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Abstract

In automotive applications, below 60V DC operation is considered a low-voltage sys-
tem, meeting safety protection requirements easily. Compared to current 12V sys-
tems, 48V systems increase efficiency by reducing currents, which allows for smaller
wire sizes and higher power capability. Though 48V systems provide the above-
mentioned advantages, it is critical to investigate the impact of various topologies
and modulation techniques on DC-DC converter efficiency.

In this thesis work, based on qualitative analysis, the selected topologies are full
bridge DC-DC secondary centre tap topology and full bridge DC-DC secondary side
full bridge rectifier topology, which were compared with phase shift modulation and
duty cycle modulation techniques. The Phase Shifted Full Bridge(PSFB) secondary
side full bridge rectifier topology was then chosen to be optimized to evaluate its
efficiency to the Dual Active Bridge(DAB) with its chosen modulation approaches
based on various modulation comparisons.

From all analyses, the Phase Shifted Full Bridge(PSFB) observes extremely high
turn-off voltage oscillations across the MOSFETs on the secondary side, making it
impractical to control the oscillations with a snubber and active clamping which
makes it weakens the opportunity to further optimize it. As a result, it was decided
to stop optimizing the PSFB. Consequently, the focus shifted to the Dual Active
Bridge (DAB), which demonstrated better performance under varying loads. Op-
erating under Extended Phase Shift Modulation(EPS) from 3750W to 1000W, it
achieved an average efficiency of 92 %. Below 1000W, the implementation of Tri-
angular Current Modulation(TRG) further improved efficiency to an average of 94
%. This performance made the DAB a more viable and efficient solution for the
intended application, justifying its selection over the PSFB. While the DAB’s per-
formance is promising and can be optimized further, concerns remain regarding high
RMS and peak currents, which may result in significant copper loss in the circuit
and Printed Circuit Board (PCB), and unreliable soft switching. The key limitation
for high RMS and peak currents is a large input voltage range, leading to a lower
turns ratio for the 48V application.

Keywords: Dual Active Bridge, Extended Phase Shift, Phase Shift Full Bridge,
Triangular Current Modulation, Snubber, Active Clamp, transformer, switch, Zero
Voltage Switching, efficiency.
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Below is the list of acronyms that have been used throughout this thesis listed in
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HV High Voltage

LV Low Voltage

PSFB Phase Shifted Full Bridge

ZV'S Zero Voltage Switching

DAB Dual Active Bridge

SPS Single Phase Shift

EPS Extended Phase Shift

DPS Dual Phase Shift

TPS Triple Phase Shift
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TRG Triangular Current Modulation
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MOSFET Metal Oxide Semiconductor Field Effect Transistor
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1

Introduction

1.1 Background

Usually the traditional way in the automotive industry is power conversion of High
Voltage which ranges at 800V-400V supplied from battery source is step down to
12 V to auxiliary supply in the vehicle. Due to recent demand to increase power
requirement ,voltage system is shifting from 12V to 48 V to increase the power capa-
bility. By increasing the auxiliary voltage system to 48V there is a reduction in load
current, which in turn reduces the weight of the wire in the system and copper losses
in Printed Circuit Board(PCB). Thus it enhances by giving more room to increase
the power capability and efficiency in the system. To change the voltage system to
48V, investigation and evaluation of selected toplogies are examined through PSpice
and LTSpice simulations to create an efficient 48V converter .

1.2 Aim

Design and Analysis of DC-DC Converter Topologies from HV to LV 48V application

1.3 Methodology

There are many considerations to be take into account when designing DC/DC con-
verters for 48V applications that convert high voltage (HV) to low voltage (LV).
This includes topology selection, circuit design calculations and loss calculation of
each component in the converter. For efficiency optimization, critical evaluations
of control strategies and pulse width modulation (PWM) approaches are essential.
Precise circuit models ,simulations facilitate performance evaluation, to ensure the
converter meets real world requirements.In the context of 48V systems, this com-
prehensive approach combines simulation studies, experimental verification, and
theoretical calculations to produce an effective and dependable power conversion
solution.

1.4 Objectives

 Investigate and select DC/DC converter topologies that satisfies the particular
needs of the 48V application.
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e To make sure the converter satisfies performance requirements, undertake ac-
curate circuit design calculations for selected topologies.

o Analyze PWM techniques and control strategies to maximize efficiency

» Develop precise circuit models and conduct simulations for performance eval-
uation.

o Investigate and chart MOSFET power losses to comprehend and reduce dissi-
pation of energy.

o Balance conflicting design objectives with Pareto optimization.

» For an efficient power conversion solution, include theoretical calculations, and
simulation studies.

1.5 Problem Description

The thesis begins with a comparison and investigation of different topologies for
higher power capability and efficiency in 48V applications. From qualitative analysis,
the selected topologies are Full Bridge Secondary Centre Tap Converter, Full Bridge-
Secondary Side Full Bridge Rectifier Converter, and Dual Active Bridge Converter.
First, design and evaluation is done for the full-bridge secondary centre tap DC-DC
converter for duty cycle control and phase shift control. Based on the MOSFET
losses of both modulation technique, we chose one type of modulation technique
which has lower losses to implement in Full Bridge DC-DC Converter Secondary
side Full Bridge Rectifier topology. Then both Secondary Centre tap and Full bridge
rectifier topologies are compared with switch losses for different load conditions.
Based on the comparison, one topology is taken into consideration for optimization
to meet all requirements and make a detailed loss analysis, including core losses
i.e., transformer,leakage inductance and output filter inductance. This ends the
first part of the thesis. The second part begins with a Dual Active Bridge(DAB),
where different modulation techniques are compared for investigating the lowest
RMS and Peak currents among all modulation techniques. Based on the comparison,
we choose one or two modulation techniques for different load ranges, specifically
two modulation techniques for two different load ranges to improve the topology
efficiency. Based on the selected modulation techniques, a detailed loss analysis
is made after meeting all requirements.The first and second part topologies are
compared, and conclusions are formed to provide a comprehensive picture of the
comparisons with thesis conclusion.
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Theory

Different topologies are investigated in order to achieve improved power capability
and efficiency in 48V applications. To understand different topologies, we study
various literature,

2.1 Full bridge with Secondary Centre Tap Con-
verter

So, we begin evaluating with the full bridge secondary bridge centre tap topology
with duty cycle control and phase shift modulation .

2.1.1 Duty Cycle Control

Firstly, looking into the duty cycle control, from [1], there are 4 switches in primary,
where T1 and T2 acts as one pair and T3 and T4 acts as another pair. The two
pairs are switched alternately with varying duty cycle less than 50% at switching
frequencies. When the both switches are off . The inductor current freewheels in the
secondary side through the two diodes D1 and D2. At this period , assuming ideal
diodes, then the voltage across primary transformer is 0, where inductor voltage
during this period is,

Vi, ==V, for to, <t <ty +A (2.1)

When integrating the average voltage across the inductor over one time period gives
duty ratio as,

N,.V,
D=2 2.2
‘/;n-NQ ( )
where % is turns ratio ,Vj, is input voltage,t,, is turn on time of the switch and V,

is output voltage.
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Voi

Figure 2.2: Waveforms of Voltage
across Primary and Inductor[1]

2.1.2 Phase Shift Control

When compared with duty cycle control, both diagonal switches are switched with
50% duty cycle minus a small dead time.In phase shift control,the diagonal switches
are controlled by phase shift, i.e., a deliberate delay is created between the two
diagonal switches. As mentioned in [2], the principal components used in the phase
shift technique are the output capacitance C,4s of the switch and the internal diode
of the switch, where resonant transitions can be taken place and commutated. In
this paper, the basic circuit shown in figure 3 comprises four switches Q4,0 ,Q¢c
and @)p along with their shunted parasitic output capacitance and internal body

diode.
+C
QA_DA Ca oc Dc Cc
= I
- AT
T!
A o, Lr B
Vin o] o D! "
D2 Lo
Co Vo
0 -
08 | DB CB op Dp Cp
- L
i I
: qET
-0 .

Figure 2.3: Phase Shift Full Bridge
Secondary Tap Circuit[2]
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We start first with the power transfer mode. During this mode, the diagonal switches
are Q4 and ()p and power is transferred to the load through the transformer.

After power transfer mode, right leg transition mode happens in figure 5, where
the @Qp turns off, its shunt parasitic capacitance Cp starts charging, and the shunt
parasitic capacitance of C¢ starts discharging. Lg in the circuit is chosen in such a
way that the inductive energy is greater than the capacitive energy during the given
transition time because the inductance energy is stored when the secondary current
is clamped when the primary voltage is zero. This in turn causes high circulating
currents and has no effect on stored energy to perform zero voltage switching (ZVS).

