Y CHALMERS

2 UNIVERSITY OF TECHNOLOGY

Design and Control of Grid-tied Power
Electronics Converter for Battery Energy
Storage System

Master’s thesis in Sustainable Electric Power Engineering and Electromobility

Chenzhi Fu

DEPARTMENT OF ELECTRICAL ENGINEERING

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2025
www.chalmers.se



www.chalmers.se




MASTER’S THESIS 2025

Design and Control of Grid-tied Power
Electronics Converter for Battery Energy Storage
System

CHENZHI FU

Department of Electrical Engineering
Division of Electric Power Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2025



Design and Control of Grid-tied Power Electronics Converter for Battery Energy
Storage System

CHENZHI FU

© CHENZHI FU, 2025.

Supervisor: Anton Kersten, Volvo Penta
Examiner: Massimo Bongiorno, Department of Electrical Engineering

Master’s Thesis 2025

Department of Electrical Engineering
Division of Electric Power Engineering
Chalmers University of Technology
SE-412 96 Gothenburg

Telephone +46 31 772 1000

Cover: A Battery Energy Storage System.
Typeset in IATEX

Printed by Chalmers Reproservice
Gothenburg, Sweden 2025

iv



Design and Control of Grid-tied Power Electronics Converter for Battery Energy
Storage System

CHENZHI FU
Department of Electrical Engineering
Chalmers University of Technology

Abstract

Battery Energy Storage Systems (BESS) play a key role in supporting renewable
energy integration and enabling grid services such as load balancing and backup
power. This thesis compares two grid-tied power conversion systems for BESS ap-
plications: one using a traditional line-frequency transformer (LFT) for isolation,
and another using a high-frequency transformer (HFT) integrated into Dual Active
Bridge (DAB) converter.

Both systems are modeled and simulated in MTALAB and PLECS to evaluate
their e [ciehcy and suitability for high-power applications. The LFT system o [erk
simplicity but sulers low e [ciehcy at light load due to constant core losses. In
contrast, the HFT-based system, using multiple parallel DAB converters, maintains
consistently high e LCciehcy across a wide power range and supports a more compact,
scalable design.

The results highlight the trade-o [Sbetween LFT and HFT approaches in terms of
power density, e [ciehcy, and flexibility, providing guidance for future BESS designs
in grid-connected environments.

Keywords: BESS, Power Electronics, DAB Converter, Inverter, Transformer, Gal-
vanic Isolation, Grid Integration.






Acknowledgements

I would like to thank the ESS team at Volvo Penta for their support and for giving
me the opportunity to work on this thesis. 1 am especially grateful to my supervisor
Anton Kersten for his guidance, encouragement, and helpful feedback throughout
the project. | also want to thank Professor Massimo Bongiorno, my academic su-
pervisor at Chalmers, for his valuable input and support during the thesis. Your
help has been truly appreciated.

Chenzhi Fu, Gothenburg, June 2025

vii






List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

AC
BESS
DAB
DC
EMC
HFT
LFT
NPC
Pl
PLL
PR
PWM
THD
VSI

Alternating current

Battery Energy Storage System
Dual Active Bridge

Direct current
Electromagnetic Compatibility
High Frequency Transformer
Line Frequency Transformer
Neutral Point Clamped
Proportional integral
Phase-locked Loop
Proportional Resonant
Pulse-width Modulation

Total Harmonic Distortion
Voltage Source Inverter






Contents

List of Acronyms
List of Figures
List of Tables

1 Introduction
1.1 Background . . . . . . ...
1.2 Objective . . . . . . . . e
1.3 Limitation . . . . . . . . . e

2 Theory

2.1 Grid-Tied Inverters system in BESS . . . . . .. .. .. ... .....
2.1.1 Challenges of Grid Integration . . . . . .. ... ........
2.1.2 Electrical Conversion Topologies . . . . . .. .. ... .. ...
2.1.3 Converter Control Techniques . . . . . ... ... ... ....
2.1.3.1 PR Control for the Grid-Tied Inverter . . ... ...

2.1.3.2 Phase Shift Control for the DAB Converter . . . . .

2.14 LCL Filter Design . . . . . . . . .. ... ... .. .. ...,
2.1.5 Equivalent Circuit of Transformer . . . . . .. .. ... ....

