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ABSTRACT

The growing demand for efficient, scalable, and reliable electric vehicle (EV) charg-
ing infrastructure has catalyzed interest in advanced power electronics topologies.
Among these, the Dual Active Bridge (DAB) converter stands out due to its bidi-
rectional power flow capability, galvanic isolation, and high efficiency across various
operating conditions. However, a modular architecture for DAB converters becomes
essential as power levels and complexity increase, particularly in fast-charging appli-
cations. This Thesis advocates for the use of a modular DAB converter architecture in
EV chargers, emphasizing its advantages in scalability, fault tolerance, thermal man-
agement, and ease of maintenance. A modular approach enables the construction of
high-power chargers by paralleling multiple lower-power DAB modules, offering de-
sign flexibility and cost-effective scaling. This not only supports future growth in EV
adoption and charging demands but also simplifies the customization of charger output
power for different applications. Additionally, redundancy can be incorporated into
the modular design, allowing the charger to continue operating at reduced capacity
in the event of a module failure, thereby improving system reliability and availabil-
ity. Modular DAB systems also facilitate distributed thermal management and reduce
current stress on individual components, enhancing overall efficiency and lifespan. Fur-
thermore, modularity simplifies maintenance and replacement procedures, minimizing
downtime and operational disruptions. In conclusion, the modular architecture of the
DAB converter aligns well with the evolving requirements of EV charging infrastruc-
ture. It provides a robust and adaptable platform that can meet the increasing power
demands while ensuring high efficiency, operational resilience, and long-term service-
ability. As the EV market continues to expand, adopting modular DAB converters
in charging stations will be pivotal in building a sustainable and future-ready energy

ecosystem.
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Chapter 1

Introduction

1.1 Context and Motivation

Electric vehicles (EV) have emerged as a promising solution to mitigate the envi-
ronmental impacts of transportation, reduce dependence on fossil fuels, and promote
sustainable mobility. In the past few years, governments, manufacturers and con-
sumers are increasingly embracing EVs as a viable alternative to internal combustion
engine vehicles. However, despite the numerous benefits of electric vehicles, there are
still some challenges and limitations that hinder their widespread adoption.

The EV’s restricted energy supply, which is solely reliant on the battery’s capac-
ity, limit its range and prevent it from being used for long-distance driving. Since the
shift to mainstream EV adoption depends not only on improvements in vehicle tech-
nology but also substantially on the development of reliable charging infrastructure
and charging technologies, another obstacle is the scarcity of public charging stations.

The adoption of electric vehicles continues to grow and it is important to ensure
that charging infrastructure is able to support the increasing demand for electricity and
do so in a way that is efficient, reliable, and sustainable. To address these challenges,

researchers and engineers are continuously exploring advanced charging technologies
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and power electronics solutions.

Electric car adoption is still on the rise, therefore it’s critical to make sure that
charging infrastructure can keep up with the growing demand for electricity in a sus-
tainable, dependable, and effective manner. Researchers and engineers are constantly
looking into cutting-edge charging technologies and power electronics solutions to over-
come these issues.

A proposed architecture called the Modular Dual Active Bridge (Modular
DAB) aims to improve fault tolerance, scalability, and efficiency in high-power ap-
plications. By modularly connecting several DAB converter modules, this method
enables more flexible system design, simpler maintenance, and improved thermal con-
trol. The redundancy that modular DAB converters offer allows them to continue
functioning even in the case of a partial system failure, which makes them especially
appropriate for high-reliability power systems like next-generation EV charging infras-

tructure.

1.2 Objectives

The theory, design, closed loop control, and simulation of DAB are examined in
further detail in this thesis. Likewise, the modular DAB architecture is examined and

its closed loop control simulation is carried out.

1.3 Thesis Structure
This thesis is divided into 6 chapters

e Chapter 2 In this chapter we look at various topology DC-DC converter and

different control schemes used by DC-DC converters
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Chapter 3 This chapter examines the working, modeling, and closed-loop con-

trol design of dual active bridge converters.

Chapter 4 The design of modular dual active bridge converters and the oper-
ation of a three-module ISOP dual active bridge converter are covered in this

chapter.

Chapter 5 This chapter presents simulations and results using Plecs, MAT-

LAB/SIMULINK, and Ltspice.

Chapter 6 This chapter outlines the findings from the finished work and makes

recommendations for some related future research.



Chapter 2

Literature Survey

Bidirectional DC-DC converters are generally classified into two main categories:
isolated and non-isolated. The primary distinction between these types lies in the
presence or absence of electrical isolation. Non-isolated converters do not incorporate
magnetic isolation in the power transfer process, as they operate without transformers.
This results in a simpler design, reduced weight, and immunity to magnetic interfer-
ence. Conversely, isolated converters first convert the input DC voltage to AC, which
is then passed through a high-frequency transformer before being rectified back to DC.
This configuration allows for a higher voltage gain compared to non-isolated convert-
ers, making it particularly suitable for high-power applications such as fast-charging

stations [1].

This chapter provides an overview of several bidirectional DC-DC converter topolo-
gies along with a discussion on various control strategies employed to manage their

operation.
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Bidirectional
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Figure 2.1: DC-DC topology converter flowchart [1]

2.1 Topology of Bidirectional DC-DC Converters

2.1.1 Isolated Converters

Currently, the most common uses for isolated bidirectional converters are in elec-
tric vehicle charging, renewable energy integration, and airplane systems. Conclusions
from the completed work indicate some future work related to this one. These con-
verters are well-suited for handling a wide range of input voltages and load conditions
because of their galvanic isolation, which is achieved through transformer windings and
allows for significant voltage gain due to the turns ratio [4]. Furthermore, isolation
gives designers more freedom when creating a variety of input and output configura-
tions. Isolated topologies provide improved safety for the system and linked equipment

and are more suited to high-power applications than non-isolated converters.

Some of the primary isolated DC-DC converter topologies that are comparable to

the Dual Active Bridge converter (which will be covered in more detail in Chapter 3)

5
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will be briefly discussed below.

2.1.1.1 Bidirectional Flyback Converter

Also referred to as the isolated Buck-Boost bidirectional converter, this topology
replaces the inductor in a conventional Buck-Boost converter with a transformer to
provide galvanic isolation, as illustrated in Figure 2.2.The design of the transformer
plays a critical role in the converter’s performance, and a voltage clamp snubber circuit

is typically included to protect against leakage currents.

