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1 Introduction

1 Introduction

This chapter gives an introduction to the Ma
for why the thesis was established, an overview of the thedigs aimobjectives, Initations
and how the report is structured.

1.1 Background

To reduce the usef fossil oil and gas it is beneficial to locate other solutions that can be used
as fuel or other building blocks for new produdtiydrogen and methane are examples of
valuable prodcts that can be used to generate electricity.

One way to obtain hydrem and methane are through biomass production which is further
processed in bioelectrochemical systems (BES). BES is divided into several concepts, and a
microbial electrolysis cell (#C)is used in this casé\n external voltage ihenapplied to the

circuit to produce the valuable produdts this case to increase valuable methane output and
reduce harmful carbon dioxide output. A more specific technology thas theaparticular

topic, where carbon dioxide (Cg can be reduced to methane His a microbial
electrochemical synthesis (ME®hichis a power to gas technolod{] [2] [3]

The resarch group for the biochemistry field at the Department of ProcessgyEaead
Environmental Technology at the University of Sek#istern Norway (USN) Isaconducted
experiments where the goal was to obtain a biogas upgrading of biogas produced byttreatmen
plants to increase the content of methdheas obtained in such way that biogas £@as
reduced to methane through a methpraducing microbial eleadtysis cell (MEC).

Before the upgrading of the biogas contémé gas composition was 65 % £4hd35 % CQ.
Therefore, the research group wstotupgrade the content of methane further, and an optimal
solutioncan achieve gas composition of 90 % Gland 10 % CQ according to the research
group. It means that the optimal solution is to increase dhé&ent of CH by 25 % and to
decrease the content of €y 25 %.

To obtain an optimal solution for the biogas upgrading, it is preferable to have anloptima
power supply which can provide the biochemical system (consisting of a MEC in a reactor
compartmehwhich is connected to an anaerobic digestion (AD) plant) with power such that
the system can perform as desired. Together it is called a bioelectrodhsysiea.

Thereforet hi s master 6s thesis | sDCeopewerastpplytetheed t o
biochemical system.



1 Introduction

1.2 Overview of the Thesis

1.2.1 TaskDescription

The aim of the thesis is to design an optimal-leitage highpower DC power supply to a
microbial electrolysis cell which is connected to an existing anaerobic digestion plant. The DC
power sipply should be designed such that it fulfills the requirerfugrihe bioelectrochemical
system in théaboratory at the University of Soulfastern Norway.

The main focus is to design a DC power sughbt can be used in a laboratory scale setup.
Furthermore, the scalability of Erger pilot scale setup will bevaluatedfrom the found
solution for daboratory setup.

In addition to the design and evaluation of different power supply setupsfitriterestto
investigate whether any commercial powapplieswould be suitable for a laboratory scale
setup.

1.2.2 Methods

Several methodareperformed to obtain the goal oftthesis. Literature review @ne method
which is performed toget an overview ofifferent types of DC power suppliesd to
understad their functionModelling and simulatiomreother methodwhich areperformed to
obtain simulation results which can be utilized for the design of the power supply. The
MATLAB -based graphical program Simulirsused to model and simulate the system.

1.3 Objectives

To fulfill the aim of the thesisthe following objectives wiilbe performed:

Literature research into the most common types of power supply solutions
Modelling and simulatiowf differentpower supplysolutions

Design of a power supply that cha used for a laboratory setup

Investigate critical building blocks fahe laboratory scalpower supply

Investigate availability of commercial power supplies suitable for this application
Evaluate the scalability of the found solution for a 100 kW gigttip

Estimate the energy effency for different solutions, such as at different voltage levels

= =2 =4 -5_-9_9_-9

Theoriginal problem description is given ippendixA.

1.4 Limitations

Severalimitationswill be presented in the items beldarestrictthe content in théhesis The
limitationsare

1 The thesis will only focus on power supply solutiamshe bioelectrochemical system
1 The thesis will not lookurtherinto the bie and chemical part of the system
1 The thesis wilfocus on having 2 V per cellith regard taherange of 13 V
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1.5 Report3ructure

The Mast er 6s severechaptenshchowllde psesesteddélow:

Chapter 1 Introductioni Presents théackgroundand overview of the thesis, as well as
objectives and limitations.

Chapter 2: Systemlescrptioni Presents the description of the complete system regarding the
DC power supply and relevant data regarding the design of the power supply.

Chapter 3Theoryi Presentshe relevant theory regarding the thesis.

Chapter 4: Modelling and simulati of a DC power supplyi Presents the modelling and
simulation of different types dbC power supplies. Each subchapter of the power supply
models consists of a model setup, working principle, generated output values, power loss and
efficiency, variation inAC supply voltage, and a discussion of the models.

Chapter 5= Presents a researchthe availability of commercial DC power supplies suitable
for a laboratory scale system.

Chapter6: Discussiori Presents the main discussion of the thesswvell as anvaluation of
a 100 kW pilot setup.

Chapter7: Conclusioni Presents thenain conclusion of the thesiss well as suggestions to
further work.




2 System Description

2 SystemDescription

This chaptercontainsa description of the complete system which e power supply is
conneted to, as well as specifications regarding different setups in case of the size for each
setup.

2.1 Overview of theComplete System

An overview of the complete systewgardingthe thesis can be seenHigure2.1. The figure
shows that th&®C power supply will be provided by an electrical grid with an AC voltage,
where the AC voltage further will be converted to a DC voltage within the power stipely.

