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full-bridge dc-dc converter is designed and based on the power requirement, the full-bridge
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Introduction

1 Introduction

The emission of carbon dioxide (C0,) is one of the major concerns of environmentalists
nowadays as it has a massive contribution to global warming and other environment-related
problems. According to the International Energy Agency (IEA) around 33Gt (Gigatonne) of
C 0, has been discharged each year from 2017 to 2019 [1]. As a result, direct utilization of C0,
and conversion of CO, into chemicals and energy products methods have emerged. Among
two microbial electrosynthesis (MES) is latter type approach which uses bioelectrochemical
techniques to convert C0, into valuable products using electricity as the energy source [2].

1.1 Background

The MES is a novel technology combining electrical, environmental, and chemical engineering
disciplines. It is a power to gas technology that seeks to convert €0, into organics that can be
used as fuels or building blocks for new products to replace the use of fossil oil and gas. The
MES processes are conducted in bioelectrochemical systems (BESs) consisting of an anode
and a cathode. An oxidation process occurs at the anode whereas a reduction process happens
at the cathode and these electrodes are surrounded by an electrolyte.[2] [3]

The research group at the Department of Process, Energy and Environmental Technology at
the University of South-Eastern Norway (USN) has conducted experiments to increase the
methane content in biogas produced by biogas upgrading where biogas CO, is reduced to
methane (CH,). The experiment uses electricity as an energy source and microorganisms as
the catalyst for the chemical reduction reaction (CO, — CH,) at the cathode in a methane
producing microbial electrolysis cell (MEC). In MEC power is supplied to amplify the kinetics
of the reaction and/or to drive thermodynamically unfavorable reactions [4].

For biogas upgradation, it is preferable to have an optimal power supply system that can power
up the biochemical system. This thesis work focuses on the design, control, and optimization
of the DC power supply system capable to deliver power at the desired level.

1.2 Previous Work

MES seems to have a steady rise in the number of scientific research and publications over the
last two decades covering a wide range of domains like chemical synthesis/catalysis, energy
production, water treatment, sensors, etcetera. Despite recent improvements, MES remains a
long way from being integrated into real-world and commercial applications. [5]
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Introduction

The thesis report of the year 2020 published by USN, centers around the design of various DC
power supplies for MES. Several power supply models have been simulated with different
configurations such as direct connection and series connection. The report concluded that the
switch mode DC power supply is a proper choice, precisely half-bridge DC-DC converter with
electrical isolation with series configuration is recommended due to better efficiency and
possibility for regulation. [6]

This thesis work is the extension of the previous thesis[6], where an electrically isolated power
supply system with a half-/full-bridge DC-DC converter will be designed and regulated using
Pulse-width modulated (PWM) signals.

1.3 Objectives

The main goal of the thesis is to design a DC power supply suitable to power up MES connected
to an anaerobic digestion (AD) reactor with high efficiency and low power loss within the
power supply model. To achieve this goal, the study is divided into flowing tasks:

1. Literature research into half and full-bridge DC converters, transformers, and active
rectifiers.

2. Design of half-bridge DC-DC converter with electrical isolation power supply that can

be used for a small-scale laboratory setup.

Modeling and simulation of the power supply with simulation software.

Control and optimization of the power supply output by reducing losses in the system.

Build the power supply system operatable at low voltage and perform relevant tests

with the reactor if enough time is available.

6. Evaluating the scalability and expansion of the found solution for the full-scale reactor
setup.

ok w

1.4 Limitation

The power supply system for the MES has several limitations as the process has not been
implemented in the real world and this process requires very low DC voltage with the high
current flow causing huge energy loss. Some of the limitations are listed below:

i.  Power supply to the electrodes is only focused on this work, effects of power supply
to the bio and chemical part will not be studied.
ii.  The measurement of exact power loss across different components will not be
investigated.
iii.  The power supply model will not be tested by supplying power to the MES reactor.
iv.  The designed power supply system will not be able to handle high current for very
long periods.

12



Theory

2 Theory

A half-bridge dc-dc converter with an electrical isolation power supply system has an
efficiency of around 92% which is sectioned and connected in series according to the previous
thesis work [6]. This thesis focuses on the design and development of a similar power supply
with a half-bridge and then with a full-bridge dc-dc converter as the power transmission will
be in the range of 2 — 3 kW [7]. Hence, this chapter concentrates on the theory behind the DC
power supply system and the different electronics devices utilized in the system.

2.1 DC Power Supply

A power supply is a system that supplies electric power to the electrical load. The MES requires
an unregulated AC to be converted to constant DC, in order to operate. However, the supply
provided from the mains is fluctuating and has a higher voltage capacity than the limit of the
reactor. A regulated dc power supply system converts an unregulated AC to a limited DC to
produce constant output. Most of the power supply provides regulated output, isolation, and
multiple outputs. There are two designs of DC power supplies: linear DC power supply and
switching DC power supply.

2.1.1 Linear DC Power Supply

Linear power supplies are usually heavy as it uses a large transformer, are durable, and have
low noise across low and high frequencies. As a result, these supply systems are most suitable
for lower power applications where the weight of the system is not an issue. The disadvantages
of the systems are size, weight, and low efficiency.[8] [9]

2.1.2 Switching DC Power Supply

Switching power supplies are more efficient, much lighter, smaller in size, and have limited
high-frequency noise due to design making them not suitable for high-frequency audio
applications. In switching power supplies, the dc voltage is transformed from one level to
another via dc-to-dc converter circuits. The power supply system regulates the output voltage
via pulse width modulation (PWM). The PWM process enables the switching power supplies
to be built with very high-power efficiency and a small form factor. [8] [9]

Figure 2-1 below shows the block diagram of a dc-dc converter system.
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AC Line Voltage Uncontrolled DC Filter DC DC-DC DC

1-phase or 3-phase Diode (Unregulated) Capacitor | (Unregulated) | Converter |(Regulated) Load

Rectifier

Veontrol

Figure 2-1 DC-DC converter system

2.2 Step-Down Converter

A step-down converter is also known as a buck converter, and it is one of the basic converter
topologies. The output voltage level of the step-down converter is lower than the input dc
voltage. Figure 2-2 presents a step-down converter for a purely resistive load. The converter
takes input dc voltage V,; and generates dc output voltage V,, with desired amplitude by varying
the duty ratio of a switch. The duty ratio (D) can be defined as the ratio of the on duration to
the switching time period and is given by equation (2.1):

D=2 2.1)

Where, D = Duty ratio

t,n = Switch on duration

Ts = (ton + tofr) switching time period
tor s = switch off duration

When the switch is on, the diode becomes reverse biased and the input supplies energy to the
inductor as well as to the load. During the off-time of the switch, the inductor current flows
through the diode transferring some of its stored energy to the load. The low pass filter
consisting of an inductor and a capacitor is used to reduce the fluctuations and switching
frequency ripple in the output voltage. [9]

The output of the step-down dc-dc converter is derived by averaging the voltage v,; with zero
average voltage across the inductor in steady-state as described by equation (2.2)

T o
5 2.2)
v, =DV,
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Where, V, = DC output voltage

V7, = DC input voltage
D = Duty cycle of the switch

ig

—

+ Low-pass
__fiter
[
———
I "YY |
+ ! L |
voi l

+ vy - | v,
- - I IC']

L

Figure 2-2 Step-down dc-dc converter [9]

F

Vo (load)

| Y )

2.3 Step-Up Converter

A step-up converter also called a boost converter produces an output voltage greater than the
input voltage of the converter. It is also a basic converter topology, which is often derived into
other converter topologies depending on the purpose of the converter. It’s one of the main
applications is in regulated dc power supplies. Figure 2-3 shows the basic circuit diagram of
the step-up dc-dc converter. When the switch is on, the diode is reverse biased and the input
supplies energy to the inductor, however when the switch is off, both the input and the inductor
supply energy to the load. [9]

io
—
i D'I T
fv{"r\ 4 +
ot - C== R
o
V, /
. - 4

Figure 2-3 Step-up dc-dc converter [9]
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2.4 DC-DC Converters with Electrical Isolation

A high frequency (HF) isolation transformer is applied to provide electrical isolation in dc
switching power supplies. At first, the ac input voltage is converted to unregulated dc output
by utilizing a diode rectifier, then the output is fed to dc-dc converter block with isolation to
obtain desired dc output voltage as shown in figure 2-4. In the switch-mode dc-dc converter
with isolation, the high magnetizing inductance of the transformer is preferable to reduce the
magnetizing current which flows through the switches. Similarly, minimum leakage
inductances of the windings are useful for the power supplies. PWM is used to control power
transistors or MOSFETS operating as a switch. There is a different type of dc-dc converters
with isolation which can be divided into two categories based on the utilization of a transformer
core: [9]

i. Unidirectional core excitation
il. Bidirectional core excitation

Switch Isolation PWM
Base/Gate [+ Tran -fo] ner C ler [
Drive circuit ransiorme ontrofler
’7 7 - ¥ - . o “
@ 4 Rectifi
AC @30 Hz . bc | Switch HF cctifier | | DC
Rectifier —— ™ ‘ - Transf » + Regulated] Load

3 - Phase Unregulated MOSFET/ IGBT ransformer Filter g

dc-de converter block with electrical isolation

Figure 2-4 Block diagram of a switch-mode dc power supply
I Unidirectional Core Excitation