- N:1 ~
- H — v,
VL Cl CZ
®
.
o] l%I
S S,

Figure 2.2: Bidirectional Flyback Converter[1]

2.1.1.2 Isolated Cuk Bidirectional Converter

C, C
rv]:'l\ Nl lb ~I;~2n
* 7, I .
A S] [ - =
Vi C, _Iﬁ-} H Et.'l_sz C, Vi

Figure 2.3: Isolated Cuk Bidirectional Converter[1]
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Designed to provide the original Cuk converter the advantages of magnetic isola-
tion. The layout of the converter, which offers isolation between the input and output
sides with high voltage gain, is depicted in Figure 2.3. This converter’s ability to
eliminate current ripples through the coupling of the input and output inductors is a

helpful feature for renewable energy systems [5].

2.1.1.3 Push-Pull Bidirectional Converter

S, S,
L

—

C Vi

"

'Im N:1:1 TI—I
V"T ] F ﬁ
1¥[
=

i
° 1¥Y[ o
S, S;

[ ]

Figure 2.4: Push-Pull Bidirectional Converter[1]

The circuit illustrated in Figure 2.4 modifies the conventional push-pull converter
to enable bidirectional power flow, utilizing a multi-winding transformer for energy

transfer.

2.1.1.4 Bidirectional Forward Converter

A bidirectional version of the conventional forward converter is presented. By
incorporating a clamping circuit, the converter achieves zero-voltage switching (ZVS).
This topology also enables the development of various hybrid configurations with other

isolated converter topologies.
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Resonant tank N:1:1
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Figure 2.5: Bidirectional Forward Converter|[1]

2.1.1.5 Dual Half-Bridge Converter

The Dual Half-Bridge design, depicted in Figure 2.6, is an alternative to the DAB
converter. By using two voltage-fed half-bridges on each side, it can reduce the number
of power switches from eight to four, making it suitable for lower-power applications.
Furthermore, a current-fed architecture on the secondary side of the converter can be

modified to enable a continuous current waveform.[6][7].

A
A Sll&} =C, S_';_IE} =,
) L N:1
VL = CS é E Cf, - VH

SEE'} - G S4—'E‘} = C,

Figure 2.6: Dual Half-Bridge Bidirectional Converter[1]
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2.1.1.6 Half Bridge-Full Converter

Figure 2.7 illustrates the Half Bridge-Full Bridge Converter, which consists of
a voltage-fed half-bridge on the primary side and a full-bridge configuration on the
secondary side. With fewer power switches than the DAB, it offers a simpler control
strategy. This topology is particularly well-suited for integration in uninterruptible
power supply (UPS) systems][8].

This arrangement has been modified in numerous ways, such as combining
impedance networks with a full-bridge half-bridge bidirectional DC-DC converter to

improve performance‘[9].

A SLIE} =C, Sil."i-} SﬂE‘}
| L N:1 _
VL — C3 u'"? g. C4== VH
et ro SuEd Sua

Figure 2.7: Half Full Bridge Converter[1]



CHAPTER 2. LITERATURE SURVEY 10
2.2 Bidirectional Converter Control Schemes
Control Control Problems Benefits Limitations
Scheme
PID - Power flow control - Low cost - Low efficiency

- Minimizing switching
time between two
directions

- Reducing dead time of
switches

- Protecting the
elements from

overcurrent

- High reliability
- High dynamic

performance

- Lack of
robustness with
uncertainties and
disturbances

- Weakness in
avoiding large
transient between

directions

Sliding Mode

- Considering external
perturbations in large
signal

- Dealing with severe

variations in load and

line

- Reference tracking

- Fast and finite-time
response

- Robustness against
parameter variation and
external perturbation

- Ability to characterise
the system under small

and large conditions

- Accurate
parameter and
state information

are needed

10
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Control Control Problems Benefits Limitations
Scheme
Fuzzy - Minimizing power - Fast and robust - Sensitive to

consumption from the response expert knowledge

grid - Applicability to

- Attaining smooth nonlinear and inaccurate

performance of systems

super-capacitor in

charge/discharge

- Minimizing control

time
Digital - Accurate small-signal - High EMI immunity - Difficult to
Control modelling of DAB - Enhances the efficiency | implement the

- Changing power flow
directions smoothly with
current protection

- Improving the
transient response’s

speed

and charge/discharge
speed

- Higher flexibility

- Fault monitoring

- Ease of use

- Improved reliability

electronic
configuration of
nonlinear control
law

- Requiring great
analog/digital

processing effort

Table 2.1: Control schemes in bidirectional converter[1]

Selecting an appropriate control strategy is crucial for achieving maximum effi-

ciency in a converter, especially in bidirectional DC-DC applications. While various

control methods are available, the most commonly adopted schemes in electric vehi-

cle systems include PI, PID, sliding mode, fuzzy logic, and digital control.Table 2.1

benefits and limitation of the control schemes.

11




Chapter 3

Dual Active Bridge

The Dual Active Bridge (DAB) is a bidirectional and controllable DC-DC con-
verter capable of handling significant power levels. Eight semiconductor switches, an
energy transfer inductor, a high-frequency transformer, and DC-link capacitors are
usually included. It functions similarly to a full-bridge converter when combined with
a controlled rectifier.. Due to its symmetrical structure—featuring identical bridges on
both the primary and secondary sides—it supports bidirectional power transfer, mak-
ing it well-suited for applications such as renewable energy systems, electric vehicles

(EVs), and other high-performance power conversion scenarios.

As illustrated in Figure 3.1, V; and V,, represent the DC-link voltages, while L cor-
responds to the transformer’s leakage inductance combined with any external energy
transfer inductance. The switches S;;_94 denote the controllable semiconductor de-
vices. The Dual Active Bridge (DAB), widely adopted in similar applications, has tra-
ditionally employed insulated gate bipolar transistors (IGBTs) to handle high DC-link
voltage requirements [10]. Typically, the switching cells Si;_94 include anti-parallel
diodes and snubber capacitors, which support current commutation during switching

transitions and enable zero-voltage switching (ZVS) through the resonance between

12
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phase-shift ¢

-

L ]

+ Hil ) +
Shie SfFd hir s_g%

C + YL + ol
\fp vt == l".

J_ High Frequency S, e % 1 S 1
) © dal Ml
_E 3'|' _E T

Transformer

= |

R

Figure 3.1: Dual Active Bridge

-

the snubber capacitor and the energy transfer inductance.

The motivation behind the development of high-voltage MOSFETSs lies in their
inherent body diode and drain-to-source output capacitance, which help eliminate
the need for additional external components, thereby reducing the overall component
count in the converter. Wide bandgap (WBG) materials such as silicon carbide (SiC)
have gained significant attention in power electronics research due to their superior
voltage and thermal handling capabilities, along with reduced turn-on energy. These
characteristics make SiC devices particularly well-suited for high-frequency switching

applications in modern converter designs.

