output capacitor
of the switch in order to get ZVS. In this case for the light loads, the ZVS will be
lost. With high input voltage which requires more capacitive energy, the condition
gets worse.

3.1.1.4 The Power Transfer Interval t3 < t < t 4

After discharging capacitorCB , the internal diode of the switch conducts the current.
If the switch QB turns on at t3, the left leg transition will be completed. After this
time interval, the voltage in the primary of the transformer isVi . At time t4 the
switch QC turns o�, and it provides the leakage inductor's current to �ow through
switch QB and the output capacitances ofQC and QD . Then the process continues
as before. The circuit diagram at each time intervals is shown in Fig. 3.3.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3.3: Operation of the Phase-Shifted Full-Bridge Converter
(a) Initial condition t < t 0 (b) The right leg transition to < t < t 1

(c) The right leg transition t1 < t < t 2 (d) The left leg transition t2 < t < t 3

(e) The power transfer intervalt3 < t < t 4 (f) The right leg transition t4 < t < t 5

(g) The right leg transition t5 < t < t 6 (h) The left leg transition t6 < t < t 7

14



3. Methods

3.1.2 Design of a Phase-Shift Full-Bridge DC/DC Converter

This section de�nes the design procedure and component selection for a 50kW PSFB
converter. The �rst step in the design would be determiningDmax which determines
the maximum turns-ratio of the transformator. The maximum and minimum duty
cycle is de�ned as [15]

Dmin =
nVo;min

Vidc
(3.1)

Dmax =
nVo;max

Vidc
(3.2)

whereVo;min and Vo;max are the minimum and maximum output voltage,Vidc is the
input voltage. The transformer turns-ratio (n) is the number of the turns of the
winding in the primary over the secondary.

3.1.2.1 Resonance Circuit Calculation

The achievement of the high e�ciency of power conversion needs to ensure ZVS
operation at the light-load condition, since the output power depends on the leakage
inductance of the transformer and the switching frequency at low load [17]. By
increasing the leakage inductance, ZVS operation will be obtained in a wide range,
but this results in a duty cycle loss in the secondary side, and circulating current
in the recti�er [18]. For achieving ZVS operation, the energy stored in the leakage
inductance must be more than the energy needed for charging and discharging the
output capacitance of the switches during a dead time [16]. The required energy in
the resonance inductanceLR is as below

E =
1
2

LR I 2
2 >

4
3

CossV 2
idc +

1
2

CT V 2
idc (3.3)

where LR is the transformer leakage inductance,Coss is the switch output capaci-
tance, CT is the transformer winding capacitance,I 2 is the primary current of the
transformer at t2 or t6 and Vidc is the input voltage. The factor of 4

3CossV 2
idc is the

estimation of two times the stored energy in the switches output capacitance in the
resonance circuit. In order to �nd the proper resonant inductance50% of the full
load is considered for calculation [15]. The equivalent resonant capacitance can be
calculated as

CR =
8
3

Coss + CT : (3.4)
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3.1.2.2 Output Filter Design

The output inductor, L f , can be calculated as [15]

L f =
Vo;nom (1 � Dnom )

44 I of s
(3.5)

where Vo;nom is the output voltage, Dnom is the nominal duty cycle, f s switching
frequency, and4 I o is the output current ripple.

The output capacitor is expressed by considering the time during the load transient,
then the output capacitor is calculated as [15]

Co �
4 I oTs

164 Vo
: (3.6)

3.1.2.3 Transformer Current Calculations

In order to control the converter under peak current mode, the peak value of the
output inductor current should be more than the magnetization current, that means
I M � 4 I o=n. Then the magnetization inductance of the transformer can be calcu-
lated as [15]

LM �
nDVidc

44 I of s
: (3.7)

Then the magnetization current can be expressed as

I M =
DVidc

4LM f s
: (3.8)

The transformer primary current is shown in Fig. 3.4. There are three signi�cant
current levels in the transformer primary current which are de�ned as [15]

I P = I M +
I o + 4 I o

n
(3.9)

I 1 = � I M +
I o � 4 I o

n
(3.10)

I 2 = I M +
I o � 4 I o

n
: (3.11)
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Figure 3.4: The transformer primary current

With some mathematical manipulation, one can calculate the RMS value of the
primary current of the transformer as below [15]

I 2
P;rms =

1
3

(� I P + I 2)2D1 + ( � I P + I 2)I P D1 + I 2
P D1

+
1
3

(� I 2 � I 1)2D2 + ( � I 2 � I 1)I 2D2 + I 2
2D2

+
1
3

(� I P + I 1)2D + ( � I P + I 1)( � I 1)D + I 2
1D:

(3.12)

The parametersD, D1 and D2 can be written as [15]

D + D1 + D2 = 1 (3.13)

D =
t4 � t3

Ts=2
(3.14)

D1 =
t2

Ts=2
(3.15)

D2 =
t3 � t2

Ts=2
: (3.16)

From Fig. 3.4 it can be seen thatt3 � t2 related to the right leg transition that can
be calculated as

t3 � t2 =
1
4

TR =
1
2

�
! R

: (3.17)
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Figure 3.5: The transformer secondary current

The transformer secondary current is depicted in Fig. 3.5. Here also there are three
important current levels as describe below [15]

I P s = I o + 4 I o (3.18)

I 1s = I o � 4 I o (3.19)

I 2s = I o � 4 I o � nI M : (3.20)

The RMS value of the secondary side of the transformer can be calculated as [15]

I 2
S;rms =

1
3

(� I P S + I 2S)2D1 + ( � I P S + I 2S)I P SD1 + I 2
P SD1

+
1
3

(� I 2S � I 1S)2D2 + ( � I 2S � I 1S)I 2SD2 + I 2
2SD2

+
1
3

(� I P S + I 1S)2D + ( � I P S + I 1S)( � I 1S)D + I 2
1SD:

(3.21)

3.1.2.4 Output Diodes Current

The current waveform of the output diodes is depicted in Fig. 3.6. By applying
an approximation one can calculate the diode current equal to half of the output
inductor current during the power transfer time. The average current of the output
diode current can be calculated as [15]