The switching mode dc-dc converters with isolation which utilizes only the positive part i.e.,
quadrant | of the hysteresis (B-H) loop shown in figure 2-5 are unidirectional core excited
converters. It includes flyback and forward dc-dc converters, and the output voltage is regulated
by PWM switching scheme. [9]

ii. Bidirectional Core Excitation

In case of bidirectional core excitation, dc-dc converters with isolation use both positive
(quadrant 1) and the negative (quadrant I11) of the hysteresis (B-H) loop alternatively. Push-
pull, half-bridge, and full-bridge dc-dc converters use bidirectional core excitation
characteristics of the transformer core. [9]
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IIT

Figure 2-5 Hysteresis (B-H) loop of transformer core [9]

2.5 Half-Bridge DC-DC Converters

A half-bridge dc-dc converter is derived from the step-down converter which has the ability to
supply an output voltage either higher or lower than the input voltage. It provides electrical
isolation by using a transformer. Figure 2-6 shows a schematic of the converter topology, where
capacitors on the primary side produce a mid-point voltage between zero and the input dc
voltage across the primary winding. The switches T; and T, are turned on alternatively for each
interval of t,,, supplying half input voltage to the primary side. The diodes in antiparallel with
the switches are for switch protection. The advantage of this topology is the full utilization of
the core flux and the secondary winding. Also because of the electrical isolation it separates
the input and output circuit, protecting components as well as personnel on the output side. [9]
[10]

The average output voltage (V) of the half-bridge converter can be calculated as per equation
(2.3):

V,=V,—=D (2.3)

Where, V; = DC input voltage

D = Duty ratio of switches (D = t;—" and 0 < D < 0.5)

N

N. . .
N—2 = secondary to primary turns ratio of transformer

1
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-
+ -
i A
) .
| -fll!-’- + v _ ——o-—-b-
[ LYY
+ oo D, t — J_ M
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) T >
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Figure 2-6 Half-bridge dc-dc converter with electrical isolation [9]

2.6 Full-Bridge DC-DC Converter

A full-bridge converter is also derived from the step-down converter, and it can either step up
or down the output voltage. The schematic of a full-bridge dc-dc converter consists of four
switches (Ty, T,, T5, T,), an isolation transformer, diodes, and output circuit with LC filter and
load as seen in figure 2-7. The basic operation involves switching of pair of transistors (Ty, T,)
during a one-half cycle of input and the other pair ( T3, T,) during the other half of the input
voltage. When one pair of switches conducts, the other remains in the off state. The current
flows in the opposite directions during alternate half cycles causing the core flux to swing from
negative to positive. Hence the full-bridge converter utilizes both positive (quadrant I) and
negative (quadrant I1) portions of the hysteresis loop, thereby reducing the chances of core
saturation.[7] [9] [11]

The RMS currents on the primary and secondary sides can be expressed as equations (2.4) and
(2.5):

N.
On Primary side, I rus = leo,max\/ﬁ (2.4)
1

1
On Secondary side, Iy rms = Iz pus = Elo,max 1+D (2.5)

Where, I, ;nq, = Maximum output current
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D = duty cycle

N; . .
N—Z = secondary to primary turns ratio of transformer

1

+ - -
T :{E T3 E‘ﬁ
! |

k__i I ip1 Dy + vy - 1
L +
i + . . + e _T_
Nl Nz Ugl' L T VO
Vo == vy g. -
N>

Figure 2-7 Full-bridge dc-dc converter with electrical isolation [9]

The resulting output voltage (V) is dependent on the transistor's respective on-state time and
it can be derived by integrating the voltage v, over time period T, and then divide it by T;.The
equation (2.6) gives the average output voltage of the full-bridge converter.

N,
VO=2XVdN_D (26)
1

Where V,; = input dc voltage

duty cycle (D):0 <D > 0.5

2.7 PWM Switching for Control of DC-DC Converters

PWM switching is a frequently used method for controlling the output voltage of the switching
dc power supplies. The average output voltage of the converters depends on the switch on and
off duration (ton, tof ). In this method, on duration of switch/es is adjusted to control the output
at a constant switching frequency keeping a constant switching time period (T = ton + tofr).
The duration of the switch is commonly known as variation of switch duty ratio D, which is
the ratio of the on duration t,,, to the switching time period Ts. [9]
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The PWM signal is generated by a comparison of a control voltage signal with a repetitive
waveform such as a sawtooth waveform as shown in figure 2-8. The switching frequency is
obtained from the frequency of the sawtooth waveform, and it is kept constant and chosen in a

range of a few kilohertz to a few hundred kilohertz.[9]

v = Sewtooth voltage

Veontrol
(amplified error)

L

| | |
|
0 f | t i | |
= | b )
| | ! | U > U
On On
Switch?
control
signai
Off

DU Jp—

~Ueontrol < Ust

(switching frequency f, = TI-J
5

Figure 2-8 PWM signal generation [9]
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System Overview and Components

3 System Overview and Components

The previous thesis [6], analyzed different power supply systems in Simulink and concluded
that the half-bridge dc-dc converter with electrical isolation is preferable and has an efficiency
of 92% with series configuration. Also, the input configuration for the power supply system is
used as previously suggested by a discussion with the research group. There are three different
setups of the MES system, and the required inputs are shown in table 3-1 [6] [12]. This thesis
focuses on the power supply design for lab-scale setup, hence the power supply system will
transfer power around 2 — 3 kW. Furthermore, the thesis [6] deduces that the series
configuration provides higher efficiency than the direct connection of the power supply to the
whole load. Hence the load/MES will be sectioned into 10 parts, the power will be supplied to
those loads individually and the whole system will be connected in series. For the lab-scale
setup, each power supply will provide voltage of 20 VV and current of 100 A with an output
power of 2000 W. [6]

Table 3-1: Input/Output Configuration for different types of MES [6]

Parameter configuration for different setups of MES

Setup Voltage [V] | Current [A4] C.urrent Anode area Power [W]
density [4/m?] [m?]
Small scale 1-3 7.5%x 1073 2.5 0.003 (7.5 —-22.5)%x 1073
Lab scale 1-3 1000 2.5 400 1000 — 3000
Pilot scale 1-3 50000 2.5 20000 50000 — 150000

3.1 Components of Power Supply System

3.1.1 Rectifiers

Rectifiers convert an alternating current (AC) into a direct current (DC) by using devices such
as electron tubes, vibrators, solid-state devices, or mechanical devices [13]. Commonly diodes
are used for rectification purposes. When both polarities of an alternating current are used to
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produce a direct current then the process is called full-wave rectification whereas the use of
only one polarity for direct current is called half-wave rectification. In the case of three-phase
ac voltages, three-phase rectifier circuits are suitable as it has a higher power handling
capability and lower ripple content in the waveforms. A three-phase rectifier with six diodes
and a filter capacitor on the dc side is shown in figure 3-1. The diodes D;, D5, Ds becomes
forward biased during positive half ac cycles and the other three diodes D,, D, D, conducts in
the forward direction during the negative half of ac. The smoothing capacitor C; is used to
make full wave rippled output into more smooth dc output.

iq
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Dy A D3 A Dg
- + a Ls
—_——
iﬂ
— + 'b _L
n \—'—"1' Cdd"‘- Uq §Rload
;@LS_M\ g N\
ADs XDg Dy -
— ’e

Figure 3-1 Three-phase full bridge rectifier [9]

3.1.2 Diodes

A diode is a semiconductor device with two terminals that conducts current only in one
direction. In the case of an ideal diode, it will have zero resistance in one direction while infinite
resistance in the other, however, it is not achievable in practice. Instead, the diode has
negligible resistance in one direction allowing the flow of current and very high resistance in
the reverse direction to prevent current flow. Figure 3-2 shows the diode and its i — v
characteristics and ideal characteristics.
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Figure 3-2 Diode (a) symbol, (b) i — v characteristic, (c) idealized characteristic [9]

When the diode is forward biased, it starts to conduct with an only small forward voltage across
it, which is in the range of 1 V [9]. The forward voltage (V) is almost constant independently
of the current level due to the steep characteristics. When the diode is reverse biased, only a
small leakage current flows though it until the reverse break-down voltage is reached. All the
diode has a maximum reverse voltage (V,.qteq) limit. If the voltage limit is exceeded i.e., the
voltage reaches reverse breakdown voltage, then breakdown occurs where the diode conducts
a large current in the reverse direction. [9]

The diode can be considered an ideal switch during turn-on as it turns on quickly. This is not
the case at turn-off since the current reverses for a reverse-recovery time t,.. before falling to
zero as shown in figure 3-3. This reverse recovery current is necessary to remove the excessive
carriers in the diode and it will introduce the energy loss Q.. at each turn-off. [9]

—Ipm

Figure 3-3 Turn-off characteristics of diode [9]
Different diodes depending on the application requirements are described below [9]:
I Schottky diodes

Schottky diodes have a very low forward voltage drop of around 0.3 VV and are normally used
in applications with very low output voltage.

23



System Overview and Components

ii. Fast-recovery diodes

These diodes are designed to have a very small reverse-recovery time and are typically used in
high-frequency circuits in combination with controllable switches.

iii. Line-frequency diodes

These diodes are designed to have on-state voltage as low as possible, resulting in greater
reverse-recovery time and it is suitable for line-frequency applications.

