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Abstract

Power electronic converters and their control systems have played a significantly im-
portant role in the integration of renewable energy systems. The application of these
converter systems have been rapidly growing as of late, and the subject of improving
the systems by means of control is a key topic in research today. The Active Front End
(AFE) converter, which allows for the bidirectional power-flow is one of such systems
with the possibility of grid tied connection. This master thesis embarks on some of the
methods which can be used to provide control over a Grid tied inverter (GTI), for the
sake of charging and discharging a battery supply/load. The thesis has been separated
into several chapters starting with the needed theoretical framework as an overview over
the preliminary knowledge required for the rest of the thesis. The following chapters
provide in detail all the required parts of the control and the design of the converter sys-
tem. Once these chapters have been presented the simulation model is introduced with
its results. The last chapters conclude the work by presenting the physical hardware
components for a prototype, ending with the final chapter presenting the conclusions

and suggestions for future work.
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Chapter 1

Introduction

1.1 Background

The global electrical infrastructure in the latest years has been going through rapid
changes, while motivated by the growing concerns over climate change and the envi-
ronmental degradation. The systemic shift of the global energy structure has also been
driven by the increased demand for electrical energy and the rapid technological advance-
ments, particularly in the field of power electronics and the growing battery innovations.
Such advancements are playing a key role to the transition towards clean energy and

global sustainability.

Climate change and the environmental concerns have lead to policy changes and interna-
tional treaties such as the ” European Green Deal” with its goal to make Europe climate
neutral in 2050. The currently proposed strategy to achieve this is by developing a sys-
temic shift from the fossil fuel-based energy infrastructure towards the renewable energy
sources and to develop greater improvements in energy efficiency [1]. Conventionally the
traditional power generation stations have utilized large synchronous generators, built
to operate with a fixed speed and frequency. The generated power is generally trans-
mitted over the electric grid through large centralized facilities, such as fossil fuel based
power plants. While the traditional methods have been advantageous they do not come
without their own problems. Such as the loss of efficiency due to the large distance the
generated energy is transported and should the grid go down, numerous people will be
left without power. The development of smaller power systems which are located nearby
their respective loads offers a solution, thereby the issues in the Distributed Generation

(DG) can be avoided.

Distributed Energy Resources (DERSs), are small-scale electrical resources or controllable
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loads that are often interconnected with a nearby distribution system or the electrical
grid. The DERs include a variety of energy generation systems such as PV solar pan-
els, wind turbines, electrical energy storages and Electric vehicle (EV). Through the
development and integration of such systems the future of the power system is going
towards a smart grid, offering more control and communication between the producer
and the consumer of the energy system. While also offering a viable solution towards
the reduction of environmental pollution though the degradation of carbon based energy
resources, while gradually developing systems which are better suited to be intercon-
nected with renewable energy sources. This can be observed by the exponential growth
of the PV power plants and the massive wind farms which are being constructed world-
wide. However it must be stated that the increased development towards a smart grid
has come with its own challenges, such as causing the grid structure to become far more
complex. The reliability of the renewable energy sources come to question as the over-
all energy which can be collected can vary greatly due to numerous reasons, such as the
meteorological conditions. Furthermore there can often be geographical limitations to
these systems, in addition the grid-stability and power quality can be greatly effected
by the volatile power generation of such system. While generally these issues have been
previously solved through the use of conventional power plants containing large scaled
synchronous generators and by the use of reliable and consistent fossil fuel based en-
ergy sources such as coal or natural gas. However with the external utility grid seeing
an increase of connectivity with DG units, the issues pertaining to the use of renewable

energy sources must be solved through the distribution [2].

These growing challenges which we are now faced with, can be prevailed through proper
integration and control of the power electronic converters which are contained in their
respective generation units. Fortunately the rise of technological advancements and the
massive benefits related to the control of power electronic converters. Have lead to great
interests being shown in the further research and development of such systems in the
last few years. These developments include a copious amount of topologies such as the
GTI, and the various control algorithms and methods of grid synchronization. Some of

which will be presented in detail in the coming chapters of this thesis.

1.2 Objectives

The objective of this thesis is to design and implement a grid tied three phase bidirec-
tional inverter connected to a battery. In addition to designing and utilizing a variation
of control methods to be compared with each-other. The objectives of this thesis is

intended to be completed in a set of steps which are as stated:
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e Studying past research articles and methods which have been utilized, for the

construction of a successful inverter and active front end converter systems.

e Selection of a three phase inverter and DC-DC topology with bidirectional power

flow capabilities, while also displaying the characteristics.

e Selecting the different control and modulation structures which are to be used, and

develop proper tuning methods for the controllers.

e Designing and calculating the proposed converter filter, while taking standards and

requirements of grid connected converter systems into consideration.

e Designing the chosen converter topology and confirming its function using simu-
lation software. choosing the necessary components and testing the bidirectional

power flow capability, as well as the different control methods.

e Collecting all the necessary components and constructing a functioning prototype.
Take measurements and compare with simulation test results to verify the control

methods.