04=0N,0p=0ON 04=0ON, Op=OFF, Cc= |, Cp=1
0—’—| o
+ Q4 |D4 Ca Qc | Dc_Cc + Qﬂ DA C4 gc l Dc Cc
TI T
A S, LR B A 5 Lk B
Viv asan D1 4 Vin o) DI N
D2 Lo D2 Lo
Co Vo co Vo
c c To . ¢ c To B
o8 | DB Cs Dp Cp op | DB Cs Dp Cp
jn'_ ()1 >
: C . _q - C
Figure 2.4: Power Transfer Figure 2.5: Right Leg
Mode|2] Transition|2]

04= OFF, 0c = ON, Dc=ON, Cs = LCi=1 04=0N, 0c=0ON, Dc=0ON

Vo Cco Vo
O - O -
o | DB CB o Dp Cp
Figure 2.6: Left Leg Figure 2.7: Freewheeling
Transition|2] Mode(Zero Voltage Switching)|2]
0B =0N, 0c=0ON
+CQA DA C4 Qf_l DQ cc

]

Viv

Figure 2.8: Power Transfer
Mode[2]
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When the right leg transition happens, the primary current is constant freewheels
in the opposite direction from switch )4 to internal diode D¢. Once switch Q¢ is
on, the current divides through the internal diode Do and switch QQ¢.During this
freewheeling, zero-voltage switching is achieved. In this process, both D; and D,
are conducted.

Furthermore, when switch Q4 is turned off, the parasitic capacitor of (Jp starts
discharging, and the parasitic capacitor of switch Q4 starts charging. Once the
C'4 gets charged and the C'p gets discharged, current continues to flow through the
internal diode Dp until the switch () is on and the switch Q. When Qg and Q¢
are on, power transfer conversion happens, and only D, starts conducting, and the
process continues.

2.2 Full bridge with Current Doubler

A current doubler rectifier with synchronous rectification is optimal because it di-
vides the output current between two filter inductors, lowering conduction losses,
improving thermal management, and providing ripple cancellation for improved per-
formance[3].

DC Bus

+ | | o

C —p
‘Al —{I-— l‘c L
H _"JA H A

1 Vo

B_ll— D_{I—
[~ -
H =

1=
T

Figure 2.9: Phase Shift Current Doubler Rectifier Circuit[3]

With the mosfet control,it operates similar to Phase Shift Full Bridge Secondary
Centre Tap phase shift modulation. Mode 1: Duty Cycle Loss Mode: The output
receives no power. Up until the primary current switches direction, both secondary
side rectifiers conduct current with zero secondary voltage.

Mode 2: Power Delivery Mode: The secondary voltage of the transformer is equal
to the input voltage times the turns ratio. While the other discharges, the output
inductor charges. The reflected output inductor current is equal to the primary
winding current.

Mode 3: Switch C ZVS Mode: The main current charges the capacitance of switch
D and discharges the capacitance of switch C. Switch C’s body diode conducts when
the secondary voltage drops in order to achieve zero voltage switching.

6
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Mode 3: tz-t3
Figure 2.10: Circuit Working from Mode 4 to 7[3]

Mode 4: Freewheeling Mode: Switches A and C allow the primary current to freely
flow. There is no secondary voltage on the transformer. Through the corresponding
secondary side rectifiers, the output inductor discharges. Mode 5: B Switch ZVS
Mode: The primary current charges the capacitance of switch A and discharges the
capacitance of switch B. Switch B’s body diode conducts to provide switching at
zero voltage. There is no secondary voltage.

Mode 6: Duty Cycle Loss Mode: The output receives no power. Up until the
primary current switches direction, both secondary side rectifiers conduct current
with zero secondary voltage.

Mode 7: Power Delivery Mode: The secondary voltage of the transformer is equal
to the input voltage times the turns ratio. While the other discharges, the output
inductor charges. The reflected output inductor current is equal to the primary
current.

il : Freewheeling Mode 11
SR2 +Vy -
9 N -I:l
-y
- L2

SRLI + V-
Mode 4: ts-t4 i

Svﬂtch B ZVS Mode

SF.lI

Mode 6: t5-ts Mode 7: ts-t7

Figure 2.11: Phase Shift Current Doubler Rectifier working
mode 8 to 10[3]
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Mode 8: Press D ZVS Mode: The primary current charges the capacitance of switch
C and discharges the capacitance of switch D. Switch D’s body diode conducts when
the secondary voltage drops in order to achieve zero voltage switching. Mode9: Free-
wheeling Mode: Switches B and D allow the primary current to freely flow. There
is no secondary voltage on the transformer. Through the corresponding secondary
side rectifiers, the output inductor discharges.

Mode 10: Press A ZVS Mode: The primary current charges the capacitance of switch
B and discharges the capacitance of switch A. Switch A’s body diode conducts to
produce switching at zero voltage. There is no secondary voltage.

Switch D ZVS Mode
L1

Mode 8: t;-tg

Freewheeling Mode 11

»

~ Mode 10: to-tyg

Figure 2.12: Phase Shift Technique Circuit[3]
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2.3 Zero Voltage Switching (ZVS)

Between one leg ,there is a dead time between the two mosfets where both switches
are off and zero voltage is clamped in the primary side by the resonant circuit [2]
Instead of turning on the switch instantly the primary current circulates shorted
through the body diodes parallel to the switches until the switces are turned on .The
purpose of this off-time is to close the voltage gap that exists between the moment
at which the switch must turn on to achieve constant frequency operation and zero
voltage. The main restriction of the varible frequency zero voltage switching is
between the lowest output load and maximum output current .

ZVS Occurs

Non ZVS
/
-~

Turn ON at —_—

~
Zzero voltage
switch point \

Figure 2.13: Zero Voltage Switching
Range|2]

2.4 Active Clamping

Typical current-fed converters have a high-voltage spike on the MOSFETs when they
switch off, which is a significant disadvantage. A passive lossy snubber across the
FET is necessary for this. Further changes to the topology aid in recovering some
of the energy lost in the snubber during turnoff, which increases system efficiency.
An example of such a change is called the active clamp|[14].

—=1c1 ( S— T Cowe i
o = 3 :
400-V _ o L =

DC Bus T Jj o cs:__ = Jsvl;csa
] - {"1 i
w3} o BEg mﬁ

Figure 2.14: Voltage-Fed Phase Shift
Full Bridge Circuit with Active
Clamp[14]




2. Theory

A MOSFET connected in series with a clamp capacitor makes up the active clamp.
By directing the current through the MOSFET and into the clamp circuit when it
shuts off, it contains the voltage spike on the low-voltage MOSFET during turn off.
Furthermore, just before to the low-voltage MOSFETSs turning on, the active-clamp
circuit applies a ZVS condition, which lowers the turn-on losses.

I - 1 i

Il e
Veew [\ B
— NN N
NN N
Vos o bl ] [
Vs oz l Il 1l | [ |
Vesog, [ ]l [ ]
— A —

Figure 2.15: Waveforms for
Voltage-Fed Phase Shift Full Bridge
Circuit with Active Clamp[14]
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2. Theory

2.5 Dual Active Bridge

The power transfer in a dual active bridge (DAB) is compared to power system power
system where phase difference is required between the two sources i.e., Primary to
Secondary or vice versa for active power flow.The power System equation is given
below:

A

P sin(J) (2.3)

where P is the Active Power ,V, is the voltage across the primary side,V; is the
voltage across the secondary side,X is the reactance of the line and § is phase dif-
ference between the two source. From [20],basic circuit diagram of the dual ac-
tive bridge can be seen in figure 3 and waveforms of circuit in figure . All the
switches are operated at 50% where the primary and secondary are operated simu-
lationelously but with a phase shift in gate drives between primary(Q1,Q2,Q3,Q4)
and secondary(Q5,Q6,Q7,Q8) switches which can be seen in the figure 3.

jcad
_—

w oy Ve

Hall bridge 1 6 4 Hal bridge 2

Figure 2.16: Dual Active Bridge Circuit [20]

o1, 04

o2 Q3

0508

06,7

N ]

1 [ 1 ] 1
13 2 ia\H*\\i 2 a\‘_‘t———-i

Figure 2.17: Waveform of Voltage
across Primary and Inductor[20]

During Interval 1 ,the direction of inductor current is negative and positive .When
the inductor current is negative, there is voltage difference across the leakage induc-
tance ,the slope of the current is,
di  Vin+Vo
b AL S (2.4)
dt L
11



2. Theory

The primary side of transformer and secondary side of voltage transformer is posi-
tive.So the rate of increase in current in interval 2 is,

di Vin—Vo
2.5.1 Overview of Modulation Techniques

2.5.1.1 Single Phase Shift Modulation (SPS)

S1 S3 Ql Q3
L3 L 143 A *
YRR LN+

—_— v mlg"é Viz C= Rg £
$2 sal @ Q4
2. o3

B1: Input bridge B2: Output bridge

Figure 2.18: Dual Active Bridge
Circuit highlighting Primary and
Secondary bridge[10]