3.1 Steady State Operation of DAB

A simplified electric scheme can be used to analyze a dual active bridge con-
verter.All secondary side quantities are referred to as primary side quantities in this

simplified model, which treats each half-bridge of the converter as ideal square wave

13
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v

Figure 3.2: Simplified circuit of dual active bridge converter

voltage supplies on both sides. The converter generates square-wave voltage pulses
at a specific frequency, referred to as the switching frequency (f;). In applications
where minimizing the size of passive components is essential, and the enhanced ma-
terial characteristics of Silicon Carbide (SiC) offer significant benefits, high-frequency
switching is typically implemented. At these elevated frequencies, the magnetizing
inductance of the isolation transformer becomes negligible, allowing the transformer
to be represented mainly by its leakage inductance. Figure 3.2 presents a simplified
model of the Dual Active Bridge (DAB) converter, assuming an ideal transformer and
ignoring additional parasitic elements.

The current flowing through the leakage inductance L, denoted as iy, is governed

by Equation 3.1. This current is considered on the primary side of the transformer
[11].

1

in(t) = in(to) + L_/t i (t) — - v (1)] dt (3.1)

Rewriting this expression yields Equation 3.2, which clearly shows that the slope

of the current is directly proportional to the voltage difference between the two sides

14
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and inversely proportional to the leakage inductance L [11].

dZL(t) _ ’Um(t) - N - Uo(t)
dt Ly

(3.2)

The system’s average power transfer can be calculated using the current i, as
shown in Equations 3.3a and 3.3b. Here, T denotes the switching period and is the

reciprocal of the switching frequency fs [11].

1 Ts1
Pi=— | wn(t)in(t)dt (3.3)
TSl 0
1 Ts2
Po=— | w(t)-ir(t)dt (3.3b)
TSQ 0

In an ideal lossless scenario, the input power equals the output power, as described in
Equation 3.4a. Consequently, it can be inferred from Equation 3.4b that the secondary
current i5(t) is a scaled version of the primary current, determined by the transformer
turns ratio [11]. Within a lossless system, the current iy (¢) not only represents the
system’s primary current but also corresponds to the appropriately scaled secondary

current. This relationship can be described by the following equations [11]:

P=|P|= P (3.42)

n iy (t) = da(t) (3.4b)

The average power exchanged within the system depends on characteristics of the
square wave, including its amplitude, frequency, duty cycle, and phase shift. Assum-
ing that the voltage levels and physical parameters, such as the inductance L, and
the transformer turns ratio n, are maintained constant during operation, the power
delivered by the dual active bridge converter and the current ¢;, can be controlled in

the following three ways:

e By adjusting the relative phase shift ¢, which is referred to as phase shift mod-

ulation.

15
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e By altering one of the duty cycles, either Dy or Ds.

e By varying the switching frequency f;.

3.2 Switching operation in DAB

In a single-phase Dual Active Bridge (DAB) converter, both the primary and
secondary full-bridge inverters are operated in a synchronized manner. Each switch
within the bridges functions with a fixed duty cycle of 50%. The switches located
diagonally across the bridge are switched on and off simultaneously, resulting in a
square wave voltage at the output of each bridge. The detailed switching sequence of
the DAB converter is discussed in the subsequent sections. For ease of analysis, the
transformer is assumed to have an ideal turns ratio of n = 1:1, and its effect is neglected
in the description of the switching sequence [2]. The inductor current waveform and
the phase shift between the transformer’s primary and secondary voltages are used to
divide the switching sequence into four periods. Figure 3.9 shows the waveforms of

the voltage and current.

Time interval 1: 0 <t < T, <T¢ = fos = %TS>

During time interval 1, the inductor current exhibits both positive and negative
values, indicating bidirectional flow. As a result, the current commutation pattern
aligns with the sequences illustrated in Figure 3.3 and 3.4. In this period, switches
()1 and Q4 on the primary side, along with switches ()¢ and ()7 on the secondary side,
are responsible for conducting the current.

During this time interval, the voltage across the secondary winding, V;, equals
Va, the voltage across the primary winding, V,, is equal to V;. By applying the

resulting voltage difference across the leaking inductance, Equation 3.5 can be used

16



CHAPTER 3. DUAL ACTIVE BRIDGE 17

to approximate the rate of change of the current within this interval.

di  Vi+V;
- = 3.5
it L (3:5)
R o
ojq‘E QsJﬁ OSJE% a7 “HE_—F
fWWl "
ik -lnds Ay -lids
i I AV i — )
Figure 3.3: Interval 1: Negative Inductor Current|2]
d @ @% oK T
| ~ -
v Gin L?\ Vp Vs i + Cout ;_T\ v2
BB 3B 4B 50
_ — v + s )

Figure 3.4: Interval 1: Positive Inductor Current|2]

Time interval 2: T, <t < %

During time interval 2, the inductor current remains positive. The voltage across
the primary winding of the transformer is also positive and equals V;, while the voltage
across the secondary winding is positive and equals V5. Consequently, the voltage dif-
ference (V; — V4) is applied across the leakage inductor, and the slope of the increasing

inductor current during this period can be determined using Equation 3.6.

di _Vi—Vy

e (3.6)
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Figure 3.5: Interval 2[2]

Switches Q1 and Q4 stay on throughout this time, while switches Q5 and Q8 turn
on to conduct current because the voltage across the secondary is now V2 and the
inductor current is positive. Between Q6 and Q7 turning off and Q5 and Q8 turning
on, there is a little dead time due to Zero voltage switching (ZVS). Figure 3.5 displays

the commutation sequence for the second interval.
Time interval 3: T? <t< T? + Ty

In the interval 3, the inductor current begins to decrease from its positive peak to-
ward a negative value, as illustrated in Figure 3.9. In this phase, the voltage across the
transformer’s primary winding becomes —V7, while the voltage across the secondary
remains V5. The net voltage across the leakage inductor, given by —(V; 4+ V5), results

in a negative slope of the current, as described in Equation 3.7.

@ i+
dt L

(3.7)

Throughout this interval, switches Q5 and Q8 stay turned on. However, since the
primary voltage is now —Vj, switches Q2 and Q3 are activated to facilitate current
conduction. The bidirectional flow of the inductor current—i.e., for I, > 0 and

I;, < 0—is depicted in Figure 3.6 and Figure 3.7, respectively.
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Figure 3.7: Interval 3: Negative Inductor Current|2]

Time interval 4: % +Ty <t <T,

During interval 4, the inductor current remains negative. During this phase, the
voltage across the primary winding is —Vj, and the voltage across the secondary
winding is —V5. As a result, the effective voltage across the leakage inductance becomes

—(V4 — V4), which leads to a negative slope in the inductor current, as expressed in

Equation 3.8. di Vi -V,
a L

(3.8)

Throughout this interval, switches Q2 and Q3 remain on. However, since the
secondary voltage becomes — V5, switches Q6 and Q7 are also activated to allow current

conduction, as illustrated in Figure 3.8.
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3.3 Design Considerations for DAB

When designing a dual-active bridge’s power stage, several things are crucial. The
choice of leaking inductor, intended phase shift of operation, output capacitor rating,

and switching frequency of operation are the most crucial elements.