AC voltage from the mains/supply voltage will be sethéa@00 V AC (line voltage), bubther
standardine voltages may be evaluated in further woFke DC power supply will further
provide the microbial electrolysis cell (MEC) with a current and a voltage which will be defined
by specifications from the research teagarding the need of spiy to the MEC However,

the MEC will be placed in a single reactor compartment with multiple electrodes, thukere
MEC is further connected to an existing anaerobic digestion (AD) plant.

AC
MEC AD
DC

AC
Electrical Grid DC Power Supply Reactor
Compartment

Anaerobic Digestion
Plant

Figure2.1: Overview of the complete system

2.2 SpecificationdRegarding thePower Supply to the MEC

The client for this thesis, which is the research group fobibehemistryfield at USN, has

given some indications for what the power supply sthqubvide to thébiochemical system,
consisting of the MEC and AD, such that the biochemical system could perform as desired.
There are three different setups regarding the size of the syshéch can be categorized in a
small scale system, a laboratglgb) scale systa, and a pilot scale system. The three setups
with its respective values can be seeiablel, where the respective values arput values

or valuesregarding the biochemical system, which istagé, current density, anode area,
current and power. It means that the input values of the voltage, current and power into the
biochemical system similarig the output values of tHeC power supply. It is tkve noted that

the values ar®C values and hat the power supply itself is connected direttlyhe system

with the respective valuggvenin Tablel. The biochemical system should have an input of a
constanDC voltage such that the system will perform pedy and have a predictable power
supply to the system.

10



2 System Description

However,as the research group has conducted some experiments, they have also estimated
how the methane production will increase by different current and setup. For the values given
for the laboratoy scale inTablel, the methane productios estimated to increase by 5 %. For

the values given for the pilot scale in the table, the methane production is estimated to increase

by 10 %.

Tablel: Shows different valueshich were defined by the research groegarding each setup typar the
bioelectrochemical system

Setup Voltage Current Anodearea Current Power
M| densiy g Al W]
[A/m?]
Small scale, 1-3 2.5 0.003 7.5*10° | (7.5-22.5*10°%
Lab scale 1-3 2.5 400 1000 1000-3000
Pilot scale 1-3 2.5 20000 50000 50006150000

One problem the research group seemed to have is due to production of biofilm on the
electrodes during the experiments, where the grogpulisaussed that éhsystem may need

two voltage levels during theperating processt indicates one voltage level in the stapt

phase and a higher voltage level in the operating phase. This is an adcetgpir@mentrom

the groupand will be commeeted but is not th main focus in the thesis.

11



3 Theory

3 Theory

This chapter contains relevant theory regarding the thekish includes theory of unregulated
DC power supplies and switching DC power supplies.

3.1 UnregulatedDC Powe&upply

Unregulated DC power supply is referred soaapower supply or converter where the output
voltage isgiven directly by the circuit and the supplied voltagkis subchapter contains a
simple power supply model.

3.1.1 Transformer + Rectifier

A circuit with a transformer and a rectifier is a simple coraragpology of a DC power supply.
Figure 3.1 shows an illustration of the converter topolodye figureillustratesthat the
converter will be supplied from the AC mains which is sent through a transformer to either step
down or $ep up the voltage. The transformer is further connected to a rectifier bridge which
will convert the AC voltage to a DC voltagénieh gives the output of the convertgt}

Yo+

AC
mains output
o—

Transformer Rectifier

Figure3.1: lllustration of an unregulated DC power supply including a transformer and a redijfier

3.2 SwitchingDC Pwer Qupplies

Switching DC power supply is referred to as a switthde DGDC converterThis subchapter
contans relevant DEDC converters for the thesis, as well as PWM control and switch
utilization regarding a switching power supply.

3.2.1 Step-Down (Buck) DEDCCQonverter

A stepdown converter, also called a buck converter, is referred to as a basic converter
topology, where the purpose is to step down and produce a lower output voltage than the input
voltage to the convertelhe buck conveer is a DGDC converter since it steps down a DC
input voltage to a DC output voltagéigure3.2 shows the topology of a buck converter, where
it can ke seen that the output circuit has a Jp&ss filter consisting of an inductor and a

12



3 Theory

capacitor. This is due to that the output voltage usually altdirnatebetween zero and v
However, tle voltagewill thenbe filtered and damped by the lgpassdfilter. In addition, also

the switching frequency ripple in the output voltage will be filtered and eliminated by choosing
the corner frequency of the lepass filter to be significantly lower thahe switching
frequency5]

- |
¥,
T & ll e .
Yol + v - | vo=Vo %ﬂﬂﬂd}
s G
L
{a)

Figure3.2: Stepdown (buck) converter topolod$]

Theaverageutput voltagean be calculated in terms of theunpoltage and the duty ratio of
the switch, and is then given by

®w Ow (3.1)

where \4 is the DC output voltage, Ms the DC input voltage, and D is the dutyiogaof the
switch.

The buck converter is often derived into other converter topologies depending jpurpose
of the converter, and one of its main application areas are in DC power sypplies.