The function and overview of single phase shift(SPS) (figure 2.18) modulation tech-
nique is discussed above with waveform of gate signals, primary and secondary
voltage waveform and leakage inductance current waveform in figure 2.19. The max
Power that can be transmitted in SPS is given,

N.Vin.Vo

P = — 2.6
ST U8 LS (2:6)
Therefore,the transmitted power and the peak current value is given by,
Vin = NVo(1 — 2¢)
I = 2.
P,SPS ILT, (2.7)
Vin NV,9(1 —
PSPS — ¢( ¢) (28)

2L fs

The Power flows in negative direction when the Secondary side Voltage leads the
Primary Side.
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2. Theory

A
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Figure 2.19: Single Phase Modulation
Waveform|[10]

2.5.1.2 Extended Phase Shift Modulation (EPS)

Vprim and Vie., in contrast to the SPS control, use the EPS approach to include
three voltage levels. The waveforms of Vi im,Vsee,[1,and the gate signals in the EPS
modulation are depicted in Figure 2, where «y, represents the relative inner phase
shift[10]. The phase difference between the gate signals of two legs of a single bridge
is denoted by . It’s important to note that the bridge with a higher equivalent
voltage often uses a,,.For example, the inner shift is applied to B2’s gate signals if
NVo is greater than Vin.The waveforms for EPS can be seen in figure 2.20[10].

N ‘/zn ‘/out

AL fon [a(l = & =2¢) + 2¢(1 = )] (2.9)

Pgps =
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2.20: Extended Phase Shift
waveforms[10]

2.5.1.3 Dual Phase Shift Modulation (DPS)

The extended phase shift technique differs from the dual phase shift (DPS) approach
in that both bridges have zero voltage range. The DPS method is comparable to
the EPS method[10]. There is no difference in the phase-shift ratio between primary
and secondary. Consequently, the two control variables (¢ and «,) are the phase-
shift ratios, just like in the EPS approach. Similar to the extended phase shift
approach, the DPS may achieve zero voltage switching over a broad working range
while decreasing the circulation current and reactive power figure 2.21 .

Ao -, = 9], o<

14

Prps =

N‘/m ‘/out
2L fouw

Inner shift B2
- <+
Outer shifti- <= [nner shift B1

_ A r—‘—] [
SI!SZ r‘

LR A S L ¢
Qh QL’—| ,_ F
Q#l Q_J [7“‘

Vit I_V—I_\JI IT_;
IEEERS

Nv,;
AiEs i E st
Ntes (i LT
©(0.5T,) i a:(0.5T,)
Qp((5T,)

Figure 2.21: Dual Phase Shift

waveforms [10]



2. Theory

2.5.1.4 Triple Phase Shift Modulation(TPS)

TPS is another alternate modulation technique for previous DPS | there is an inter-
val where the voltage is zero in both inverters, similar to the DPS method. Unlike
the DPS method, the phase-shift ratios in the primary and secondary can be dif-
ferent[10]. Therefore, in the TPS method, there are three control variables, phase
shift ratios (¢, a, and ay), are used in figure 2.22. In this method, current stress,
conduction and other losses are at the lowest level compared to other methods. In
addition, the widest operating range of zero voltage switching is provided by this
method. Since the output voltage and the transferred power are controlled by three
variables, the control is more complex than other methods

Vi1 |

S »

—
| rtt:!u(&SU os (0.5T > <

Nviz > [€p (0579 "
ji_ /\

Figure 2.22: Triple Phase Shift
waveform [10)]

2.5.1.5 Trapezoidal Current Modulation (TRP)

Although TRG and TRP share several notable characteristics, the two approaches
differ in terms of power range and number of soft-switched transitions[10]. Of the
sixteen total, TRP offers eight ZCS transitions and four ZVS turn-ons. In TRP,
there are theoretically four hard switching transitions—that is, two more than in
TRG.The typical waveforms of vtl, vt2, and iy in the marginal TRP are shown in
Figure 2.23.
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SuS ] o7,
S Ss|__| [T,
0,0 [ 1 UT,
0,0 1 T,

Vi | {f T,
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ip = «—
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Figure 2.23: Trapezoidal Current
Modulation waveform [10]

2.5.1.6 Triangular Current Modulation (TRG)

Of all the modulation techniques now in use, triangle modulation (TRG) offers the
lowest switching loss. The term comes from the triangular form of the leakage
inductor current (iz in Figure 2.22) that results from using this modulation tech-
nique[10]. Zero-current switching (ZCS) is used for six turn-off instants and soft
switching at all turn-on moments in the TRG approach.Nevertheless, TRG has cer-
tain shortcomings, including excessive reactive power and poor power transmission
capability.

SI!§2 er\

Sy, 83| g’ T,
0, 0; y T,
Q4 ] QJ‘ I_g TS
—— Vv,
: __:\-"1.-{_,
Vi | {,!T_\_
Nv:} 1? | -
— o —>
ip — gT‘
50, osN_— I
"

Figure 2.24: Trianagular Current
Modulation waveform [10]
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3

Full Bridge DC DC Converter

3.1 Design Considerations

In order to achieve efficient converter ,we need to keep in mind the selecting electrical
components based on voltage rating,current rating , and Power dissipated in the
device with reference to [3] and [4].

3.1.1 Full Bridge DC DC Secondary Tap Converter

3.1.1.1 Transfomer Calculation

We select turns ratio(n) of the transformer based on full load maximum duty cycle
from 0.9 to a lower value based on dead time consideration and duty cycle loss in
the system especillay in the Phase shift modulation .

n— V;anin-Dmaa: (31)
V;)ut
where n is turns ratio,Jower input voltage is Vj,min,maximum full load duty cycle
ratio is D,,q. and output voltage is V.
To calculate the minimum full load duty cycle for maximum voltage

‘/out *n

Dyin = (3.2)

V;nmaz

where D,,;, is minimum full load duty cycle and V4. i maximum input voltage .
To calculate the maximum full load duty cycle for maximum voltage ,

‘/out *N
Dmax =

3.3
RMS Currents and the transformer peak currents to be calculated with the require-
ment of Al opr is , We estimate the current ripple percent from output voltage

ripple
P, Po

IL d — IL Vou B Vou +V i
Alrovur = OaI = g e (3.4)
L Vout

where Al oyt is filter inductor ripple current 17,44 is output current,/;is inductor
current,V,i,pe is output voltage ripple and F, is output power.
To operate the converter in the voltage mode control , the L,, must be less than

17



3. Full Bridge DC DC Converter

the calculated value .If selected inductance more the L,, then it will operate in peak
current control mode.

‘/i (1 - Dmax)
The peak magnetic flux density of the transformer is ,
LAl
B, = =" 3.6
2nAe (36)
Peak Secondary Current
Pout AILOUT
I, = 3.7
p V;)ut + D) ( )
RMS Secondary Current
1
Lgpms = —2 3.8
VG (3.8)
Peak Primary Current
Ips
Ipp = % (3.9)
RMS Primary Current
1
Lpms = % (3.10)

where B,, is peak magnetic flux density,Ae is area of the core,L,, is magnetizing
Inductance, f,, is switching ,frequency, I, is peak secondary transformer current, /5.,
is rms secondary transformer current,/,, is primary transformer peak current,l, s
is rms primary transformer current and Al,, peak magnetizing Inductor current.

3.1.1.2 Selection of Leakage Inductance L,

Calculating the resonant inductance is based on the amount of energy required to
achieve zero voltage switching. At the switch node, this inductor must be able to
drain the energy from the parasitic capacitance. We calculate L, for different loads
for the worst-case scenario. The values for different L, are shown under the results
section. The main criteria is to drain the capacitance energy from inductor energy.
Lr(@ B A-[LOUT)Q > (4 * Coss) * ‘/Z%m'm
2 2 2

(3.11)

where C, is parasitic output capacitance of the primary mosfet .
We select L, in lighter load such that it satisfy the ZVS in heavier load and making
sure that it duty cycle is not greater than 1 for heavier load.

(2 * COSS) * V;%zmm
(ILp _ ATLOUT)2 (3'12)
2 2

L,.>
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3. Full Bridge DC DC Converter

3.1.1.3 Selection Output Filter

LOUT7
(w — ‘/;ut) * ton
L : 3.13
t A[Lout ( )
Cour,
(A‘/;)ut * ton)
AVt ) 3.14
C t A]Lout ( )
ESR of Copr
AV,
ESRcout = t (315>
]out
Resonant frequency,
1
. (3.16)

_Q*W*VLout*Oout

Equating Eq (3.15) keeping Loyr = 10uH to compute the output capacitance.
where t,,, is the turning on time, £'S R.,.; is the Equivalent series resistance of output
capacitance and f,is the resonant frequency.