2.2 Loss Models in Power Electronics . . . . .. .. ... ... ......
2.2.1 Semiconductor LOSSeS . . . . . . ...
2.2.2 Transformer and Filter Losses . . . . .. .. ... .......

3 Methods

3.1 System Overview . . . . . . . ..
3.2 LFT-based System Design . . . . . . .. ... ... .. ... ...,
3.2.1 System Schematics . . . . .. .. ... ... ... ...
3.2.2 PR Control Implementation . . . . ... ............
3.2.3 Parameters of Transformer Equivalent Circuit . . . . ... ..
3.24 LCLFilter Design . . . . . . ... . .

3.3 HFT-based System Design . . . . . . .. .. ... ... ........
3.3.1 DAB Converter Model . . .. ... ...............
3.3.1.1 DAB Converter Schematics . . ... .........

3.3.1.2 DAB Converter Parameters . . . . ... ... ....

3.3.1.3 Phase Shift Control . . ... ... ..........

3.3.2 Inverter Stage Schematics . . . .. ... .. ... .. .....

xiii

XV



Contents

4 Results

4.1 Overview of Simulation . .
4.2 Control Performance Evaluation . . . . . . ... ... .. .......
4.2.1 PR Controller Performance (Both Systems) . ... ... ...
4.2.2 DAB Phase Shift Control (HFT System) . . . ... ... ...

CY o e
431 LFT SystemELciehcy . ... .. ... ... ... .......

4.3 E Lcieh

4.3.2

4.3.3

5 Conclusion

Bibliography

Xii

43.1.1
4.3.1.2

Results .
Discussion

HFT System ELciehcy . . . . ... ... ... ... ......

43.2.1
4.3.2.2
LFT vs.
4.3.3.1
4.3.3.2

Results .
Discussion
HFT(DAB)
Results .
Discussion

29
29
29
29
31
31
31
31
33
34
34
36
36
36
38

39

41



List of Figures

2.1 Block diagram of DC fast charging with: (a) line-frequency trans-
former, (b) high-frequency transformer . . . . . . ... .. ... ...
2.2 Three-phase grid inverter current control using PR controller
2.3 Topology of DAB Converter . . . . . . . . . . . . .
2.4 Single-phase LCL lIter con guration with internal resistances of Iter
INAUCTOIS . . . . . . . e e
2.5 Transformer Equivalent Circuit referred to Primary Side

3.1 Topology of Line-frequency Transformer-based System . .. ... ..
3.2 Topology of High-frequency Transformer-based System a. With 2-

level inverter b. With 3-level NPC inverter . . . . . ... ....... 14
3.3 LFT-based System Schematics with Two types of Inverter (a) 2-level

inverter, (b) 3-level NPC inverter . . . . ... .. ... ........ 17
3.4 Current Control with PR Controller for single phase . . . . . . .. ..

3.5 Space Vector modulation for 2-level VSI . . . . .. ... ... ....
3.6 Equivalent Ciruit Design of 3-Phase Line-frequency Transformer . . .
3.7 Ciruit Design of 3-Phase LCL Filter
3.8 DAB Converter Schematic
3.9 Leakage TestSetups . . . ... .. .. . . .. .. e
3.10 Transformer Leakage Inductance vs. Frequency . . .. ... .. ...
3.11 Phase Shift Controller . . . . ... ... ... ... ... .. .. ...
3.12 HFT-based System Schematics with Two types of Inverter (a) 2-level
inverter, (b) 3-level NPC inverter

4.1 3-phase Current Waveform (a). With 2-level inverter (b). With 3-
level NPC inverter
4.2 Output Voltage of DAB Converter
4.3 Overall E ciency of LFT System a. With 2-level inverter b. With
3-level NPCinverter . . . . . . . . . .. . .. .. e 32
4.4 Eciency of DAB Converter . . . . . . . . . . . 34
4.5 E ciency Curves a. With 2-level inverter b. With 3-level NPC inverter 35
4.6 E ciency Curve of a. Line Frequency Transformer b. Parallel DAB
Converter

Xiii



List of Figures

Xiv



2.1

3.1
3.2
3.3
3.4

4.1

List of Tables

Comparison of LFT and HFT Systems . . . . . .. ... ... .... 4
Results of Transformer Tests . . . . . . . . . ... ... ... ..... 19
Parameters of Transformer Equivalent Circuit . . . . . ... ... .. 19
Parameters of LCL Filter. . . . . . . ... .. ... ... ....... 20

Parameters of Hysteretic Core . . . . . .. .. ... ... ....... 25
General Setup of LFT and HFT System . . . . ... ... .. .... 29

XV



List of Tables

XVi



1

Introduction

This chapter presents the background, objectives and limitation of the thesis. It
introduces the role of Battery Energy Storage Systems (BESS) in modern power grid,
emphasizing their importance in energy exibility and grid support. The chapter
also outlines the challenges in power conversion and isolation for grid integration,
particularly focusing on transformer-based solutions. Finally, it de nes the scope of
the work, addressing the limitations.