3.2.2 HalfBridge DGDC ©nverterwith Hectricallsolation

A half-bridge DGDC converter is derived from a stdpwn (buck) converteand has some
essential modificationas seen ifrigure 3.3. The halfbridge converter can, unlike the buck
converter either produce an output voltage which is higher or lower than the input voltage. It
is still a @nversion between a DC input voltage and a DC output vokagks the DC input
voltage may beinregulatedind the DC output should be at a controlled voltage level.

One application area for a halfridge converter is in DC power supplieghich may be
connected to the mainshere the AC voltage will be rectified and give an unregul&€d

input to the converteAs seen irFigure3.3, the haltbridge converter has a transformer in the
circuit which is due to eledtral isolation. DC powr suppliesnay requirehavingthe output
electrically isolated from the input/the mains, which is due to component protection and safety
for the personnel regarding the output side of the conv§sier.

13
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Figure3.3: Half-bridge DGDC converter topology with electrical isolatifs]

The average output voltage can be calculated in terms of the input voltage, the duty ratio of the
switchesand the transformewvinding turnsratio, and is then given by

€
S
g

(3.2)

where \4 is the DC output voltage, Ms the DC input voltage, D is the duty ratio of the
switches, N is connected to the primary winding, and N connected to the secondary
winding. [5]

3.2.3 PWM @ntrol of Switching>CPower Supplies

To control the DC output voltagof a switchinddC power supply to obtain a desired tagle

level, a method called pulseidth modulation (PWM) is generally usethe PWM method
involves to controhnd adjusthe duration time o& switch (or switchesh a power supply to
control the output voltage level. The duration timasivitch isreferred to as the duty ratio or

duty cycle when the switch is ON compared to the switching time period. It is to be noted that
the PWM method includes that the swit@hoccurs at a constant frequenaich refers to a
constant switching time perid@hereTs = tont+tofr).

The PWM signalneeds to be generated, and this is performed by a comparison of a control
voltage signal with aepetitive waveform like a sawtoothaweform. It is the sawtooth
waveform that establigls the switching frequencyrigure 3.4 shows how the PWM signal
(called switch control signal in thegure) is generated with the comparison of the sawtooth
voltage, ¥, and the control voltage signalomrol [5]

14
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v,, = Sawtooth voltage

yd

P

Ueontrol
(amplified error)

‘*":" Uoontrol > Vas

On On
Switch ‘——
controi
signal

Off off
'm’-h:"-' “~Veontral < Vgt
7,—]

(switching frequency /, =

|
I
)
I
|
I

1
?,;)

Figure3.4: Generated puls@idth modulation(PWM) signal from a sawtooth wave
compared with a control voltagg]

3.2.4 Switch Utilizationn DGDC Converters

Switch utilization is importat to see how a switch is utilizedring a time period of switching.
Figure 3.5 shows the switch utilization of several BBIC converters comparing the switch
utilization factor against the duty ratiD.

Py
Pr
i
1.0
Step-up
- Step-down
06}
Buck-boost and
041 Clk converter
- 7
0.21- Full-bridge
~ ”~
~ 7~
0 S ” D
0 05 10

Figure3.5: Switch utilization in DGDC converter$5]
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3 Theory
The switch utilization factor is given by

(3.3)

C
C-l| [a]

where Kwis the switch utilization factor,os the rated output power, andiB the rated switch
power.

It can be shown frorrigure 3.5 that theswitch utilization in astepdown (buck)converter is

significantly high if the duty ratio Isaa long on time perigdand similarly that the switch
utilization is significantly low if the duty ratio has a short on time peribtiie haltbridge

converter will becompared for the same line as for the stepn in the figure[5]

16



4 Modelling and Simulation of a DC Power Supply

4 Modelling andSmulation of a DCPower
pply

This chapter contains modelling and simulation of different types of DC power supply models.
It includes two thregohase diode rectifiers with different configuration, a simpler version of a
half-bridge DCDC converter, and a haltfridge DGDC converter with electrical isolation.

Each of the subchaptekghich contain the different power supplydels are divided inb the
model setup, their working principle, generated output values from simuylptosr loss and
efficiency of the model, variation in the mains/AC supply voltage, and a discussion of the
model in the end of each subchapter.

4.1 Introduction

Modelling and smulationarean important part of ththesis tomakean optimal design of a
power supplyDifferent solutions will bebuilt, testedand simulated in the MATLABased
graphical program Simulink, as mentioneditchapter 1.2.2Themodels are based power
electronic componentsnd other electrical componenend to manage these components in
Simulink, two libraries called Simscape and Simscape Electrical were installed for this
purpose.

The next subsectiomgll considedifferent solutions of a poer supply and it will be discussed
whether the solution will be beneficial or not with the desired biochemical syitisnto be

noted that the different solutions of a power supply will be modelled and simulated for a
laboratory sca setup, and are k& on the values for a lab scaleTablel.

The Simulink models will be based on differ&® converter models whicaredescribed in
the theory in chapter.3

4.2 Common Componentfor the Power Suply Models in
Simulink

There are several components in the Power Supply models in Simulink which are common and
will use the same values regarding the component if nothing else isigitrea chapterAll

the mentioned components in this subchapter eafolnd in the Simulinkbrary: Simscape
Electrical.

4.2.1 Diode

The diode component which is applied in sevpmber supply circuits in this chapter can be
seen irFigure4.1. Thediode is a semiconductor device whaf@C voltage source is connected

in series with a resistand a switch, where its internal voltage and current will control whether
the diode will conduct or turn off.