I D = [
1
2

(I 1S + I P S)D
Ts

2
+

1
2

I P S(1 � D)
Ts

2
]=Ts: (3.22)

18



3. Methods

Figure 3.6: The current waveform of the output diodes

3.1.2.5 The Mosfet Switch RMS Current

By selecting proper Mosfets, the switching loss of the components is in principle
zero. The body diode of the Mosfet conducts the current for a short time during
the transition, but with a proper approximation, the e�ect of this current can be
neglected. The current of the Mosfet during the power transfer can be considered to
be the same as the transformer primary current. Fig. 3.7 shows this approximation
for the Mosfet current during the power transfer. The RMS current of each Mosfet
switch can be expressed as [15]

Figure 3.7: The approximation of the Mosfet current

I Mos;rms =

s
(I P � I 1)2D

6
+

I 1(I P � I 1)D
2

+
I 2

1D
2

: (3.23)
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3.1.3 Zero Voltage Switching Range

As mentioned before, the right leg switches of the converter always have ZVS oper-
ation, but for the left leg switches of the converter, by considering two conditions
ZVS operation can be obtained. First, there should be enough stored energy in the
leakage inductance in order to conduct the current through the output capacitance
of the switches to de-charge and charge them. From the mentioned equation in
(3.3), the critical current in the primary of the transformer for the ZVS operation
is as [15]

I crit =

s
CR :V 2

idc

LR
(3.24)

whereCR = 8
3Coss + CT

and Coss is the switch output capacitance,CT is the transformer winding capaci-
tance, LR is the transformer leakage inductance, andVidc is the input voltage. The
ZVS achieves for the condition where the primary current of the transformer (I 2) at
t2 or t6 is higher than the critical current.

The second condition for the ZVS operation is enough dead time for the transition
betweenQA and QB to ensure that the output capacitor of the switchQB discharge
completely and then the switch diodeDB conducts current beforeQB turns on and
the same forQA . However, with a long dead time, the output capacitor of the switch
will discharge and continue to resonate and then drop. The resonance betweenLR ,
Coss, and CT provides a sinusoidal voltage across the switch capacitance which
reaches its peak value at one fourth of the resonance period, that can be expressed
as [15]

Tmax =
T
4

=
�
2

q
LR :CR : (3.25)
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3.1.4 Transformer Design Parameters for Single-phase DC/DC
Converter

The transformer is used to perform voltage transformation, step up or down the
voltages in the power system, and provide galvanic isolation within its primary
and secondary terminal. The transformer equivalent circuit for a high frequency
analysis consists of: an ideal transformer (Np, Ns), loss components (Rp, Rs, Rcore),
magnetizing inductance (Lm ) and parasitic components, leakage inductance and
input capacitance (L leak , CT ).

3.1.4.1 Number of Turns in the Primary and Secondary Windings

Faraday's law gives a relation between voltage, �ux density, and frequency as

Vp = 4NpAcBm f s (3.26)

where
Vp is the voltage applied to the primary winding (V)
Np is the number of the primary turns
Ac is the core cross section area(m2)
Bm is the maximum �ux density (T)
f s is the frequency of operation (Hz).

The �ux density is chosen as a maximum value, which should be less than the
saturation value to get a smaller size of the core with smaller number of turns. Cost
and size of the transformer must be considered in the design of the transformer,
which is related to Bm , N , and Ac optimization. From (3.26) the number of turns
in the primary can be calculated.

The relation between the primary and secondary is expressed in (3.27). By using the
equation between the primary and secondary, the number of turns in the secondary
of the transformer can be calculated as

Vp

Vs
=

Np

Ns
(3.27)

where, Np is the number of the primary turns, Ns is the number of the secondary
turns, Vp is the voltage applied to the primary winding (V), andVs is the voltage
applied to the secondary winding (V).

3.1.4.2 The Size of a Conductor

The main limiting factor for the size of a conductor is the heat creation of the
conductor. The current density is related to the temperature of the conductor. By
increasing the current density further, the copper losses will increase and thereby
the heating, which might damage the insulation properties. The current density is
de�ned as
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� =
I rms

Acu
(3.28)

whereI rms is the RMS value of the current andAcu is the cross section area of the
conductor which is obtained by

Acu =
�D 2

4
: (3.29)

For alternating currents (AC), by increasing the frequency, skin e�ect and proximity
e�ect causes the winding's resistance to increase, and therefore the losses increases.
At high frequencies, the resistance ratio is large, which causes the current carried
by the conductor to be concentrated close to the surface. By applying an approxi-
mation, the ac resistance of the conductor can be the same as the dc resistance by
considering a thickness, termed the skin depth, around a hollow conductor [19]. The
skin depth is de�ned as

� s =
1

p
�f ��

(3.30)

where� is permeability (H/m), f is frequency (Hz), and� is conductivity (mho/m).
For a copper wire at20� C, the skin depth is

� s =
6:6
p

f
cm: (3.31)

One of the methods to reduce the skin e�ect and proximity e�ect is using a litz
wire, which consists of many thin wire strands, individually insulated, and twisted
or woven together [20]. In order to calculate the number of litz wire in a conductor,
the skin depth should be determined. The area of each thin litz wire is

A0
cu = �� 2

s : (3.32)

If D < 2� s then there is no need to use the litz wire, but if D > 2� s the litz wire
has to be employed. Then the number of litz wire can be calculated as

N =
Acu

A0
cu

: (3.33)
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3.1.4.3 The Resistance of the Primary and Secondary Winding

The dc resistance of a conductor is calculated by

R =
�L
Acu

(3.34)

where � is the resistivity of the conductor (
 .m), L is the length of the conductor
(m), and Acu is the cross section area of the primary or secondary conductor (m2).

The lenght of the conductor is calculated by

L = NW (3.35)

whereN is the number of the primary or secondary winding turns,W is the average
perimeter of the transformer core.