1.1 Background

The increasing integration of renewable energy sources, such as solar and wind,
into modern power grids presents signi cant challenges in terms of energy reliability
and stability[1]. Unlike conventional fossil-fuel-based generation, renewable energy
sources are inherently unstable, leading to uctuation in power supply. BESS have
emerged as a crucial technology to mitigate these challenges by providing energy
storage and grid stabilization[2].

BESS enables energy to be stored during periods of excess generation and supplied
during peak demand, improving the e ciency and resilience of power systems|[3].
These systems are widely used in various applications, including grid support, peak
shaving, and frequency regulation[4][5]. Furthermore, BESS plays a key role in
charging stations for electric vehicles (EVs), allowing e cient energy management
and reducing the impact of high power demand on the grid[6].

A critical component of BESS is power electronics, which ensures e cient energy
conversion between the battery and the grid. In particular, grid-tied converters are
essential for converting the direct current (DC) from batteries into an alternating
current (AC) suitable for grid integration[7]. These converters must comply with
grid standards while ensuring minimal harmonic distortion, and e ective control
strategies for stable operation.

To enhance safety and performance, modern BESS inverters often incorporate trans-
formers, which provide galvanic isolation between the grid and the battery system.
This isolation prevents direct electrical connections that could lead to ground faults
or safety hazards, making transformers a key consideration in the design of e cient
and reliable storage systems[8].
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1.2 Objective

This thesis focuses on the design and control of grid-tied power electronic converters
for BESS, with an emphasis on energy e ciency, power density, and loss modeling.
By developing a simulation model that accounts for key factors such as semiconduc-
tor switching losses, transformer e ciency, and grid lter losses, this work aims to
provide insights into the optimal design of next-generation battery storage convert-
ers.

1.3 Limitation

This thesis is limited to simulation-based analysis and does not include experimental
validation of the proposed systems. The DAB converter is based on a actual hard-
ware prototype and modeled as a single unit in detail, while the parallel operation
of multiple DAB modules is simpli ed using sequential activation without dynamic
control. Additionally, the high-frequency transformer is modeled using idealized
magnetic domain representations, and thermal e ects, electromagnetic interference
(EMI), and hardware constraints are not considered. Reliability aspects of the power
converter systems were not considered, so factors such as thermal stress, component
aging, and fault tolerance were beyond the scope of this work. These simpli cations
allow for focused e ciency and performance comparisons but may not capture all
practical challenges.
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Theory

This chapter provides the theoretical foundation for the design and control of a
grid-tied inverter system for BESS. It covers the essential concepts of battery stor-
age integration, grid-tied inverter operation, and transformer-based isolation. The
chapter also discusses the control strategies employed in the system ensuring e -
cient power transfer and grid compliance. Furthermore, a comprehensive loss model
Is introduced to evaluate the system's e ciency.

2.1 Grid-Tied Inverters system in BESS

BESS requires e cient power conversion interfaces to connect with the grid. Since
batteries store energy in DC form, an inverter is necessary to convert it into AC
for grid integration. A grid-tied inverters system serves this purpose by ensuring
that the power drawn from or injected into the grid meets voltage and frequency
requirements while maintaining stability and e ciency.

2.1.1 Challenges of Grid Integration

The inverters system synchronize with the grid to inject or absorb power as needed.
Unlike o -grid inverters, grid-tied systems require precise phase-locked loop (PLL)
synchronization and compliance with grid codes to maintain stability and minimize
total harmonic distortion (THD)[9]. A key design challenge in grid-tied inverters sys-
tem is optimizing energy e ciency while ensuring power quality and grid support
functionalities[10][11]. Switching and conduction losses in semiconductors, trans-
former core and copper losses, and grid Iter losses must be minimized to enhance
overall system performance.