3.1.3 Metal Oxide Semiconductor Field Effect Transistors

Metal-oxide-semiconductor field-effect transistors (MOSFETS) are voltage-controlled devices
with significant on-state current-carrying capacity and off-state voltage-blocking capacity, thus
widely used for switching purposes in power electronic applications. The MOSFET has three
terminal sources (S), gate (G), and drain(D) and it can either n-channel or p-channel MOSFETSs
depending on the doping techniques. The electrical current flowing between the source (S) and
drain (D) contacts is efficiently controlled with voltage being applied via the gate (G). Figure
3-4 shows the circuit symbols of N-channel and P-channel MOSFETS, and the arrow heads
show the direction of current flow.

?D D

(a) (b)

Figure 3-4 Circuit symbols for (a) n-channel and (b) p-channel MOSFETS [9]

Both the n-channel and p-channel MOSFETS have two basic forms: depletion and enhancement
modes.

I Depletion-mode MOSFET

The depletion-mode MOSFET is not common as enhancement-mode type MOSFETSs. These
types of MOSFETs are usually switched ‘ON’ without the gate bias voltage, i.e., the channel
conducts when gate-source voltage (V) is zero making them closed devices. [14]
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il. Enhancement-mode MOSFET

The enhancement-mode MOSFETSs are the most common type which is the reverse of the
depletion-mode type MOSFETs. These MOSFETSs do not conduct i.e., ‘OFF’ when the gate-
source voltage (Vi) is equal to zero. [14]

The current-voltage (i — v) characteristics of n-channel enhancement-mode MOSFET is
shown in figure 3-5. Enhancement-mode MOSFETSs have low ‘ON’ resistance and very high
‘OFF’ resistance as well as extremely high input resistance due to their isolated gate, making
them suitable for switching operations.
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Figure 3-5 i — v characteristics of n-channel enhancement mode MOSFET [9]
The MOSFETS operate within three different regions:

1. Cutoff Region: The MOSFET is in the cutoff region when the gate-source voltage (V)
is less than the threshold voltage (Vgs(cn)) i-€., Vos < Vis(en)- The device act as an open
switch regardless of the value of v with drain current (ip) = 0.

2. Ohmic (Linear) Region: The MOSFET is in the ohmic region when it is driven by a
large gate-source voltage (V) where the drain-source voltage (vpg) is small i.e.,
Vs — Vesen) > vps > 0. The transistor behaves as a voltage-controlled resistance
whose resistive value is determined by the gate voltage (V) level.

3. Active (Saturation) Region: The MOSFET is in the active region or constant current
region when Vis > Vgseny and vps < Vgs. The drain current (ip) is independent of the
drain-source voltage (vps) and only depends on the gate-source voltage (Vgs).
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3.1.4 Insulated Gate Bipolar Transistors

Insulated gate bipolar transistors (IGBTs) are voltage-controlled devices which is cross
between conventional bipolar junction transistors and field-effect transistors making them
suitable for switching. The IGBT combines the best features of these two types of transistors,
the high input impedance and high switching speeds of a MOSFET with a low saturation
voltage of a bipolar transistor to create a transistor capable of handling large collector-emitter
currents with virtually zero gate current drive [15]. The IGBT has three terminals gate (G),
collector (C), and emitter (E) as seen in figure 3-6. It can be turned ‘ON or ‘OFF’ by activating
and deactivating the gate (G) terminal. The IGBT will be ‘ON” if a positive input voltage signal
is applied across the gate and emitter but when the input gate signal is zero or negative then it
will be turned ‘OFF”.

ipl D
C
+
G o— Ups
G -
+
E Ugs
- 0OS

Figure 3-6 Circuit symbol of n-channel IGBT [9]

The IGBT is unidirectional which switches current only in the forward direction from the
collector (C) to the emitter (E) unlike MOSFETs which are bidirectional transistors. The
operation of IGBT is immensely close to that of n-channel power MOSFET and i — v
characteristics are also very similar which is illustrated in figure 3-6 [15]. The IGBT is in the
off state when v is less than the threshold voltage Vg ). As in the figure 3-7, the curve is
nearly linear for most of the drain current (i) range and it becomes nonlinear only when v
approaches the threshold voltage at low drain currents.
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Figure 3-7 i — v characteristic of n-channel IGBT [9]

3.1.5 Gate Drive Circuits

The main function of a drive circuit is to switch a power semiconductor device from the off-
state to the on-state and vice versa. It is an interface between the power switches and the control
circuit. The MOSFETs and IGBTSs are voltage-driven devices with insulated gates, which
require gate drive circuits for switching. The drive signals can be directly coupled to the power
switch or electrically isolated drive circuits can be used between the logic/control circuit and
power switch. The isolation can be obtained via using optocouplers, optic fiber cables, or a
transformer. Figure 3-8 below shows the electrically isolated drive circuits by using a
transformer. The drive circuits are connected in parallel with the power switch terminals.[9]

o nput to remainder

|

of isolated drive

Logic level

control circuits

[

Power switch reference

O node (BJT emitter,
—1— MOSFET source)

Logic ground

Figure 3-8 Electrically isolated gate drive utilizing a transformer [9]
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3.1.6 Arduino

Arduino is an open-source platform consisting of both a microcontroller and software or
Integrated Development Environment (IDE) to send instructions to the microcontroller. The
Arduino IDE uses a simplified version of C++, and it runs on Windows, Mac, and Linux
operating systems. Most of the Arduino boards have Atmel 8-bit AVR microcontrollers such
as ATmegal280, ATmega2560, etc. with different features, flash memory, and pins [16].

Arduino Mega ADK consists of an ATmega2560 microcontroller chip and has a USB
(Universal Serial Bus) to host interface as shown in figure 3-9. It can be powered up using a
USB connection or with an external power supply. An ac-to-dc adapter should be used while
supplying power from an external ac source and the best input voltage range is 7 — 12 Volts.
The Arduino board has 16 analog inputs, 4 hardware serial ports, a 16 MHz crystal oscillator,
a power jack, a USB connection, a reset button, and 54 digital input/output pins of which 15
can be used as PWM outputs. [17]

Figure 3-9 Arduino Mega ADK [16]

3.1.7 Transformer

Transformer transfers energy from one circuit to another either increasing (stepping up) or
reducing (stepping down) the voltage and it consists of two or more coils that are magnetically
coupled. It uses the principle of electromagnetic induction i.e., as the magnetic lines of force
(flux lines) build up and collapse with the change in current passing through the primary coil,
current and voltage are induced in another coil called the secondary coil. The primary and
secondary coil/windings are electrically isolated from each other and are linked magnetically
via the common core.

Transformers are used in various applications and they are not commercially available in a
wide range of properties but can be designed and constructed for a particular application [9].
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For the power supply being studied in this thesis, a high-frequency transformer is required as
the switching frequency will be high.

3.1.7.1 Core Materials

One type of core material consists of alloys of iron a small amounts of other elements including
chrome and silicon are called soft iron cores. They can withstand a high level of a magnetic
field as it has a large value of saturation flux density of around 1.8 T. These cores are only
suitable for use in low-frequency applications as it has high eddy current losses leading to
undesirable heating of the core. The cores must be laminated to reduce the eddy current loss
even at modest frequencies. [9]

Powdered iron cores consist of small iron particles that are electrically isolated from each other
to increase the resistivity higher than in laminated cores and also thereby reducing eddy
currents. It can be used for higher frequencies. [9]

METGALSs is an amorphous metal with roughly 70-80 atomic percent iron and other transition
metal elements and around 20 atomic percent boron and other forming elements. The electrical
resistivity of these cores is somewhat larger than most magnetic steels and has a saturation flux
density of 0.75 T at room temperature and 0.65 T at 150 °C. [9]

Ferrite core is basically a mixture of iron oxide and different kinds of metal oxides. It has high
electrical resistivity but low saturation flux densities around 0.3 T. The cores have significantly
high permeability, allowing low loss operation with really high frequencies. The electrical
resistivity is also high so there are no significant eddy current losses. Due to this, it is the best
core choice for an application operating at frequencies higher than 10 kHz. [9]

3.1.7.2 Transformer Design Procedure

A suitable transformer design is a vital part of the power supply circuit as it is not available off
the shelf in the exact same parameter that suits the power supply system being designed in the
thesis. As the switching frequency will be higher in the circuit, ferrite cores are the best choice.
The cores have different shapes and sizes such as toroids, pot cores with an airgap, and U, E,
and | shape. A bobbin or a coil former comes with most cores and has an effective width which
is essential to calculate the wire diameters and the construction of the transformer. They are
also available in various shapes and sizes. [9] [18]

Litz wire is suitable for high-frequency applications as it reduces skin effect and proximity
effect losses. It also increases the efficiency of high-frequency transformers, inductors, and
coils. The Litz wire is composed of several thin individually insulated copper wires that are
twisted or woven together in specified patterns which is completely different from simply
twisting the copper strands together. [19]
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Step 1 Assemble design inputs

The design inputs consist of the input voltage range on the primary side, the output voltage on
the secondary side, output current, switching frequency, operating mode, transformer turn ratio,
and maximum duty cycle.

Step 2 Choose core material, shape, and size

The operating frequency, power requirements, and switching topology influence the core
choice. Iron powder cores, magnetic steels, and METGALSs are suitable for low frequencies
whereas ferrite cores are the best choice for high-frequency circuits.