3.1.5 Power-Loss Analysis for the Phase-Shift Full-Bridge
DC/DC Converter

In order to optimize the e�ciency of the PSFB converter, it is necessary to calculate
the power losses accurately. In this section, di�erent losses of this converter are
determined as a function of the switching frequency. The power losses in each switch-
mode converter are switching losses and conduction losses of the semiconductors,
copper losses and core losses of the transformer.

3.1.5.1 Switching Losses

Due to the overlapping between voltage and current of the switch during the switch-
ing transition, switching loss is generated. As the PSFB is operating in ZVS condi-
tion for a speci�c range, the switching loss can be neglected. Although, for non-ZVS
condition, switching loss can be calculated as [21]

PSW =
1
2

(VsI s)( t f + t r )f s +
1
2

CDS V 2
s f s (3.36)

where Vs and I s are the voltage and current of the switch in the instance of the
transition, t f and t r are the falling and rising time of the switch, andCDS is the
drain-source capacitor of the switch andf s is the switching frequency.

3.1.5.2 Conduction Losses

The switch and diode conduction losses are obtained by using the following equations

PC;M = 4RDS (on)I 2
Mos;rms (3.37)

PC;D = 4I D VD (3.38)
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where RDS (on) is the drain-source resistor of the switch,I Mos;rms is RMS value of
the switch current obtained from (3.23),VD is the turn-on voltage of the diode, and
I D is the averaged value of the diode's current.

3.1.5.3 Copper Losses

The copper losses for both transformer sides can be calculated as

PCu = I 2
p;rms Rwp + I 2

s;rms Rws (3.39)

where I p;rms and I s;rms are the RMS value of the currents of the primary and sec-
ondary side of the transformer obtained from (3.12), (3.21), andRwp and Rws are
the resistors of the primary and secondary winding [15].

3.1.5.4 Core Losses

An empirical Steinmetz Equation is generally used for core loss calculation of the
transformer, but it does not give accurate answers under nonsinusoidal excitation,
since the core loss depends only on the peak value of the magnetic induction in
the S.E. The improved general Steinmetz equation (IGSE) is one of the most ac-
curate methods for core loss calculation, which extends Steinmetz Equation for
non-sinusoidal waveforms. According to the IGSE the transformer core loss per unit
volume is expressed as [14].

pCore = 2 � + � D 1� � K i f � B �
m (3.40)

and the transformer core loss is given by

PCore = pCoreVe (3.41)

whereB is the maximum �ux density, K i , � and � are the core material constants,
D is the duty cycle of the signals, andVe is the total volume of the core.

3.1.5.5 Total Losses and E�ciency

The total losses are the sum of losses of switches (conduction and switching loss),
diodes (conduction loss) and transformer (core and copper losses). Therefore, the
e�ciency of the converter is expressed as

Ploss = PC;M + PSW + PC;D + PCu + PCore (3.42)

� =
Po

Po + Ploss
: (3.43)
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3.2 A Three-Phase Full-Bridge DC/DC Converter
with High-Frequency Isolation

A three phase DC/DC converter topology suitable for high-power applications is
shown in Fig. 3.8a. The MOSFET switches are operating in soft-switched mode,
which reduces the switching losses. The operation principle is very similar to the
phase-shifted full-bridge (PSFB) DC/DC converter. The three-phase DC/DC con-
verter has several advantages compared to the single phase DC/DC converter such
as reducing RMS current through the MOSFET switches, higher power transfer,
reduction of the �lter's size due to increased switching frequency by a factor of
three, reduction in transformer size due to better utilization of transformer's cop-
per and core, reduced semiconductor stresses results in lower switching losses and
consequently an increase of the e�ciency [22].

(a)

(b)

Figure 3.8: Three-phase full-bridge DC/DC converter (a) Main circuit
(b) Control strategy
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3.2.1 Analysis of the Three-Phase DC/DC Converter

The suggested topology uses a three-phase converter with six MOSFET switches,
coupled to a three-phase high frequency transformer with Y-Y connection and to a
three-phase high frequency recti�er derived from the single-phase full-bridge DC/DC
converter in section 3.1 (Fig. 3.8a).

The control strategy of the semiconductor components is essential for the system's
performance. In a three-phase converter circuit, each leg has a120� phase-shift
forwards each other. A single pulse PWM gate signal is utilized to control the
output voltage of a three-phase converter as shown in Fig. 3.8b. The duty cycle of
any switches are between60� to 120� . If the duty cycle is less than60� only one
switch conducts and the output voltage is zero. For a duty cycle higher than120� ,
there is no output voltage control. In order to get zero to full output voltage, the
duty cycle is adjusted from 16.66% to 33.33% [22], [23].

3.2.1.1 Three-Phase Converter Waveforms

In order to �nd the waveforms of the three-phase converter, the phase voltage of the
input and output of the transformer must be calculated.

VAP + VBP + VCP = VAN + VBN + VCN � 3VP N = 0 (3.44)

VP N =
VAN + VBN + VCN

3
(3.45)

VAP = VAN � VP N (3.46)

VBP = VBN � VP N (3.47)

VCP = VCN � VP N (3.48)

The output phase voltage of the transformer (VA 0S; VB 0S; VC0S) is obtained by using
the transformer turns-ratio. The gate signals and the waveforms of the three-phase
full-bridge dc-dc converter are depicted in Fig. 3.9.
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Figure 3.9: The waveforms of three-phase full-bridge DC/DC converter
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3.2.1.2 Principles of Operation

The three-phase full-bridge converter which is illustrated in Fig. 3.8a is considered
for analyzing the variety of modes of circuit operation. By employing the maximum
input dc voltage and a duty cycle less than 33.33%, it is observed that in each time
interval either two transistor switches from two phases with the body diode of the
transistor in the third phase or one transistor switch and two body diodes of the
transistors in the second and third phase are conducting in the circuit.

