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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 efficiency and suitability for high-power applications. The LFT system offers
simplicity but suffers low efficiency at light load due to constant core losses. In
contrast, the HFT-based system, using multiple parallel DAB converters, maintains
consistently high efficiency across a wide power range and supports a more compact,
scalable design.

The results highlight the trade-offs between LFT and HFT approaches in terms of
power density, efficiency, 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.
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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 flexibility 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 defines 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 significant challenges in terms of energy reliability
and stability[1]. Unlike conventional fossil-fuel-based generation, renewable energy
sources are inherently unstable, leading to fluctuation 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 efficiency 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 efficient energy management
and reducing the impact of high power demand on the grid[6].

A critical component of BESS is power electronics, which ensures efficient 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 effective 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 efficient
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 efficiency, power density, and loss modeling.
By developing a simulation model that accounts for key factors such as semiconduc-
tor switching losses, transformer efficiency, and grid filter 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 simplified using sequential activation without dynamic
control. Additionally, the high-frequency transformer is modeled using idealized
magnetic domain representations, and thermal effects, 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 simplifications
allow for focused efficiency 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 effi-
cient power transfer and grid compliance. Furthermore, a comprehensive loss model
is introduced to evaluate the system’s efficiency.

2.1 Grid-Tied Inverters system in BESS

BESS requires efficient 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 efficiency.

2.1.1 Challenges of Grid Integration

The inverters system synchronize with the grid to inject or absorb power as needed.
Unlike off-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 efficiency while ensuring power quality and grid support
functionalities[10][11]. Switching and conduction losses in semiconductors, trans-
former core and copper losses, and grid filter 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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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 suffers from large size, heavy weight, and lower efficiency 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), significantly reduc-
ing transformer size and weight while improving power density. However, HF'T
solutions introduce additional switching losses and require more complex control

strategies[14][15].

Table 2.1: Comparison of LF'T and HFT Systems

Type LFT System HFT System

Transformer Size and | Large and heavy Compact and lightweight

Weight

Efficiency 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 efficiency and power density. By analyzing semiconductor losses, trans-
former characteristics, and grid filter 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 significantly on its control
strategy, which ensures efficient power conversion, grid synchronization, and stabil-

1ty.

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 effectively compensates for steady-
state errors at the fundamental frequency[18][19]. The PR controller introduces a
resonant term tuned to the grid frequency, significantly improving harmonic rejec-
tion and dynamic response[18].

The standard PR controller is expressed in the frequency domain, and the term

SQIS:;Q introduces a resonant peak at f; ensuring zero steady-state error for sinu-
0

soidal references at this frequency.

K,s

GPR:KP+32—|—U)(2)

(2.1)
Where:

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

K, is the resonant gain, which amplifies the controller’s response at the fundamental
frequency.

wo = 27 fy 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 different battery conditions and load scenarios.
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244
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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 fig. 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.

Bridge H1 Bridge H2

] - u

ﬂr ZXDﬂr /\ D3 ﬂé ZXMﬁr /N M3

L1 T

jL z&nﬂL /K Da EL zwﬂ; /AMa

] ] i ]

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

e(t) = V" — Vineas (2.2)

Where:
V* is the reference voltage level.
Vineas 18 the actual voltage measured by the sensor.

The continuous-time PI control law is:
8(t) = Ke(t) + K, / e(t)dt (2.3)

Where:
K, is the proportional gain, controlling how aggressively ¢ reacts to changes.
K; 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
efficient operation[22]. In traditional PWM control, the cross-connected switch pairs
in H-bridge (H;), such as (51, S4) and (Ss, S3), are switched in turn to transform the
high-voltage Vi from DC to AC, the switches (Q1—Q4) in H-bridge (Hs) are turned
OFF and the current conducts only through the diodes (M;—M,) to transform the
voltage from AC to DC, so the power is transferred from V; side to V5 side[23].

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

2.1.4 LCL Filter Design

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

Fig 2.4 shows a single-phase LCL filter configuration. It consists of:

o Inverter-side Inductor (L¢): Limits the switching ripple from the inverter.

+ Grid-side Inductor (Lg): Ensures smooth current injection into the grid.

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

o Damping Resistor (optional,Rq): Series connection on Cf, reduces resonance
effects to improve stability.
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Figure 2.4: Single-phase LCL filter configuration with internal resistances of filter
inductors

The LCL filter introduces a resonance peak at:

1 /Lf —+ Lg
res — o _ 2.4
f 2 LngCf ( )

This must be carefully designed to be below the switching frequency but above the
fundamental grid frequency[26]. If a filter is not designed properly, it may not reduce
noise as much as expected and could even make distortion worse due to unwanted
oscillations.[27].