1.3 Outline

The master thesis rapport is divided between the theory and the engineering of the
converter model. The theoretical framework as well as the control structure is introduced
in chapter 2 and 3. This part of the thesis has more emphasis on the theory behind the
required parts which are needed to build and control a grid tied inverter with bidirectional
capabilities. Chapter 2 introduces the theoretical framework pertaining to the GTT which
will be used further in this thesis. Furthermore DC-DC converter topologies which can
be used with the battery supply/load are presented along with several key topics such
as filtering, controllers and waveform distortions. While chapter 3 focuses on the control
system structure and strategies which are used in the later simulated model. Such as
the Park and Clarke coordinate transformations, Phase Locked Loop (PLL) structure,

modulation strategies and so on.

Following these two chapters, comes the design and simulation of the converters system
and its components which is split into chapters 4 and 5. Where chapter 4 presents the
systems proposed topology including all parts such as the filter, inverter and the DC-DC
converter with the battery supply/load. This chapter also explains how the different

components are dimensioned and how the gain constants for the control are acquired.
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Chapter 5 presents the simulation model using the simulation software known as Matlab
Simulink and all its components, in addition to introducing and explaining alternative
methods for both control and modulation. This chapter ends with the results from the

simulation model showing different modes of operation.

Chapter 6 presents the physical hardware and components which are used or was intended
to be used, as well as the design schematics of the intended PCB circuits. Due to a global

chip shortage some alternative methods where necessary and have been presented as well.

Chapter 7 contains the final conclusions and discussion of the thesis. The approach
which was taken in the completion of this thesis as well as the challenges are discussed

in more detail during this chapter.



Chapter 2

Theoretical Framework

This chapter serves to give an overview of the fundamental knowledge as a prerequisite to
the design of a grid connected inverter that is capable of bidirectional power flow. This
chapter takes emphasis on converter topologies used for three phase DC-AC conversion,
while also introducing DC-DC converter topologies that can be used in a two stage
topology. Which can be necessary for the sake of bidirectional operation and a stable
DC-link while using a battery supply/load. However the main topic of this thesis is
the GTI which will be presented with far more detail throughout this thesis, while
the DC-DC converters will only be introduced to present a necessary background for
the selection and operation. Furthermore various topics concerning the control, power

waveform distortions and grid filtering methods are presented.

2.1 Converter systems

The converter in a power electronic system is one of the main components and the focus
of this thesis. In this section some of the required standards when designing a grid
tied converter will be presented. Three phase inverter topology and DC-DC converter
topologies which will be later used to connect the battery storage system will be presented

with their operational principle during this section.

2.1.1 grid-tied standards

Three phase GTT are power converters which convert DC to AC and feed it into an ex-

isting electrical grid system. These types of converters are often used to convert the
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DC which is produced by renewable energy sources such as PV plants, wind turbines
and batteries which can be converted to AC and become connected to the power grid.
GTIs cannot typically be used in stand-alone applications where the utility power is un-
available [3]. Standards are required when integrating such converters into the electrical
grid and must follow a list of requirements which are relevant to the performance, op-
eration, testing and safety of the applications. Therefore when one seeks to design a
grid connected converter system, it becomes necessary to undergo research on the rules
and regulations for the requirements to be met. These standards however can be sub-
ject to variations based on where the system is intended to be applied. However for the
most part these standards tend to be quite similar and mostly based around two inter-
national standards being the Institute of Electrical and Electronics Engineers (IEEE)
and International Electrotechnical Commission (IEC). Additionally as many of the grid
tied converter system applications utilize renewable power sources and/or Uninterrupt-
ible Power Supply (UPS) systems it can also be important to research the standards
built specifically for them. Some of the most relevant standards which provides the re-
quirements for the interconnection of distributed generation resources into the grid, are

as follows:

e 1547-2018 - IEEE Standard for Interconnection and Interoperability of Distributed

Energy Resources with Associated Electric Power Systems Interfaces [4].

e 61850 - IEC Communication networks and system for power utility automation [5].

These standards which have been presented are not specifically targeted towards any
particular application, and serve more as a general requirements. Should the need of more
specific applications be considered such as renewable energy sources there are different
standards that must be researched and complied for overall approval. This master thesis
has an emphasis on the control of the GTI system. which is why further standards which
specify the limitations of the distortions to the system must also considered. Such as:
519-2014 - IEEE standard for Harmonics [6].

2.1.2 Active Front End Converter overview

The AFE converter is a power electronic converter which generally uses controllable
switches such as the Insulated Gate Bipolar Transistor (IGBT) or Metal oxide semi-
conductor field effect transistor (MOSFET) for power conversion. An AFE is generally
connected to the grid through a passive filter, which consists of an inductor or the com-

bination of inductors and capacitors, as will be explained in further detail in a later
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section. The application of an AFE converter can be anywhere from power conversion
for grid-tied electrical applications, motor drives and power conditioning. AFE convert-
ers are becoming more and more popular as the power ratings are increasing while the
costs of the power electronic converters and device components are decreasing. With
the use of renewable sources on the rise such as photovoltaic systems and wind power,
the added benefits of utilizing the AFE converters as part of the drive system becomes
important considering the necessary control and requirements that must be upheld fol-
lowing the standards, generally IEEE or IEC standards . Furthermore this becomes
driven by the continuous advancement in technological development of power electron-
ics, semiconductor devices and advanced control methods. Some of the advantages of an

AFE converter are as follows[7][8]:

e Reduced harmonic distortion in the grid
The AFE converter utilizes controllable switches which allow for better control
over the power conversion. Such as the capability of using complex modulation
strategies which reduce the harmonic distortion. This advantage is quite apparent
when compared to the simple thyristor and diode based converters which are more

limited in their control and harmonic levels.

e Bidirectional power flow
Perhaps the most advantageous feature which we acquire from the AFE topology is
the bidirectional power flow capability, which is attained from the converter being
capable of operating in all four quadrants of the V-I plane, as shown in figure 2.1 As
depicted in the illustration one can see that there are two quadrants of operation

wherein the converter acts as a rectifier and vice versa as an inverter.