3.3.1 Leakage Inductor

Being a reactive element, the inductance value is frequency-dependent. As shown
in Equation 3.9, the power transfer capability of the converter can be regulated by
varying the switching frequency, the energy transfer inductance, or the phase shift

angle, while keeping the DC bus voltages constant.

_ nViVad(m — |9])
N 2m2 f P

L, (3.9)

3.3.2 Phase shift

The value leaking inductor determines the converter’s phase shift. Equation 3.10

provides the phase shift needed for the necessary power transfer [2].
8x Fy x L x Py
1—4/1— 3.10
. ( \/ N x Vi x V, ) (3.10)

3.3.3 Capacitor Selection

¢ =

NS

The proper selection of the output capacitor in a Dual Active Bridge (DAB) con-
verter is essential for controlling voltage ripple. This component plays a significant role
in determining the output voltage characteristics. The expressions in Equations (3.11)
and (3.12) are derived based on the analysis shown in Figure 3.10 [11].

Icap - ]hb2 - [load (311)
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Figure 3.10: Output Capacitor Current in Dual Active Bridge [2]

Here, I.,, denotes the capacitor current, I is the output current from the second

bridge, and Ij,,q represents the current drawn by the load.

vy W o\ Vo
C— _quﬁ(l W) - (3.12)

According to system requirements, the necessary capacitance to keep voltage ripple
within predetermined bounds for a given phase shift and inductance rises as the leakage
inductor value grows. Therefore, in order to properly handle the voltage ripple, greater
capacitance is required. The dissipation of losses across the capacitor’s equivalent
series resistance (ESR) increases as the RMS value of the current increases. These
factors are taken into account while choosing the output capacitor, which keeps the

output voltage under a 5% ripple [2].

3.3.4 Switching Frequency

Another important design parameter that significantly impacts both the efficiency
and power density of a power converter is the switching frequency. The choice of
switching devices in the power stage primarily depends on the input and output voltage
levels. The integration of SiC MOSFETSs in the power stage allows for operation at

notably high switching frequencies. In this design, the switching frequency is set to
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fiw = 100 kHz.

3.3.5 Transformer selection

Transformers and inductors are key components that significantly influence the
physical dimensions of a power supply. Operating at higher switching frequencies can
lead to a reduction in the size of these magnetic components. However, beyond a
certain threshold, increasing the switching frequency adversely affects the efficiency
of the power converter. This degradation is primarily due to the skin effect, wherein
the current tends to flow near the surface of the conductor at elevated frequencies.
Additionally, the proximity effect causes current to concentrate on the adjacent sur-
faces of closely spaced conductors. Consequently, in high-frequency designs, careful
optimization of conductor dimensions and layer configurations is necessary to mitigate
proximity-related losses [2].

To address these challenges, planar transformers were selected for this design due

to their numerous advantages over traditional wound transformers:

Planar magnetics offer a significantly higher power density, occupying less phys-

ical space while maintaining the same power handling capability.

e They support extensive interleaving, which effectively reduces AC conduction

losses.

e Uniform spacing between turns and layers enables accurate and consistent values

of leakage inductance and intra-winding capacitance.

e Precise control over leakage inductance is achievable with planar construction

techniques.
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e Their compact form factor allows the integration of a shim inductor within the
transformer structure, eliminating the need for a separate board-mounted com-

ponent.

While the leakage inductance plays a critical role in enabling soft switching up to
a certain load level, it alone is insufficient to guarantee soft switching under light-load
conditions. Typically, the leakage inductance is designed to support soft switching up
to half or one-third of the rated load. To extend soft switching capabilities to near-zero
load conditions, the magnetizing inductance of the transformer—usually chosen to be
approximately ten times the leakage inductance—is utilized to maintain soft switching

behavior at light loads.

3.4 Converter Modelling

Modeling the dynamics of the Dual Active Bridge (DAB) converter has been exten-
sively explored in recent literature [12], with particular emphasis on accurately deriving
the converter’s transfer functions. A noteworthy approach utilizes the Fourier series
expansion of the switching functions, which has shown effectiveness in modeling the
DAB'’s behavior over a wide power range.

As presented in [12], the input and output voltages are first defined using the
switching states and the corresponding primary and secondary side voltages in this

modeling technique.:

Vi = V(51— S2) (3.13)

Vo = V(S5 — S6) (3.14)
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To complete the model, a current-based expression for the output voltage is neces-
sary. This requires applying Kirchhoff’s Current Law (KCL) at the converter’s output
node. Here, the output bridge current ¢pc and the capacitor current 7. must balance

the load current i,,, yielding the relation:

le = iDC — lout (315>
The switching states of the output bridge determine the value of ip¢, as shown in

Table 3.1.

Table 3.1: Output Bridge Switching States

Ss | Se | ipc
010 0
0 1 | —ip
110 i
1 1 0

The current injected by the output bridge can be defined as:

ipc = ip(Ss — Sg) (3.16)

To fully describe the system dynamics, a closed-loop Kirchhoff’s Voltage Law
(KVL) equation must be formulated for the inner loop that includes the inductor
current, load resistance, and corresponding bridge voltages. This results in the follow-
ing expression:

dig,

N, .