3.1.1.4 Duty Cycle loss

2 % Iout * LTZVS * fsw

AD=D = 1
utyloss T (3.17)
3.1.1.5 Dead time
Ton) L (2.Cs5)
Deadtime = 5 (3.18)
3.1.1.6 Total Duty Cycle
Total Duty = Diar + AD + 2.(deadtime) < 1 (3.19)

3.1.1.7 Voltage Stress on Secondary Mosfets

For the Full bridge DC-DC Secondary Centre Tap Converter the Voltage Stress on
the Secondary Side Mosfet Mosfets are,

2‘/inmax
n

Visga 2 (3.20)

For the Full bridge DC-DC Converter the Voltage Stress on the Secondary Side
Mosfet are,

‘/inma:c
Visga = - (3.21)
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3. Full Bridge DC DC Converter

3.2 Converter Specifications

Requirements DC/DC converter ( 48V)
HVDC Input Voltage Range | 180V-450V (Cont. Transient )
Continuous Power 3kW continuous
Transient Power 3.75kW transient @ 1.5 seconds

Table 3.1: Basic Requirements for the Converter

3.3 Full Bridge Secondary tap

3.3.1 Circuit Design

3.3.1.1 Selection of Turns Ratio and Leakage Inductance

Keeping Eq.(3.19), the full load Duty Cycle must not exceed the ratio 1. We select
a turn ratio below or equal to the minimum input voltage Vi,min to satisfy the
converter requirement on wide input voltage range. As a result, the selection of
turns ratio is ranged between two and three. The maximum duty cycle is calculated

for various load conditions, and the required leakage inductance is calculated to
achieve ZVS for each load.

For Turns Ratio n=3
Power Range | Min. Lr Required (uH) | Maximum Duty Cycle

3000 5.42 0.9586
2000 8.124 0.9612
1000 16.248 0.9671
750 21.66 0.9702
500 32 0.9754
400 40.6 0.98

200 81 0.9918
100 162 1.0104

Table 3.2: Required Leakage Inductance for Different Load ranges

For n=3 for Lr=16.248uH

Power Range | Maximum Duty Cycle
3000 1.0597
2000 1.0126
1000 0.9656

Table 3.3: Leakage Inductance calculated at 1000W for turns ratio of 3
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3. Full Bridge DC DC Converter

We can observe from table 3.3, that the total duty cycle crosses more than 1 for the
nominal load, when Lr is calculated at 1000W. So it is not possible to have 16.248uH
as leakage inductance. Table 3.2 also shows that leakage inductance calculated
with a 3000W load can reduce the full load duty cycle ratio to less than one, but
there is little room for transient. Therefore, achieving Vinmin would be extremely
challenging. Tables 3.5 and 3.2 show that with less inductance, more ZVS may be

n=3 for 8.124uH
Power Range | Maximum Duty Cycle
3000 0.9837
2000 0.9602

Table 3.4: Leakage inductance calculated at 1000W at turns ratio of 3

covered across a wider load range than with a turn ratio of 2. One of the reasons for
selecting turns ratio 2 is that there is a low duty cycle loss when selecting inductance
based on higher power load.

Power Range | Lr min. req
3000 0.02uH
2000 0.0591uH
1000 0.23uH

750 0.42uH

500 0.946uH
400 1.478uH
200 5.9uH

100 23.656uH

Table 3.5: Turns Ratio=2

For Turns Ratio n=2 for chosen inductance 4uH
Power Range | Maximum Duty Cycle | Duty Cycle Loss
3750 0.7079 0.0977
3000 0.6922 0.0781
2000 0.6622 0.0521
1000 0.6401 0.0260
750 0.6336 0.0195
500 0.6271 0.0130
400 0.6245 0.0104
200 0.6248 0.0077

Table 3.6: Selected Inductance and respective Duty Cycle Loss for each Load

So based on Eq.(3.11), We select the required Leakage Inductance of 4uH for the
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3. Full Bridge DC DC Converter

turns ratio of 2. There will be certain changes in the value of Leakage Inductance
due to manufacturer in-built models in PSpice.

3.3.1.2 Initial Design Table

Since achieving ZV'S for light load to heavy load for turns ratio of 3 is less. The ZVS
range is investigated for a turns ratio of 2 under different load conditions in order
to achieve less switching loss and thus improve efficiency. Based on this selection
of turns ratio, designing the parameters of the converter is done. The designed
parameters of the converter for phase shifted converter is the below table 3.7,

Side Parameter Value
Output Current (A) 62.5
. Output Ripple Current(A) 1.2
Secondary Side Peak Current in Secondary(A) | 62.6628
Rms Current(A) 44.197
Peak Current(A) 31.33
. . Rms Current(A) 22.15
Primary Side Leakage Inductance( H) 4.281
Magnetizing Inductance(H) 700u
Output Inductor(H) 10u
: Min. Output Capacitance(F) | 391u
Output Filter Electrostatic Resistance(f2 4m
Capacitance rms Current(A) 0.1897

Table 3.7: Initial Design for Phase Shifted Full Bridge Converter

Primary and Secondary Switch Parameters
Parameter Value
SiC MOSFET SCT040HU65G3AG
Vis 650V
14 30A
Rason 40mOhm
Vyon T2V
Ciss(Input Capacitance) 920pF
Coss(Output Capacitance) 94pF
C.ss(Reverse transfer Capacitance) | 13pF

Table 3.8: Primary and Secondary MOSFET Details

The below figure 3.1 is PSpice Ciruit Model .
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3. Full Bridge DC DC Converter
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Figure 3.1: PSpice Circuit for Full bridge Secondary Centre Tap

23



3. Full Bridge DC DC Converter

3.3.2 Analysis

First analysis for different loads to check ZVS is done as mentioned in Table 3.9
with designed leakage inductance. Further, analysis is started for Phase-shifted
modulation DC-DC Converter secondary centre tap topology to estimate MOSFET
losses.

The first task is to check the designed the leakage inductance meets the Zero voltage
switching for the required load range. The Duty Cycle ratios mentioned in Table
3.9 are for lower input voltage 180V, since achieving the 48V output voltage for
lower range input voltage is always a challenge due effect of Duty cycle loss from
the MOSFETs which contributes to the total duty cycle loss.

| 0.2<Duty Cycle<0.84 |

For Turns Ratio n=2
Duty Cycle

Power Range | R_load(ohm) | ZVS Sirm};lat}i/on Theoretical
3750 0,6144 Yes | 0.93 0.7079
3000 0,768 Yes | 0.84 0.6922
2000 1,152 Yes | 0.75 0.6622
1000 2,304 Yes | 0.64 0.6401
750 3,072 Yes | 0.63 0.6336
500 4,608 Yes | 0.619 0.6271
400 5,76 Yes | 0.6 0.6245
200 11,52 No 0.6 0.6248
100 23,04 No 0.6 0.6128

Table 3.9: Zero Voltage Switching for different load conditions
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3. Full Bridge DC DC Converter

3.3.2.1 Phase Shift Modulation

The worst-case analysis is taken into simulation by considering the lowest and high-
est input voltage. For 180V and 450V as Input Voltage considered as worst case,
three different load ranges is simulated in PSpice to calculate the total MOSFET
lossess in the topology. Based on the MOSFET losses, comparison of modulation
techniques between phase shift modulation and duty cycle modulation is done and
selection of the best modulation technique is used for the full bridge converter sec-
ondary side full bridge rectifier. Further, comparison of secondary side Full bridge
rectifier and secondary centre tap converter with the same modulation technique is
done to identify better performing topology. Based on this analysis, optimization is
performed, and a detailed loss analysis of each component in the circuit is performed
to produce a near-to-practical converter, which includes losses in the snubber, active
clamp, transformer core and inductor cores. Then, compare it to the DAB topology
to determine which topology is more efficient.

The Figures 3.2 to 3.7 below are the MOSFET loss graphs for different loads i.e.,
3000W,1500W and 100W loads for two extreme voltages to keep worst case possible
in mind.