2.1.2 Electrical Conversion Topologies

As shown in Fig 2.1, two common topologies are line-frequency transformer (LFT)-
based system and high-frequency transformer (HFT)-based system using a DC-DC
converter[12][13].
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(@)

(b)

Figure 2.1: Block diagram of DC fast charging with: (a) line-frequency trans-
former, (b) high-frequency transformer

LFT-based system have a DC/DC stage, which is required to match the battery
voltage and provide controlled charging and discharging, and also directly connect
a voltage source inverter (VSI) to the grid, using a 50 Hz transformer for galvanic
isolation. This approach ensures robustness and compliance with safety standards,
but su ers from large size, heavy weight, and lower e ciency due to core losses[14].
In contrast, HFT-based inverters use a dual-active bridge (DAB) converter to pro-
vide isolation at high frequencies (tens to hundreds of kHz), signi cantly reduc-
ing transformer size and weight while improving power density. However, HFT
solutions introduce additional switching losses and require more complex control
strategies[14][15].

Table 2.1: Comparison of LFT and HFT Systems

Type LFT System HFT System

Transformer Size and| Large and heavy Compact and lightweight

Weight

E ciency Lower due to core losses| Higher with  reduced
losses

Power Density Low High

Control Complexity Moderate High (due to DAB phase
shift control)

Application Suitability Suitable for large-scale Ideal for space-

stationary applications constrained or mobile

applications
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This thesis aims to develop a simulation model to compare these topologies in terms
of energy e ciency and power density. By analyzing semiconductor losses, trans-
former characteristics, and grid Iter dynamics, this study will provide insight into
optimizing grid-tied converter designs for modern BESS applications.

2.1.3 Converter Control Techniques

In this study, key control objectives include regulating DC/AC and DC/DC, main-

taining grid voltage and frequency compliance, and minimizing harmonic distortion[16][17].
Two control strategies are implemented: proportional-resonant (PR) control for the
grid-tied inverter and phase shift control for the DAB converter.

2.1.3.1 PR Control for the Grid-Tied Inverter

The performance of a grid-tied inverter in BESS depends signi cantly on its control
strategy, which ensures e cient power conversion, grid synchronization, and stabil-

ity.

Unlike conventional proportional-integral (PI) controllers, which struggle with the
presence of steady-state error in the stationary frame and the need to decouple phase
dependency in three phase systems, PR control e ectively compensates for steady-
state errors at the fundamental frequency[18][19]. The PR controller introduces a
resonant term tuned to the grid frequency, signi cantly improving harmonic rejec-
tion and dynamic response[18].

The standard PR controller is expressed in the frequency domain, and the term
Sz"ﬁ.z introduces a resonant peak af, ensuring zero steady-state error for sinu-

soidal references at this frequency.

K:s

Gpr = Kp+ 51—
Ps2+ w3

(2.1)
Where:

K is the proportional gain, which determines the system's response speed and sta-
bility.

K, is the resonant gain, which ampli es the controller's response at the fundamental
frequency.

Wp =2 f o is the fundamental grid angular frequency.

For illustration, Fig. 2.2 shows the inner current control scheme of a three-phase
inverter. This thesis will implement the PR control strategy in inverter simulations,
evaluating its performance under di erent battery conditions and load scenarios.
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Figure 2.2: Three-phase grid inverter current control using PR controller

2.1.3.2 Phase Shift Control for the DAB Converter

The DAB converter is a widely used topology in high-frequency isolated power con-

version systems, including BESS[20][21]. It consists of two full-bridge converters
(one on the primary side and one on the secondary side) connected through a high-
frequency transformer as shown in g. 2.3. The power transfer is controlled by

adjusting the phase shift between the AC voltage waveforms generated by the pri-
mary and secondary bridges.

Figure 2.3: Topology of DAB Converter
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The phase shift control of the DAB converter is implemented using a Pl controller,
which dynamically adjusts the phase shift angle () to regulate the power ow, and
the system computes the error signal:

et) =V Vneas (2.2)

Where:
V is the reference voltage level.
Vmeas IS the actual voltage measured by the sensor.

The continuous-time PI control law is:

Z
(1) = Kpe(t) + K;  e(t)dt (2.3)

Where:
K is the proportional gain, controlling how aggressively reacts to changes.
Ki is the integral gain, ensuring zero steady-state error.