AVa

Inverter Rectifier

Ia
>

Rectifier Inverter

Figure 2.1: V-I plane with four quadrant operation of an AFE converter, adapted from
[3].

e Forced commutation
Due to the nature of controllable switches having the ability to switch on and
off when it is required, we gain the advantage of utilizing forced Commutation

independent of the line voltage. Forced Commutation is something which can
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occur numerous times during a single period based on the operation, and allows
for modulation of the drawn current by controlling the gate pulses relative to the
reference signal. Furthermore by applying proper control strategies the dc voltage

level of the converter can be controlled to be within a desirable boundary.

e Reactive power control, Active power filter and enhanced grid stability
The reactive power flow of the converter is controllable and can be regulated to
achieve and maintain desired Power Factor (PF) such as unity. As mentioned
earlier in this section the AFE converter has the capability to regulate the grid
current, which allows for the converter to be used for power conditioning purposes.
This is achieved by harmonic cancellation with the use of active current injection
into the non-fundamental frequency into the grid. By applying these capabilities

we can contribute to an overall increased grid stability.

Generally the performance of a converter is determined by its means of efficiency, output
Power Quality (PQ), harmonic distortion, the complexity of both the topology and
control circuit in addition to the overall cost of implementation. AFE converters use
controllable switches which allows for them to be switched on and off at any given time.
With this advantage forced commutation becomes possible regardless of the line voltage,
and the drawn current can be modulated based on the control of the gate pulses and
reference signal. The quality of this output current will improve with the increase of
commutations per cycle of the output voltage, but in turn will lead to energy loss due
to the switching. Which is why selecting the proper type of controllable semiconductor
switches is essential to reduce this loss, a simple rule of thumb is to use IGBTs when the
switching frequency is less than 21 kHz and MOSFETSs when its above if the application
allows for it. This method of controlling the commutations (switching) to gain the
desired current /voltage relative to a reference signal is known as Pulse Width Modulation

(PWM), and is used in state of the art converters to enable the power transfer [9][10].

2.1.3 Three phase inverter

A three-phase two-level inverter topology is illustrated in figure 2.2, containing as the
name implies three legs with two controllable switches on each leg. Power electronic
converters schemes such as three phase inverters can produce a highly distorted current
to the grid, this is considered undesirable and can cause numerous problems and reduce
the efficiency of the overall system. To alleviate this issue filtering becomes necessary to
reduce the distortions. Installing passive filters between the grid and the converter is a
solution to filtering out harmonic distortions, this will be explained in further detail in

a later section of this chapter. For the sake of simplicity line inductors have been added
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to act as the filter in the illustration of the inverter. This simplicity comes with the
disadvantage of being bulky and considerably costly, and may therefore not be considered
suitable for some applications. Commonly inverters combine the passive filter with an

active filtering technique such as PWM to acquire higher efficiency and less distortion.

It is important that any of the switches in the leg of the inverter is not switched on
simultaneously, as this would lead to a short-circuit across the converter system. Which
can cause irreparable damage to the converter itself. To avoid undefined states in the
inverter and thereby the AC output line voltages, the switches of any leg must also not be
switched off simultaneously. This could lead to voltages that depend upon the respective
line current polarity. Commonly a preventative measure is taken by applying a blanking
time which normally will occur during the switching operation of the converter [11].

Each of the legs in the inverter consists of two IGBTs that are connected in anti-parallel

i< 3 52@ s3] 3

A

Ia La
a —»
A Lp
Ve — b n
Van 4 Lc

Vbn

513 s‘zI\& Siis e

Figure 2.2: three phase voltage source inverter circuit [12].

with a flyback diode. For phase a the upper switch is named S; and the lower switch
is named S;, and as illustrated the inverter consists of three legs where the rest of the
switches has been named accordingly. The line inductors are represented as L,, L, and
L., and for the sake of simplicity we can assume that they are all equal in size and
may be used interchangeably with the term L in this section. A consideration can be
made in the replacement of the IGBT switches to reduce losses if a considerably high
switching frequency is used. For this thesis the switching frequencies will not exceed
20 kHz therefore the IGBTs can be considered to have good efficiency. The flyback
diodes placed in the switches are installed to protect the IGBTs by providing the dc-link
current a return path. FEssentially solving the problem of high switching frequencies

over an inductive load, which will produce voltage spikes due to the potential difference
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between the switches and the inductor. This is further explained by the equation of the

inductive load voltage V;, = L%.