Default values of the diode componentSimulink will be used, which correspond to an
internal resistance,dR of 0.001 ohms and a forward voltage, & 0.8 V.[6]

17



4 Modelling and Simulation of a DC Power Supply

Gy
Diode

Figure4.1: Simulink component of the applied de

4.2.2 Transformer

The threephase linear trangfmer component which is applied in the diode rectifier circuits in
this chapter can be seenkigure4.2. The transformer conssbf three singlegphase, twe
winding linear transformers, an@$il2 terminals([7]

Component values for the transformer in the rectifier circuits are not default values, but the
majority of the valueare the same. The rated power equals 10 MVA, the frequency equals 50
Hz, and the magnetizing branch hassistance of 200*1Qpu and a reactance of 200%JL.

The resistance and reactance values of the windings are set to zero as it is added connected
resistors on the outside of the transform®inding voltages will be defined in the subchapters

of the dioderectifier circuits.

gAl+ A2+
g Al g “ g A2
qBi+ B2+
g B1 g ” g B2
qC1+ 2+
qC1 g ” gCZ
Three-Phase
Linear Transformer

Figure4.2: Simulink component of the applied thrpkase linear transforme

Further, the three windings linear transformer component which is applied in tHaitigd
DC-DC converér with electrical isolation circuit in this chapter can be seéigare4.3. The
transformer consists of three windings which are coupled and wounded on the saif® core.

Componentalues for the transformer are default values whicluieraatically generated to
correspond to manually applied winding voltages. The voltage of windeguals 200 V,
while the voltage of winding 2 and 3 equals 40 V. The frequency is also changed2o 50

18



4 Modelling and Simulation of a DC Power Supply

R
e

Three Windings
Linear Transformer

Figure4.3: Simulink component of the applied three windings linear transformer

4.2.3 Switch

The MOSFET switch component which is applied in the-hatfge DGDC converter circuits

in this chapter can kmeen irFigure4.4. The switch is a metadxide semiconductor fieldffect
transistor (MOSFET) device where the switch is connected in series with a resistor and in
parallel with an internal diodét.is an ideal swch component.

Default values of the switch component in Simulink will be usehickv corresponds to an
internal resistance, R of 0.1 ohms, an internal diode resistancg,d® 0.01 ohms, and an
internal diode forward voltage,:\Wof 0 V.[9]

It is to be mentioned that the switches in the circuits lvalimeasured for conduction losses,

while the switching losses will not be taken into account due to lack of methods for how to
measure it in Simulink.

gi=l' -

Sk

Kl
MOSFET Switch

Figure4.4: Simulink component of the appliddOSFET switch
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4 Modelling and Simulation of a DC Power Supply
4.3 ThreePhaseDiode Rectifier ConnectedDirectly

The first power supply model which is modelled and analyzed in Simulink is apghase
diode rectifier which is conmged directly to the desirddochemicalkystemBased onTable

1 for a laboratory scale system, the desired input values for the biochemical pstean
voltage of 13 V and a current of 0 A. The values whiclwill be usedas desired output
values in the simulation of the diode rectifreavea voltage of 2V and a current of 1000 A
which gives the output power of the power supply to be 2000 W

For this power supply model, it is the transformer that will besk€elgly due to its voltage ratio,
such that the output voltage will gain its desired value, as well as the current and the power
will gain its values.

4.3.1 Model Setup

The model setup for the gwphase rectifier modeh Simulink can be seen iRigure4.5. It
consists of a threphase AC voltage sourcetraeephasdransformer wittconnectedesistors
(which will later representhe lossesin the transformer)a diodebridgeused as a rectifier, a
resistorasthe cableand a resistor at the end as the load.
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;s B g ” gazr R_load
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@) ’_[: * b——a— A b4
= L 3lE%
AC Voltage Source 3 Cc1 c2 .—@5—
Three-Phase Transformer D5
1A
™~
D6
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Figure4.5: Threephasedioderectifier modelin Simulink

The complete model setup with measurements of voltage, current and powalkbrthod
components in the i@uit can be seen iRigure4.6.
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4 Modelling and Simulation of a DC Power Supply

Figure4.6: Completemodel setup for the diode rectifier including measurements of the components in Simulink
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4 Modelling and Simulation of a DC Power Supply
4.3.2 WorkingPrinciple of he Rectifier Model

The aim of this rectifier model is tectify the incomingAC supply voltage such that the output
of the circuit will be aDC voltage at a desired voltage level whieill be connected to the
biochemical system.

The incomingAC supply vdtage which can be seen figure4.7, is a threephase voltage
supply where each of the voltage sources have a phase shift of 120 deGreeltade source
1is at 0 degreetlje second voltage source has a pshgeof 120 dgrees and the third voltage
source has a phase shift of 240 degrgash of the voltage sources has a phase volta2@0of
V, which is due to that the line voltage is set to be 4@0&the voltage sources is connected
in a star configuréon.

The AC voltagesourceswill supplythe transformerwhere the transformer further transforms
the voltage to a lower level such that it will fit to the desired output values. The transformer is
a threephase transformer with 12 terminals and is caiesd in such wathat it consist of

three singlgphase, twewinding transformerswvhich can be seen Figure4.7. Three resistors

are connected to the transformehee these resistors belong to the resistandeesof the
transformeiand will later represent the losses in the transformer.