2.1.5 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 .

. . ./
i1 R 7% R) X N

O
io T

R iXom V2
l l

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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o Open-circuit Test

In an open-circuit test, no current flows through the secondary winding (#}=0),
meaning the secondary winding’s leakage reactance (X)) and resistance (Rj)
do not influence the measurement. Additionally, the primary winding’s resis-
tance (R;) and leakage reactance (X) are negligible compared to the magne-
tizing reactance (Xy,) and magnetizing resistance (Rp), allowing them to be
taken no account of.

The open-circuit impedance can be calculated as follows:

o RO'Xm _‘/oc
_R0+Xm— ]oc

0 (2.5)
Where:

V¢ is the open-circuit voltage.

I, is the open-circuit current.

The open-circuit power factor cos ¢y can be calculated from the open-circuit
active power (Pp.):
Poc
‘/OC‘[OC

The magnetizing resistance (Ry) and magnetizing reactance (X,,) can then be
obtained using the following equations:

oS ¢g = (2.6)

Zo

Ry = 2.7
07 cos oo (27)
Zo
Xm = 2.
sin ¢0 ( 8)

 Short-circuit Test
In an short-circuit test, the load (V3) is short-circuited. Since the winding
resistances (R, Rj) and leakage reactances (X;, X)) are much smaller than
the magnetizing reactance (X,,) and magnetizing resistance (Ry), the current
through the magnetizing branch is negligible (i = 0). So input current is
almost equal to output current (i; = 4}).
The short-circuit impedance can be calculated as follows:

Zo= (R +jX1)+ (Ry+jX5) = — (2.9)

Where:
Vie is the short-circuit voltage.
I is the short-circuit current.

Similarly, The short-circuit power factor cos ¢s. can be calculated from the
short-circuit power (Pi.):
I
Vaelse

COS e = (2.10)
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The short-circuit resistance (Rs.) and short-circuit reactance (Xs.) can then
be obtained using the following equations:

Z

R, = —>= 2.11
COS Qe (2.11)
ZSC

X, = — (2.12)
Sin Qg

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

RSC

Ri=Ry,=Ry-n*= 5 (2.13)
X

X, =X=X,-n* = 5 (2.14)

Where:
n is the transformer ratio.

Magnetizing inductance (L., ), and leakage inductance (L, L}) are calculated
by the basic principal as follows:

L=—" (2.15)

Where:
f is the frequency of harmonic voltage.

2.2 Loss Models in Power Electronics

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

2.2.1 Semiconductor Losses

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

10
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» Conduction Losses(P.onq)
It caused by the on-state resistance of MOSFETSs or the voltage drop plus a
resistive component in IGBTs, and can be estimated as:

Pcond,MOSFET(t) = RDS(on)[2 (Zf) (FOI" MOSFETS) (2.16)

Pcond,IGBT (t) = RCEI2 (t) + VCE(O)](t) (FOl" IGBTS) (2.17)

Where:
I(t) is the instantaneous current through the switch.
Rps(on) is MOSFET on-state resistance.
Rcg is IGBT on-state resistance.
Vg o) is collector-to-emitter saturation voltage of IGBTS.
 Switching Losses(Psy)
It occur during turn-on and turn-off due to voltage-current overlap, and can
be approximately expressed as:

Faw(t) = ;Vdcf(t)(tr(f(t)) +1((1))) fow (2.18)

Where:

Ve is the DC-link voltage.

t, t¢ are the rise and fall times.
fsw i 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 flowing through the windings
also contribute significantly to the overall transformer losses. They can be described
as:

o Core Losses(P.or)
It can be estimated using the Steinmetz equation:

Pcore == kfsaWng‘/core (219>
Where:

fsw is the frequency.
By is the peak magnetic flux density.
Viore 18 the core’s volume.
k, a and b are material-dependent coefficients generally found from B-H hys-
teresis curve.
« Copper Losses(P.,)

11
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Pcu - ]fmsRWinding (220)
Where:

Ryinding 15 the winding resistance.
The LCL filter introduces additional losses from:
e Inductor core and copper losses: Similar to transformer losses.

o 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, differ-
entiated by their transformer type and inverter topology. The first 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 first 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.