The computed phase shift () is converted into a control signal using PWM mod-
ulation. A PWM generator modulates the gate signals of the full bridges, ensuring
e cient operation[22]. In traditional PWM control, the cross-connected switch pairs
in H-bridge (H1), such as &, S;) and (S, S3), are switched in turn to transform the
high-voltage V; from DC to AC, the switches Q; Q4) in H-bridge (H,) are turned
OFF and the current conducts only through the diodesNl; M) to transform the
voltage from AC to DC, so the power is transferred fronV; side toV, side[23].

This thesis will simulate DAB converter using Pl-controlled phase shift modulation,
evaluating its impact on e ciency and ZVS operation under varying load conditions.

2.1.4 LCL Filter Design

Grid-tied inverters generate high-frequency switching waveforms that must be I-
tered before injecting power into the grid to ensure compliance with power quality
standards. An LCL lIter is commonly used to attenuate high-frequency harmonics
and improve electromagnetic compatibility (EMC)[24][25].

Fig 2.4 shows a single-phase LCL Iter con guration. It consists of:

N

Inverter-side Inductor (L¢): Limits the switching ripple from the inverter.
Grid-side Inductor (Lg): Ensures smooth current injection into the grid.

Filter Capacitor (Cs): Forms a resonant circuit with the inductors to attenuate
high-frequency harmonics.

Damping Resistor (optionalRy): Series connection orCs, reduces resonance
e ects to improve stability.

N

N
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Figure 2.4: Single-phase LCL lIter con guration with internal resistances of Iter
inductors

The LCL Iter introduces a resonance peak at:
2 LiL4C

This must be carefully designed to be below the switching frequency but above the

fundamental grid frequency[26]. If a Iter is not designed properly, it may not reduce

noise as much as expected and could even make distortion worse due to unwanted
oscillations.[27].

(2.4)

2.1.5 Equivalent Circuit of Transformer

In this study, the Line Frequency Transformer will be simulated as the form of
T-equivalent circuit[28]. The T-equivalent circuit of a single-phase transformer is
shown in Fig 2.5 .

Figure 2.5: Transformer Equivalent Circuit referred to Primary Side

The parameters of equivalent circuit can be obtained by open-circuit and short-
circuit measurement.
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Open-circuit Test

In an open-circuit test, no current ows through the secondary windingi€=0),
meaning the secondary winding's leakage reactancé ) and resistance RY)
do not in uence the measurement. Additionally, the primary winding's resis-
tance (R;) and leakage reactanceX;) are negligible compared to the magne-
tizing reactance K ,,) and magnetizing resistanceR,), allowing them to be
taken no account of.

The open-circuit impedance can be calculated as follows:

0= RO Xm _ Voc

= _— M- ¢ 2.5
R0+xm Ioc ( )

Where:
V¢ is the open-circuit voltage.
| oc iS the open-circuit current.

The open-circuit power factorcos o can be calculated from the open-circuit
active power Poc):
I:)OC

VOCI ocC

The magnetizing resistanceR,) and magnetizing reactanceX ,) can then be
obtained using the following equations:

CoS o =

(2.6)

Zy
Ry = 2.7
0= Cos o (2.7)
Zo
= — 2.8
"= Sin o (2.8)

Short-circuit Test

In an short-circuit test, the load (V) is short-circuited. Since the winding
resistances R1, R9) and leakage reactancesX(;, X9) are much smaller than
the magnetizing reactance X ,) and magnetizing resistanceRy), the current
through the magnetizing branch is negligibleig = 0). So input current is
almost equal to output current [, = i9).

The short-circuit impedance can be calculated as follows:

. . \/
Zo:(Rl"‘JXl)"'(Rg"‘JXg):l*SC (2.9)
SC
Where:
Vs IS the short-circuit voltage.
| sc is the short-circuit current.

Similarly, The short-circuit power factor cos . can be calculated from the
short-circuit power (Psc):

Psc
— 2.1
COS s = Vod o ( O)
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The short-circuit resistance Rg) and short-circuit reactance Ks;) can then
be obtained using the following equations:

ZSC

Ry = 2.11

= Gos o (2.11)
ZSC

Xee = — 2.12

7 sin (2.12)

If the individual DC resistances are not speci ed, the leakage inductance
and AC resistance can be assumed to be equally divided between the two
windings[29]. The following equations apply:

R

R;=RI=R, n?= % (2.13)
— 0_ 2 XSC

X1= X=Xz n?= =2 (2.14)

Where:
n is the transformer ratio.