When two transistor switches are conducting, one switch is on from the upper switch
group (Q1, Q2 and Q3) and one other from the lower switches group (Q4, Q5 and
Q6) is on. In this case, two of the transformer primary terminals are connected to
the dc supply and the potential of the terminals are known. The third terminal
of the transformer is connected by the body diode of the transistor which remains
�oating and the potential of the third terminal depends on the condition of the
high-frequency link parameters.

Fig. 3.9 shows the waveforms of the three-phase converter. In time interval I switches
Q1 and Q5 are conducting. In the secondary side of the transformer the recti�er
diodesD r 1 , D r 3 and D r 5 are connected. The output currentI o increases with a
rate obtained by the di�erence between the input voltageVi =n and the load voltage
Vo. (The transformer turn-ratio n is equaln1=n2).

In time interval II, switch Q5 is turned o�, switch Q1 is still on and current i a

transfers through body diodesD2 and D3. In the output of the converter, all six
recti�er diodes conduct the output current I o and the voltage on the secondary side
of transformer is zero. During this time interval switchQ1 and body diodesD2 and
D3 are conducting the currenti a. By considering ideal condition and neglecting the
forward voltage drop over transistors the currenti a is constant at the end of this
time interval.

In interval III, switch Q6 is turned on and currenti a is transferred through switches
Q1, Q6 and body diodeD2. In the secondary side of the transformer the output
current I o is transferred through the recti�er diodesD r 1, D r 5 and D r 6. In time
interval IV, switch Q1 is turned o� and switch Q6 is still conducting. Current i a is
forced to transfer through switchQ6 and body diodesD4 and D5. In the secondary
side all the recti�er diodes are conducting the output currentI o.

In time interval V, switch Q2 is connected and currenti b is commuted through
switch Q2 and switch Q6. At this instant, voltage and current are shifted from one
phase to next phase. In this time interval, switchesQ2, Q6 and body diodeD4

are conducting the currenti b. In the secondary side of the transformer the output
current I o is transferred through recti�er diodesD r 1, D r 2 and D r 6.
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Table 3.1: Sequence of Operation of a Three-Phase Converter

Mode Gate signals Primary side Secondary side
I, t0<t<t1 G1, G5 Q1, Q5, D6 Dr1, Dr3, Dr5
II, t1<t<t2 G1 Q1, D2, D3 Dr1 to Dr6
III, t2<t<t3 G1, G6 Q1, D2, Q6 Dr1, Dr5, Dr6
IV, t3<t<t4 G6 D4, D5, Q6 Dr1 to Dr6
V, t4<t<t5 G2, G6 Q2, D4, Q6 Dr1, Dr2, Dr6
VI, t5<t<t6 G2 D1, Q2, D3 Dr1 to Dr6
VII, t6<t<t7 G2, G4 Q2, D3, Q4 Dr2, Dr4, Dr6
VIII, t7<t<t8 G4 Q4, D5, D6 Dr1 to Dr6
IX, t8<t<t9 G3, G4 Q3, Q4, D5 Dr2, Dr3, Dr4
X, t9<t<t10 G3 D1, D2 ,Q3 Dr1 to Dr6

XI, t10<t<t11 G3, G5 D1, Q3, Q5 Dr3, Dr4, Dr5
XII, t11<t<t12 G5 D4, Q5, D6 Dr1 to Dr6

In time interval VI, switch Q6 is disconnected and the currenti b is commuting
through switch Q2 and body diodesD1 and D3. In the secondary side of the trans-
former like the previose stage all the recti�er diodes are conducting and the voltage
over primary and secondary side of transformer are zero. The sequence of switches
and diodes of the converter in one period of circuit operation is depicted in Ta-
ble. 3.1. The equivalent circuit of the three phase converter in each time intervals
is shown in Fig. 3.10.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.10: Operation of the Three-Phase Full-Bridge Converter
(a) The power transfer interval t0 < t < t 1 (b) The time interval t1 < t < t 2

(c) The power transfer interval t2 < t < t 3 (d) The time interval t3 < t < t 4

(e) The power transfer intervalt4 < t < t 5 (f) The time interval t5 < t < t 6
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3.2.1.3 The Input/Output Voltage Relation

By considering the current waveform of the output inductor, and the position of
the primary switch gates, the relation between input and output voltage can be
evaluated. As is shown in Fig. 3.11 during� T1 two gates of the primary switches
are on, and the current in the secondary side is charging the output inductor. During
� T2 just one gate of the primary switches is on, and that makes one switch and two
other diodes to circulate the current in the primary circuit. Then in the secondary
side all the six recti�er diodes conduct which causes a short circuit over secondary
side of the transformer, and the output inductor discharges during� T2 by the load.
As the voltage of the output inductor during this time interval (� T1+ � T2) is zero
then by applying those time intervals' equations the input and output relation is
�nd out [24].

-

Figure 3.11: The waveforms of the input voltages and current of output inductor

� T1 = ( D �
1
6

)Ts (3.49)

� T2 = (
1
3

� D)Ts (3.50)

Z � T1+� T2

0
VL dt = 0 (3.51)
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By solving (3.51) the following result is found.

(
Vin

n
� Vout )(D �

1
6

)(Ts) + ( � Vout )(
1
3

� D)(Ts) = 0

Vout

Vin
=

6D � 1
n

(3.52)

3.2.2 Phase Current Waveforms

As observed from Fig. 3.11 and Fig. 3.12 during duty cycleD switch Q1 is on and
in phasea the current in this time interval ( T

0
) is the output current transferred to

the primary side with the transformer's turn ratio (1=n). After switch Q1 turns o�,
at 120� switch Q2 in the second phase turns on. Between turning o� switchQ1 and
turning on switch Q2, which is time interval T

00
, diode D4 is on which is coincident

with the time that in the secondary side all the recti�er diodes are conducting and
there is short circuit over the transformer. Then in the primary side, the current
in phasea continues to circulate in the same direction among diodesD4, D5 and
switch Q6. It is concluded that in the time interval T

0
+ T

00
for 120� the current in

the primary is positive [24].