R_trafo_1

a @‘- : Al+ A2+ 8 AAA-
AC Voltage Source 1 ‘ Al g |l g AZ

& @‘ o '_E: B1-§ |l gBZ* I—nﬁ/\/\/\_n—+—
AC Voltage Source 2 ‘ B1 B2 ’

a @‘- '_C (:1~§ gcz«, n_-ﬁm\/\..g_l—l
AC Voltage Source 3 C1 c2

Three-Phase Transformer

Figure4.7: Left part of the rectifier model, here with the theaseAC voltagesupplyand the transformer
connected witlresistors

When the transformer has transformed the voltage to a lower levAlCthieltage will be sent
through a diode bridge as seenHigure 4.8. The diode bridge is a thrgdase rectifier
consisting of 6 dideswhich convertshe AC voltage toDC voltage

Between he diode bridgend the load it will be a power cable which will transfer Bl
voltage (and the current) to the load. The power cable is referesRiauiein the circuit. At
the end of the cauit there is a loadreferred toasRicas, Which is the part where theower
supplywill be connected with the biochemical system to supply voltage and current.
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4 Modelling and Simulation of a DC Power Supply
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Figure4.8: Right part of the rectifier maal, here with the dioderidge theresistor which belongs to the cable
and the resistor which belongs to the load

4.3.3 GeneratedOutput Values fromSmulation

The rectifier model radesired output values of 2 V and 1000as specified iMable1 for
the laboratory scale setuphe generated output values from the simulation of the rectifier
model in Simulink can be seen kgure 4.9. The measured mean valulkave an output

voltage Viead, Of 2 V, an output currentioas, of 1000A, and an output powgRoad, of 2001
W.

) » 2) I
V_mean I I

[ V_load [V]

=

I_mean Qutput_mean I_load [A]

e ]
P_mean P_load [W]

o

R_load oM }
V_load

Figure4.9: Generated wtput/load values of thairectly connectedectifier model, here for output voltage,
output current and output power
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4 Modelling and Simulation of a DC Power Supply

The voltage was measured across the load resistor by a voltage measurement, while the curren
was measured in series with the load resistor by a current measurement. By multiplying the
voltage and current signals, thetput power could also be measured. Thasywerformed

using the power law equati@iven by

0 wz0 (4.1

where P is power, V is voltage and | is current.

4.3.4 PowerlLoss anddficiency of theRectifier Model

To calculate the power loss and the efficiency of the rectifiede| the power which is
corductedin the different compoents in the circuits necessaryo bemeasuredPower input

to the circuit is the power conducted from the tkphaseAC voltage surces, while the output
power is referred tasthe power conducted at the load. The other components in the circuit
which conducts power, like the transformdipdes,and cable resistor, will be referredde
conducted power which is logtower lossfrom the input to the output of the circuit.

Figure4.10 a) shows how the power was measured for the input power oA@heoltage
sources. The voltage was measured across each of the voltage sources, whilerthevasirr
measured in series withdhvoltage sources)sing Equation4.1), voltage and current were
multiplied to get power for each of the voltage sources, and the three gignads were added

and sent through aean block to get the mean total input power of the sources. The total input
power, i, equals 6812 W.

Figure4.10 b) shows how the power was measuf@dthe transformer regarding the resistors
connected to the tngformer. The power was measured with the same technique as for the input
power, here with voltage measurements across a resistor and current measire Sengs

with the resistor. The total power for the transformes.drmes then equals 630.5 W.
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Figure4.10: a) Shows the power measurement and the b) Shows the power measurement and the generated
generated powedor the AC voltage sources poveerthe transformer

Figure4.11 a) shows how the power was measured for the diwitige It is to be mentioned

that the figure only shows three out of six diodes in the cjrand that the total power of the
diodes here includes dhe six diodesThe power was measured with the same technique as

for the input power, here with voltage measurements across a diode and current measurements
in series with a diode. The total power the diodebridge Psiodes then equals 3491 W.

Figure4.11 b) shows how the power was measured for the oahleh is placedetween the
diode bridye and the loadThe power was measured with the same technique as for the input
power, here with voltage measurement asrthe cable resistor and current measurement in
series with the resistofhe total power for the cablegahg then equal§88.5 W.
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4 Modelling and Simulation of a DC Power Supply

Figure4.11: a) Shows the power measurement and the

b) Showsthe power measurement
generated power for the diode bridge

and the generated power for the cable

The power loss in #rectifier model is then given by

0 0 0 V] 4.2

where Rssis the power 0SS, #hstormeriS the power from the transformeriddesis the power
from the diodes andckhe is the power from the cable.

Using Equatior(4.2) the power loss is then equal to 4810 W or approximatelkw8

At the end it is interesting to look at the efficiency of the rectifier model, which is given by

- (4.3)

where E i s adisghe eutphit posvér andnBsythe ingRit power.

Using Equatior(4.3), where the output power is equal to 200 and the input power is equal
to 6812 W, the efficiency of the rectifier model is equal to 29.4 %.
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4 Modelling and Simulation of a DC Power Supply

A summary of thesimulated and calculated power, loss affttiency values in this part can
be seen imable2.