FOR 3000W,VIN=450V

FOR 3000W ,VIN=180V

Total

184,96

Total 172,65

Conduction Losses in Secondary Switches

s ——— - 37,19

Conduction Losses in Secondary Switches

O 79,36

Total Switching Losses in Secondary Switches ¥ 2,38 Total Switching Losses in Secondary Switches m 8,38
Switch F 1,17 SwitchF W 4,15
Switch € 11,21 SwitchE W 4,23
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——————— 80,30
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Conduction Losses in Primary Switches

. 67,15

Total Switching Losses in Primary Switches mm 10,06
switch D 0,70 SwitchD W 2,52
Switch C | 0,69 )
switch8 | 0,69 switchC W 2,50
SwitchA | 0,70 Swich W 2,53

3 2000 Switch A

Power Loss(W)

Figure 3.2: For Po=3000W,Vin=180V

FOR 1000W,VIN=180V

252

Power Loss

Figure 3.3: For Po=3000W,Vin=450V

FOR 1000W,VIN=450V

Total 2,61 5213
Conduction Lossesin Secondary Switches e —h Conduction Losses in Secondary Switches =
Total Switching Losses in Secondary Switches o Total Switching Losses in Secondary Switches s
49 Switch f s 4,27
.... - 149 Switch £ 4,60
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Figure 3.4: For Po=1000W,Vin=180V

Figure 3.5: For Po=1000W,Vin=450V
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PO=100W,VIN=180V PO=100W,VIN=450V
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Figure 3.6: For Po=100W,Vin=180V  Figure 3.7: For Po=100W,Vin=450V
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Figure 3.8: MOSFET Loss Graph for Full bridge Secondary Tap-Duty Cycle
Modulation

Figure 3.8 shows that as the load decreases, the MOSFET losses continue to de-
crease. However, it’s too soon to make a comment on this. When the Duty Cycle
Modulation technique’s MOSFET loss is completed, a good comparison of the top
modulation techniques with respect to low MOSFET losses can be made.
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3. Full Bridge DC DC Converter

3.3.2.2 Duty Cycle Modulation

Duty cycle modulation will be performed in Secondary centre tap topology is done
similar to that of phase shift modulation technique in figures 3.9 to 3.13. For
Po=100W and V;,na: i-€., 450V simulation in PSpice crashes before it reaches
steady state . That is why above mentioned operating point observation is not taken.
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Figure 3.13: For Po=100W,Vin=180V
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3. Full Bridge DC DC Converter

DUTY CYCLE MODULATION-SECONDARY

CENTRE TAP
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Figure 3.14: MOSFET Loss Graph for Full bridge Secondary Tap-Duty Cycle
Modulation
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Figure 3.15: MOSFET Loss Graph for Full bridge Secondary Centre Tap-Phase
Shift v/s Duty Cycle Modulation

Figure 3.15 shows that the Phase Shift Modulation technique has lower average
losses across all load conditions than the Duty Cycle Modulation technique. This
advances the performance of the Phase shift modulation technique over Duty Cycle
modulation, allowing us to choose it for secondary side full bridge rectifier topology.

28



3. Full

Bridge DC DC Converter

3.4 Full Bridge-Secondary side Full bridge Recti-

fier

Figure 3.16: Full Bridge Secondary Side Full Bridge Rectifier Circuit PSpice
Model

Phase shift modulation is implemented in secondary side full bridge rectifier. To
compare the MOSFET losses of both topologies, the same observations are made as
with the center tap in a full bridge rectifier which can seen in figure 3.17 - 3.22.
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3. Full Bridge DC DC Converter

PO=100W,VIN=180V
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Figure 3.22: For Po=100W,Vin=450V
Figure 3.21: For Po=100W,Vin=180V
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Figure 3.23: MOSFET Loss Graph for Full bridge Secondary Full Bridge
Rectifier-Phase Shift Modulation

Figure 3.24: MOSFET Loss Graph for Full bridge Secondary Centre Tap v/s
Full Bridge Rectifier
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3. Full Bridge DC DC Converter

According to the MOSFET loss graph in Figure 3.24, the secondary side full bridge
rectifier has a lower average loss across all load conditions than the secondary centre
tap topology. Since we discovered the secondary side full bridge rectifier topology
with lower MOSFET losses, we chose this topology for further optimization to im-
prove the circuit in terms of reducing secondary side voltage stress by increasing
the transformer’s turn ratio and performing a detailed loss analysis on each circuit
component.
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3. Full Bridge DC DC Converter

3.5 Optimized Full Bridge Converter

Here, we start to optimise the full bridge circuit by:

o Tune the turns ratio from 2 to 3.5. The main reason for choosing the 3.5 turns
ratio is to reduce the voltage stress on the secondary side.

e Choose a 150V MOSFET with a lower Rpg(n), which means the on-state
resistance of the MOSFET can reduce the conduction loss on the secondary
side.

o With the increase in the turns ratio, the input voltage range reduces from
180V - 450V to 210V - 450V, as shown in Table 3.27.

o Increasing the turns ratio will reduce the currents in the primary side which in
turn reduces the conduction losses in the primary side without changing the
MOSFET in the primary side.

Secondary Switch Parameters
Parameter Value
Si MOSFET SQM85N15-19
Vs 150V
I 85A
Rason 19mOhm
Vigsth 3.5V
Ciss(Input Capacitance) 6285pF
Coss(Output Capacitance) 565pF
C.ss(Reverse transfer Capacitance) | 270pF

Table 3.10: Secondary MOSFET Details

: - s .
H ] e ﬁ'ﬁ‘]

Figure 3.25: PSFB with only Snubber
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3. Full Bridge DC DC Converter
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Figure 3.26: Snubber Loss Graph for Optmized PSFB

From the this optimized circuit the key takes are :

Snubber is the primary cause of the high loss, which reduces efficiency due to high
oscillations in the secondary side MOSFETs during turn-off. Figure 3.26 shows how
much it takes to reduce oscillations or ringing in the MOSFET using the snubber
circuit. The figure shows that snubber losses are very significant (124W for four
switches), equating to 31W per snubber per MOSFET, which is extremely high and
impractical to implement in the real world.A snubber should typically be up to one
watt or less. So it’s like 54 times the loss, which is unrealistic and necessitates
a larger cooling system to reduce heat from the snubber. Later, active clamping
and snubber were implemented to reduce the ringing to implement more realistic
circuit which can be seen the figure 3.27. The advantage of using active clamping
is to reduce the resistive loss from snubber and reuse the energy from the capacitor
across the active clamp.

Now, a circuit with active clamping and a snubber is implemented to reduce ringing
and create a more realistic circuit, as shown in Figure 3.27. The advantage of active
clamping is that it reduces resistive loss from the snubber while reusing energy from
the capacitor across the active clamp.

’—@‘—‘L
ol

Figure 3.27: PSFB with Snubber and Active Clamping
Furthermore, in PSpice, the ringing is not as expected, as the ringing is clamped
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3. Full Bridge DC DC Converter

at 150V before the introduction of Snubber and Active Clamp, which occurs due
to PSpice’s in-built model and does not occur in a practical scenario. The ringing
did not decrease as expected after introducing a combination of active clamp and
snubber circuit. We conclude our analysis of the full bridge converter topology
because optimizing the circuit for a 48V application is unrealistic. We then conduct
a thorough analysis of Dual Active Bridge.
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4

Dual Active Bridge

4.1 Design Considerations

4.1.1 Selection of Turns of Ratio

Turns ratio n is selected to satisfy the output voltage for the required minimum
input voltage range[10] ,
Vin=mnx%V,y, (4.1)

4.1.2 Recognizing the Phase Shift Range

We try to keep the maximum outer Phase Shift between the Primary bridge and
Secondary bridge to be 0.4 and the minimum to be 0.1 which is 72° to 18° while
keeping 0.1 for extra room for not considering component losses in converter. How-
ever, it is not possible to achieve with Single Phase modulation technique for wide
voltage and power range. That is the reason why we explore all possible modulation
techniques to satisfy the converter for the required converter[10].

4.1.3 Leakage Inductance Lr

Basic requirement for designing the Leakage Inductance from Single Phase Shift
(SPS) modulation is,
n‘/out‘/m

Lr < —————.
" 2 P fow

(4.2)

4.2 Modulation Comparison

The selection of modulation technique for Dual Active Bridge (DAB) was to be ver-
ified. Initially, the chosen turn ratio was 3.5. So, using the modulation techniques
discussed above in Theory, we consider four operating points and compare all mod-
ulation techniques in LT'Spice to an ideal switch. The reason for switching from
PSPice to LTspice is to improve simulation speed. This allows for a faster selection
of modulation techniques. Later, the 3.5 turns ratio was changed to a turns ratio
3 because, for triangular modulation, the slope of the leakage inductance current
changes when it comes to 180V input voltage. Because the secondary side referred
input voltage is 51.5V, the slope reduces and causes a lesser slope for the triangu-
lar waveform. As a result, the turns ratio is decrease to three, which can help to
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Figure 4.1: LTSpice-Ideal Circuit Model

reduce the leakage inductance value. As a result, a more accurate waveform will be
obtained.