Figure 3.12: The waveforms of the primary switches and input current

The same procedure will happen, but with negative current after180� . At 180�

switch Q4 is on during the duty cycle, after turning o� switch Q4, the upper diode
D1 is on to keep the negative current circulating for the time equal to120� . The
current in phaseb and c is the same with a delay of120� for each. It is concluded
that for every duty cycle between60� < D< 120� , the current waveform is positive
for 120� and negative for the same time. By considering a large output inductor
and low voltage drop, the current during time intervalT

0
+ T

00
can be supposed as

a constant current, which is equal toI out =n. Fig. 3.13 shows the current in the
primary side of the converter for one phase (a).
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Figure 3.13: The waveforms of the input current for phasea

3.2.2.1 RMS Current of Components

1- The Transformer Primary RMS Current

I P;rms =
< I out >

n

s
2
3

=
Vout

nR load

s
2
3

(3.53)

Figure 3.14: The waveforms of the transformer primary current

2- The Transformer Secondary RMS Current

I S;rms = < I out >

s
2
3

=
Vout

Rload

s
2
3

(3.54)

Figure 3.15: The waveforms of the transformer secondary current
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3- The Mosfet Switch RMS Current
The duration for each switches to be on is equal toD.

I Mos;rms =
< I out >

n

p
D =

Vout

nR load

p
D (3.55)

Figure 3.16: The waveforms of the input Mosfet switch's current

3.2.2.2 Average Current of Components

1- Average Current of the Output Diode of the Switch

I D Mos ;ave =
< I out >

n
(
1
6

� D) =
Vout

nR load
(
1
6

� D) (3.56)

2- Average Current of Recti�er Diodes
Each of the recti�er diodes has the same current of input switches, just with the
maximum average output current.

I D Rec ;ave = < I out >
1
3

=
Vout

Rload

1
3

(3.57)

Figure 3.17: The waveforms of the recti�er diode's current
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3.2.3 Mosfet Switches Behavior During Turn on and o�

3.2.3.1 Turn on the Switch

In the primary side of the bridge, a leakage induuctanceLa acts as a turn-on snubber
for the Mosfet switch, which is used to reduce voltage across the Mosfet while the
current builds up during turn on. Due to the leakage inductance, the current change
is not suddenly and has a limited slope which provides zero-current-switching for the
Mosfet, which reduces the power losses during turn-on. For describing the switches
behavior during turn on, switchQ1 in phase"a" is considered. Before turning onQ1,
Q5 and diodesD4 and D6 are on as Fig. 3.18 shows. On the secondary side of the
bridge all the recti�er diodes are conducting. During this time interval the voltage
across the secondary side of the transformer is zero which induces zero voltage in
the primary side of the transformer.

Figure 3.18: Operation of the three-phase converter before turn onQ1

After turning on switch Q1, the current of the leakage inductanceLa, increases with
a constant di

dt . The current changes in this time interval can be calculated as [24]

� V = La
� i a

� t

i a(t) =
Vdct
La

: (3.58)
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The current i a continues to �ow through the leakage inductanceLa, until it reaches
the peak value of the current transferred from the secondary side of the bridge (i f ).
This time interval after turn on of switch Q1 is shown in Fig. 3.19

i a(t) =
i f

n
=

Vdct t1

La
(3.59)

Figure 3.19: Operation of the three-phase converter after turn onQ1

Then the required time for charging the leakage inductance can be achieved as

t t1 =
i f La

Vdcn
: (3.60)

3.2.3.2 Turn o� the Switch

It has been considered that the Mosfet switch has a turn-o� snubber, which is used
to provide a zero- voltage-switching across the transistor while the current turns o�.
At turn-o�, in the presence of this snubber capacitor, The transistor's current �ows
into the capacitor and start charging it to a speci�ed level. Then the voltage across
the transistor does not have sharp changes, which leads to reduction of power losses
during turn o�.

In order to describe the converter's behavior during turn o�,Q1 in phase "a" is
considered. Before turning o�Q1, in the primary side of the bridge,Q1, Q6 and
body diodeD2 are conducting. In the secondary side of the bridge, recti�er diodes
D r 1, D r 5 and D r 6 are conducting. It is considered that the output capacitorC1

acrossQ1 is discharged and in the same leg, the output capacitorC4 acrossQ4 is
charged equal to the input voltage as is shown in Fig. 3.20.
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Figure 3.20: Operation of the three-phase converter before turn o�Q1

After turning o� Q1, current i a �ows through these two capacitors (C1 and C4),
then capacitor C1 is charged and capacitorC4 is discharged. If the two capacitors
supposed to be similar, the time interval required for charging and discharging these
capacitors will be

t t2 =
2CVdc

i a
: (3.61)

Due to the presence of the snubber capacitor in the circuit, the voltage across the
Mosfet does not have sharp changes during turn o�, and it increases with a constant
ratio. Then it can be considered that the switch has a turn-o� snubber which leads
to zero-voltage-switching in turn o� and the power losses can be considered as zero.

3.2.4 Transformer Design Parameters for Three-Phase DC/DC
Converter

According to the Faraday's law, the RMS voltage of primary side of the transformer
is

VP rms = 4:44NpAcBm f s (3.62)

whereVP rms is the RMS voltage applied to the primary winding (V)
Np is the number of the primary turns
Ac is the core cross section area (m2)
Bm is the maximum �ux density (T)
f s is the frequency of operation (Hz).
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As it is described in the 3.2.1.1 the voltage in each phase of the transformer in the
primary side of the bridge is as Fig. 3.21.

Figure 3.21: Operation of the three-phase converter after turn onQ1

which can be considered as a sinusoidal wave with peak value equal to2
3Vdc in the

analysis. Then the RMS voltage of the transformer is found as

Vprms =
2
3Vdcp

2
=

p
2

3
Vdc = 4:44NpAcBm f s: (3.63)

From (3.63), by applying the transformer's size and the �ux density, the number of
turns in the primary side of the transformer can be calculated. Then by using the
transformer turn-ratio, the number of turns in the secondary side of the transformer
is obtained.