The core shapes play a vital role in the construction of high-frequency transformer designs to
minimize losses. The winding area should be wide enough to increase the winding breadth and
limit the number of layers [20]. For selecting an appropriate core size, many variables should
be considered such as effective core area, available window area for winding, etc.

Step 3 Find the primary and secondary turns

Primary and secondary turns are dependent on each other and are influenced by various
parameters. The number of primary turns of the transformer has an effect on the flux density
of the core material, it is important to see that the core would not saturate. The number of
primary turns (N,,;) and the peak flux density of the core (B.ore) related as per equation (3.1).
[21]

Vpri = NpriAchcore (3.1)

Where, V,,; = Voltage on the primary side

A, = effective area of the core

The equation (3.1) has been derived from Faraday’s law of induction,

dao
LA

Vpri(t) = Np (32)

Where, V,,,;(t) = time-varying voltage on the primary side

do _

- time derivative of the magnetic flux in the core

The magnetic flux is given by equation (3.3).
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@ = Acécore (3.3)

From equations (3.2) and (3.3),

DT Beore
f Vi dt = NpyiAc f dB (3.4)
0 0

The voltage on the primary side over time from 0 to DTy is equal to the input voltage of the
converter V;. The maximum voltage applied on the primary side of the transformer will
produce the peak flux density of the core (B,,,.), Which can be found in the datasheet of the
selected core. Then the equations become:

V,DT,

Ny = —— (3.4)
prt ACBCOT'E

Which can be further simplified to calculate as equation (3.5):

V, D T.
Npri — d,maxA max*‘s (35)
Achore

The equation (3.5) clarifies as the number of primary turns increases then the peak flux density
of the core will decrease. The number of secondary turns is calculated from the turn ratio of
the transformer as shown in equation (3.6).

n = prL'= pri (3.6)

Step 4 Choose wire

The selection of conductor wire depends on the operating frequency of the transformer and the
importance of eddy current loss in the windings. The RMS currents on primary and secondary
windings have a significant role in finding appropriate wiring. The RMS currents on the
windings can be calculated using equations (2.4) and (2.5). There are different types of winding
conductors such as round wire, Litz wire, and so forth and Litz wire is suitable for high
frequency and large primary and secondary currents [9]. To cope with high currents, the bundle
of Litz wires has to be used on both the primary and secondary sides. The conducting wire with
sufficient current density (J) and cross-sectional area (A, re) Will be chosen for windings,
then numbers of wire in a bundle can be calculated as following: [21]
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For the primary side, the number of bundled wires (X,,;) can be calculated as equation (3.7).

[Int] (3.7)

Then, the new cross-sectional area of the bundled wire (4.1 punaie) Of the primary side is given
by equation (3.8).

Acl,bundle = XpriAc,wire (3-8)

Similarly, the total number of bundled wires (X,..) on the secondary side is determined by
equation (3.9).

IZ,RMS

Xsec = 1
] c,wire

[Int] (3.9)

Then, the new cross-sectional area (A, punaie) 1S given by equation (3.10).

Acz,bundle = XsecAc,wire (3- 10)

Step 5 Find the required winding window

The total copper area is a product of the total number of turns in the winding window of the
core and the cross-sectional area of the conducting wire. The area of the winding window will
be larger than the copper area due to several factors. To calculate the required winding window,
the number of turns on both sides and copper fill factor (K.,) must be known. The copper fill
factor ranges from 0.3 for Litz wire to 0.5 — 0.6 for round wire conductors. [9]

The winding area on the primary side (4,, ;) is calculated as equation (3.11).

NpriAcl,bundle

A =~ (3.11)
u

Likewise, the winding area on the secondary side (4,,sec) can be determined as equation
(3.12).
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Ng..A
AW,sec — sec I;z,bundle (3.12)
u

Hence, the total winding area is a sum of the equations (3.11) and (3.12).
Ay = Aw,pri + Aw,sec (3.13)

Step 6 Calculate the winding window of the selected core

The datasheet of the chosen core contains all the necessary measurements to calculate the
winding window area.

Step 7 Compare required and calculated winding window

Compare the total winding area required for the design of the power supply system and
compare it with the winding area of the transformer core. If the winding window of the selected
core is slightly more than the required area, that core can be used otherwise step 2 should be
repeated to choose a core with a sufficient winding window.

3.1.8 LCFilter

LC filter is a combination of inductor (L) and capacitor (C) to cut or pass specific frequency
bands of an electric signal. In the power supply system, both the voltage and the current need
to be filtered which is done by a low pass filter seen in figure 3-10.

L
oY YTy o
in (o out
O O

Figure 3-10 Output lowpass filter [22]

The inductor blocks AC components at higher frequencies while the capacitor’s impedance
decreases and passes high-frequency components. By combining the inductor and capacitor
with opposite properties, high-frequency AC components can be prevented, and noise can be
cut. The DC power supply system is susceptible to AC ripple and noise, hence lowpass filter
between the output of the transformer and load should be placed. The value of the inductor
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should be high enough in order to keep the output current ripple within the limit. The current
ripple between 5-10% of the average load currents is often accepted. [21] [22]

For the calculation of inductance, inductor current from 0 — DTy is considered. The voltage
across the inductor is given by equation (3.14)

di,
=L— 3.14
v=1— (3.14)

Then, the inductance is given by equation (3.15)

=dy (3.15)
dt

L

The inductance will be minimum when the voltage across the inductor reaches its maximum
value (V;, max) @ shown in equation (3.16)

VL,max

" Tipple * Ipmax (3.16)

Lmin

ton
Then, the voltage over the inductor can be expressed as equation (3.17)
Vi =Voi = Vo (3.17)
Where, V,; = &Vd
Ny
The maximum voltage over the inductor is given by equation (3.18)

N,

VL,max = N Vd,max - Vo,min (318)
1

The on-state can be determined as equation (3.19)

Vo,min N 2

ton = DT, = —"——=
on y Vd,max Nl *

(3.19)
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The maximum average inductor current is given by equation (3.20)

P
Il,max = 22 (3.20)

V;),max

Hence, the equation (3.16) can be written as equation (3.21) by replacing the value of V ;.4
by equation (3.18)

Ny v -V, . .
N. d,max o,min
1

Lmin = rlpple " IL,max (321)
tOTL
To calculate the capacitance, the following relation is used
dv,
i(t) = Cd—tc (3.22)

With the assumption that all the ripple current (ripple;) goes through the capacitor, and the
voltage ripple (ripple,) has a constant value, the maximum capacitance value can be
calculated as equation (3.23)

c _ i.(t) _ ripple; * I max
max — % - ripplev * Vo,min (3-23)
dt

tOTl

3.2 Power Losses in Switches

Power loss in a switch is the product of the current through the switch and the voltage across
it. When the switch is off, there is no current through it although there will be a voltage across
it leading to no power dissipation. Similarly, when the switch is on, there is current across it,
but no voltage drops across it so no power loss. In the case of actual switches such as IGBT,
and MOSFET, it has mainly two types of power loss: conduction loss and switching loss.

Conduction loss (P, ) arises due to the small internal resistance in the transistor causing a small
voltage drop across when the switch/transistor is fully on. The loss associated with leakage
current is negligible since the leakage current is quite small and does not vary significantly
with voltage.
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The switch/transistor takes a finite time to turn on and turn off the switch which creates power
dissipation known as switching loss (Psy,). During the switching time, the switch has a current
through it at the same time as the voltage across it resulting in the switching loss.

The switching loss is given by equation (3.24)
PSW:Pon+Poff (3.24)

Where, P,,, = Transistor turn-on losses
Py = Transistor turn-off losses

Hence the total power transistor/switch loss P;, can be written as equation (3.25)

Pt =PC+PSW (325)

3.3 Power Losses in Transformer

An ideal transformer does not have energy losses with equal input and output power, however,
in practice both the input and output powers will not be the same because of losses within the
transformer. There are different types of losses in the transformer such as hysteresis, copper,
eddy, and dielectric, described below.

i. Resistive Loss

The power loss caused by the resistance of the wire used for winding in the transformer is
known as a resistive loss, or I2R loss, or copper loss. The power loss (P) is directly proportional
to the resistance of the wire (R), and the square of the current (I?) though it as shown in
equation (3.26). The greater value of either resistance or current, the higher the power loss, so
the proper diameter of wire should be used to minimize the loss. Also, the length of primary
and secondary windings affects the resistance of the wire.

P =1I%R (3.26)

Where, R = % = resistance of wire with length (L), area (A), and resistivity (p).

ii. Hysteresis Loss

Hysteresis loss is caused by the remaining magnetism in a core material after the magnetizing
force has been removed. This kind of loss occurs in the core when the alternating current is

36



System Overview and Components

applied then the magnetic field will be reversed. When a magnetic field is passed through the
core, it gets magnetized by aligning the magnetic domain in the direction of the field. When
the magnetic field reverses, the magnetic domain also reverses its alignment causing power
dissipation in the form of heat. The loss can be kept at a minimum value by the use of proper
core materials.