Table2: Shows the input power, the output/load power, power loss and efficiency of the diode rectifier model

Pin Pload Ploss Effici
(W] [W] (W] [%0]
6812 2001 4810 29.4

4.3.5 Variation inACSupply Voltageto the Power Supply

Variations inthe AC supply voltage may affect thgC output of the power supplit.is desired
to have a controlleBC output from the power suppsuch that it wald not affect thesupplied
systemif it would be variations in th&C supply voltage.

To observe and understamdhat will happen to th®C output values at the load if theC
supply voltagancreaser decreaseaccording to the nominal input voltagie voltage of

the AC voltage sources will be changed from the nominal voltage which is 230 V. The test will
be toincrease théC voltage sources by 10 % to observe howDi@&output responds to the
change.

With an increase of 10 % of teC voltage, the n& value will be 253 V for each of the voltage
sourcesBy modifying the AC voltage sources in the Simulink model with the new voltage
value, the results of tHeC outputsboth before and after the charggm be seen ihable3.

Table3: Shows the results iDC outputsof the rectifier modeboth before and aftethanging the value of the

AC supply voltage
AC voltage source Vioad lioad Pload
[V] [V] [A] W]
230 2 1000 2001
253 2.263 1131 2562

With an increase of 10 %t can be seen that tieC output voltage changewith 0.263 V, the
output current change with 131 A and the output power charg&vith 561 W. It will
correspondo an increase in percentage of 13.2 %, 13.1 % and 28 % rigspect
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4 Modelling and Simulation of a DC Power Supply
4.3.6 Discussion

The diode rectifier circuiitself isa simple model of a power supply mainly consisting of a
transformer to transform the voltage to a lower level and a diode bridge which will rectify the
AC voltage to aDC voltage. It is easy to adjuite component values such that it will give
desired oytut values for the power supply.

Onething to notify is that the efficiency of the rectifier is quite low, here with an efficiency of
29.4 % As theremaybe higher losses in case of a high currémn,related to the low efficiency

of the rectifier. Theefore, it will be interesting to model and simulate the same circuit of a
rectifier but with adecrease in theurrent in case of less losses. This may be performed by
sectionng the rectifier and amect it in seriesvhich will decrease the current aimdrease the
voltage.

Another thing to notify is the test with the variation in &@ supply voltage and how tH2C

output values corresponded to the change in input voltage. It showed an incr&a$# of

the voltage outputherewith an increase of 1% in theAC supply voltage. It shows that the

DC outputs will be affected if there will be changes in the supply voltage, which is not desired
due to that th®C outputs should have a quite constB@ voltageregardingthe connetion

to the suppliedysem.

4.4 ThreePhaseDiode Rectifier Sectioned andConnectedin
Series

The second power supply modaéhich is modelled and simulated in Simuliiska threephase

diode rectifierwhich is sectioned and coecied in series. It is similar to the Simulink circuit

of the first diode rectifiein subchapte4.3 but with modifications aghe load (output
resistofthe MES in principle will beconnected in serigenly the value of theasistor will be
changed intte Simulink model)while the other rectifier was connected directly. This is due

to that the first rectifier had a relatively poor efficiency, such that the purpose of the sectioned
rectifier in this subchaptés to increasehe efficiency of the circuit

The load/the MESWill be sectioned with 1@ellsin series such that the output voltage will
increase and the output current will decre&aesed on the desired output values for the first
rectifier model in subchaptdr3, the sectioned rectifienill have desired output values with a
voltage of 20 V and a current of 10Q which gives the output power of the power supply to
be 2000 W The voltage is now ten times higher and the current is ten times lower than the
rectifier which was connected directly.

For this power supply model, it is the transformer that will be adjusted, due to its voltage ratio,
such that the output voltage will gain its desired value, as well as the current and the power
will gain its values.

4.4.1 Model Setup

The model setup for thateephase rectifier model in Simulink can be seehRigure4.12. As
mentioned, it has the same setup as for the first rectifier model and consist ofhtisedC
voltage source, a thrgghase transformer witbonnected resisto svhich will later repreent
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4 Modelling and Simulation of a DC Power Supply
the losgsin the transformer)a diodebridgeused as a rectifier, a resistor as the cable, and a
resistor at the end as the load.

The complete model setup with measurements of voltage, current and péeeciituit can
be seen irfrigure4.6.
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Figure4.12: Threephase diode rectifier model in Simulink

4.4.2 WorkingPrinciple of theRectifier Model

The diode rectifier whie is sectioned and connected in series in thishaarthe same working
principle as for the rectifier whiclwasconnected directly. Therefore, the working principle of
the rectifier model can be seen in subchap@p.

4.4.3 Generatel Output Values fromSmulation

The rectifier model has desired output values of 20 V and 100 A. The generated output values
from the simulation of the rectifier model in Simulink can be seéigare4.13. The measured

mean values havenautput voltage, Mag, Of 20 V, an output currentpds, of 100 A, and an

output power, Bag, of 2004 W.

It is to mentioned that the output valugsremeasured in the same waydescribedor the
output valuesn subchapter.3.3, and the powewas measured by usinghe principle of
Equation(4.1).
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Figure4.13: Generateautput/load values of the sectioned rectifier model, here for output voltage, output
currentand output power

4.4.4 PowerlLoss andHficiency of theRectifier

To calculate the power loss and the efficiency of the rectifier model, the power which is
conducted irthe different components in the circuit is necessary to be measured. As for the
first rectifier mode] the input power is referred asthe power generated in teC voltage
sources, the output power is referredsthe power generated in the load, dinel power loss

is power which is generated and lost through the transformer, diodes amd cabl

It is to be mentioned that the power in the different componesgmeasured in the same way
asdescribedor the components subchapted.3.4, and by usinghe principle ofEquation
4.2).