Substituting equations (3.13) and (3.14) into equation (3.17), we arrive at the final

voltage equation in terms of the switching states and inductor current:
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N,
RLZL + LdC;—L = V;(Sl - Sg) — FPVO(SE) — S@) (318)

To express the switching functions Sy, Ss, S5, and Sg in the time domain, they can
be expanded using a Fourier series. Since these functions are square waveforms, their

expansion is given by:

N
2 sin ([2n + 1](wst — o))
— N>0, k=1,2,3,.. 3.19
+ WZ 2n+ 1 7 — Y Y Y ) ( )

l\')l»—l

n=0

Here, N denotes the number of harmonics considered in the expansion, and ay
represents the phase shift of the k-th switching function. Including more harmonics
improves the accuracy of the reconstructed waveform, closely approximating the orig-
inal square wave signal. Applying the previously derived Fourier series expansion of
the switching functions to the MOSFETSs relevant to the DAB operation yields the

following expressions:

S) = % +%n§:_0 Sin([321 1]“’5’5), N>0, k=1,23,... (3.20a)
Sy = % + % né sin ([2n ;nlﬁ’st —) N0 k=123, (3.20b)
S5 = % + % ;: Sin(pn;ﬁf?t “9) N0, k=123, (3.20¢)
S = % +%i Sin<[2”+2ljl<fi_5_”)), N>0, k=1,2,3,... (3.20d)

Il
o

These expressions represent the time-domain behavior of the square-wave switching
functions used in the DAB’s MOSFETSs. The variable w, denotes the switching angular

frequency, while § corresponds to the applied phase shift.
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The foundational analysis discussed above, based on the Fourier representation
of switching waveforms, is utilized in [12] to derive a standard form of the DAB’s
transfer function. By appropriately recombining and rearranging these expressions,
the complete nonlinear model of the converter can be obtained. The dynamic behavior
of the output voltage can be expressed as a nonlinear function of the output voltage

V,ue and the phase shift §, incorporating the effect of the load current ;44:

N
AV, _ 8 N, 1
t = f(‘/outa 5) = —oad T b

(|Z‘[/ I cos ((2n +1)6 — ¢.[n])

dt Coum Ny 2= [2n + 1]2
N, V,
- — COS((pZ[n])> (3.21)
N, |Z[n]]
Where:

2 fs[2n + 1)L
)

\/R2 + (2nf[2n +1]L)%,  ¢.[n] = tan™" <

To enable small-signal analysis, the nonlinear equation is linearized around an

operating point using a first-order Taylor series expansion:

d(‘/;ut _I' A‘/:)ut)
dt

Lo
8‘/:)ut

A Vl)ut + 8f
0 8lload

Aijoaq+ ==| AS (3.22)

~ f(‘/outm 50: iloadO)
. 25 |,

Rearranging the terms, the final linearized differential equation for the output

voltage is given in standard first-order form as:

dAd‘fmt = AAVou + BsAd + BrAiiad (3.23a)
A= Co_jﬂ? <%)2§: [2:?(;0];@[)71” (3.23b)
b ;8 v f: i 2n + : |22nﬁ|1]50) (3.23¢)
Br= _Ciut (3.23d)
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These expressions characterize the small-signal behavior of the converter, allowing

for control design and system stability analysis.

3.5 Controller Design

Figure 3.11 shows the typical feedback control architecture of a power converter.
The plant or converter model is represented by G(s) in this setup, the controller is
indicated by C(s), the measured output voltage is V,;, and the reference signal that
the system seeks to follow is V;.r. The main controllable variable in this loop is the
output voltage.[13].

An error signal is produced in closed-loop operation by periodically sampling the
output and comparing it to the reference signal. After processing this error, the
controller provides the plant with the proper control input. This control loop aims to
achieve zero steady-state error by minimizing the difference between the output and
reference signals. This technique keeps the system regulated against disruptions and

guarantees that it reacts precisely to changes in the reference.

—
-
=]
=
=
=
_—
L
S

Figure 3.11: Standard feedback control loop system.

Based on the system model derived in the previous, a corresponding plant transfer
function can be formulated. This is achieved by converting the time-domain system

equations into the Laplace domain. For simplification, the effect of load current distur-
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bances is neglected, which allows for a more straightforward design of a steady-state
tracking controller.
Applying the Laplace transform to the linearized equation in (38) and rearranging

yields the plant transfer function:

Bs
s— A

G(s) = (3.24)

Since the plant model is of first-order, a proportional-integral (PI) controller is well-
suited for implementation. The PI controller ensures zero steady-state error and is
widely adopted for such applications [14][15]. The transfer function of the PI controller

is given by:

K

C(s) = G(s) = K, + ? (3.25)

where K, is the proportional gain and K is the integral gain.
With both the plant and controller transfer functions established, the overall
closed-loop input-output transfer function can be expressed as:

Pl = c160) = (K, ) (25) (3.26)

S
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Chapter 4

Modular Architecture of DAB

In DC-DC converters, the power stage is divided into several smaller converter units
that run in parallel as part of the modular architecture. This architecture improves
fault tolerance, scalability, and thermal management. The architecture enhances dy-
namic response and minimizes output ripple by interleaving module operations. It
also makes maintenance easier and allows for flexible power scaling, which makes it

perfect for applications like data centers, electric cars, and aerospace systems.

In modular DC-DC converters, the Input-Series Output-Parallel (ISOP) topology
is widely used, particularly for applications requiring high voltage and high current. In
order to handle greater input voltages, this structure connects several converter mod-
ules in series at the input. It also connects their outputs in parallel to provide higher
load current. This setup guarantees current sharing at the output and voltage sharing
among modules at the input. Improved efficiency, less voltage stress on individual
switches, and better use of power components are just a few advantages that ISOP
provides. Because each module can be separately regulated and dynamically balanced

using the right control techniques, it also improves fault tolerance and dependability.
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Figure 4.1: N module DAB

4.1 Modelling of Input Series
lel(ISOP) DAB

Output Paral-

In this section our main goal is to construct a power converter that can handle
higher input voltage and higher output power by analyzing the input-series output-
parallel (ISOP) connection of DAB converters. From the perspective of the converters’
operation in an [ISOP connection, the controller must ensure that all modules operate
properly and that the converters share power appropriately, while maintaining crucial
features like soft switching. The modules’ consistent input voltage distribution allows

for this balanced operation.[3].

A converter architecture with N DAB modules in ISOP connection is shown in

figure 4.1.
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in H 0

Figure 4.2: Average model of a DAB Converter

4.1.1 Average Model of DAB

The average model of the converter can be represented by two current sources
4.2, one for the input current and another one for the output current. The equations
of the average model of an ideal DAB converters 4.1, 4.2, and 4.3 are presented in
[16].The average output current I, and average input current I; of the converter can be
expressed in terms of the circuit parameters and control variables. Here, T' is half the
switching period, D denotes the normalized phase shift (i.e., the duty cycle), n is the
transformer turns ratio, and Lj represents the leakage inductance of the transformer.
The variables Vj;, and V, are the input and average output voltages, respectively, while
R is the resistive load.