Grid 50Hz Transformer Inverter Battery

—(O—QD
—()—CD

AC

DC

Charging Station

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, significantly reducing the transformer’s size and
improving power density. The DAB converter uses phase shift control to regulate
power flow between the battery and the inverter.
system employs a two-level VSI or a three-level NPC inverter for AC conversion and

grid connection.

Grid Inverter

DAB Converter
with High Frequency Transformer

After voltage conversion, the

Battery

Battery

(2
\_/
AC DC
—
DC DC
—©
\Y4
AC
DC
Charging Station
(a)
. DAB Converter
Grid NPC Inverter with High Frequency Transformer
@ DC
O/ bC
AC
—©
DC DC
—() DC
\Y4
AC
DC

Charging Station

a. With 2-level inverter
b. With 3-level NPC inverter

14

(b)

Figure 3.2: Topology of High-frequency Transformer-based System
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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:

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

o 3-Level NPC Inverter
An enhanced topology with IGBT and clamping diodes (Vincotech 30-
FT07NIA4505501-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 filter designed for 8
kHz switching frequency and <2% THD.

4. Line Frequency Transformer
The transformer is modeled using a simplified 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 fixed 400
V RMS at 50 Hz.
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3.2.2 PR Control Implementation

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

nyZ"+..+Ng |
dnz"+..+do

vy
+
vy
+

delta_i x v X

:I Kp

(@D

V_X_meas

Figure 3.4: Current Control with PR Controller for single phase

The center frequency of resonance wy 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 filter, specifically the inverter-side
inductance L¢, grid-side inductance Lg, and inverter-side resistance [%¢. The tuning
procedure is as follows:

1. Controller Gain in Z-domain: The resulting gain G.(s) transformed into z-

domain[32]
z—1

2 2(2-WwiT?) +1
2. Crossover Frequency Selection: The desired crossover frequency «. is chosen
as one-tenth of the switching frequency.

(3.1)

Ge(z) = K, + KrTSz

Ssw
.= 2 3.2
T (3.2)
Where: fi, = 8000 Hz

3. Proportional Gain:

K, =15 (Li+ Ly) - ac (3.3)
4. Resonant Gain:

K, =15 R a, (3.4)

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

The PR controller is paired with Space Vector Pulse Width Modulation (SVPWM)
to generate switching signals for both types of inverters.

18



3. Methods

D,

abc

vdc

vdc [>—>

v_abc ref

4

of

Vap*

sw

Space Vector PWM

Figure 3.5: Space Vector modulation for 2-level VSI

S abc

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; (2) 4.23 x 107°
Primary winding leakage inductance L; (H) 1.1x 1073
Secondary winding resistance R, (£2) 4.23 x 107°
Secondary winding leakage inductance L, (H) 1.1 x1073
Magnetizing resistance Ry (£2) 301.89
Magnetizing inductance L,, (H) 2.96 x 1072

The calculated parameters are used in the transformer model in PLECS, enabling
the simulation to capture losses, leakage behavior, and performance effects.
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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 filter design were guided by the specifications of
a commercially available grid filter 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 x 1073
Inverter-side Resistor R; (12) 4.1x107°
Grid-side Inductor L, (H) 0.06 x 1072
Grid-side Resistor R, (Q2) 4.1 x 1073
Filter Capacitor C; (F) 180 x 107°

The resonant frequency of the filter is calculated as:

1 [Li+ L, 1 \/ 0.00014 + 0.00006
res — A~ = ~ 1.8 kH 3.5
Jrs = 5 \ LiL,Ct — 27\ 0.00014 - 0.00006 - 0.00018 g (3:5)

So the designed LCL filter has a calculated resonant frequency of 1.8 kHz, which
satisfies 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 filter effectively attenuates switching harmonics without interfering
with the control bandwidth or introducing low-frequency resonance near the grid
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frequency. The schematics of full three-phase filter is shown in Figure 3.7, where
each phase is symmetrically designed.
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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 filter.