Magnetizing inductance (), and leakage inductancel(;, LJ) are calculated
by the basic principal as follows:

L = ﬁ (2.15)

Where:
f is the frequency of harmonic voltage.

2.2 Loss Models in Power Electronics

The e ciency of a grid-tied inverter system is in uenced by various power losses,
which mainly occur in semiconductors, transformers, and Iters[30][31]. Accurately
modeling these losses is essential for optimizing the energy e ciency and power den-
sity of the system. A comprehensive loss model considers semiconductor switching
and conduction losses, transformer losses, and lter losses.

2.2.1 Semiconductor Losses

The power semiconductors (MOSFETs, IGBTs and antiparallel diode) in the in-
verter and the DAB converter contribute signi cantly to overall losses[31]. The
power losses in the semiconductors in relation to the device current can be quanti-
ed as described in the following:

10
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Conduction LosseSond)
It caused by the on-state resistance of MOSFETs or the voltage drop plus a
resistive component in IGBTs, and can be estimated as:

Peond:mosreT (1) = Ropsony | 2(t) (For MOSFETSs) (2.16)

Peond:iceT (t) = Reel 2(t) + Vce @ (1) (For IGBTSs) (2.17)

Where:

| (t) is the instantaneous current through the switch.

Ros(n) is MOSFET on-state resistance.

Rce is IGBT on-state resistance.

Vce() Is collector-to-emitter saturation voltage of IGBTSs.

Switching LosseRs,,)

It occur during turn-on and turn-o due to voltage-current overlap, and can
be approximately expressed as:

Pault) = Vel (Ot () + (1 (D) s (218)

Where:

Vyc is the DC-link voltage.

t, t; are the rise and fall times.
fsw IS the switching frequency.

2.2.2 Transformer and Filter Losses

As long as a transformer is connected to the source, core losses are continuously
generated in the magnetic core, regardless of the load. These losses result in heat
buildup and are caused by hysteresis and eddy currents in the core material. In ad-
dition to core losses, copper losses caused by current owing through the windings
also contribute signi cantly to the overall transformer losses. They can be described
as:
" Core LosseHcqre)

It can be estimated using the Steinmetz equation:

Peore = Kf 4B pi Veore (2.19)
Where:

fsw IS the frequency.

Bpk is the peak magnetic ux density.

Veore IS the core's volume.

k, a and b are material-dependent coe cients generally found from B-H hys-
teresis curve.

Copper Lossest.,)

11
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Peu = 1 215 Ruinding (2.20)

Where:
Ruwinding IS the winding resistance.

The LCL lIter introduces additional losses from:
Inductor core and copper losses: Similar to transformer losses.

Resistive damping losses: If a damping resistor is used, additional power dis-
sipation occurs.

12
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Methods

This chapter describes the systematic approach used to design, simulate, and evalu-
ate the grid-tied inverter system with line-frequency transformer and high-frequency
transformer isolated DAB converter. The methodology covers the development of
the simulation model, control method implementation, and loss analysis.

3.1 System Overview

This thesis investigates two distinct BESS architectures for grid integration, di er-
entiated by their transformer type and inverter topology. The rst system uses a
line-frequency transformer with a conventional inverter, while the second employs
a high-frequency transformer integrated with a DAB converter. Additionally, two
inverter topologies are evaluated for grid connection: a two-level voltage source in-
verter (VSI) and a three-level neutral-point clamped (NPC) inverter.

In the rst architecture as Fig 3.1, a line-frequency transformer operates at 50 Hz to
provide galvanic isolation between the battery and the grid. This system is directly

connected to a two-level VSI or a three-level NPC inverter, which converts the DC
battery voltage to AC for grid injection.

Figure 3.1: Topology of Line-frequency Transformer-based System

The second architecture shown in Fig 3.2 integrates a high-frequency transformer

13
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within a DAB converter for DC-DC conversion and galvanic isolation. The HFT
operates at tens to hundreds of kHz, signi cantly reducing the transformer's size and
improving power density. The DAB converter uses phase shift control to regulate
power ow between the battery and the inverter. After voltage conversion, the
system employs a two-level VSI or a three-level NPC inverter for AC conversion and
grid connection.