If the transformer is loaded beyond its rated capacity, then saturation loss occurs. This happens
when the core reaches its saturation point and no additional flux liens are produced while
increasing the current through the core. [23]

iii. Eddy Current Loss

Eddy current loss is power loss due to induced current in the metal parts of the transformer
from the alternating current. When the primary side of the transformer is energized by an
alternating current, a fluctuating magnetic field is produced. The conducting core material in
the moving magnetic field has a voltage and current induced in it. The induced current flows
through the core dissipating power in the form of heat. The eddy current loss increases with
frequency and is directly proportional to the square of the current in the winding. The loss can
be reduced by using laminated iron cores and ferrite cores which have no significant eddy
current loss due to high electrical resistivity.
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4 Modeling and Simulation

This chapter discusses the power supply system design and simulations.

4.1 Model Formulation in Simulink

Based on previous thesis work [6], the half-bridge dc-dc converter with electrical isolation with
series configuration is recommended to supply power to the biochemical system. The power
required for the lab-scale setup is around 2 — 3 kW which leads to the use of a full-bridge
converter, hence both half-bridge dc-dc converter and full-bridge dc-dc converter in the power
supply system are simulated in the MATLAB-based graphical program Simulink.

4.1.1 MATLAB

Matrix Laboratory (MATLAB) is a tool for programming, computation, and visualization
integrated with a single environment where problems and solutions are expressed in
mathematical notation. It is well suited for matrix and vector formulations, implementation of
algorithms, and solving problems related to linear algebra, modeling, simulation, etc.
MATLAB has large application-specific toolboxes. [24]

4.1.2 Simulink

Simulink is a MATLAB-based graphical programming environment for modeling, simulating,
and analyzing dynamic systems. Simulink provides a graphical user interface (GUI) for
creating a system with different system components. It has a comprehensive library of pre-
defined components/blocks that can be used to build graphical models of a system by drag-
and-drop mouse operations. Simscape and Simscape Electrical libraries are used in this thesis
for developing the model of the power supply system. Simscape Electrical library provides
components for modeling and simulating electronic and electrical power systems including
models of semiconductors, motors, etc. [25]. Simscape library helps to develop a model by
assembling fundamental components into a schematic [26].

4.1.3 Models in Simulink

All the components used in the circuit are available in the Simscape Electrical library. The
MATLAB and Simulink version used for design and simulation is R2021b. The ode23tb solver
has been used to simulate the system in Simulink with default parameters setup and a stop time
of 0.05 seconds. A powergui block is essential to simulate any model using components from
the Simscape Electrical library [27]. The power supply system with both half-bridge and full-
bridge dc-dc converter utilizes the Continuous solver method in the powergui which uses a
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variable-step solver from Simulink. The tools and preferences tabs of the powergui block
remain as it is.

A three-phase AC source represents the main source with a phase shift of 120 degrees, phase
voltage 230 V, and frequency 50 Hz. The AC supplied voltage is converted to DC through the
use of six diodes which work as a rectifier. The default value of the diode is used, which
corresponds to internal resistance, Ron of 0.001 €, and a forward voltage, Vf of 0.8V [28].
The converted DC then goes to two capacitors having a capacitance of 20000 uF, which is
further connected to switches. The MOSFETSs/IGBTS are applied as switch for dc-dc converters
with default values- The MOSFETSs have internal resistance, Ron of 0.1 Q, internal diode
resistance, Rd of 0.01 Q and internal diode forward voltage, Vf of 0V [29] and the IGBTs
have resistance Ron of 0.001 Q and forward voltage Vf of 1 V [30]. The applied switches are
controlled by PWM, which is generated by comparing a sawtooth waveform with a control
voltage signal. The sawtooth generator generates the sawtooth with intervals —1 to 1, which is
modified in the circuit so that the interval becomes 0 — 1. The D flip-flop bock is used to send
PWM to the switches with help of AND gates. Every time period when the PWM signal is at
0 or OFF then the signal goes to the clock (CLK) port of the flip-flop via NOT block and flips
between Q and !Q. All the switches are off under this period of flipping. When the PWM is
ON, the flip-flop will send a signal either through Q or !Q then to one of the respective AND
gates. The switches will have their respective on-period when the PWM is on, but they will
take turns to conduct every on-time period.

The three winding linear transformers with three windings coupled and wounded on the same
core have been used for stepping down the voltage and also for electrical isolation between the
input and output side [31]. In the case of the transformer, the values are changed from the
default values for both half-bridge and full-bridge circuits. The units used in the transformer
is Sl and a nominal power Pn is 250 MV A and a nominal frequency fn is 50 Hz for both type
of dc-dc converter. The magnetization resistance Rm and inductance Lm are also the same for
both which have values of 320.01 Q and 1.0186 H respectively. The full-bridge dc-dc
converter circuit has a winding 1 to winding 2/winding 3 ratios of 10 whereas the half-bridge
supply system has half the transformer ratio. A higher number of primary windings or a higher
transformer ratio is required in the full-bridge network compared to the half-bridge as the full-
bridges see double the voltage than the half-bridge.

The transformer converts the supplied dc voltage to the desired voltage level. The secondary
side of the transformer is connected to the rectifier diodes which conduct when forward biased.
The output rectifier diodes also have the default parameter values as input rectifier diodes. Then
the rectified dc-voltage will be filtered via an LC filter before it reaches the load. The inductor
L will filter the remaining ripple in voltage left from the rectification and the capacitor C will
smoothen the voltage signal. The inductor and capacitor have default values and the resistor
which acts as the load has a resistance of 0.2 Q.
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I.  Power supply system with half-bridge dc-dc converter with electrical isolation

The half-bridge dc-dc converter with the MOSFET switch model is shown in figure 4-1. The
output values of the system will have a current of around 100 A and voltage of roughly 20 V
resulting in the output power of around 2000 IW. The power supply system will be sectioned
with 10 in series to supply the required power to the reactor. The power is measured in different
components such as input diodes rectifier, switches, transformer, output diodes rectifier, LC
filter, and load in the circuit to calculate the power loss. The total power loss P, of the system
IS given by equation (4.1). The power losses are calculated on the input rectifier diode
Pinput rectifiers SWItCh€S  Pgyitcnes, transformer  Pignsrormer, OUtpUt rectifier diodes
Poutput rectifier aNd LC filter P ¢ ¢4, as per the method applied in the previous thesis [6].

Ploss = Linput_rectifier + Pswitches + Ptransformer + Poutput_rectifier + PLC_filter (4-1)

The power efficiency of the model is given by equation (4.2)

P input

Efficiency,n = (4.2)

Poutput

Where input power is denoted by P, and output power is denoted by Py pye-

Table 4-1: Power and efficiency of half-bridge power system model

Power Measurement in Half-bridge Model

Input | Power | Output
Switch | Power | Loss | Power

W] | Wl | W]
MOSFET | 2310 | 182 | 2139 92.6

IGBT 2313 197 2130 92.1

Efficiency
[%]
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Figure 4-1 Half-bridge dc-dc converter with electrical isolation
Il.  Power supply system with full-bridge dc-dc converter with electrical isolation

The power supply system with a full-bridge dc-dc converter has most of the components same
as the half-bridge model, however, there are four switches that work on pair as per PWM signal.
Figure 4-2 shows the schematic diagram of the power supply system utilizing the full-bridge
dc-dc converter. This model will also be connected in a series configuration to provide the
power of around 2000 W to the reactor. The total power loss and the efficiency of the system
will be calculated as per the equations (4.1) and (4.2) respectively.

Table 4-2: Power and efficiency of full-bridge power system model

Power Measurement in Full-bridge Model
Switch Ilg\p:vfr Pl?c\)zsr I(zgt\?:: Efficoiency
w | ow | ow |
MOSFET | 2388 370.3 2015 84.4
IGBT 2415 370 2043 84.6
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Three-Phase AC Source |

Figure 4-2 Full-bridge dc-dc converter with electrical isolation

The power loss and efficiency are calculated using both half-bridge and full-bridge dc-dc
reactors with the transformer. As per simulation in the Simulink, the system with a half-bridge
converter has an efficiency of around 92%, and that for the full-bridge system is around 84%
both for MOSFETSs and IBGTSs switches. However, the efficiencies and power loss will not be
the same in the circuit with actual components as the losses calculated in switches, transformers
do not cater for conduction losses, switching losses, magnetization loess, core losses, etc.

4.2 Power Supply System Design

This sub-chapter describes the components used in the power supply circuit and their setups.
Figure 4-3 shows the block diagram with different components of the power supply system for
MES.