This system contains multiple DAB converters in parallel, which involves complex
control techniques that are not discussed in this thesis. When it comes to efficiency
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 figure 3.8 consists of:

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

For the active switches in the DAB converter, the Infineon 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 flow. 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 ¢ = 7/2:

nViVs
Prox = Y (3.6)
Where:
n=1
P = 30kW
Vi=600V, Vo, =750V
fsw = 98000 Hz

Solving for L:

ViV, 600 - 750
Lmax - = ~ 19.1uH 3.7
8 fow P 8+ 98000 - 30000 a (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 confirm 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.
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Figure 3.9: Leakage Test Setups

Figure 3.10 illustrates the measured inductance of the transformer winding as a func-
tion of frequency. The flat region around the possible operating frequency ( 50-100
kHz) suggests that the core and winding behave linearly and predictably within the
DAB’s switching frequency range, validating the selection of the transformer design
for high-frequency operation.
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Figure 3.10: Transformer Leakage Inductance vs. Frequency
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The measured value at designed frequency 98 kHz was:
Lleak,measured = 889ﬂH (38)

This value matches the theoretical requirement, confirming the suitability of the
physical transformer for the DAB converter.

The transformer is modeled in the magnetic domain to accurately reflect nonlinear
magnetic behavior. A ferrite core is selected based on standard industry components.
The parameters of the core are below:

Table 3.4: Parameters of Hysteretic Core

Cross-sectional Area (m?) 1000 x 1076
Length of Flux Path (m) 260 x 1073
Coercitive Field Strength H. (A/m) 13
Remanence Flux Density B, (1) 150 x 1073
Saturation Field Strength H. (A/m) 250
Saturation Flux Density By, (T) 500 x 1073
Saturation Rel. permeability p, ca¢ 1000

3.3.1.3 Phase Shift Control

The primary control objective is to maintain a regulated DC-link voltage (750 V)
at the output of the DAB under varying load conditions. The controller adjusts the
phase shift angle ¢ based on the deviation between the measured output voltage V,
and a fixed reference V/ yef.

Gate_primary

. sw_pri

. S14 =
JoH sz tno] | G PGP s23 ::l_’C)

L m
dnz"+..+d .
Vo _ref nZ *..+Co G_sec.—|_>G7Sec gg?: :I

Phase-Shift SW sec

PWM Gate_secondary -

Vo

Figure 3.11: Phase Shift Controller

The phase shift controller is built using a standard proportional-integral (PI) struc-
ture, and the transfer function can be expressed as:

K.

PI(s) =K, + — (3.9)
s

K, K; are controller gains. A conservative tuning, which provides a good trade-off

between fast transient response and smooth switching behavior, is chosen to ensure

stability:
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K, =0.11173 - 0.015
K; =0.11173

Modern power converter control systems are implemented using digital signal pro-
cessors (DSP), so it must be converted to a discrete-time representation in order to
be implemented in DSP controllers [33]. It can be rewritten in the z-domain.

by + blz_l + b22_2

PIG) = s (3.10a)

b = K,(1+ NT,) + KT,(1 + NT,) (3.10b)
by = —(Ky(2+ NT,) + K/T.) (3.10¢c)

by = K, (3.10d)

ao =1+ NT, (3.10¢)

a; = —(2+ NTy) (3.10f)

as =1 (3.10g)

Where: N =0

3.3.2 Inverter Stage Schematics

The inverter subsystem in the HF T-based configuration is similar to the LFT-based
system but with two key differences:

o The input voltage is fixed at 750 V DC, supplied by the DAB output.
e There is no line-frequency transformer between the inverter and the grid.

The main components of the system include:

» Voltage Source
It represents fixed 750 V voltage output regulated by DAB converters.
o Inverter Stage
o LCL Filter
o Three-phase Grid Interface
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Figure 3.12: HFT-based System Schematics with Two types of Inverter
(a) 2-level inverter, (b) 3-level NPC inverter
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Results

This chapter presents the simulation and analysis results of the proposed grid-tied
power converter systems. Both the LFT-based system and the HFT-based system
are evaluated in terms of control performance, voltage regulation, and efficiency un-
der various operating conditions. Detailed comparisons between inverter topologies,
transformer types, and isolation strategies are provided to assess the trade-offs in
system design, particularly focusing on energy efficiency. All results are obtained
using time-domain simulations in PLECS and are supported by practical parameter
measurements where applicable.