Figure 4.14 a) shows how the power was measured for the input power ochheoltage
sources. The total input power,,Rhen equal@324 W.

Figure4.14 b) shows how the power was measuredtiertransformer regarding the &sirs
connected to the transformer. The total power of the transformegkiofer then equals
132.7W.
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Figure4.14: a) Shows the power measurement and the  Shbyvs the power measurement and the generated
generated power for th&C voltage sources power for the transformer

Figure4.15 a) shows how the power was measured for the dioale The total power for
all the six diodes, dddes then equals 179.9 W.

Figure4.15 b) shows how the power was measured for the oahleh is placedetween the
diode bridgeand the load. The total power for thable,Pcanis then equals approximately
6.9W.

Figure4.15a) Shows the power measurement and the b) Shows the power measurement and
generated power for the diode bridge the generated power for the cable

31
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The power loss in the rectifier model is then calculated by using Eq@ét®rvhich includes
the power that is lost through therisformer, diodes and cabBy using Equation(4.2), the
power losss then equal to 319.5 W.

When it comes to the efficiency of the rectifier model, Equg#ddd) will be used to calglate
the efficiency. Withan input power of 2324 W and an output/load power of 2004h¢/,
efficiency of the rectifier model is equal to 86.2 %.

A summary of the simulated and calculated power, loss and efficiency values in this part can

be seen imable4.

Table4: Shows the input power, the output/load power, power loss and efficiency of the diode rectifier model

Pin Pload Ploss Ef fici
(W] [W] (W] [%0]
2324 2004 319.5 86.2

4.4.5 Variaton inACupply Voltageto the Power Qupply

Variations in theAC supply voltage may affect tHeC output of the power supplgimilarly,

as for the first rectifier model, the purpose is to observe what will happen RCtlveitput
values at the load if thAC supply voltage increases or decreases according to the nominal
input voltageof 230 V. TheAC voltage sources will be increased by % to observe the
response of thBC output values.

With an increase of 10 % of t#e&C voltage, each of thAC voltagesources will have a new
value of 253 V. By modifying theAC voltage sources in the Simulink model with the new
voltage value, the ressliof theDC outputs both before and after the change can be seen in

Tableb.

Table5: Shows the results iDC outputsof the rectifier modeboth before and after changing the value of the

AC supply voltage
AC voltage sourcs Vioad lioad Pload
[V] [V] [A] W]
230 20 100 2004
253 22.15 110.7 2457

With an ircrease of 10 %, it can be seen that@i@output voltage changed with15V, the
output current changed withQl7 A, and the output power changed wdb3 W. It will

correspond to an increase in percentagEdd8%, 10.7% and 2.6 % respectively.

32



4 Modelling and Simulation of a DC Power Supply

4.4.6 Disassion

Similarly to the first rectifier model in subchap#B, the rectifier model Wwere the loads
sectioned and connected in series in this partimples model of a power supply, and mainly
consisting of a transformer to regulate the voltage lawdla diode bridge to rectify ti#eC
voltage to aDC voltage. Likewise, as for the first rectifier model, it is easy to adjust the
component values in thércuit to obtain desired output values for the power supply.

One thing to notify is that the effiaiey increased to 86.2 % by sectioning and connecting the
load of thediode rectifiermodelin series The current was decreased by ten times the current
in the first rectifier, such that it may have affected to less power loss in the circuit, which further
affects the efficiency to increasehe purpose of this model is reached wighsignificantly
higher efficiency from 29.4 % to 86.2 % regarding fingt rectifier model connected directly

and to the second rectifier model evh the loadvas sectionedral connected in series.

Another thing to notify is the test with variations in &€ supply voltage in case of observing
how theDC output values woudl respond to the change in input voltage. It showed an increase
of 10.8 % in the voltage output, here lwan increase of 10 % in theC supply voltagelt
shows that, likewise as for the first rectifigtratthe DC outputs will be affected if there will

be changes in the supply voltageéhich is not desired as the purpose is to have a co¥ant
output ofthe power supply regarding the connection to the supplied system.

As the rectifier circuits have a problem with D€ output values due to possiblerigions in

the AC supply voltage, it is interesting to develop a power supply which can regulate the
voltage in theDC output to have a constant, desired value even though it may be variations in
the AC supply voltage. This may be obtained by developiinguits with power electronic
components which can be regulated.

Another thing to notify is that the remeh group ha@n additionalrequirementseen in the
system description in subchapter 2.2, that the power supply may need to supply two different
voltage levels during the operating process. This maybb&ned by introducing tapping on

the transformeto modify the transformer winding ratio, whereas this may complicate the
transformer design and will only provide discrete steps in owtgtage level. This is another
argument for developing a regulated power supply with power electronic components.
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4.5 Half-Bridge DGDCCQonverter - Sectioned andConnected in
Series

The third power supply model which is modelled and simulated in Simulinkaf-bridge
DC-DC converter which is sectioned and connected in sesie$ which has a rectifiediC
supply voltage ags DC input It will be modelled without any kind of electrical isolation and
is therefore a simpler version of a Ratidge converterThis will be commented in the
discussion at the end of the subchapter.