3000w,400V
= Primary Side Lr Inductor rms Current (A) = Primary Side Lr Inductor peak Current (A)
Secondary Side Secondary Rms Current (A) Secondary Side Secondary peak Current (A)
200,00
149,79 153,48
= 150,00 123,94 126,82 124,86
< 107,57
c
100,00 77,37
§ 61,77 /13 385 76,62 62,93 62,43 /006
© 50,00 37,04 . 37,93
0,00 =

Single Phase Shift Extended Phase Shift Dual Phase Shift Triple Phase Shift Trapizoidal
Different Modulation Techniques

Figure 4.2: Different Modulation Techniques for Po- 3000W and Vin-400V

From the figure 4.2 above, we can see that currents in the Single Phase Shift are
the highest compared to other modulation techniques. The least current through
the leakage inductance in the 3000W loads is the EPS followed by Trapezoidal. The
DPS is second highest after the SPS which can be seen in the figures 4.2 and 4.3.
For the SPS Modulation, there was a constraint in achieving a wide voltage range.
After iterating the voltage range for SPS. It was found from 290V to 450V.

3000w,180V

E Primary Side Lr Inductor rms Current (A) = Primary Side Lr Inductor peak Current (A)
Secondary Side Secondary Rms Current (A) = Secondary Side Secondary peak Current (A)

120 111,68 112,52

107,50 105,02
100

80 74,40 71,06 76,74

0 54,40 52,56
3580 =

Currents(A)

3550

40

20

0

Single Phase Shift Extended Phase Shift Dual Phase Shift Triple Phase Shift Trapizoidal

Different Modulation techniques

Figure 4.3: Different Modulation Techniques for Po- 3000W and Vin-180V

SPS and DPS are cancelled for lower loads because they have the highest currents for
the 3000W at 400V and 180V, respectively. Triangular Current modulation is used
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4. Dual Active Bridge

instead of the two previously mentioned modulation techniques. Triangular Cur-
rent Modulation (TRG) is commonly used for lighter loads due to its low switching
losses compared to other modulation techniques, as evidenced by numerous refer-
ences. According to simulation, TRG has the lowest RMS and peak currents among
modulation techniques.

MODULATION COMPARISION FOR 400V,500W

E Primary Side Lr Inductor rms Current (A) E Primary Side Lr Inductor peak Current (A)

= Secondary Side Secondary Rms Current (A) &= Secondary Side Secondary peak Current (A)

60 54,28
50
_ 40 36,305 38,834 38,342
L
E 3 27,07 28,374
S
=
S 0 18,279 16 g7 18,987,903
14
8,94
10 % 8,361 ,
. = =
Extended Phase Shift Triangular Triple Phase Shift Trapizoidal

Different Modulation Techniques

Figure 4.4: Different Modulation Techniques for Po- 500W and Vin-180V

In lighter loads, Triangular Modulation outperforms other modulation techniques
where currents are low.

MODULATION COMPARISION FOR 180V,500W

E Primary Side Lr Inductor rms Current (A) E Primary Side Lr Inductor peak Current (A)

E Secondary Side Secondary Rms Current (A) = Secondary Side Secondary peak Current (A)
50 45,65
45
40
35 30181 32,826
30 26,623 28,21
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N
(%]
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14,37 15,04 14,607

7,1689 853 7,201 8,58

= = =

Extended Phase Shift Triangular Triple Phase Shift Trapizoidal

Different Modulation Techniques

Figure 4.5: Different Modulation Techniques for Po- 500W and Vin-180V

As a result of the comparison from simulation, we chose Extended Phase Shift
Modulation for Higher Loads, preferably from 1000W to 3750W, and Triangular
Current Modulation from 1000W to 100W.
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4.3 Analysis

4.3.1 Choosing LTSpice over PSpice for Optimization
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Figure 4.6: LTSpice DAB VDMOS Circuit Model

PSpice for DAB requires significantly more time to simulate than LTSpice.This is
also due to the manufacturer’s PSpice models, which include thermal and parasitic
MOSFET characteristics such as inductor and capacitor, making the simulation
take longer. When compared to a full bridge converter, DAB takes over three times
longer to achieve a stable state. Moving the simulation tool from PSpice to LTSpice
improves the speed with which results can be extracted. This thesis did not take into
account the possibility of varying frequency based on load and voltage to improve
performance in this topology.

One operating point were selected from PSpice and L'T'Spice to ensure a good com-
parison, and it was concluded that LTSpice can be used as a simulation for further
analysis due to less than 1% error , as shown in Table 4.1 below.

8 s
T
1

ﬁi
|

Figure 4.7: PSpice DAB Model
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For Comparison with Pspice and Ltspice

Parameters Pspice | Ltspice
Input Voltage(V) 400 400
Primary Peak Current (A) | 46,492 | 45,53
Primary rms current(A) 26,992 | 26,66
Input Power(W) 3198,2 | 3231,1
Output Power (W) 3046,8 | 3071,4

Ratio | 0,305 | 0,31
Degree | 54,9 95,8
Ratio | 0,075 | 0,075
Degree | 13,5 13,5
Efficiency 95,266 | 95,057
Error % 0,997

Inner Phase Shift

Outer Phase Shift

Table 4.1: Comparison Table between LTSpice and PSpice

The graphical analysis in the figure below shows that LTSpice and PSpice have
values that are similar to each other. The error percentage between the two is only
0.99
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Figure 4.8: Comparison Graph Between LTSpice and PSpice
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4. Dual Active Bridge

4.3.2 Basic Design Details

Table 4.2 is not considered in the above modulation comparison, whether it is for
modulation or software comparison.After many iterations to satisfy the transient
and continuous conditions for worst-case analysis, the design table is created and
considered final for further analysis.

Basic Component Details

Voltage Stress across Primary Mosfet 450V
Voltage Stress across Secondary Mosfet 48V
Leakage Inductance 10.8uH
Turns ratio 3
Output Capacitance 1500uF
Switching frequency 75kHz
Magnetizing Inductance 700uH

Table 4.2: Basic Component design details -Dual Active Bridge

Secondary Switch Parameters
Parameter Value
Si MOSFET TAUS300N08S5N014T
Vs 80V
Iq 300A
Rason 1.4mOhm
Vasth 3.8V
Ciss(Input Capacitance) 13178pF
C\ss(Output Capacitance) 2114pF
C.ss(Reverse transfer Capacitance) | 106pF

Table 4.3: Secondary MOSFET Details

4.3.3 Loss Analysis

4.3.3.1 Primary Switches

As discussed above,3750W to 1000W works on EPS and from 1000W to 100W works
on TRG.For the higher loads which work in DPS, it can observed from Table 4.4
that for the primary side bridge, one leg has a different I; current waveform and the
other leg has a different waveform from the Turn On and Turn Off currents. The
continuation of one leg’s current waveform is the other. One bridge observes ZVS
which is Switch 3 and 4 which can be seen in Table 4.5 where turn-on loss is zero and
turn-off is hard switched. Other bridges observe hard-switched turn-on and partial
ZCS (Zero Current Switching). Though the RMS current for the primary switches is
less than 30A, the peak current is 63.458 A which is one of the biggest disadvantages
of this topology. We can observe the losses of primary switches individually and
whole in Figure 4.9 and Figure 4.10.
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4. Dual Active Bridge

For Primary side Switch(4 switches)
Modulation Technique Power(W) | Input Voltage Range(V) Switch T
Current at turn on(A) | Turn on Loss(W) | Current at Turn off(A) | Turn off Power(W)
450,00 10,64 3,30 -2,43 2,77
3750
180,00 -7,13 1,37 42,18 4,36
450,00 17,28 4,14 -2,54 2,83
Extended Phase Shift 3000
180,00 -9,10 1,69 9.33 0,47
450,00 31,86 -1,71 2,38
1500
180,00 22,94 1,90 -2,56 1,14
450,00 4,48 2,59 2,33 1,07
750,00
180,00 2,24 0,97 1,90 0,46
Triangular Current Modulation
450,00 3,94 2,55 2,65 1,02
200,00
180,00 1,39 0,96 1,55 0,49

Table 4.4: Primary Side Switch 1 Switching Losses

For Primary side Switch(4 switches)
Modulation Technique Power(W) | Input Voltage Range(V) Switch 4
Current at turn on(A) | Turn on (W) | Current at Turn off(A) | Turn Off Loss(W)
450,00 -2,90 0,00 52,20 14,63
3750
180,00 -3,80 0,00 44,26 4,67
450,00 -4,54 0,00 47,40 12,87
Extended Phase Shift 3000
180,00 -3,29 0,00 37,96 3,75
450,00 -4,36 0,00 40,08 10,12
1500
180,00 -4,31 0,00 34,01 3,21
450,00 -4,65 0,00 15,62 2,54
750,00
180,00 -3,69 0,00 7,83 0,39
Triangular Current Modulation
450,00 -3,74 0,00 717 0,92
200,00
180,00 -2,80 0,00 3,82 0,36
Table 4.5: Primary Side Switch 4 Switching Losses
PRIMARY SWITCH LOSS AT TURN ON AND TURN OFF
Switch 4 Turn Off Loss(W) ~ m Switch 4 Turn On Loss(W) W Switch 1 Turn Off Loss(W) ~  Switch 1 Turn On Loss(W)
0,36 180V
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s 0 49 096
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g 3000W 2,047 160
] :
’; 450V 12,87
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Figure 4.9:

Primary Switch losses
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42

Figure 4.10: Primary Switch Loss Analysis

For Primary side Switch(4 switches)
Modulation Technique Power(W) | Tnput Voltag k() [ 1rms(4) b “(‘“(”]’)‘:”‘ ;""“ "]"f*\:?‘”“\[ T TR _i_“"‘f:]‘“ll"";"’“'(“’;;"“ TSR] Tl Losses for Single Switch(W) | Switching Losses from all Switeh (W) | Total Loss actoss 4 switches(W)
450.00 63,46 25,62 26.25 104,99 6.59 34.79 10,34 36.59 4138 146.37
3750
180,00 53,92 29,18 34,05 136,19 2,75 18.05 5,20 39,25 20,80 156,99
450,00 60,64 23,88 22,80 91,22 8,28 31,41 9,92 32,73 39,70 130,91
Extended Phase Shift 3000
180,00 50,69 24,80 24,60 98,40 338 8,44 2,95 27,55 11,81 110,21
450.00 52,09 19.75 1561 62,44 11,06 24,99 9.01 24.62 36.05 98.48
1500
180,00 16,32 19,73 15,58 62,30 3.81 8,69 3,12 18,70 12,50 74.80
150,00 5.0 | 696 L1 775 518 721 310 501 1240 20,14
750,00
180,00 13,03 1,85 0,94 3,77 1,95 1,71 0,91 1,86 3,66 742
Triangular Current Modulation
450.00 13,17 3.30 0,44 1.74 5.09 3.89 224 2,68 8,98 10.72
200,00
180,00 6.90 197 0,16 0.62 192 1.69 0,90 1.06 3,61 1,23
Table 4.6: Primary Side Switches Loss Analysis
180V PRIMARY SIDE SWITCH LOSS ANALYSIS
4,23
; 09
0,16 1 Total Loss across 4 switches
200w 450V 16(;72 Total Loss for Single Switch
= 3,24 m Switching Loss from Single Switch
180V0’M Conduction Loss from Single Switch
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1,86
0,91
750W | 450y %%
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. 1,94
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8 312 i
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n
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4. Dual Active Bridge

4.3.3.2 Secondary Switches

Given that there is no inner phase shift for heavier loads i.e., from 3750W to 1000W
which works under Extended Phase Shift modulation, secondary bridge losses are
similar during turned on and off in both legs of the bridge in secondary side which
can be seen in Table 4.7.From Table 4.7 switching losses are reduced, as with the
primary bridge for lighter loads due to implementation of TRG.

Tor Secondary side Switch(4 switches)
echnique Power(W) | Input Voltage Range(V) il W D
Chrron at tun on(A) | Voltage ok Tor secondaty (AT | Turn on Loss(WJ | Crrrent at Turn of(A) | Tar off Toss(WJ | Current at turn on(A) | Tarn on Toss(W) | Current at Tarm o AT | Torm of Toss(W]
150,00 1032 56,88 029 04,57 533 1147 0,65 -101,774 573
3750
180,00 8,94 5077 0,22 113,017 5,68 932 047 120344 6.05
450,00 917 55.74 025 -106.03 585 8,90 049 101,66 561
Extended Phase Shift 3000
180,00 1110 50.36 028 1194 558 9,88 049 115,05 574
450,00 7.8 55,55 022 -103,011 5,67 7,69 042 -102,011 561
1500
180,00 8,95 50,51 022 -105,246 5,26 6,88 034 -102,253 511
450,00 5,36 5432 0,14 5,77 0,31 5.21 028 6,48 035
50,00
180,00 189 4955 0.05 213 0,10 388 019 249 012
Triangular Current Modulation
450,00 520 5137 014 483 0,26 555 0,30 5,69 0.31
200,00
180,00 198 1923 0,05 247 0,12 2,20 0,11 2,25 0,11

Table 4.7: Secondary Side Switches Turn On and Turn Off

SECONDARY SWITCH LOSS AT TURN ON AND TURN OFF

m Switch D Turn Off Loss(W) m Switch D Turn On Loss(W) Switch A Turn Off Loss(W) Switch A Turn On Loss(W)
=41
oo © & 180V
=33 sov
0,14
m0d%
sodo?  18ov
750W
gS
Triangular Current Modulation [ 0%1 450V
_ 01 180V
H O 3 >
] 022 >0
H 1000W ! 450V
i . 0,42 5‘56;17
5 3
Y 022 180V
z 5,74
g 3000W 0.28 450V
& 5,61
- 0,49 5,85
—— 180V
- 0, 47 568 605
3750W 022 450V '
m 5,73
Extended Phase Shift MNMNNINII® 0,65 5,33
0,29 '
0,00 1,00 2,00 4,00 5,00 6,00 7,00

3,00
Power Loss(W)

Figure 4.11: Secondary Switch Loss at Turn On and Turn Off
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For Sccondary side Switch(4 switches)
Modulation Technique Power(W) | Input Voltage Range(V) I , Tonduction Losses Twitching Losses - o — - -
Ipk(A) | Trms(A) TS T AT ST T o o T ol T WY T SToge S| Total Losses for Single Switch | Total Switching Losses | Total Loss
450,00 191,80 78,03 8,52 34,10 187 22,11 6,00 14,52 23,99 58,08
3750
180,00 161,16 88,35 10,93 43,71 1,39 23,46 6,21 17,14 24,84 68,55
450,00 183,32 73,98 7,66 30,65 149 2292 6,10 13,77 24,41 55,06
Extended Phase Shift 3000
180,00 152,69 76,17 8,12 3249 1,54 22,64 6,04 14,17 24,17 56,67
450,00 156,96 61,93 537 21,48 1,28 22,55 5,96 11,33 23,83 45,30
1500
180,00 140,42 57.80 4,68 18,71 1,14 20,75 547 10,15 21,89 40,59
450,00 76,33 21,09 0,62 249 0,85 1,32 0,54 1,16 217 4,66
750,00
180,00 38,39 14,16 0,28 112 047 0,45 0,23 0,51 093 2,05
Triangular Current Modulation
450,00 39,22 10,13 0,14 0,57 0,88 113 0,50 0,65 2,01 2,58
200,00
180,00 20,16 6,35 0,06 0,23 0,31 0,46 0,19 0,25 077 1.00
.
Table 4.8: Secondary Side Switches Loss Analysis
SECONDARY SIDE SWITCH LOSS ANALYSIS
m Total Loss for 4 Switches Total Loss for Single Switch Switching Loss for Single Switch (W) m Conduction Loss for Single Switch (W)
m 1,00
0,25
0,15 180V
200w %
2,58
05 450V
0,50
0,14
2,05

075 180V
10,28

750W

4,66
6

i 1,1
Triangular Current Modulation ] 8“2‘% 450V
' 180V
= 40,59
H 10,15
g —
~N Ly
. ' 450V
g 1500w 45,30
R 11,33
L} S5?,36
o T
4 180V
8 56,67
3 14,17
H i \\\6‘\'\348 12
° LT
& ' 450V
3000W 55,06
13,77
'3 66
M
' 180V
68,55
17,14
ik 10,93
"y
' 450V
3750W wm 5508
Extended Phase Shift 6,00 "’
- 8,52
Power Loss(W)
0,00 10,00 20,00 30,00 40,00 50,00 60,00 70,00 80,00

Figure 4.12: Secondary Switch Loss Analysis

4.3.3.3 Transformer

Using Equation 3.6 ,we calculate the required core loss .It is to predict the size of
core required in the PCB(Printed Circuit Board) by which we can estimate the core
loss.
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4. Dual Active Bridge

Transformer Core details
Lm 0,0007 700uH
Ae 0,000328 | 333.7mm?
Number of turns in Primary side N1 9
Number of turns in Secondary side N2 3
Ve in em? 74.2cm?
Bmax 198mT
Wire Resistance Rp 15m¢2
Wire Resistance Rs 1m$
Core type PQ50/50
Material DMR95