The corresponding expressions for average output current, input current, and out-

put voltage are given by:

I, = 4.1
In (4.1)
T-V,-D-(1-D)

Iin: 42

I n (4.2)
T -Vin-D-(1-D
y,— LN 1=D) p (4.3)

Lk~n
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Figure 4.3: DAB converters in input series output parallel connection

Equation 4.2 shows that the output voltage and input current of a Dual Active
Bridge (DAB) converter are influenced by the switching period T, phase shift ratio
D, leakage inductance L, and transformer turns ratio n. In an Input-Series Output-
Parallel (ISOP) configuration, all modules ideally share the same output voltage and
input current, as illustrated in Figure 4.3. However, if the modules are not perfectly
identical and operate with the same phase shift D and switching period T, discrep-
ancies arise between the total input current [;, (defined by the series connection) and
the individual input currents of each module (41, %in2, %in3). These mismatches cause
non-zero currents to flow through the input capacitors, initiating a self-reinforcing im-
balance in which a single module may eventually bear the entire input voltage, leading

to instability in the system [3].

33



CHAPTER 4. MODULAR ARCHITECTURE OF DAB 34

+
+ ——
le -1 Cil Iil Iol __Co R VO
+
Vin 1 sz —Ci Iiz 02
+
_Vin3 T Cis 113 Io3

Figure 4.4: Average model of DAB converter in ISOP configuration

4.1.2 Modelling DAB in ISOP Connection

Perturbing the equations of the average model as shown in previous section, the
value of the dependent current sources in the ISOP connection model gives the fol-

lowing equation (Fig 4.4) [3] :

%oj = Jod * ng + Goui * Vij (4.4)
%ij = Gid * dj + Givo ﬁo (45)
Where
V- T(1-2.D)

. 46
Yod 3. L.-n (4.6)
V,-T(1-2-D) )

Gid Lk n .

T-D-(1—-D

Govi = Givo = Lk( n ) (48)

The following assumptions are made for the modeling of the system [17]:
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e All converter modules share identical parameters, including the leakage induc-
tance Ly, transformer turns ratio n, switching period 7', and input capacitor

values, such that C;; = Cyp = Ci3 = C;.

e Each module receives an equal share of the total input voltage, with the DC

input voltages defined as V;; = Vjs = Vi3 = Vé"

e The modules operate with the same nominal time shift, i.e., Dy = Dy = D3 = D,
at the operating point. However, variations due to perturbations are considered,

such that 621 7& dAQ §é CZg.

The fundamental equations describing this model are presented in Equations (4.9)
and (4.10), which relate the perturbations in the input voltage of each module and the
perturbation in the output voltage to the variations in their respective duty cycles.
The coefficients g,q and gi4 are derived from Equations (4.6) and (4.7). Here, Vi,

represents the total input voltage, and V, denotes the output voltage [17].

) 1 I
Vinj = 5 i (g (di 4+ dy + d3) — dj> (4.9)
by = e Il 4yt dy) = Guals) - (dy + o+ d)  (4.10)
RC,s+1 3

4.1.3 Decoupling of Control Loops

Several approaches can be taken into consideration in order to attain a uniform
distribution of input voltages. Using one control loop for the input voltages and an-
other for the output voltage is one method. Only N-1 input voltages need to be
regulated when N modules are involved. Only three modules are taken into account
in the computations here for simplicity’s sake. It is simple to expand the described

process to include more converters. In the previous section, a small-signal model of
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the three DAB modules connected in an ISOP configuration was derived [3]. This
model captures the relationship between the duty cycle perturbations and the result-

ing variations in input and output voltages. The complete model is expressed asin

Equations (4.11) and (4.12):

Ui —2A(s)  A(s)  A(s) d;
bin| = | A(s) —2A(s) A(s) | |dy (4.11)
By Goa(s)  Guals) Gua(s)| |ds
. e y
Here, the function A(s) is defined as:
As) =4 L oy —op (4.12)

The modular converter operates as a Multiple-Input Multiple-Output (MIMO) system,
where strong interdependencies exist between the control signals and the controlled
variables. As a result, traditional Single-Input Single-Output (SISO) control tech-
niques are not directly applicable to this configuration. However, by implementing
the control strategy proposed in [18], the system can be restructured to behave as
three decoupled SISO subsystems, thus enabling the application of simpler control
methodologies.

If we can diagonalize the matrix H(s) (4.11) then only one controlled quantity
will be affected by each control signal, and only one control signal will be dependent
on each control quantity..Decomposing the original matrix H(s) as the product of
two matrices, one of which is diagonal, is the way to go. For this specific instance, a
diagonal matrix D(s) is suggested in (4.13). Keep in mind that every diagonal element

of D(s) is a common factor of the matching row of the matrix H(s) in equation (4.11).
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3A(s) 0 0
H(s)=D(s)-Y(s)=| 0 3A(s) 0 | -Y(s) (4.13)
0 0 3Guq(s)

Applying Equation (4.13) to the system in Equation (4.11), the transformed system

becomes:
i 34(s) 0 0 dy 34(s) 0 0 i
| =1 0 34(s) 0 Y(s) |dy| =] 0  3A(s) 0 iy
By 0 0 3Guals) ds 0 0 3Gua(s)| |23

(4.14)

A new set of control variables, denoted as (z1, x9, x3), is introduced to satisfy the

condition presented in Equation (4.15).

dy o
Y(s) |do| = |2 (4.15)
dy i3

In the transformed system described by Equation (4.14), the controlled outputs
are expressed in terms of the newly defined control inputs ;. This transformation
enables the decomposition of the MIMO system into three decoupled Single-Input
Single-Output (SISO) systems. Each output variable is now influenced by only one
corresponding control signal, and each control signal exclusively affects one output. As
a result, individual compensators can be independently designed for each SISO loop.
These compensators will be responsible for generating the required control variables
xj.

The transformation matrix Y'(s) is defined as the product of the inverse of D(s)

and H(s), as shown in Equation (4.16):

|
Wi
W=

(4.16)

Wl W
W
Wl Wl Wl

W=
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As a result, the normalized time shifts d; can be readily computed from the newly
defined control variables z;, as shown in Equation (4.17). Since Y'(s) is a constant
matrix with full rank, its inverse exists and can be used directly. It is important to
note that in practical implementations of the control strategy for DAB converters, the

actual control inputs are the normalized time shifts d;.

dl f1 _i'l + 3/\73
dy| =Y ()" |2y| = | —do+ 5 (4.17)
ds o B+ B9 + 3

Figure 4.5 shows the block diagram of the modular converter system based on
the recently created control variables (1,2, z3). The compensators C, Cy, and Cj
are designed using this schematic as a basis. Additionally, it permits the inclusion of
modulator gains and sensor dynamics, however for simplicity’s sake, these are taken
to be equal to one in the figure. Figure 4.6 shows how the controller is actually put
into practice. The auxiliary control variables x;, x5, and x3, which correlate to the
outputs of the corresponding compensators, are used in this setup to determine the

actual control signals applied to the converter.