Ns

Np
=

Vs

Vp
=

1
n

(3.64)

The calculation of the wires resistance is the same as is described in the single phase
in 3.1.4.3.

3.2.5 Evaluation of Di�erent Losses in the Three-Phase Con-
verter

3.2.5.1 Switching Losses

Due to the presence of turn-on and turn-o� snubbers, which was described in 3.2.3,
the switching losses can be considered as zero.

3.2.5.2 Conduction Losses of the Mosfet Switch

PC;M = 6RDS (on)I 2
Mos;rms (3.65)

3.2.5.3 Conduction Losses of the Body Diode of the Switch

PC;MD = 6VD M (on)I D Mos ;ave (3.66)
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3.2.5.4 Conduction Losses of the Recti�er Diode

PC;D = 6VD (on)I D Rec ;ave (3.67)

3.2.5.5 Copper Losses of the Transformer

The copper losses of the transformer is the same as is described in single phase
converter in 3.1.5.3.

PCu = 3( I 2
P;rms Rwp + I 2

S;rms Rws) (3.68)

where I P;rms and I S;rms are the RMS value of the currents of the primary and sec-
ondary side of the transformer, andRwp and Rws are the resistors of the primary
and secondary winding.

3.2.5.6 Core Losses of the Transformer

The improved general Steinmetz equation (IGSE), is used for core loss calculation of
the transformer. According to the IGSE the transformer core loss per unit volume
is expressed as [14].

Pv =
K i

T

Z T

0
j
dB
dt

j � j� B j � � � dt (3.69)

and the transformer core loss is given by

PCore = PvVe (3.70)

whereB is the maximum �ux density, K i , � and � are the core material constants,
and Ve is the total volume of the core.

According to Faraday's law, the �ux density of the magnetic core can be achieved
by integrals over the voltage of each phase of the transformer. The voltage of each
phase of the transformer as described in 3.2.1.1 is shown in Fig. 3.22. By doing the
integral over the voltage, the �ux density curve of the magnetic core is obtained in
Fig. 3.22.

Figure 3.22: Primary voltage and �ux density of the transformer
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By appling (3.69), and doing the integral for each time interval the core loss per
unit volume of the transformer can be achieved.

Pv =
K i

T
(
Z (D � 1

6 )Ts

0
(

Bm

(D � 1
6)Ts

)� Bm
� � � dt +

Z (D � 1
6 )Ts

0
(

B m
2

(D � 1
6)Ts

)� (
Bm

2
)

� � �

dt + ::::)

(3.71)

where for three phase transformer the core loss per unit volume will be

Pv = 3[2(1 + 2 1� � )(D �
1
6

)1� � K i B �
m f �

s ] (3.72)

and the transformer core loss is given by

PCore = PvVe (3.73)

where B is the maximum �ux density, D is the duty cycle of the signals,f is the
switching frequency,K i , � and � are the core material constants, andVe is the total
volume of the core.

3.2.5.7 Total Losses and E�ciency

The total losses are the sum of losses of switches (conduction loss), diodes (conduc-
tion loss) and transformer (core and copper losses). Therefore, the e�ciency of the
converter is expressed as

Ploss = PC;M + PC;MD + PC;D + PCu + PCore (3.74)

� =
Po

Po + Ploss
: (3.75)
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Results

In this chapter, the results of the design for a 50kW PSFB converter and the
evaluation of the converter for ZVS operation, power loss and e�ciency with results
of the simulation model is presented.

4.1 The Design of a 50 kW Single-Phase Phase-
Shifted Full-Bridge Converter

The converter speci�cation for the design of 50kW system is presented in Table 4.1.

Table 4.1: Speci�cation of the PSFB converter

Parameter Symbol Value
Input voltage V idc 700V
Output voltage Vo 250-420V
Nominal Power Po 50 kW
Switching frequency f s 25 kHz

4.1.1 Transformer Selection

A metallic tape-wound core made of the nanocrystallineVITROPERM 500 F
is used for the isolated transformer which gives very low transformer capacitance
(CT ) near zero [5]. By applying (3.1), (3.2) the required transformer turn's ratio is
obtained asn = 1:2 that gives a maximum duty cycle of aroundD = 0:72.

The speci�cation of the transformer is de�ned in Table 4.2. The transformer coef-
�cients K i , � , and � are transformer material characteristics and can be found by
datasheets.The �ux density is a constant value for a whole volume of the core and
is chosen byBmax =0.3T for the nanocrystalline VITROPERM 500 F core.
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Table 4.2: Speci�cation of the nanocrystalline VITROPERM 500F transformer

Parameter Symbol Value
Max. �ux density B 0.3 T
Core material constant � 1.8
Core material constant � 2.3
Core material constant K i 0.0497

4.1.2 Switch Selection

It is suggested to utilize1.2 kV SiC CREE MOSFET switches in the converter to
get low switching losses. The MOSFET output capacitance (Coss) of the SiC switch
is 2:5nF according to the datasheet. The speci�cation of the MOSFET switches is
de�ned in Table 4.3.

Table 4.3: Speci�cation of the half-bridge SiC modules from CREE type
CAS300M12BM2

Parameter Symbol Value
On State Resistance Rds 5 m

Input Capacitance Ciss 11.7nF
Output Capacitance Coss 2.5 nF
Reverse Transfer Capacitance Crss 0.07nF
Rise Time t r 68 ns
Fall Time t f 43 ns

4.1.3 Output Recti�er Diode Selection

In this application it is suggested to use300 Amp-FRED Module-600Volts
diodes, where the maximum forward voltage of diode is1:4V according to the
datasheet.

4.1.4 Converter Design Calculation

In order to calculate the minimum value of the leakage inductance, it is required to
consider50% of the full load. The selection of 50% is a designer choice, it can be
around (30%-70%) or similar. For a chosen condition, let say 50%, one can go ahead
and perform the rest of design that is inductor selection and so on. For this reason
the minimum value of the leakage inductance can be calculated as follow [15]

P50% = 25 kW (4.1)
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LR =
2WL

i 2
L

= 1 �H (4.2)

where WL is the leakage inductance energy which can be achieved by employing
(3.3).