Based on theignificantly increase in effiency with thechange from a directly connected
power supply and further to a sectioned and series connected power supply in sudchapter
and 44, the next power supply models walbntinue to be sectioned and connected in series.

Therefore, the halbridge converter model will be sectioned with 10 in seridse desired
output values of the converter will have a voltage of 20 V and antwoafd 00 A which gives
the output power of the power supply to be 2000 W.

4.5.1 Model Setup

The model setup of the hadfidge DC-DC converter in Simulink can be seenFigure4.16.
It consistsof athreephase AC voltage source, a diode bridge used as a rectifiawtaoth
generator which generates a PVgMgnal, acapacitor as thBC input two MOSFET switches,
an inductor and a capacitor afleer, and at the end resistor as the load.
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Figure4.16: Half-bridgeDC-DC convertemodel in Simulinkwith arectified AC supply voltageasthe DC
input to the circuit

The complete model setuyith measurements of voltage, current and power in the circuit can
be seen ifrigure4.17.
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P_output_circuit W]

Figure4.17: Complete modesetupof the halfbridge converter in Simulink including measurements of the
componentsn the circuit
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4.5.2 WorkingPrinciple of theHalf-Bridge Converter Model

The aim of this hatbridge converter model is to rectify the incominG supply voltage such
that it will generate ®C voltageinputto theDC-DC convertey where he DC-DC converter
further converts theDC voltage irput to a desiredDC output voltage leel at the load The
output of the power supplyill be connected to the biochemicgiksem.

The incomingAC supply voltage, which can be seearFigure4.18, is a thregohase voltage

supply where each of the voltage sources have a phase shift of 120 de@Greeltade source

1is at O degrees, tlsecond voltage source has a phase shift of 1@@ds and the third voltage

source has a phase shift of 240 degrees. Each of the voltage sources has a phase voltage of 230
V, which is due to that the line voltage is set to be 400 V and the voltage sswoesected

in a star configuration.

Figure 4.18 also consist of a diode bridgehich is a thregohase rectifier consisting of six
diodes. The diode bridgeill convertthe incomingAC voltage to &C voltage whee theDC
voltage is the voltage jput of theDC-DC converter.
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Figure4.18: ThreephaseAC voltage supply and the diode bridge/rectifier
which is connected to tHeC-DC converter

The incomingDC voltageto theDC-DC converter is transferred across the capacitan@s
seen inFigure4.19, which is further connected to two MOSFEwitches. As the aim of the
half-bridge converter is to obtain desired output valaeshe load, the switches will be
controlled by Pulsevidth Modulation (PWM). Pulse Width Modulation is used to control the
output voltage to a desired value &dyanging the duration time of the switches in the circuit,
and by switching at a constant fusmcy.

To generate a PWM signal to the switches in the circuit, a sawtooth waveform is compared to
a control voltage signal as seen in the upper lefigfire4.19. The sawtooth waveform is
generated by a sawtootenerator which has an interval froth to 1. However, with the
modifications made in the circuifye interval of the sawtooth generator viaé from O to 1.
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The control voltage signal will be referred to as the duty darieluty ratio)of the switches
which has an interval from 0 to 1 (which refers to 0 to 100 % duty cycle).

The generated PWM signaill be sent to each switch gate from the comparator depending on
whether the PWM signal is on or off. When the time period of the PWM signal is ON, which
is referred to the duty cycle, the signal will be sent to switch 1 (SW1) and establish a voltage
in the midpoint between the switches. When the time period of the PWM signal is OFF, the
signal wi || be sent to swit cHshane@gaB/M/20)tagey i a
across switch 2, arttie voltage in the midpoint between the switches veilzbro.
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Figure4.19: Showshow the PWM signal is generated and sent to the MOSFET switches

The circuitthat is connected theright side ofthe switches is the output circuit of th€-DC
converter, which can be seenkigure4.20. The DC voltage which may have some ripple
voltage left fran the rectificationwil | be filtered by the inductor, L, artdecapacitor, C, which
works as a filtersuch that thé&C output voltage at the load,;oR, will become a smootbC
voltage.
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Figure4.20: Output circuit of theDC-DC converter
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4.5.3 GeneratedQutput Values fromSmulation

The halfbridge converter model has desired output values of 20 V and ID® ¢htain these
values, the duty ratio, D, were adjusted to have a valQ€809, which contributes that the
PWM signal has duty cycle (on time) of 5.1 % and that switch 1 only conduct in 5.1 % of
every time periodThe PWM signal with its respective duty cycle can be se€igure4.21.

Figure4.21: Generated PWM signal with a duty cycle of 5.1 %

The simulation time were setbe@0.1 seconduch that the output values would reach its steady
state andjet stabilized before the measurinpeTgenerated output values from the simaiati

of the haltbridge model in Simulink can be seerfigure4.22, where the mean value$the
output values were measured with an output voltagey, 6f 20.04 V, an output curreniyak,

of 100.2 A, and an dput power, Baq, of 2006 W.

It is to be mentiongthat the output values were measured in the same way as described for the
output values in subchaptdr3.3, and the power was measurey using the principle of
Equation(4.1).

Figure4.22: Generateautput/load values of the hdifidge converter, here for output voltage, output current
and output power
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