An ideal model of the converter modules was assumed to facilitate the decoupling
methodology. Nevertheless, this method can also be extended to practical converters
(e.g., those characterized by measured frequency responses), provided the following

two conditions are fulfilled [17]:

Condition 1: The output voltage must exhibit an identical dependency on each of
the duty cycles d;. For three converter modules, this requirement can be represented

as:
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Figure 4.5: Output voltage and Input voltage control loops for compensator value
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0o

di

0o 0o

(15)

d>=0, d3=0 dy

d1=0,d3=0 d3

dAl =0, 622 =0

Condition 2: The input voltage transfer function of each module with respect
to its own duty cycle must be proportional to its input voltage transfer function with
respect to the duty cycles of the other modules. This condition, applied to three
modules, can be written as:

Vin1 Vin1 Vin1

= =M. — =M - —
dy d2=0, d3=0 dy d1=0, d3=0 d3 d1=0,d2=0

(16)

Here, M is a constant that characterizes the proportionality. In the case under

consideration, M = —

N | +—=
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Chapter 5

Simulation and Results

5.1 DAB closed loop simulation

The simulation is carried out in the PLECS platform, and the electrical and control

parameters of DAB converter are shown in Table 5.1. As demonstrated in this thesis’s

Table 5.1: Converter Parameters

Parameters Symbol Value
Power rating P 10kW
Input Voltage Vin 750 V
Output Voltage range V, 300-500 V
Leakage Inductance L 0.0102 mH
Parasitic Resistance R 200mS2
Switching Frequency fs 100 kHz
Transformer Ratio n 0.5
Output Capacitance C 660 puF
Load Resistance R 10€2, 1092

third chapter, the closed loop control was created appropriately. There are two models

in the figure 5.1, 5.2: The plecs model and the phase shift control model.
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Figure 5.2: Phase Shift control of DAB
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Measured vs Reference Voltage
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Figure 5.3: Measured output voltage vs. reference voltage during load transient at

t=04s.

Figure 5.3 illustrates how the simulation precisely tracks the output voltage in
relation to the 500 V reference voltage. A brief transient deviation is produced when
a step load adjustment is provided at ¢ = 0.4 s, as seen in Figure 5.3. The output
voltage swiftly returns to the reference value when the controller reacts efficiently,
demonstrating that the closed-loop control system functions as planned and maintains

voltage regulation in dynamic situations.

Similarly, the simulation results also demonstrate accurate current control. The
measured inductor current closely follows the reference or theoretical current of 20 A
under nominal conditions. At ¢ = 0.4 s, a step change in load is applied, and the
current transitions to follow the new reference of 40 A. As illustrated in Figure 5.4,
the controller ensures fast and stable tracking of the desired current, indicating effec-
tive closed-loop current regulation. The simulated waveforms of the primary voltage,
secondary voltage, and inductor current of the DAB converter are shown in Figure 5.5.

As observed, the results closely match the expected theoretical waveforms of a Dual
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Measured vs Reference Current
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Figure 5.4: Measured output current vs. reference current during load transient at

t=04s.

Active Bridge converter, thereby validating the accuracy of the model and the cor-

rectness of the implemented control strategy.

DAB Converter Waveforms
T T T T T

Primary Voltage
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Figure 5.5: Simulated primary voltage, secondary voltage, and inductor current

waveforms of the DAB converter.
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5.2 Modular DAB simulation

5.2.1 Open loop control of Modular DAB

Table 5.2: Modular Converter Parameters

Parameters Symbol Value
Power rating of each converter P 10kW
Total Input Voltage Vin 2250 V
Number of Modules N 3
Output Voltage range V, 300-500 V
Leakage Inductance L 0.0102 mH
Parasitic Resistance R, 200mS2
Switching Frequency fs 100 kHz
Transformer Ratio n 0.5
Input Capacitance Ci 470 pF
Output Capacitance Co 950 puF
Load Resistance R 10€2, 1092

An open-loop simulation was conducted for a three-module DAB system, where
each module operates with a fixed normalized phase shift of D = 0.25. Figure 5.6
presents the comparison between the reference voltage and the measured output volt-
age of the converter. It can be observed that in the absence of closed-loop control,
the output voltage does not perfectly track the reference, indicating steady-state error

due to fixed duty operation.

Additionally, the voltage and current waveforms of one representative DAB module
are shown in Figure 5.7. These waveforms are consistent with the expected theoretical

behavior for a DAB converter operating under open-loop conditions with D = 0.25.
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Figure 5.7: Primary voltage, secondary voltage, and inductor current waveforms of
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5.2.2 Effect of Leakage Inductance Mismatch on Inductor

Current

To evaluate the impact of parameter mismatch, an open-loop simulation was car-
ried out by introducing variations in the leakage inductance values of module 2 and
module 3. Specifically, the leakage inductance of module 2 was increased by 10%,
while that of module 3 was increased by 12%, relative to the nominal value used in
module 1. The resulting inductor currents are shown in Figure 5.8.

As seen in the plot, the mismatch in leakage inductance leads to an imbalance
in the current sharing among the three DAB modules. Module 1, with the nomi-
nal inductance, carries a higher portion of the load current, while modules 2 and 3
carry proportionally less. This demonstrates the sensitivity of current distribution to
component mismatches in open-loop operation, emphasizing the importance of tight
parameter matching or the need for closed-loop current balancing mechanisms in mod-

ular DAB systems.

lnduc‘or C Urrent Inductor Currents vs Time
mismatéh leading fo Toss !
of VS N\

(rEk

osf

05

Inductor Current (A)

I 1 1 1 L 1 1 I 1 1 1
0.027768 0.02777 0027772 0.027774 0.027776 0.027778 002778 0.027782 0027784 0.027786 0.027788
Time (s)

Figure 5.8: Inductor current mismatch due to 10% and 12% increase in leakage

inductance of module 2 and module 3, respectively.
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5.2.3 Analytical Verification Average Model of 3 Module
ISOP DAB

To analytically verify the average model of the three-module ISOP DAB converter,
frequency domain analysis was conducted. The Bode plot of the small-signal transfer
function from normalized time shift d; to output voltage v, was generated, as shown
in Figure 5.9.

The plot confirms the stability of the system. The phase margin is approximately
98.6° at a crossover frequency of 2.2 x 10* rad/s, while the gain margin is infinite,
indicating robust phase and gain stability. These results validate the correctness of
the derived average model and its suitability for control design in the ISOP DAB

configuration.