By considering 4 I o = 0:1(I o) = 11:9, the magnetization inductance of the trans-
former can be calculated as

LM �
nDVi

44 I of s
= 600 �H: (4.3)

Then, the output inductor is expressed as

L f =
Vo;nom (1 � Dnom )

44 I of s
= 100 �H: (4.4)

If the output voltage ripple is supposed to be less than1V (4 Vo � 1V), then, the
output capacitor is de�ned as

Co �
4 I oTs

164 Vo
= 33 �F : (4.5)

With a design procedure that presented in Section 3.1.2, the designed parameters
are shown in Table 4.4.

Table 4.4: Designed parameters of the PSFB converter

Parameter Symbol Value
Leakage inductor LR 1�H
Magnetizing inductor LM 600 �H
Output �lter L f 100 �H
Output capacitor Co 33 �F
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4.1.5 Zero Voltage Switching Range

Fig. 4.1, and Fig. 4.2 provide a comparison of waveforms of the converter at two
di�erent input voltage equal to 350V, f s = 25kHz, and output power equal to
Po = 23kW and 27kW. As described previously, ZVS of the left leg of the converter
is achieved for the condition when the stored energy of the leakage inductance is
enough to charge and discharge the capacitances. As can be seen from Fig. 4.1
ZVS operation is achieved in the mentioned condition for the output power equal to
Po = 27kW, but in Fig. 4.2 the capacitors of the switches don't have enough time
to charge and discharge during the dead time, then ZVS operation is lost, which is
predicted by analysis when the load current is below the critical current in (3.24).

Figure 4.1: The gating signals, voltage and current waveforms of left leg switches
for Vi = 350V, Po = 27kW, f s = 25kHz with ZVS operation

Figure 4.2: The gating signals, voltage and current waveforms of left leg switches
for Vi = 350V, Po = 23kW, f s = 25kHz without ZVS operation
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By using (3.11), (3.24) the following equation (4.6) for the boundary conditions of
ZVS operation is extracted. It is indicated that by increasing the frequency, if
4 I o > I M the PZV S increases, and if 4 I o < I M the PZV S decreases. In our
proposed design 4 I o < I M then, by increasing the frequency power boundary,
a wider region for ZVS operation is obtained.

PZV S = Vo[n(I P � I M ) + 4 I o] (4.6)

Figure 4.3: ZVS boundaries for three di�erent frequencies

Fig. 4.3 shows ZVS operation region for three frequencies versus di�erent output
voltages for di�erent output powers. As it is shown forf s = 100kHz, the ZVS
region is wider thanf s = 25kHz, but the drawback in this case is that by increasing
the switching frequency it increases switching losses, and therefore the e�ciency
decreases.
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4.1.6 Transformer Parameters Calculation for Single-Phase
DC/DC Converter

In this part, the results of the design for the transformer parameters for a 50 kW
PSFB by refereing Section 3.1.4 is presented. The converter speci�cation for the
design of 50 kW system is given as

Input voltage Vidc=700 V
Output voltage Vo=250 V
Nominal Power Po=50 kW
Switching frequency f s=25 kHz
Number of turns-ration n = Np=Ns=1.2
RMS value of primary phase current I p;rms =169.33 A

The �ux density is a constant value for a whole volume of the core and is cho-
sen by Bmax = 0:3T for the nanocrystalline VITROPERM 500 F core. The core
cross sectional area (Ac) for the mentioned core isAc=5.70 cm2. In this design two
cores as a stack (two toroidal cores) are attached to each other, in orther to make a
bigger core and resulting less losses [5]. By using two cores the total weight of the
magnetic core is obtained around5kg.

In this case the number of turns in the primary and the secondary winding is ob-
tained by

Np =
Vidc

4AcBmax f s
= 20 (4.7)

Ns =
Np

n
= 16: (4.8)

4.1.6.1 Primary Winding Calculation

The next step is calculating the size of the conductor. By considering the current
density for copper conductor� = 5 A=mm2, the cross section area of the primary
conductor is obtained by

Acu;pri =
I p;rms

�
= 33:86 mm2: (4.9)

In order to �nd if the litz wire will be applied and to obtain the number of litz wires,
the skin depth must be calculated by

� s =
66

p
f s

= 0:4174 mm: (4.10)

The diameter of the conductor is as
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D =

s
4Acu;pri

�
= 6:56 mm: (4.11)

By considering D > 2� s, the calculation for the litz wire is necessary. From the
standard tables of AWG wire sizes, the proper size for the litz wire is chosen as
DLitz = 0:812 mm and A0

cu = 0:518 mm2 [25]. Then the number of the litz wire in
the conductor is obtained by

Nplitz =
Acu;pri

A0
cu

= 65:38: (4.12)

By applying the litz wire, the conductor size will beAcu;pri = 65:38x0:518 = 33:87
mm2. In order to calculate the resistance of the primary winding, the length of
the conductor must be determined. From the datasheet of the nanocrystalline VIT-
ROPERM 500 F core, the average perimeter of the transformer core isw = 200mm.
Then the length of the primary conductor is obtained byL = Np:w = 20x0:2 = 4m.
The resistance of the primary winding is calculated as

Rwp =
�L

Acu;pri
= 2 m
 (4.13)

where the resistivity of the copper conductor is� = 1:68x10� 8 (
 .m).

4.1.6.2 Secondary Winding Calculation

The same procedure as Section 4.1.6.1 is used for the secondary winding calculation.
The calculation is as

RMS value of secondary phase currentI s;max =198.05 A
The secondary conductor area Acu;sec=

I s;rms

� = 39:61 mm2

The skin depth � s = 66p
f s

= 0:4174 mm

The litz wire area A0
cu = 0:518 mm2

The number of litz wire Nslitz = A cu;sec

A 0
cu

= 76:47
The secondary conductor area Acu;sec = 76:47x0:518 = 39:61 mm2

The length of the secondary conductor L = Ns:w = 16x0:2 = 3:2 m
The resistance of the secondary winding Rws = �L

A cu;sec
= 1:4 m
 .
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4.1.7 Total Loss Calculation for Single-Phase DC/DC Con-
verter

Here the calculation of the total loss for the nominal output voltage in a condition
without ZVS operation is presented. In order to take out the total loss diagram for
di�erent output voltages and di�erent output powers of the converter the procedure
is the same.