The design started with testing the PWM signals generated from the Arduino by changing the
brightness of a LED (Light-emitting diode), then the frequency changing of PWM is done.
Figure 4-4 shows the brightness changing test in LED by varying the value of the duty cycle
of the pin where the LED is connected. The next step in the design is to select suitable core
material for the transformer, proper core shape, and to calculate the numbers of turns on the
primary and secondary side, winding window area. After completing the proper transformer
setup, all the required components are gathered for creating the power supply system.
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Figure 4-3 Block diagram of the power supply system

Figure 4-4 LED brightness change with Arduino Mega ADK

4.2.1 Arduino Mega ADK

The Arduino Mega ADK with ATmega2560 is used to generate a PWM signal and the Arduino
is powered by connecting to the laptop. Figure 4-5 shows the Arduino board with a power cable
that can either be connected to the laptop USB port or the electric socket. It has 12 pins from 2
to 13 including supporting PWM waves. The PWM has a default frequency of 490 Hz for all
pins except for pins 13 and 4 which have a frequency of 980 Hz. The Arduino gives a square
wave with 5 ¥V when it is High or 0 V when it's low. Arduino IDE software is used to program
and upload it to the Arduino board, where a program can be written to assign the pin number
for PWM, change the frequency of PWM wave, change the duty cycle, etc. The Arduino IDE
has a built-in function ‘analogWrite()” which can be used to generate the PWM wave and the
duty cycle of the wave can be changed using the same function. The value from 0 — 255 can
be given to the function where 0 represents the 0% duty cycle and 255 represents the 100%
duty cycle. [32] [33]
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The power supply circuit for MES requires higher frequencies of the PWM waves to switch
the switches used in half-bridge/full-bridge converters, which can be programmed. In order to
change the frequency on the pin value of the timer controlling the pin should be changed. There
are five timers/registers on the board from timer 0 to timer 4, where timer 0 controls pin 13 and
4, timer 1 controls pin 12 and 11, timer 2 controls pin 10 and 9, timer 3 controls pin 5, 3, and
2, finally timer 4 controls pin 8, 7, and 6. The Arduino uses Prescaler, an eight-bit integer form
0-7 to generate the frequency for PWM. For all pins except 13 and 4, the maximum frequency
is 31 kHz with Prescaler 1 and the minimum frequency is less than 20 Hz with Prescaler 6. In
the case of timer O i.e., pin 13 and 4, the maximum frequency is 62 kHz with Prescaler 1 and
the lowest frequency is the same for all pins. The Prescaler 3 represents the default frequency
value. For this case, the frequency of timer 1 has been changed to the Prescaler 1 i.e., 31 kHz
frequency. [34]

Figure 4-5 Arduino Mega ADK

4.2.2 Flip-flop Gates block

The AND gates and D flip-flop are required to control the switches in the power supply system.
The working principle and utilization of the flip-flop and the gate are discussed in the
subchapter 4.1.3. TC4013BP dual D-type flip flop is applied in the circuit which takes a supply
voltage of 5 V from pin 14 and the ground is pin 7. The outputs Q and Q! are taken from pin 1
and 2 respectively in the case. The clock signal is sent to pin 3, which is reversed PWM signal.
TC4011BP quad 2 input NAND gates are used instead of AND gates to perform required
operation. The power supply and the ground pin of the NAND gate are the same as the D flip-
flop. All the NAND gates and the D flip-flop are powered by the Arduino. [35] [36]

Figure 4-6 shows the arrangement of the Arduino, D flip-flop, and NAND gates in the circuit
which is powered by the Arduino supplying 5 V. Figure 4-7 shows the resulting signal from
the flip-flop gate block with a duty cycle of 50%, where blue and yellow waveforms represent
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the switching PWM signal with half switching frequency and half duty cycle. The switches
take turns to be turned on every second time period when the PWM signal is high, which will
be supplied to the switches.

Arduino Mega ADK

D flip-fop
NAND gates block

Figure 4-6 D flip-flop, NAND gate block

Pos Duty
Peak

Figure 4-7 PWM signal generated to control switches

4.2.3 Gate Drivers

The gate driver sends switching signals to a gate of the transistors from the flip-flop gate block.
In the beginning, the ADuMA4135 single/dual-supply high voltage isolated gate driver was
planned to use for all the switches, however, only one of the EVAL-ADuM4135 kits arrived
during the circuit formulation so the L6203 DMOS full-bridge driver was used for driving other
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switches. The L6203 driver does not have galvanic separation making it not preferable for the
solution however it works fines for the testing purpose. On the other side, the ADuM4135
driver has analog devices chip-scale transformers to provide isolation and it also protects the
IGBT from faults that may occur during operation [37]. Figure 4-8 shows the ADuM4135
driver kit and L6203 drivers.

The L6203 has the capacity to send gate signals to two switches from pins 1, 3, and 12 V power
is supplied to pin 2 [38]. The ADuM4135 drives only one switch with isolated communication
between the high and low voltage protecting the switch against high voltage. The logic side
input is supplied from the Arduino and the high-side is supplied from the dc-power supply
source to the respective pins as per the datasheet [37].

mnimnns
RO

nn".’i
ce [jj!

Figure 4-8 Gate drivers ADuM4135 and L6203

4.2.4 Rectifier

The three-phase rectifier MD75S16M4 applied to rectify given input voltage to dc voltage is
displayed in figure 4-9. The working principle of the rectifier is described in the subchapter
3.1.1 and other details of the rectifier are given in the datasheet [39].

Figure 4-9 Three-phase rectifier MD75S16M4
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4.2.5 Capacitors

Both low and high frequencies capacitor is applied in the power supply circuit as shown in
figure 4-10. The capacitor bank with high-frequency capacitor C4AQ is used to reduce the
input voltage ripple. As the switching frequency will be higher in the power supply model a
polypropylene metalized film capacitor is used with 16 uF capacitance, +10% tolerance,
500 V rated voltage, and a temperature range from —55°C to +105°C [40].

- High frequency
capacitor

Low- frequency
capacitor

Figure 4-10 Low frequency and high-frequency capacitors

4.2.6 IGBTs

IGBTSs are used for both half-bridge and full-bridge dc-dc converters as the voltage is higher
on the input side of the system. The IGBT is more robust than MOSFET and it is suitable for
switch-mode power supplies. To acquire an adequate safety margin 600V, 125 A4,
447 Wsingle switch mode IGBT is used, which can be operated at a higher switching
frequency up to 150 kHz. Pins 1 and 4 represent emitter (E), 3 is a collector (C) and 2 is a gate
(G) [41]. The warp 2 speed IGBT is displayed in figure 4-11.

Figure 4-11 IGBT (SOT-227)

4.2.7 Transformer Design

The transformer is designed according to the procedure described in the subchapter 3.1.7.2.
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Step 1 Assemble design inputs

The input parameters required for the transformer design are in table 4-3. The transformer ratio
is calculated from the known values of input voltage (V; ;4 ), OUtput voltage (V) as follows:

Vamax _ 400

=13.
V,, max 30 3.33

transformer ratio (n) =

Hence the transformer ratio 16 is chosen instead of the nearest even number 14 so that there
will be some margin space in case of a failure while designing the transformer.

Table 4-3: Parameters for the transformer design

Parameter Value
Input Voltage (V) 360-400 V
Output Voltage (V,) 20-30V
Output Current (1,) 100 A
Output Power (P,) 2-3 kw
Switching Frequency (f) 31 kHz
Operating mode Step-down
Duty cycle (D) 50%

Step 2 Choose core material, shape, and size

As the operating frequency is higher ferrite cores are selected and depending on the output
power of the system and availability on the market during procuring period E65 type core is
selected as in figure 4-12 [18]. During this step, a random size of the E65/32/27-3C94 core is
selected and it will be updated after calculating the winding area required for the conductor.
The core has an effective area A, of 540 mm? saturation flux density B, of 0.32 T and
permeability p of around 2300 [42].

Figure 4-12 E65-type ferrite core
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Step 3 Find the primary and secondary turns

The number of turns on the primary is calculated as per the equation (3.5) and the secondary
turns are calculated according to the equation (3.6).

The number of turns on the primary side,

1
400 * 0.5 * (3-———)
Nyyi = 31 x10°7 _ 3733 38
540 x 1076 * 0.32

The number of turns on the secondary side,

38
Nye = 7 = 2375 ~ 3

On the primary side, the number of turns is adjusted to 48 to maintain the turn ratio of 16 with
3 turns on the secondary side.

Step 4 Choose wire

The most suitable wire for the winding is the Litz wire as the operating frequency of the
transformer is high. The RMS currents on the primary and secondary side of the windings for
full-bridge rectifier setup are calculated from equations (2.4) and (2.5).

On the primary side,

1
i s = ¢ * 100 » V05 =442~54

Similarly, on the secondary side,
1
Ly rms = I3 pus = 5 *+ 100 + V15=61244 ~ 624

The acquired Litz wire has 100 strands in one roll with a diameter 7mm, a cross-sectional area
(Acwire) 0.385 mm? and current density (J) is 3 A/mm? has been chosen for this design.

The number of strands in bundled wires required in the winding is calculated using the
equations (3.7) and (3.9).

On the primary side,

X

pri = 330385 = 4.32 = 5 strands

Similarly on the secondary side,
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62
XseC = m = 53.67 = 54 strands

Then, the new cross-sectional area of the wire on the primary and secondary sides is calculated
as the equation (3.8) and (3.10).

On the primary side,
Ac1punde = 5 * 0.385 = 1.92 mm?
On the secondary side,
At pundate = 54 * 0.385 = 20.79 mm?
Step 5 Find the required winding window

The winding area on the primary and secondary sides of the transformer is calculated using the
equations (3.11) and (3.12). The copper fill factor K., of 0.4 has been assumed to cater for both
Litz wire and copper wire.

A winding area on the primary side,

48 * 1.92 5
Aw,pri = 0—4 = 2304 mm
A winding area on the secondary side,
3%20.79
AW,Sec = T = 155.92 mm2

Hence, the total winding area is calculated using equation (3.13),
A,, = 386.32 mm?
Step 6 Calculate the winding window of the selected core

The winding area in the transformer is calculated as the dimensions provided in the datasheet
[42].

Total winding area of the transformer,

=2%(22.20 x12.1) = 537.24 mm?
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Step 7 Compare required and calculated winding window

The winding window of the core is more than 1.5 times greater than the required winding area,
hence the core size is suitable for the transformer. Also, the core will not get saturated with the
given voltage and current.