By applying Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s Current Law (KCL) the
voltage and current equations from the inverter illustration can be derived. As mentioned

previously all the line inductors will be termed as L for the derived expressions shown.

VaN d ta Vq
UpN | — L% ’ib + (%) (2 . 1)
UeN Z'c Ve

The switching state of the converters upper leg switches termed S, (x=1,...,3) and their
lower leg switches S, (x=1,...,3) can be represented by the switching signals S,, Sj and

S, are defined as followed:

if S; on and S; off
S, = L (2.2)
if S; off and S; on

-

1 if S, on and S, off
Sy = o (2.3)
0 if S5 off and S5 on

1 if S; on and S; off
S, = o (2.4)
0 if S5 off and S3 on

where the switching signals will define the output voltage value as shown in the following

equation:
VaN Sa
vpn | = Vaae | Sp (2.5)
UeN Sc

where V. represent a DC voltage source. The phase-to-neutral voltages as shown in
figure 2.2 are represented as vy, Upn, Veny. The three phase voltages can be defined
using vectorial representation with a unitary vector expressed as a = e = % +7J ‘/75
Where a represents the 120° phase displacement between the phases. The instantaneous

voltage space vector written in terms of inverter output voltages can be expressed as:

2
v = §(UQN + avyy + a’vey) (2.6)

This way the switching state (Sa, Sp, S.) = (0, 0, 0) will generate the voltage vector Vj
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which can be expressed as:

2
Vo = §(O+a0+a20) =0 (2.7)

V;(0,1,0)

T
<
n
=
‘_I.
o
~—

V,(0,1,1) V, (1,0,0)
- - -t > >
: Re
I vV, (1,1,1)
| V, (0,0,0)

V5 (0,0,1)

Figure 2.3: Voltage vectors in the complex plane [12]

Based on the combinations of the gating signals (S,, Sy, S.) we can obtain a total of 8
switching states and their respective voltage vectors, as shown in Table 2.1. However
considering that Vg = V7 as shown in 2.3, only 7 different voltage vectors in the complex

plane are obtained.

S, Sy S. Voltage vector V
0 0 0 Vy=0
10 0 V=2V,
T R R A

. 3
0 1 0 Vy=—1Ve+i%
0 1 1 Vy=-2V,

. 3
000 1 vy= -ty — Y0y,

. 3

I e e ML
1 1 1 V;=0

Table 2.1: Switching states (S, Sy, S.) and voltage vectors
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It should be noted that for the sake of simplicity a simple model has been used. A more
complex model of the converter might for instance include dead time, IGBT saturation
voltage, diode forward voltage drop. However the emphasis of this section is to explain

the overall operation and overview of the inverter model with simplicity.

2.1.4 DC-DC converter topologies

A DC-DC converter can be a necessary converter to have between the battery system
and the inverter to ensure a stable voltage and current is provided, which is a key
requirement to be able to control the bidirectional inverter. Traditionally, it is not
common practise to depend on battery cells in series to increase the voltage as this
comes with several disadvantages such as: large economic cost and a large space is often
needed. There are however many different DC-DC topologies which can be selected
based on the application. The power conversion system is responsible for the power flow
through the grid and Battery Energy Storage System (BESS). The manner in which the
BESS and the grid is interconnected depends on the selected design, which is between
a single stage topology or a two stage topology. Where are single stage topology will
often contain a grid tied bidirectional DC-AC converter directly connected to the BESS.
While a two stage topology contains a DC-DC converter between the BESS and the grid
tied converter. The proposed method of this thesis will utilize a two stage topology.
Thus a DC-DC converter becomes a necessity. The single and two stage topology will be
explained with further detail in a later section of this chapter. in this section the Buck
and Boost DC-DC converter topologies will be presented. The converters topologies will
be introduced individually to explain their function and structure, and a combination
of these two converters will be presented in a later chapter. The converter models that
are introduced in this section will not be explained in great detail, as these converters
are well established in literature such as in the following sources which have been used:

[9; 13; 14; 15].

Buck converter

Buck converters often termed as step-down are simple and efficient converters, and as the
name states it’s primary use is to convert an input DC voltage to a lesser output voltage.
One of the advantages of the buck converter is that it can provide a continuous output
current. However a large capacitor is required in order to smoothen the discontinuous
input current. A buck converter and its operation has been illustrated in figure 2.4.

The converter contains a diode and a controllable switch where the gate signal has been
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termed ¢, additionally the converter consists of passive components such as an inductor
and a capacitor with its internal resistance. During the controllable switches off time
the diode will allow the inductor current to freewheel across as depicted in figure 2.4
when the gate signal ¢ is equal to zero. The converter has the ability to operate in
both Continuous conduction mode (CCM) or in discontinuous conduction mode (DCM),
which depends on the inductor waveform. A method of controlling the operation of the

Buck converter and some simple calculations will be presented as follows:

V

n

|||+

V. o= YY) Vi

g=1—+ qg=0—-

Figure 2.4: Buck converter topology, and switching state.[14]

e Operation

When the controllable switch is on, the circuit will be able to provide the output
load current and allow for the DC input to charge the inductor. Generally the con-
verter can be controlled as shown in the waveform illustration where the inductor
will be able to charge until the output voltage reaches the desired reference volt-
age. Once this is obtained the controller will turn off the switch allowing for the
output voltage to remain close to the reference voltage. Furthermore due to the
switch being turned off the circuit will no longer be charging the inductor, this will
lead to the inductor changing its voltage polarity allowing for the current to flow
in the same direction through the diode. The discharging of the inductor will con-
tinue until the output voltage reaches below the reference voltage, in which case
the controller will turn on the switch to compensate for the output voltage drop

and continue the operating cycle [16].

e Duty cycle calculation
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Theoretical Framework

The controllable switch is commonly controlled by using a PWM where its on and
off state are determined by the switching frequency fg, = 1/T" and the duty cycle

D can be derived as:
D _ tOn _ tOTL ‘/;)

L 2.8
T t0n+toff ‘/; ( )

where t,,, is the time interval that the controllable switch is in its on-state, likewise
the t,7¢ represents the time interval that the switch is not conducting (off-state).

The period is termed T and the switching frequency fs,.

Buck converter Calculations

The inductor current waveform at the boundary between the CCM and the CDM
are illustrated in Figure 2.5. Where the inductor current waveform can be described

by the following equation:

‘/fin - V;)
i = Tt, for 0<t< DT (2.9)
jL A
Vinmax —Vo
Aij __% mein— VO
Lmax Q’ f
|
Boundary +— — -+ - —/_ VO-
! L
| | _

>

0 DminT DmaxT T t

Figure 2.5: Inductor current at CCM/DCM boundary [15].

Furthermore we can derive the peak-peak inductor current often termed as ripple

current Aiy, ,_, as follows:

L N L

Alppp = (2.10)
The size of the inductor component can be determined by calculating the minimum
inductance required to maintain the CCM operation for the duty cycle range (D,

and D,,q,) as shown in the following equation:

Limin = —= 2.11
AZL,TrLaavfsw ( )

from equation 2.11 it can be observed that by increasing switching frequency fs,

we can reduce the minimum inductance required. For the sake of simplicity all
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resistances are neglected and the minimum required capacitor size can be calculated

by the following equation:

8fwlAv  SLf2 Av

w

Conin = (2.12)

where the voltage ripple is termed Awv, The calculation can be more complex if the

resistances are included, which can be further detailed in the following source [17].

Boost converter

The boost converters often termed as step-up converters primary function is essentially
the opposite of a buck converter, by providing an output voltage which is greater than

the input voltage. Figure 2.6 provides an illustration of a Boost converter as well as its

operation.
I AN +
—
Y YL O~
+ + - Vn
1 vy
in —— _[ N
—_—
i i |
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VL = "!fra 1 + —) {}
| F §V M T S
} < Ve " ; =
I /\ < . 1t = br'n_bf.' :J _ N
Vin —_~ ip | s N4~ 0 Vin __ '.;1;.4 =V
/ : " -

g=1—"> g=0 ——=

Figure 2.6: Boost converter topology and switching state [14].

The converter is supplied by a continuous input current and provides a discontinuous
output current, with a better dynamic response. A disadvantage of the converter is the
requirement of a high input side current, which means that it is not a suitable topology
for all types of applications. Such as in the case of a PV system where the high input side

current may not be possible to maintain at all times. Furthermore the converter requires



16 Theoretical Framework

a larger inductance compared to that of a buck converter. The boost converter does
however have the advantage of a cheaper implementation cost than a buck converter due
to lower value input capacitor being required. Similar to the Buck converter topology
the reverse current in the Boost converter is prevented by using a freewheeling diode,

shown clearly in Figure 2.6.

e Operation

By turning on the controllable switch (¢ = 1), the diode will be reverse biased
and the inductor voltage V;, will be equal to the input voltage Vj,, as is shown in
figure 2.6. While also allowing the inductor current i, to increase linearly at a rate
of V;,,/L, increasing the energy in the inductor. When the controllable switch is
turned off (¢ = 0), the inductor current will be forced to flow through the forward
biased diode. Hence leading to the stored energy of the inductor to be transferred
to the filter capacitor C' and the output load. At this time the inductor voltage
will be equal to V;, =V, — V with the inductor current i, decreasing at a rate of
(Vin, — Vo) /L. The operation of the Boost converter, while the switch is on and off

has been illustrated in the previously mentioned figure 2.6.

e Input/output voltage ratio

It is common for the controllable switch to be controlled using a PWM where its
on and off state are determined by the switching frequency, similar to what has
been presented previously with the buck converter. The relationship between the
input and output voltage can be derived by using either the waveform of Vj or V4
as is sown in figure 2.7. By using the inductor voltage waveform in steady state

we can obtain the following equation:
VYm(DTs) = (VO - Vm)(l - D)Ts (213)

Which allows for the input/output voltage ratio to be expressed as:

= — (Vo > Vin) (2.14)
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Figure 2.7: Boost converter waveforms [14].

e Inductor size calculation

Traditionally the inductor size is determined through the inductor current ripple.
By calculating the average inductor current /; using equation 2.15, where I, rep-
resents the output current. It is then suggested that the peak-peak ripple current
termed Aiy,—, should be around 20-40% of I, [18].