(@)

(b)

Figure 3.2: Topology of High-frequency Transformer-based System
a. With 2-level inverter
b. With 3-level NPC inverter

14
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3.2 LFT-based System Design

3.2.1 System Schematics

The schematics of two LFT-based systems at PLECS are shown in Figure 3.3, and
the model comprises the following subsystems:

1. DC Source (Battery)
A controlled voltage source represents the battery pack with a variable output
from 600 V to 750 V.

2. Inverter Stage
Two inverter topologies were implemented for comparison:

2-Level VSI
A standard three-phase bridge with six SiC MOSFETs (Wolfspeed ECB4R-
3M12YM3).

" 3-Level NPC Inverter
An enhanced topology with IGBT and clamping diodes (Vincotech 30-
FTO7NIA450S501-PD68F58), splitting the DC bus to reduce voltage stress
on each switch.

3. LCL Filter
The inverter output is connected to the grid via an LCL Iter designed for 8
kHz switching frequency and <2% THD.

4. Line Frequency Transformer
The transformer is modeled using a simpli ed equivalent circuit based on mea-
sured open-circuit and short-circuit test results.

5. Three-phase Grid Interface
The grid is modeled as a balanced three-phase voltage source with xed 400

V RMS at 50 Hz.

15
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(b)

Figure 3.3: LFT-based System Schematics with Two types of Inverter

(a) 2-level inverter, (b) 3-level NPC inverter
17
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3.2.2 PR Control Implementation

The PR controller is used to regulate the inverter output currentiy to track a
sinusoidal reference, with zero steady-state error at 50 Hz.

Figure 3.4: Current Control with PR Controller for single phase

The center frequency of resonande, is set to match the grid frequency 50 Hz, so the
PR controller gives very high gain to eliminate steady-state error. The PR controller
gains are tuned using the parameters of the LCL lter, speci cally the inverter-side
inductanceL¢, grid-side inductancel 4, and inverter-side resistancd®;. The tuning
procedure is as follows:

1. Controller Gain in Z-domain: The resulting gainG¢(s) transformed into z-
domain[32]
z 1

z(2 13T2)+1

2. Crossover Frequency Selection: The desired crossover frequengys chosen
as one-tenth of the switching frequency.

G(2) = Ky + K Ts (3.1)

fsw
= _Sw 3.2
0= =3 (32)
Where: 4, = 8000 Hz
3. Proportional Gain:
4. Resonant Gain:
Kir=15 Ry . (3.4)

This method ensures that the closed-loop bandwidth remains below the LCL lter's
resonance frequency.

The PR controller is paired with Space Vector Pulse Width Modulation (SVPWM)
to generate switching signals for both types of inverters.
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Figure 3.5: Space Vector modulation for 2-level VSI

3.2.3 Parameters of Transformer Equivalent Circuit

To model the line-frequency transformer (35394, C.T.S. trasformatori) in the LFT-
based system, its equivalent circuit parameters are determined through standard
open-circuit and short-circuit tests. The test results can be seen as below:

Table 3.1: Results of Transformer Tests

Type Input/Output Current (A) Losses (W)
Voltage (V)

Open Circuit Test | 400/418 4.5 530

Short Circuit Test | -/- 216 3.95

The circuit parameters for single-phase can be calculated as:

Table 3.2: Parameters of Transformer Equivalent Circuit

Turns ratio 1:1
Primary winding resistance  R; ( ) 423 10°
Primary winding leakage inductance L1 (H) 1:1 10°3
Secondary winding resistance R, ( ) 423 10°
Secondary winding leakage inductance L, (H) 1.1 10°%
Magnetizing resistance R ( ) 30189
Magnetizing inductance L, (H) 296 10°

The calculated parameters are used in the transformer model in PLECS, enabling
the simulation to capture losses, leakage behavior, and performance e ects.
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Figure 3.6: Equivalent Ciruit Design of 3-Phase Line-frequency Transformer

3.2.4 LCL Filter Design

The parameters used in the LCL Iter design were guided by the speci cations of
a commercially available grid Iter series, the Mangoldt PSF product line, and the
capacitor value were increased for better performance.