As per the availability of the core as well as coil former E 65/32/27 of N87 core, the material
is used in the design of the transformer in this case. The core is ungapped and has an effective
core area A, of 535 mm? and saturation flux density B, of 0.32 T [43]. This change in the
core area does not have any significant effect on the calculation of the number of turns, hence
using this core instead of 3C94 does not create issues. Figure 4-13 displays the coil former with
the primary and secondary windings of the bundled Litz wires. As seen in the figure the bobbin
has the capacity to hold two pairs of ferrite cores, thus reducing the number of turns is reduced
to a 32: 2 ratio with the assumption that the core will not be saturated during operation. At first,
a centrally tapped transformer with copper wire windings with 32 turns of 3 strands on the
primary and 4 turns of 4 strands on the secondary side with a center tap is built to test the circuit
and then a Litz wire transformer with calculated values is employed in the circuit while testing
for high current. Figure 4-13 exhibits both centrally tapped transformers with copper wire and
Litz wire assembled for the circuit testing.

Figure 4-14 Transformer with copper wire winding on left and Litz wire winding on right side
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4.2.8 Schottky Diodes

Two Schottky diodes 200V 1120A T0257 are connected as a rectifier in the output of the
secondary winding of the transformer. Figure 4-15 shows the diode where pin 1 represents the
cathode and pin 2 is an anode. The diode has a maximum DC reverse voltage of 200V,
maximum average forward current of 1204, and low leakage current and it is suitable for high
switching frequency [44]. In the modeling of a power supply system with a half-bridge dc-dc
converter, a fast recovery rectifier diode with reverse voltage 1 kV and forward current 30A is
applied in the circuit [45]. A heat sink is also employed with two diodes to reduce the power
loss in form of heat and prevents overheating by absorbing and dissipating heat generated by
the diodes.

ck of case-cathode

1-Cathode 2-Anode

Figure 4-15 APT100S20BG high-voltage Schottky diode

4.2.9 LCFilters

An inductor and capacitor are connected to the output circuit as an LC filter to smoothen ripples
of the rectified output voltage before passing to the load. For the inductor six winding of copper
wire are wrapped around the bobbin and one pair of cores is used with a small air gap. The
exact value is not calculated while building the model and tested with six winding inductor
which worked fine so continued to use throughout the whole testing period. In the case of
capacitors, two low-frequency and one high-frequency capacitor are used. Figure 4-16 displays
the inductor and capacitor used in the power supply system. For the high current testing, the
inductor is replaced by 5 turn winding of Litz wire.
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Figure 4-16: LC filter in the model

4.2.10Load

A copper wire with resistance around 0.1 — 0.3 Q has been used during the testing of the
circuit. According to the output voltage of 20 IV and current of 100 A, the resistance is 0.2 Q.
The length of the copper wire is calculated using equation (4.3) with the known diameter/radius
of the wire. A roll of copper wire with resistance around 0.3 € is used as a load for testing,
which is kept in the bucket filled with water.

L
Resistance,R = % (4.3)
Where, p = resistivity of copper wire, 1.72 X 1078 Qm
= length of the wire
A = mr?, cross-sectional area of the wire

Initially, the power supply system with a half-bridge dc-dc converter is built, tested, and then
moved towards a full-bridge dc-dc converter system. At last, the power supply system is tested
with a maximum single-phase input supply voltage of around 240 V' to generate power of
approximately 2000 W across a load of roughly 0.17 Q.
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5 Design Results and Discussion

The circuit is designed with components and specifications as explained in subchapter 4.2.

5.1 Power Supply System with Half-bridge DC-DC Converter

The power supply system with the half-bridge dc-dc converter is displayed in figure 5-1 which
is tested with 30 V input voltage supply and the transformer with copper wire. The turn ratio
of the transformer is 6 and with the supply voltage of 30 V and switching frequency of 31 kHz,
the output voltage measured is around 1.8 V at 50% duty cycle. As the input voltage is small,
the rectified output voltage is also quite small, and it does not light up the bulb during this duty
cycle. Figure 5-2 shows the waveform across one of the diode rectifiers. When the IGBT is on,
the diode is conducting for half of the time period and when it is off the voltage across the
diode decreases as the transformer core demagnetizes and reaches zero before conducting
again.

4

,,,,,,,,,,

Input pg
supply ‘ \
~Rectifier

Figure 5-1 Power supply system with half-bridge dc-dc converter
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Figure 5-2 Output waveform across one diode rectifier

5.2 Power Supply System with Full-bridge DC-DC Converter

Initially, the full-bridge system is tested with a copper wire winding transformer having a turn
ratio of 16 and powered by a single-phase variac which allowed voltage adjustment of the
supply. For the load, a copper wire with resistance around 0.3 Q is placed in the bucket filled
with water and the switching frequency is 31 kHz. The power system model with a full-bridge
dc-dc converter is displayed in figure 5-3.

The test started with an input voltage of 106.2 VV with 25% duty cycle and a load of resistance
of nearly 0.3 Q. The expected output voltage is around 1.66 V, however, 1.3 V output voltage
and 4.2 A current are measured across the load due to losses in the switches, transformer, and
diodes. Figure 5-4 shows the waveforms observed on the primary and the secondary side of the
transformer. The yellow waveform represents conduction on the primary side where on time is
25%, and the blue waveform shows the conduction on the secondary side with some noise
during on time. The sharp shoot on the blue waveform illustrates noises during magnetization
and demagnetization of the transformer core.

On the second test, the duty cycle is incremented to 50% with input voltage of 100.5 V. The
output voltage across the load is measured to be 2.5 V. The transistors switch on and off at
every half of the whole cycle. Figure 5-5 shows the signals across the transformer, where small
oscillation on the primary side i.e., yellow waveform explains the magnetization of the core
when the switches are on and then demagnetization when the switches turn off. At the same
time, there are overshoots and undershoots on the secondary side i.e., the blue waveform of the
transformer due to magnetic action. Afterward, the duty cycle is extended to 75% with an input
voltage of 101.7 V and an expected output voltage of 4.8 V. The voltage and current across the
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load are measured to be 3.9V and 12.6 A due to losses on the secondary windings, rectifier
diodes, and inductor. The waveform observed on both sides of the transformer is displayed in
figure 5-6. Furthermore, an output voltage of 4.6 V is observed with the duty cycle of 96% and
input voltage 100 V. In this case, the signal on the primary side looks quite ideal and the
magnetization action does not have a huge impact on the secondary side of the transformer as
illustrated in figure 5-7.

‘*-!r‘llkﬂ. 1]

-I
—, |
s — Nt

Figure 5-3 Power supply system with full-bridge dc-dc rectifier
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Figure 5-5 Waveforms on the primary (yellow) and the secondary side (blue) of the transformer with 50% duty
cycle
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Figure 5-7 Waveforms on the primary (yellow) and the secondary side (blue) of the transformer with 96% duty
cycle
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After testing in the voltage around 100 V, the input level is increased, and the output measured
across the load is in table 5-1. The power across the load rises with an ascent of input and duty
cycle. The duty cycle is always maintained lower than 100%, creating a blanking time to avoid
short-circuiting of the input. The wave on the primary side (yellow) almost looks like an ideal
square wave and on the secondary side, (blue) oscillations happen when the IGBTSs switch from
off to on as shown in figure 5-8.

To check the saturation limit of the transformer core, the switching frequency is reduced to
490 Hz and the duty cycle is amplified to 90%. The transformer saturates at 16V input voltage
which concludes that the core saturation of the transformer occurs at approximately 1012V
input voltage supply.

Table 5-1: Output of the system with different input and duty cycle

Measurement with a load of 0.3 Q

Input Output | Output

buty AC DC DC
cycle
%] voltage | voltage | Current
vl vl [A]
25 200.00 2.69 8.70

25 303.10 4.25 13.75
25 353.46 5.02 16.25
50 348.14 10.03 32.46
84 336.86 17.24 55.79

— . M 10.0us

Figure 5-8 Waveforms on the primary (yellow) and the secondary side (blue) of the transformer with 84% duty
cycle
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Finally, testing on the circuit is conducted with the centrally tapped Litz wire winded
transformer, the Litz wire winded inductor, and a load of resistance of 0.17Q. The setup of the
circuit is displayed in figure 5-9 and table 5-2 contains the output measured with different input
and duty cycles. The output power escalates with the increase of the duty cycle and full power
is attained at 100% duty cycle. At this level, the diode rectifier really gets heated up and
transistors are also hot losing the power in the form of heat. The maximum single-phase input
to the circuit is 250 V and the current is 9 A thus input power is around 2250 W at the full duty
cycle and the output power is nearly 1843 W. The efficiency of the model is almost 82%,
whereas the same model shows an efficiency of 84% while simulating in the Simulink. It
should be noted that the circuit is receiving supply from the single-phase and the use of the
three-phase power supply will improve the output power of the circuit amplifying efficiency.