_ Valo

Iy, v

(2.15)

The inductor current waveform is built up by the average value, which is dependent

on the output load and the ripple component:
ZL(t) = ]L + iL,Tipple(t) (216)

where the inductor ripple current termed ¢z, yippie is also dependent on the inductor
voltage vr. This is shown clearly in figure 2.7 where iy ;e increases when vy, is
positive and decreases when vy, is negative, finally resulting in an average of zero.
we can then determine the inductor size by calculating the peak-peak ripple as

shown in the following equation:

. 1 1
Aippp = T Vin(DT) = T (Vo — Vi) (1 — D)T‘i (2.17)
AreaA AreaB

2.2 Controllers

There are various types of controllers which can be used for the purpose of controlling
a converter or for the sake of grid angle extraction. However some of the most com-
mon types for the sake of converter control include the hysteresis controller and the

Proportional Integral (PI) controller, which will be presented in this section along with
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a method of tuning and optimizing a PI controller through Modulus Optimum (MO)

criteria.

2.2.1 Hysteresis controller

The hysteresis controller theory has been sourced from [9]. Hysteresis control is often
termed as tolerance band control and through out this thesis will be used interchangeably.
This form of controller is commonly used as a current regulator. The tolerance band
current control method is illustrated in figure 2.8 using one of the legs of an arbitrary
inverter for a sinusoidal reference current 7%, where the real phase current i4 is compared
to the tolerance band around the reference current to the phase. As shown in the figure
V; represents the DC voltage and the switches on the inverter leg are termed T4, for

the upper leg and T4 for the lower leg.

Essentially the operational principle of the controller consists of an upper and lower
tolerance band which dictate when the switches on the converter can be turned on and
off. For instance when the real current value i, increases above the upper level of the
tolerance band, T4 is turned on, conversely T4, is turned off. Furthermore the same
logic is implied for when the real current goes below the lower level of the tolerance
band, with the opposite switching. The switching frequency is thereby determined by
the speed of which the current changes from the the upper limit to the lower limit of the
tolerance band and vice versa. However despite the simplicity of the hysteresis control
method, a notable drawback of this controller is that the switching frequency changes as
a function of the current waveform. For this specific reason, constant switching frequency

controllers are often used as an alternative.

Reference current iy

Actual current iy

nm

A
N
0 t

Ta- :on Ta+ :0ON

Figure 2.8: Hysteresis current control [9].
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2.2.2 Proportional Integral Controller (PI)

Vep(s)
Kp
X(s)
X*(s) H/‘\} E(s) 5 Vei® e \ Ve(s) ant
J S _/ P

Figure 2.9: PI control loop in the frequency domain.

The Proportional Integral (PI) controller is a well established controller which is applied
in a wide range of applications [19]. This type of controller is built up by two separate
controller parts the proportional and the integral, as is illustrated in Figure 2.9. The
Proportional (P) controller is the most basic type, which consists of a simple proportional

gain, k,. The proportional controller produces an output which can be expressed as:
Veols) = kpE(s) (2.18)

Where the difference between the reference input and the measured output is considered
the input error of the controller E(s)=X*(s) - X(s). The integral part of the controller
takes the error input signal and removes the steady state control offsets by ramping the
output up or down depending on the amplitude and duration of the input error signal.
However the integral constant which controls the ramp rate must be tuned properly or
there becomes a risk of oscillations [20][21]. As illustrated in 2.9 the integral controllers
output is proportional to the integral of the error E(s), and can be expressed in the
Laplace domain as:

Vei(s) = %E(s) (2.19)
where the integral controller gain is termed k;. Such controllers have a slow response
time due the actions being proportional to the time integral of the error. However the
steady-state error will go towards zero for a step change in input because the integrator
will continue until there is no error (ie, error equal to zero). The Transfer function (TF)

of a PI controller can be expressed as:

ki
Vi(s) ki kps+ ki P (S + g)
PI(s) = -5 =k, + — = =2 = 2.2
() =5 =Bt - ; (2.20)
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Or alternatively the TF with the integral time constant T; = %, can be expressed as:

(2.21)

PI(s) =y [ 157

T;s

2.2.3 Controller tuning and optimizations

There are various methods which can be used for optimizing PI controllers, in this
section two popular tuning methods known as the MO and Symmetrical Optimum (SO)
are introduced. These methods are based on a similar idea of finding a controller which
makes the frequency response from set-point to the plant output as close to unity as
possible [22]. Both optimization techniques have been proven to be successful in the
tuning of PI controllers and have been widely implemented in grid tied converters. The
parameter of PI controllers as has been previously explained consist of a proportional

gain constant k, and the integral time constant 7%.

Modulus optimum

MO, also known as absolute value optimum criterion as has been explained is a method-
ology of tuning a PI controller based on keeping the magnitude value of the systems
closed loop TF G (s) equal to unity, while maintaining as wide of a frequency range
as possible [22]. For instance if one has an arbitrary controller TF known as G(s), we
would then like to tune the controller in way which allows G(0) = 1 and for % =0

at w=0 for as long as possible [23].