-The speci�c value of operation parameter

Input voltage Vidc = 700 V
Output voltage Vo = 250 V
Output power Po = 50 kW
Switching frequency f s = 25 kHz
Transformer turns ratio n = 1:2
Leakage inductance L r = 1 �H
Magnetizing inductance Lm = 600 �H
Output �lter inductance L f = 100 �H
Output �lter capacitance Co = 33 �F

-The speci�c value of the MOSFET switch

Output capacitance of the switch Coss = 2:5 nF
Drain source capacitance of the switch Cds = 2:43 nF
Drain source resistance of the Switch Rds = 5 m

Fall time of the switch t f = 43 ns
Rise time of the switch t r = 68 ns

-The speci�c value of the transformer

Maximum �ux density Bmax = 0:3 T
Primary winding resistance Rwp = 2 m

Secondary winding resistance Rws = 1:4 m

Transformer coe�cient K i = 0:0497
Transformer coe�cient � = 1:8
Transformer coe�cient � = 2:3

-The currents value of the converter

Duty cycle D = nVo
Vi

= 0:42
Output current I o = Po

Vo
= 200 A

RMS value of the primary phase current I p;rms = 169:33 A
RMS value of the secondary phase currentI s;rms = 198:05 A
RMS value of the switch current I mos;rms = 77:28 A
Average value of the diode current I D = 73:46 A
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-The di�erent losses calculation

Recti�er diode conduction loss PC;D = 4I D VD = 411:42 W

Switch conduction loss PC;M = 4RDS (on)I 2
Mos;rms = 119:45 W

Switching loss PSW = 2( 1
2(VsI s)( t f + t r )f s + 1

2CDS V 2
s f s) = 0 W

Transformer copper loss PCu = I 2
p;rms Rwp + I 2

s;rms Rws = 112:26 W

Transformer core loss per unit volume pCore = 2 � + � D 1� � K i f � B �
m = 34:56 W

Transformer core loss PCore = pCoreVe = 34:56x5 = 172:82 W

Converter total loss Ploss = PC;M + PSW + PC;D + PCu + PCore = 815:95 W

Converter e�ciency � = Po
Po+ Ploss

= 98:39 %.

4.1.8 Total Losses of Single-Phase DC/DC Converter

According to (3.40), the core loss of the transformer depends on switching frequency
and duty cycle of the excitation voltage waveform. ForVout = 250V the duty cycle
has its minimum value, orD 1� � is maximum. Therefore, the maximum core loss
occurs in this case. The amount of core loss is constant in whole range of output
power. By increasing the power level, the RMS value of leakage inductors current
becomes higher. Therefore, under full load operation, conduction and copper losses
are the dominant losses. At light load condition, the switching loss is added to the
converter, and in the worst case it is18%of the total losses.
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Fig. 4.4 shows the loss variation of the converter in the full load, half load, and 20%
of full load condition with Vo = 420; 350; 250V. As it can be seen in Fig. 4.4, by
increasing the switching frequency, the transformer losses (consist of the copper and
core losses) are the main loss and it is around 60% of the total losses.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.4: Power losses for switches, diodes and transformer
(a) Po = 50kW, Vo = 420V (b) Po = 50kW, Vo = 350V (c) Po = 50kW, Vo = 250V
(d) Po = 30kW, Vo = 420V (e) Po = 30kW, Vo = 350V (f) Po = 30kW, Vo = 250V
(g) Po = 10kW, Vo = 420V (h) Po = 10kW, Vo = 350V (i) Po = 10kW, Vo = 250V
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4.1.9 E�ciency of Single-Phase DC/DC Converter

Fig. 4.5 shows the e�ciency of the converter for di�erent voltages at25kHz and
50kHz. As we expected, the e�ciency for 25 kHz is higher than50kHz, and in
50kHz the main losses are related to the transformer. As shown in Fig. 4.5, the
e�ciency in full load condition are 99%and 97:5%for f s = 25kHz and f s = 50kHz,
respectively. For light load condition, e�ciency is reduced because of the increasing
of the switching loss.

Figure 4.5: E�ciency versus power for f s = 25; 50kHz
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4.2 The Design of a 50 kW Three-Phase Full-Bridge
DC/DC Converter

The converter speci�cation for the design of 50 kW system is presented in Table 4.1.
As the duty cycle is adjusted betweenD = 60� and D = 120� , the transformer's
turns ratio should be selected in order to provide the output voltage ranges between
250V to 420V. By applying the voltage ratio in (3.52), the transformer's turns ratio
can be selected as

250V 6 Vout = (
6D � 1

n
)Vin 6 420V (4.14)

(
6Dmax � 1

Vout max

)Vin = n (4.15)

(
6Dmin � 1

n
)Vin = Vout min (4.16)

By applying (4.15) and (4.16) the transformer's turns ratio is obtained asn = 1:67,
and minimum duty cycle of the converter isDmin = 0:2659.

4.2.1 Design of the Leakage Inductance ( La)

In Section 3.2.3.1 it has been discussed that the leakage inductance provides zero-
current-switching for the Mosfet switch, which reduces the power losses during turn-
on.The relation between di�erent parameters during switching transient is de�ned
in (3.59). In order to have a certain amount of changes in the current of the leakage
inductance, it is desired to have the leakage inductance smaller than a speci�c
amount.

La 6
tmax Vdc

i f =n
6 3�H (4.17)

In this case the leakage inductance is selected asLa = 2�H .

4.2.2 Design of the Magnetization Inductance ( Lm)

It is same as the design for the single phase case, presented in Sections 3.1.2.3 and
4.1.
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