4.1 Overview of Simulation

Simulations were carried out using MATLAB and PLECS under different power
transfer conditions for both systems and the general setup are:

Table 4.1: General Setup of LFT and HFT System

System | Rated DC-link Grid Condition | Switching
Power Volatge frequency
LFT-based | 150 kW 600 V-750 V. | 400 V RMS, 50 Hz | 8 kHz (In-
verter)
HET-based | 150 kW 600 V-750 V. | 400 V RMS, 50 Hz | 8 kHz (In-
verter), 98
kHz (DAB)

4.2 Control Performance Evaluation

4.2.1 PR Controller Performance (Both Systems)

Figure 4.1 shows the output current waveform of the grid-tied inverter under a 150
kW load and 750 V input using the PR controller. The sinusoidal current closely
tracks the reference with negligible steady-state error. The total harmonic distortion
(THD) was measured at 6.3% for 2-level inverter and 2.1% for NPC inverter.
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(a). With 2-level inverter
(b). With 3-level NPC inverter
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4.2.2 DAB Phase Shift Control (HFT System)

As shown in Figure 4.2, the measured output voltage V, (green) closely follows
the reference voltage (red), with minimal steady-state error. The voltage remains
within a tight band of +1 V (£0.13%) under 600 V input voltage and 30 kW output
power, demonstrating the controller’s high precision and stability. This confirms
the effectiveness of the PI-tuned phase shift control method under nominal loading
conditions.

Output Voltage

— Vo:Measured voltage
756 — Reference voltage

Voltage / V

N NN
&~ b
H O

742
740
738

736

0.14 0.15 0.16 0.17 0.18 0.19 0.2C
Time /s

Figure 4.2: Output Voltage of DAB Converter

4.3 Efficiency

4.3.1 LFT System Efficiency

4.3.1.1 Results

Figures 4.3 illustrate the coordinated efficiency maps for each topology: a conven-
tional 2-level inverter (Figure 4.3a) and a 3-level NPC inverter (Figure 4.3b). Both
maps demonstrated efficiency as a function of DC input voltage (600-750 V) and
output power (10-150 kW).
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4.3.1.2 Discussion

Figure 4.3 compares the overall system efficiency of the LFT-based systems using
two different inverter topologies. In the low power and low voltage region, both
inverters perform similarly, with overall efficiency below 95%. This is primarily due
to transformer core losses, which are relatively constant and dominate at light load.
In this region, inverter losses (both conduction and switching) are minimal, and thus
the influence of inverter topology is less significant.

As power increases, particularly beyond 50 kW, and as the DC voltage rises above
650 V, a clear performance gap emerges. The 3-level NPC inverter consistently
outperforms the 2-level inverter across most of the higher power range. At a repre-
sentative operating point of 700 V and 100 kW, the 2-level inverter system achieves
96.4% efficiency, while the NPC inverter reaches 97.1%, reflecting a 0.7% improve-
ment which is attributed by two main factors:

o Reduced voltage stress per switch in the NPC inverter, which leads to lower
switching and conduction losses.

o Lower harmonic content in the NPC inverter’s output voltage, reducing cur-
rent ripple losses.

Overall, the NPC topology offers improved energy conversion performance for high-
power operation, making it more suitable for heavy-duty BESS applications, where
maximizing efficiency translates directly to improved thermal management and
longer lifetime.
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4.3.2 HFT System Efficiency

4.3.2.1 Results

The overall efficiency of the DAB stage was evaluated across a range of input volt-
ages (600-750 V) and input power levels (2-30 kW), as shown in Figure 4.4. The
DAB converter achieves peak efficiency above 97% at medium to high input power
levels and voltages closer to 750 V.

750

700

Input Voltage (V)

650

600

5 10 15 20 25
Power (kW)

Figure 4.4: Efficiency of DAB Converter

Figures 4.5(a) and (b) compare the efficiency curves of the 2-level VSI and the 3-
level NPC inverter used in the HFT system. Both inverters are evaluated over a
wide power range (10-150 kW) using the same LCL filter and control methods (PR
+ SVPWM), supplied by the DAB-regulated 750 V DC link.

1. The 2-level inverter achieves an efficiency of:
o ~91.5% at 20 kW
e Peaking at 96.7% at 150 kW

2. The 3-level NPC inverter shows a improvement, with:

o ~92.1% at 20 kW
o Peaking at 98% at 150 kW
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4.3.2.2 Discussion

The overall Efficiency of DAB converter can be achieved around 96.5%, particularly
in the power range of 5-25 kW. However, the DAB efficiency shows a dip at low
input voltages and very light load, due to increased core and switching losses domi-
nating total power. This suggests that the DAB is best utilized near its rated load
and voltage for maximum efficiency.

Both efficiency curves of the 2-level and 3-level inverter systems demonstrate in-
creasing efficiency with load. The 2-level inverter peaks at 96.7%, while The 3-level
NPC inverter achieves a higher peak of 98%. The difference of their efficiency be-
comes more noticeable at medium to high power, making the NPC inverter more
suitable for full-range operation.