For low order controlled plants without time delay, the MO is generally used in the
conventional analog controller tuning. If the controlled system has one dominant time
constant in addition to other minor time constants, the PI controller can be considered
suitable for optimization by using the MO criteria. When the conditions are met, the
standard form of the control systems TF for the MO is obtained by cancelling the largest
time constant. This is done while keeping the closed loop gain larger than unity for as

high frequencies as possible [24]. If we assume the TF of a plant system expressed as:

1

(0 Tos)(1+ 75)Rp (222)

L(s) =

where T}, represents a large time constant, while 7 represents a small time constant or the
sum of multiple smaller time constants, in addition to fulfilling the following condition

T, >> 7. With reference to the Pl-controllers TF shown in 2.21, we can derive the
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system open loop and closed loop TF (Gor(s), Ger(s)), as:

1+7T;s
Tis

Gorls) = by | : (2.23)

(1+Tus)(1+7s)R,
ky(1+ T;s)

aQ —
s = T T+ TS5+ Tus)(1 + 79)

(2.24)

Zero pole cancellation can be applied for the dominating pole of the system , giving the

PI gain parameters k, and 7; by MO tuning criteria as follows:

T, =1 (2.25)
Ryt
= 2.2
p 2Ta ( 6)

with the tuning criteria given from the above equations (2.25, 2.26), the open loop and

closed loop TF's of the systems control loop can be expressed as:

1 1

Geor(s) = 2T, s(1+ Tps)

(2.27)

1
1 272

GC p— p—
orls) 2125 + 2T, + 1 82+ s+ 55

(2.28)

The resulting closed loop TF from equation 2.28, resembles the form of a generic second
order TF as expressed in 2.29. Given the similarity of these TFs we can determine the
natural frequency and the damping factor of the closed loop system. Which has been
expressed in equation 2.30 and 2.31.

2

Gls) = 52 + 2Cw7;s + w2 (2.29)
Wy = ! (2.30)

V2T,
(= (2.31)

V2
Due to the simplification of the system by using pole cancellation, and optimizing the ab-
solute value to unity. The systems resulting response will always correspond to the given
values of ( and w, as shown in the above equations. However the crossover frequency
can be tuned to obtain the desired value by regulating the proportional gain constant
k,. It is common to select the crossover frequency to be one or two orders smaller than
the switching frequency of the system, thereby one can avoid the interference from the

switching noise.



22 Theoretical Framework

The MO criteria proves to be a suitable tuning technique, when the controlled system
has one dominant time constant along with other minor time constants. However this is
not the case when one of the poles is located near the origin or at the origin itself, due to
the pole shift not causing any significant change. In which case an alternative controller
tuning technique could be used such as the SO criterion which will not be used in this
thesis [24].

2.3 Power Waveform Distortions

Power systems quality monitoring is considered to be common practice for utilities, as
there has been an increased amount of requirements on the control and performance of
such systems. The PQ refers to the amount of variation in voltage, current, harmonics,
and frequency on the power system. The distortion in power distribution systems 50 Hz
sinusoidal waveform, is referred to as the term ” Waveform distortions”. These waveform
distortions can occur through various means, which can be separated into select groups

such as: Harmonics, Noise and Impulsive transients [25].

Ideally we would like the converter systems current to be free from distortion and be
completely sinusoidal, however this is not possible in a practical system due to the
distortion in the converters output voltages occurring from the dead time and non-ideal

characteristics of the power switches or due to the distorted grid voltage [26].

Harmonic current distortions in Power electronic systems in addition to the voltage wave-
form distortions it can lead to malfunctioning of components due to over-voltages due
to resonance conditions. And has the capability of undesirable effects such as increased
heating to the cables, loads and components of the circuits as well as additional problems

to the power electronic system [9].

A distorted waveform will often contain a large amount of different harmonic distortions,
and therefore when describing the harmonic content within the waveform it is common
to use the term Total Harmonic Distortion (THD). A distorted waveform can be split
into its fundamental component and its harmonic component, where the THD describes
the percentage ratio of the Root Mean Squared (RMS) amplitude of the fundamental
frequency compared to a set of harmonic frequencies. We are able to calculate these

components by means of Fourier analysis [8].

A repeating waveform f(t) which satisfies the Dirichlet conditions is able to be expressed
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with the use of Fourier expansion as shown.

ft) =a,+ Z(ah - cos(hwt) + by, - sin(hwt)) (2.32)
h=1

In which case the coefficients a,, a; and by can be defined by the following expressions:

1 (T2
ay = = f(t)dt (2.33)
T J 1/
o [T/2
ap = — f(t) - cos(hwt)dt (2.34)
T J 1)
9 [T/2
b, = = f(t) - sin(hwt)dt (2.35)
T J 1

each frequency component is represented in term of its RMS value, can be calculated as:

az + b7

Frus = a2+z 5

h=1

(2.36)

However it is important to note that the DC component a, of f(t) is often zero, simplifying

the equation to:

(2.37)

using the above equation we can derive an expression for the THD, where F} gysg repre-

sents the fundamental signal as:

F2,,6— F?
THD — RMS ' 1,RMS (2.38)
IT rus

Furthermore the THD can be derived in terms of the current, where I; is the line fre-
quency component of the drawn current from a load and I is the h harmonic current
injected. this can be expressed as [9]:

THD =~ 2=z 1 (2.39)

I

2.4 Filter Methods

As previously mentioned the effects of harmonic distortion can be quite substantial,

which is why it is common to develop a filter connected between the grid and the con-
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verter too attenuate the harmonics. This method of acquiring a stable region of operation
variates depending on the application, bandwidth and cost with several different meth-
ods of filtering to select from. One can generally divide the type of attenuation into two
methods passive- and active damping. Both methods are capable of compensating the
harmonic current precision and damp the switching ripples sufficiently. the passive and

active damping methods which will be presented have been based on [27].