Table 3.3: Parameters of LCL Filter

Inverter-side Inductor  L; (H) 0:14 103
Inverter-side Resistor R¢ ( ) 41 10°3
Grid-side Inductor Lg (H) 0:06 10°3
Grid-side Resistor Ry () 41 10°3
Filter Capacitor C; (F) 180 10°

The resonant frequency of the lter is calculated as:

s S
1 Li+tLly 1 0:00014 + Q00006

froa= — =
7 2 LiLsC 2 0:00014 0:00006 0:00018

So the designed LCL Iter has a calculated resonant frequency of 1.8 kHz, which
satis es the requirement of being below the inverter's switching frequency (8 kHz)
while remaining well above the fundamental grid frequency (50 Hz). This placement
ensures that the lter e ectively attenuates switching harmonics without interfering
with the control bandwidth or introducing low-frequency resonance near the grid

1.8 kHz (3.5)
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frequency. The schematics of full three-phase lter is shown in Figure 3.7, where
each phase is symmetrically designed.

Figure 3.7: Ciruit Design of 3-Phase LCL Filter

3.3 HFT-based System Design

In this system, the battery pack is directly connected to the DAB converter on the

input DC side. The DAB performs bidirectional power conversion and galvanic iso-
lation through a high-frequency transformer. The DC output of the DAB feeds into

a grid-tied inverter, which injects AC power into the grid via an LCL lter.

This system contains multiple DAB converters in parallel, which involves complex

control techniques that are not discussed in this thesis. When it comes to e ciency

analysis, the DAB will be assumed to be activated in sequence. Therefore, the DAB
converter and inverter systems will be analyzed separately.

3.3.1 DAB Converter Model
3.3.1.1 DAB Converter Schematics

The DAB converter is simulated in PLECS and the schematic in gure 3.8 consists of:

Two full-bridge inverters (primary and secondary sides)
An interconnecting series inductance
A high-frequency transformer simulated in the magnetic domain
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Figure 3.8: DAB Converter Schematic
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3.3.1.2 DAB Converter Parameters

For the active switches in the DAB converter, the In neon F4-11MR12W2M1H-B70
SiC MOSFET module was selected. This device is well-suited for BESS applications
due to its 1200 V voltage rating, low switching losses, and good thermal performance.

The series inductance (including transformer leakage and any added discrete induc-
tance) is crucial for controlling power ow. It is determined based on the desired
maximum power transfer, the DC voltage levels, and the switching frequency. Using
the DAB power equation for peak power transfer at a phase shift=/2:

nViV,
P = - = 36
me 8fSWL max ( )
Where:
n=1
Pmax = 30kwW
V1 = 600 V, V2 =750V
fsw = 98000 Hz
Solving forL:
iv, 600 750

L max = = 191 H 3.7
M Bf qwPmax 8 98000 30000 (3.7)

Therefore, the total interconnection inductance must be carefully limited below this
value, as exceeding the threshold will prevent the DAB converter from transferring
its rated power of 30 kW reliably. If the inductance is too high, it reduces the power
transfer capability and may lead to instability.

To con rm this, the actual transformer in DAB module was tested using the Analog
Discovery 2 device. By applying a low-amplitude AC test signal to one winding
while shorting the secondary, the leakage inductance was measured using impedance
frequency sweep. The test environment is shown in Figure 3.9.

23






	List of Acronyms
	List of Figures
	List of Tables
	Introduction
	Background
	Objective
	Limitation

	Theory
	Grid-Tied Inverters system in BESS
	Challenges of Grid Integration
	Electrical Conversion Topologies
	Converter Control Techniques
	PR Control for the Grid-Tied Inverter
	Phase Shift Control for the DAB Converter

	LCL Filter Design
	Equivalent Circuit of Transformer

	Loss Models in Power Electronics
	Semiconductor Losses
	Transformer and Filter Losses


	Methods
	System Overview
	LFT-based System Design
	System Schematics
	PR Control Implementation
	Parameters of Transformer Equivalent Circuit
	LCL Filter Design

	HFT-based System Design
	DAB Converter Model
	DAB Converter Schematics
	DAB Converter Parameters
	Phase Shift Control

	Inverter Stage Schematics


	Results
	Overview of Simulation
	Control Performance Evaluation
	PR Controller Performance (Both Systems)
	DAB Phase Shift Control (HFT System)

	Efficiency
	LFT System Efficiency
	Results
	Discussion

	HFT System Efficiency
	Results
	Discussion

	LFT vs. HFT(DAB)
	Results
	Discussion



	Conclusion
	Bibliography