When combined, the HF'T system maintains consistently high efficiency, particularly
when:

o The DAB operates in its optimal power range (10-30 kW per module)
o The inverter operates above 50 kW output where switching losses are less dom-
inant

The modular nature of the DAB provides flexibility and good partial-load perfor-
mance, but also introduces control and loss variations depending on how modules
are activated.

4.3.3 LFT vs. HFT(DAB)

4.3.3.1 Results

To evaluate the impact of the isolation method on system performance, the efficiency
of a traditional LFT and a parallelized DAB converter architecture was compared
over the full inverter output range of 10-150 kW under 700V DC-link voltage. The
results are presented in Figure 4.6(a) for the LFT and Figure 4.6(b) for the DAB
configuration.
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4.3.3.2 Discussion

As shown in Figure 4.6(a), the LFT exhibits relatively low efficiency at low output
power levels, starting at 94.7% at 10 kW. This is due to the constant core losses
and magnetizing losses, which remain large regardless of load. However, as power
increases, the proportion of these fixed losses relative to output power decreases,
causing overall efficiency to rise, reaching 98.8% at 60 kW. Beyond the peak ef-
ficiency point (60 kW), the copper losses become dominant. These increase with
the square of the load current P., o< I?R, the large current flow causes significant
losses in the transformer windings at high load. Therefore, the efficiency begins to
gradually decline.

To match the 150 kW inverter output capacity using DAB modules limited to 30
kW each, six DAB converters were connected in parallel. In this simulation, DAB
converters are activated sequentially, i.e., one converter operates at full load before
the next is turned on, rather than evenly distributing the power among all six.

The efficiency of the DAB system is shown in Figure 4.6(b). Each DAB maintains
a high and stable efficiency between 96.4% and 96.8% across its operating range.
Despite some fluctuation due to the sequential control strategy, the overall system
performance remains consistent. Unlike the LFT, the DAB efficiency does not rise
significantly with power, as the core and switching losses are already optimized at
each module’s nominal point.

We can conclude from results that:

o The LFT efficiency peaks at mid-load but drops at high power from increased
copper loss.

o The DAB configuration maintains consistently high efficiency and offers mod-
ular scalability and better power density.

This comparison highlights a key trade-off between load-dependent performance

of LFTs and the modularity and flexibility of DAB-based architectures in grid-
connected BESS applications.
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Conclusion

This thesis presented the design, control, and performance evaluation of grid-tied
power electronic converters for BESS, focusing on two isolation approaches: a LFT-
based system and a HFT-based system utilizing parallel DAB converters. Both
architectures were modeled and simulated using MATLAB and PLECS, with em-
phasis on transformer modeling, loss analysis, and overall system efficiency.

For the inverter stage, a PR controller combined with space vector PWM was imple-
mented to achieve fast dynamic response and zero steady-state error. In the HFT
system, a phase shift controller was designed to regulate power flow through the
DAB by adjusting the phase angle between primary and secondary bridges, ensur-
ing soft switching and stable output voltage regulation.

The LFT system exhibited high efficiency at mid-load, benefiting from minimal
power-dependent losses in the transformer. However, it showed decreased perfor-
mance at low and high loads due to core losses and copper losses. In contrast, the
HFT-based system achieved consistently high efficiency across a wider load range
and offered superior power density and modularity by using multiple DAB convert-
ers. Although, the complexity of control and the need for careful loss management
in high-frequency designs were noted.

Simulation results demonstrated that both systems are capable of delivering high
efficiency and grid compliance, but the HF'T-based solution is more suitable for ap-
plications requiring compactness and flexible power scaling.

While the results confirm the technical feasibility and benefits of both systems, there
remain several important works for future research:

o Experimental validation: Building a hardware prototype, especially of the
HFT-based system, would allow for the verification of simulation results un-
der real-world conditions, including thermal behavior, EMI performance, and
controller robustness.

o Multiple DAB control method: This thesis implemented sequential control
of DAB modules. Future work could explore more advanced power-sharing
strategies.

o Fault handling and protection: Developing fault detection and protection
mechanisms, particularly for parallel DAB architectures, would improve re-
liability in pratical applications.
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5. Conclusion

By addressing these research directions, the findings of this thesis can be extended to
support the design of next-generation, high-performance BESS in marine, industrial,
and renewable energy applications.
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