Bode Diagram
Gm = Inf, Pm = 98.6 deg (at 2.2e+04 rad/s)
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102 10° 104 10%

Frequency (rad/s)

Figure 5.9: Bode plot of output voltage v, with respect to normalized time shift d,
for the average model of the 3-module ISOP DAB system

In addition to output voltage validation, the frequency response of the input voltage
perturbation v;; with respect to the normalized time shift dl was also analyzed. The

resulting Bode plot is shown in Figure 5.10.
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The plot indicates a constant positive phase and a monotonically decreasing gain,
which is consistent with theoretical predictions. The phase margin is reported as —90°
at a gain crossover frequency of 992 rad/s. This confirms the accuracy and frequency-

domain behavior of the transfer function from czl to v;; for the average model.

Bode Diagram
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Figure 5.10: Bode plot of input voltage perturbation v;; with respect to normalized

time shift d; in the average model of the 3-module ISOP DAB system.

5.2.4 Closed loop control of Modular DAB

Closed-Loop Simulation Using Decoupled Control

As demonstrated in Chapter 4, the closed-loop simulation of the three-module
DAB converter is carried out using the decoupled control strategy. The simulation
is implemented in MATLAB/Simulink, and the corresponding Simulink model with

decoupled control loops is shown in Figure 5.11.
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Closed-Loop Simulation Using Decoupled Control

As demonstrated in Chapter 4, the closed-loop simulation of the three-module
DAB converter is carried out using the decoupled control strategy. The simulation
is implemented in MATLAB/Simulink, and the corresponding Simulink model with
decoupled control loops is shown in Figure 5.11.

The output voltage response in comparison with the reference voltage is illustrated
in Figure 5.12. It can be observed that the output voltage closely follows the refer-
ence of 500 V under steady-state conditions. Furthermore, when a step change in
load is introduced, a short transient occurs, after which the controller restores the
output voltage to its reference level, demonstrating the effectiveness of the closed-loop
regulation.

In addition, the output current is compared against the theoretical current in
Figure 5.13. The current tracking performance is precise, and the measured current
follows the theoretical value both before and after the load change, confirming the
accuracy of current regulation in the system.

The waveforms of the primary and secondary voltages, along with the inductor
current of one DAB module, are shown in Figure 5.14. These signals closely resemble
the expected theoretical waveforms, further validating the system modeling and control

design.
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Figure 5.11: Simulink model of the three-module DAB converter with decoupled

control loops.
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5.3 LTspice Simulation of 2 Module ISOP DAB
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Figure 5.15: LTspice schematic of the 2 Module ISOP converter
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Figure 5.16: Simulation results of the ISOP converter in LTspice showing voltage

and current waveforms.

The LTspice simulation shown here represents the proposed converter architecture
for achieving a step-down conversion from 48 V to 1.8 V using the Input-Series Output-
Parallel (ISOP) topology. The converter operates at a switching frequency of fs, =

100 kHz. As illustrated in Figure 5.15, the ISOP structure consists of two identical
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converter branches. The inputs of these branches are connected in series, while the
outputs are connected in parallel.

Ideal gate drivers are assumed in the simulation, and appropriate phase shift con-
trol is incorporated to reflect realistic modulation behavior. The complete simulated
circuit topology is depicted in Figure 5.15.

The simulation results, including key waveforms such as voltage, current, and
switching behavior, are presented in Figure 5.16. These results verify the correct op-

eration of the ISOP converter and its suitability for high step-down ratio applications.
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Chapter 6

Conclusion and Future work

6.0.1 Conclusion

This thesis began with an in-depth review of a range of DC-DC converter topolo-
gies, providing the necessary foundation for a detailed investigation of the Dual Active
Bridge (DAB) converter. The DAB topology is particularly important due to its inher-
ent ability to facilitate bidirectional power flow and its integration of galvanic isolation
via a high-frequency transformer. Operating at elevated switching frequencies allows
for the use of smaller, lighter magnetic components and filters, thereby enhancing
the converter’s overall efficiency. ¢ In our thesis, we used fourier series analysis to
model the Dual Active Bridge (DAB) converter. From this, we were able to determine
the small signal behavior of the converter. Based on this research, we designed a PI
controller to achieve a closed loop design.

In this thesis we also studied the modeling, analysis, and closed-loop control design
of a three-module Dual Active Bridge (DAB) converter system operating under an
Input-Series Output-Parallel (ISOP) configuration. The average model for Input-
Series Output-Parallel (ISOP) Dual Active Bridge (DAB) was developed to understand

the dynamic behavior and interdependencies of the modular system. The decoupled

55



CHAPTER 6. CONCLUSION AND FUTURE WORK 56

control strategy was implemented to transform the MIMO system into independent
SISO control loops, significantly simplifying controller design.

Simulation studies conducted in MATLAB/Simulink validated the effectiveness
of the proposed control architecture. The closed-loop system demonstrated accurate
voltage and current tracking under nominal and transient conditions, while the av-
erage model was verified analytically through frequency-domain analysis using Bode
plots. Additionally, open-loop and mismatch simulations provided insights into system
sensitivity and the importance of parameter matching.

The results confirm that the proposed modular and decoupled control strategy
ensures stable, scalable, and efficient power conversion suitable for low-voltage, high-

current applications such as data centers and telecom systems.

6.0.2 Future Work

While this thesis has focused on the modeling, control, and simulation of a modu-
lar Dual Active Bridge (DAB) system under an ISOP (Input-Series Output-Parallel)

configuration, several promising directions remain open for future exploration.

e Extension to Other Modular Topologies: Future studies can investigate
alternative modular DAB configurations such as IPOP (Input-Parallel Output-
Parallel) and IPOS (Input-Parallel Output-Series), to assess their performance

under different voltage and current scaling requirements.

e Generalized Control for Parameter Variations: The developed control
strategy can be extended to handle systems with non-identical module parame-
ters. Real-world implementations often exhibit variations in leakage inductance,
input capacitance, or transformer turns ratios. A more generalized control frame-

work that ensures robust performance under such mismatches would be valuable.
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e Decentralized and Adaptive Control: Future work can explore adaptive
or decentralized control techniques to reduce reliance on central coordination.
Such approaches may enhance scalability and fault tolerance, particularly in

large modular systems.

e Al-Based Predictive Control: With the growing capability of artificial intel-
ligence, Al-based predictive control strategies—such as reinforcement learning,
neural network-based model predictive control (MPC), or data-driven optimiza-
tion—can be investigated to enable more intelligent and adaptive power man-

agement across modular converters.

e Hardware Implementation and Experimental Validation: The proposed
control methods can be implemented on real-time hardware platforms (e.g., DSP,
FPGA, or microcontroller) for experimental validation. This would confirm the
practical feasibility of the control design and its performance under real operating

conditions, including dynamic load changes and non-idealities.
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