Table 4.9: Transformer Core Details

For Transformer
Power(W) | nput Voltage Range(V) 7y Ty peak(A) | tsrms (A) | Magnetizing Current Ripple(A) | Maximum Flux Density | PV (mW/cm3) | Core Loss(W) | Primary Copper Loss(W) | Secondary Copper Loss(W) | Total Loss(W)
450,00 36,82 62,60 11045 1,22 0,14 0,03 1,04 30,50 18,30 49.83
3750
180,00 41,65 53,53 124,95 1,20 0,14 0,03 1,04 39,03 23,42 63,49
450,00 34,33 60,13 102,98 1,20 0,14 0,03 1,04 26,51 15,91 43,46
3000
180,00 36,22 50,75 108,65 1,20 0,14 0,03 1,04 29,51 17,71 18,26
450,00 28,28 50,60 85.85 1.20 0.14 0,03 1,04 17,99 11,06 30,09
1500
180,00 27,92 46,84 83,76 1,20 0,14 0,03 1,04 17,54 10,52 29,10
450,00 9,69 24,57 2935 0,90 0,11 0,03 1,04 2,11 1,29 4,44
750,00
180,00 6.81 12,85 24,42 1,00 0,12 0,03 1,04 1,04 0,89 298
450,00 4,78 13,11 14,38 0,40 0,05 0,03 1,04 0,51 0,31 1.86
200,00
180,00 2,84 6,58 8,52 0,60 0,07 0,03 1,04 0,18 0,11 1.33
Table 4.10: Transformer Loss Analysis
For Transformer Magnetizing Current Ripple(A) W For Transformer Ip peak(A) 1l For Transformer lprms(A)
i 6,579
mmm 2,839
200W o4
m— 13,1 1
4,7 84
T 12 847
750 6,807 1 450V
. ) 0,9
Triangular Current Modulation  mmifiiimms 24,574
MW 9,686 5
. 180V
i 46,84
T 27,92
1500w | 450v
T 506
000000 28 28 ’

1.2
i 50,745
3000 W .- 36,2 16

450v

1.2
L | 60,134
Ui 34 327

180v

Illl]\\IIIIIIII’IIII]HIIIlIIIIIIIIIH\lIIlIIIlIIIIIH\IIIllIIlIIIII]HIIIllIl[IIIII]UIIEII[IIIII]\1llll[[IIIIIl]llll[[IIIII]]]ll[UIIIIIl]lIll[HIIIIIlllllll[HIIIIIHIIIIIIH\IIIIIIlIIIIlI\\\IIIIIIIIIIIIHHIIIIIIIIIIIIIH\IIIIIIIIIIlIIH\IIIIIIIIIIIIHHIIIIIIIIIIIIIH\IIIIIIIKIIIII]] 53,53
3750 W O oy 41, 649

450V

Extended Phase Shift IIII\HIIIIIIIIIﬁII\\\IIIlIIIIIIIII]HIIIIIIIIIIIII]HIIIIIII[IIIII]HIIIIIIK[IIIII]\\[IIII[[IIIII]U\II([[IIIIIH]]I[[\IIIII]]]]I[HIIIII]]]IIl[HIIIIIl]lIIIlH\IIIIIllIIIIIH\IIIIIIlIIlIIl\\\IIIIIIIIIIIII\HIIIIIIIIIIIII\\\IIIIIIIIIIIII\HIIIIIIIIIIIII\\\IIIIIIIIIIIIHHIIIIIIIKIIIII\\\IIIIIII[IIIIHHIIIIII([IIIIIHJIIIII[[IIIIIH]I 62,6
- 36,816

Power Range (3750W-200W)

0 10 20 30 40 50 60 70
Current(A)

Figure 4.13: Transformer Currents
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4. Dual Active Bridge

4.3.3.4 Leakage Inductance

When we see the table 4.11 ,we can observe that volume and area core is more than
close to double that of transformer core .This is due to high peak current which can
be seen in figure 4.11 and Table 4.10.

Inductor Core Details
Inductance Lr 9.8uH
Effective Area Ae | 683mm?2
Peak Magnetic Flux Density | Bm | 179mT
Volume of Core V | 204cm3
Resistance of the wire 5mOhm
Airgap 2.15mm
No of Turns 5
Core type EE71/33/32
Material DMR95

Table 4.11: Inductance Core Details

For Inductor
Power(W) | Input Voltage Range(V) PV (mW/cm3) | Core Loss(W) | Copper Loss(W) | Total Loss(W)

450,00 0,05 10,20 6,78 16,98
3750

180,00 0,03 6,12 8,67 14,79

450,00 0,05 10,20 5,89 16,09
3000

180,00 0,03 6,12 6,56 12,68

450,00 0,03 6,12 4,00 10,12
1500

180,00 0,03 6,12 3,90 10,02

450,00 0,03 6,12 0,47 6,59
750,00

180,00 0,03 6,12 0,23 6,35

450,00 0,03 6,12 0,11 6,23
200,00

180,00 0,03 6,12 0,04 6,16

Table 4.12: Inductor Loss Analysis
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4. Dual Active Bridge

Power Range(3750W-200W)

MAGNETIC LOSS

m For Inductor Total Loss(W) m For Transformer Total Loss(W)

180V
_—rg36,16
200W | 450v
mes,23
180V
=% 9835
750W | 450y

Triangular Current Modulation =-"_4,§459
180V

1500W 450y

63,49
3750W  4s50v

Extended Phase Shift | mmm———————— 4 83

0,00 10,00 20,00 30,00 40,00 50,00 60,00 70,00

Power Loss(W)

Figure 4.14: Magnetic Loss

47



4. Dual Active Bridge

4.3.3.5 Overall Efficiency

The overall losses can be seen in Table 4.13. The miscellaneous losses here are
the copper losses of the traces in the PCB where assume it would be 50W for the
maximum load and reduce by equivalent multiples according to the load. Operating
under Extended Phase Shift Modulation(EPS) from 3750W to 1000W, it achieved
Below 1000W, the implementation of Triangular
Current Modulation(TRG) further improved efficiency to an average of 94 %. This
performance made the Dual Active Bridge a more viable and efficient solution for

an average efficiency of 92 %.

the intended application, justifying its selection over the PSFB .

Overall
VT 4 7 o o P 7
Power(W) | Input Voltage Range(V) Miscellaneous Loss | Total Losses(W) | Output Power(W) | Input Power(W) | Efficiency | Input Voltage Range(V)
450,00 50,00 321,26 3750,00 4071,26 92,11 450
3750
180,00 50,00 353,82 3750,00 4103,82 91,38 180
450,00 32,00 277,52 3000,00 3277,52 91,53 400
3000
180,00 32,00 259,81 3000,00 3259,81 92,03 180
450,00 8,00 192,00 1500,00 1692,00 88,65 400
1500
180,00 8,00 162,51 1500,00 1662,51 90,22 180
450,00 2,00 37,83 750,00 787,83 95,20 400
750,00
180,00 2,00 20,80 750,00 770,80 97,30 180
450,00 0,14 21,55 200,00 221,55 90,27 400
200,00
180,00 0,14 12,86 200,00 212,86 93,96 180

Table 4.13: Efficiencies for heavy load and light load in detail

Efficiency of Dual Active Bridge

100

895 r

90 -

Efficiency
&

450V
180V

0

48
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Figure 4.15: Efficiency Graph for DAB

3500

4000




4. Dual Active Bridge

At end we conclude, the DAB’s average efficiency is good, but the implementation
of the DAB with single phase is impractical. The concerns remain regarding high
RMS and peak currents, which may result in significant copper loss in the circuit
and Printed Circuit Board (PCB), and unreliable soft switching . The key limitation
for high RMS and peak currents is wide input voltage range, leading to a lower turns
ratio of the transformer for the 48V application.
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Conclusion

On an end note from all analysis,the PSFB featured extremely high turn-off voltage
oscillations across the MOSFETSs on the secondary side, making it impractical to
control the oscillations with a snubber and active clamping. As a result, it was
decided to stop optimizing the PSFB.

Consequently, the focus shifted to the Dual Active Bridge, which demonstrated
better performance under varying loads. Operating under Extended Phase Shift
Modulation(EPS) from 3750W to 1000W, it achieved an average efficiency of 92 %.
Below 1000W, the implementation of Triangular Current Modulation(TRG) further
improved efficiency to an average of 94 %. This performance made the Dual Active
Bridge a more viable and efficient solution for the intended application, justifying
its selection over the PSFB .

The DAB’s average efficiency is good, but the implementation of the DAB with
single phase is impractical. The concerns remain regarding high RMS and peak
currents, which may result in significant copper loss in the circuit and Printed Cir-
cuit Board (PCB), and unreliable soft switching . The key limitation for high RMS
and peak currents is wide input voltage range, leading to a lower turns ratio of the
transformer for the 48V application.

Future work could include the use of different topology architectures such as inter-
leaved DAB, series primary input parallel secondary output, and so on, which can
reduce current stress in the circuit while increasing the number of switches used.
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