Figure 5-9 Power supply setup with the Litz wire winded transformer
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Table 5-2: Measurements of output with high input supply

Measurement with a load of 0.17 Q
Duty cycle [] S"I’::"fgise Output DC | Output DC | Voltage Ratio

voltage [V] voltage [V] Current [A] [%]
10 356.0 1.9 11.2 0.53
20 352.2 3.8 22.4 1.08
30 349.6 5.8 34.1 1.66
40 346.0 7.5 44.1 2.17
50 341.8 9.6 56.5 2.81
60 339.0 10.9 64.1 3.22
70 334.0 12.6 74.1 3.77
80 330.1 14.8 87.1 4.48
90 325.2 164 96.5 5.04
100 322.2 17.7 104.1 5.49

Figure 5-10 illustrates the gradual expansion of the voltage across the load as the duty cycle
increase with an interval of 10%. Simultaneously input dc voltage declines with a surge in the
duty cycle as displayed in figure 5-11. The maximum input dc voltage is 356 V at 10% duty
cycle with the lowest output voltage close to 2 V, whereas the highest output voltage of roughly
18 I/ is measured at duty cycle at about 100% and 322 V input dc voltage. Figure 5-12 shows
the plot of output to input dc voltage ratio against the duty cycle. Only 0.53% of input is
transferred to the load when the duty cycle is minimum then the voltage ratio continuously
grows with amplification of the duty cycle.

Duty Cycle VS.Output DC voltage
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120 +
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0.0 } } } } } } } } } |
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Duty Cycle [%]

Output DC Voltage [V]

Figure 5-10 Plot of duty cycle vs output voltage

61



Design Results and Discussion

Duty Cycle VS Single-phase Input DC voltage
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Figure 5-11 Plot of duty cycle vs input dc voltage
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Figure 5-12 Plot of duty cycle vs voltage ratio

The power loss at the different components such as transistors, diode rectifiers, core, windings,
inductor, capacitors, and connecting wires are not measured in this study, which accounts for
not receiving expected voltage across the load and heating of transistors, diodes, and load. The
loss on the circuit is approximately 407 W. Thermal images of the circuit are captured when
the single-phase input supply is at the maximum level with the duty cycle at nearly 100%. The
most heated part is the didoes on the output side, then the wire connected to the load as
illustrated in figure 5-13. The Schottky diodes have a maximum forward voltage of 0.95 V at
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a forward current of around 100 A, therefore about 95 W power is lost on the diodes in the
form of heat as demonstrated by the thermal image. The rest of the power is lost on other
components such as transistors, windings, inductors, capacitors, and cables connected to the
load. The figure only displays temperature rise in the different equipment, yet the magnitude
of loss is not determined.

Figure 5-13 Thermal image of the power supply model

5.3 Evaluating the Scalability and Expansion for the full-scale
Reactor Setup

For the scalability of the power supply system, the output voltage requirement will be assumed
to be the same as for the lab-scale setup and the output current will increase depending upon
the output power required for the full-scale setup.

As the scale of the setup increase, the power supply system should be able to supply higher
current to the load which will lead to higher losses in the circuit. The power supply circuit is
about 2% less efficient than the Simulink designed model, however, the efficiency may remain
the same as the lab-scale model which is equivalent to 82% if it is increased linearly. Proper
connecting wires, transformer winding, and a better cooling system for the circuit are required
to minimize the losses. Also, the components including transistors, diodes, capacitors,
inductors, transformers, connecting wires/cables, etc. should have the capacity to withstand
high currents flowing across them.
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6 Conclusion

MES uses electrodes and biofilm to produce methane or other valuable products from €0, and
the process is electrically driven. As per the experiments conducted by the Department of
Process, Energy, and Environmental Technology at USN, the biogas production system
upgrades with the MES yield additional methane and reduced €0, than the normal system.
This thesis work is concentrated on designing an optimal DC power supply system that can
provide power to a lab-scale biochemical system setup.

Both the half-bridge and full-bridge dc-dc converter with electrical isolation is considered for
the power supply model. The lab-scale MES setup requires a power of roughly 2 — 3 kW with
voltage of around 2 — 3 V, and current of nearly 1000 A, thus the full-bridge dc-dc converter
is appropriate for the power supply system. Further, the model will be connected in a series
configuration with 10 times higher voltage and 10 times lower current which will improve the
efficiency and minimizes power loss in the circuit. The Arduino Mega ADK is implemented
for generating PWM signals for switching. The IGBTs are employed for the dc-dc converter
which is more robust and suitable for the model. The E-type centrally tapped transformer with
ferrite core (N87) is formulated based on the known input and output parameters. The 3-phase
rectifier bridge is used for rectification on the input side whereas the Schottky diodes are
employed on the low voltage side along with the LC filter.

The power supply system with the full-bridge dc-dc converter is capable of supplying necessary
power to the MES. The system operating at a switching frequency of 31 kHz with maximum
input from single-phase variac has an efficiency of 82% at full duty cycle whereas the full-
bridge power supply system works with 84% efficiency on the Simulink. The efficiency of the
circuit can be improved by supplying power from a three-phase power supply. The power
losses in the circuit are not studied properly in this work, however, the thermal image of the
system points out the majority of losses arise from the output side. As the Schottky diodes are
losing energy, the application of MOSFETSs/active rectifiers is recommended to lessen the
losses across the rectifier. For the centrally tapped transformer, a double amount of winding is
required on the low voltage side, therefore a larger core area compared to calculated values is
suggested. Moreover, a proper cooling system is essential in the circuit.

6.1 Future work

The full-bridge dc-dc converter with electrical isolation has potential for implementation in the
MES. However, the circuit can be upgraded to scale down power loss and enhance efficiency.

I Measurement of power loss in different components of the developed circuit and
analysis of the components then replacement by better components.

ii. Evaluation of the developed circuit with the correct value of inductance and capacitance
for the LC filter and then with a three-phase ac power supply.
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Vi.

Conclusion

Design of proper and compact circuit with cooling system for the components and
proper connecting wires/cables suited for high current.

Investigation of effects due to variations of output power in the electrosynthesis process
of the MES.

Study of the efficiency of the MES with the implementation of a power supply system
connected in a series configuration versus the use of only one power supply system
capable of supplying desired power.

Thorough research on the switch-mode power supply to the MES to expand the model
for large-scale setup.
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Appendix A: Signed problem description for this master’s Thesis

University of
South-Eastern Norway

Faculty of Technology, Natural Sclences and Maritime Sclences, Campus Porsgrunn

FMH606 Master's Thesis

:Mg: Design and Control of a DC Power Supply for Microbial Electrochemical Synthesis
MES)

USN supervisor: Kjetil Svendsen
External partner: - Environmental Biotechnology Research Group, USN-PEM

Task background:

Microbial electrochemical synthesis (MES) is a novel technology combining electrical,
environmental, and chemical engineering disciplines. MES is a power to gas technology that
seeks to convert carbon dioxide (CO;) into organics that can be used as fuels or building
blocks for new products to replace the use of fossil oil and gas. We have demonstrated such
experimentally by biogas upgrading where biogas CO; is reduced to methane (CHa), to
increase the methane content in biogas produced by treatment plants. It uses electricity as
an energy source and microorganisms as the catalyst for the chemical reduction reaction
(CO: to CHa) at the cathode in a methane-producing microbial electrolysis cell (MEC). This
(thesis) task focuses on electricity/power supply to such a MEC with multiple electrodes
installed in a single reactor compartment. USN has bioelectrochemistry as a research focus.
USN has published research work and has laboratory facilities that will be the baseline for
this project.

Task description:
Establish the framework and main parameters for power supply to a MES connected to an
existing laboratory scale Anaerobic Digestion (AD) reactor.

As part of the thesis a low-voltage high-power DC power supply shall be designed:

e Literature research into half bridge and full bridge DC converters, transformers, and
active rectifiers.

e Design of the half bridge DC-DC converter with electrical isolation power supply that
can be used for a small-scale laboratory setup (size to be determined in cooperation
with students and staff working on other design aspects).

e Modelling and simulation of the power supply with a simulation software.

e Control and optimization of the power supply output by reducing losses in the
system.

e Build the power supply system operatable at low voltage and perform relevant tests
with reactor if enough time is available.

e Evaluating the scalability and expansion of the found solution for the full-scale
reactor setup.

Student category: EPE

Practical arrangements: -

Supervision:
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Appendix B: Duty cycle of PWM changing code of the Arduino

//Chaning duty cycle of the PWM via Arduino Mega ADK
int PWMPin = 12;
int erase = 7; //binary 111 used to erase first 3 bits CS02,CS01,CS00

int prescale = 1; // for timer 2 i.e 31kHz

void setup() {
// Declaring ledPin as output
pinMode(PWMPin, OUTPUT);
TCCR1B &= ~erase;

TCCRI1B |= prescale;

void loop() {
/[Duty cycle can be changed from 0-255,

1/0%=0, 10%=26, 20%=51, 30%=77, 40%=102, 50%=128, 60%=153, 70%=179, 80%=204,
90%=230, 100%=250

analogWrite(PWMPin, 204);

¥
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Appendix C: Electric components and their arrangements
1. Some of the components of the power supply model

VS-GB100DABOUP

~re

C4AQ, Radial
4 leads Capacitor

2. Arrangement of the Arduino, flip-flop, and gate block and measurement of PWM waves
generated.
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3. Functional diagram of D flip-flop and NAND gates as per datasheet. [35] [36]
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4. Arrangement of Flip-flop NAND gate block in the circuit.

5. Functional Diagram of gate drivers as per data sheet. [38] [37]
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6. Arrangement of the L6203 driver board for the power supply system
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8. Arrangement of the power supply model with the full-bridge dc-dc rectifier
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