The state of the art methods of filtering today mainly contain three filter topology
variations: L, LC, and LCL filter variations as is illustrated in 2.10. The size of the com-
ponents are determined by the topology selection. Considering the LCL filter topology
the filter size is determined by the inverter output current, switching frequency and the
system bandwidth. The LCL filter design is considered to be the most preferred method
for power conditioners when taking the advantages into consideration. Such as the low-
ered requirement of inductance and capacitance which reduces the bulkiness and cost.
However with this topology the resonant peaks that are developed during the operation
can be a challenge to attenuate, and may need passive or active damping depending on

the operational requirements and chosen component values.

L
Y YN YY)

Voul

Figure 2.10: Three different types of passive filters, a) L filter, b) LC filter , ¢) LCL filter

The passive damping method consists of only passive elements such as resistors
inductors and capacitors, which simplifies the complexity of design and can be more
cost efficient when compared to the active damping counterpart. The advantages of
having a simple control algorithm, cause the passive method of filtering to have a better
bandwidth and dynamic performance. This advantage is one of the reasons that it can be

the preferred choice given the right use of application. However the losses of the damping
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resistance can be considerable to the point that is unacceptable when applied in a high-
power system. This disadvantage can be mitigated given the right improvements of the
filter topology, which can possibly reduce the power losses of the damping resistors to
the point that it can be comparable with active methods. While simultaneously keep

the advantages that is acquired by the passive methods.

The active damping method can be more expensive due to the requirement of more
sensors and will cause an increase of the algorithm complexity in turn. While the passive
methods have a large bandwidth, this is not the case for the active methods which have
a smaller bandwidth and poor performance of dynamic response and noise immunity.
Unlike the passive methods where it is common to use a physical resistor to damp the
system, the active damping generally uses a control algorithm. These control methods
come in many variations for instance with a LCL filter topology some of the commonly

used control methods include complex modulation strategies such as Space Vector Pulse
Width Modulation (SVPWM).

2.5 Battery Energy Storage Systems - BESS

In modern day BESS can have monitoring and control systems as well as power conversion
systems. Batteries have the capability of storing energy chemically, with the advantages
of having a dynamic response time, high energy efficiency and can generally be easily
transported with out relying on any specific geographical restrictions. At least compared
to other storage devices such as water storage, which can be limited by geographical

restrictions, for instance water reservoirs.

BESS usually contain non-linear characteristics, thus leading to some challenges in its
proper representation when one intends to perform tests by simulating. One model
design method used to represent a battery storage system , consists of a circuit with an
internal resistance in series with an ideal voltage source. Which is considered to be the
simplest and the most commonly used model of a battery, this has been illustrated in
figure 2.11.
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Vdc

O

Figure 2.11: Simple Thevenin battery model [30].

However often there is a need for a more realistic model which takes the non-linear
parameters into consideration. With such models the characteristics of the battery’s
internal resistance, self-discharge resistance, overcharge resistance and adding a separa-
tion between the charging and discharging processes. One of such models known as a
third order battery model has been illustrated in figure 2.12. In the illustrated third or-
der model the main branch which contains V., Ry, C1 and Ry components is used to
approximate the battery charge/discharge dynamics. While the parasitic branch which
contains R, and V), represents the self-discharge, furthermore a resistor Ry is placed in
order to approximate the overcharge resistance. As is clearly displayed in the illustrated
figure of the third order battery model the resistive elements are non-linear and cur-
rent dependent. Both the simplistic model and the more realistic model are explained

in further detail from their source [30].

R1
Rz Ro
o
—
C1
Rp

vp

Figure 2.12: Third order battery model [30].

In order for the power to flow across the BESS and the grid, a power conversion sys-
tem must be utilized. There are generally two variations of the topologies used for such
systems, which are commonly known as single stage and two stage topologies as illus-
trated in figure 2.13a and 2.13b respectively. The single stage design topology connected
to a BESS consists of a bidirectional DC-AC converter which interconnects the battery

and the grid directly. While the two stage topology has an additional DC-DC converter
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between the DC-AC converter and the battery supply/load. Using such power conver-
sion systems a dc-link capacitor is often placed in order to stabilize the dc-link voltage.
There are challenges which come depending on the selected topology. The single stage
is considered a more simple design, however the two stage topology is considered to be
superior in efficiency following the results of numerous studies such as [28]. The usual de-
sign topology of these systems have been illustrated and can be compared as mentioned
in figure 2.13. As stated both of these topology variations have full bidirectional power
flow capabilities, although each of the topologies come with their own advantages and
disadvantages [29]. For this thesis the two stage topology will be used in the later chap-
ters due to the overall advantages such as the capability of both boosting and bucking
the voltage provided by the BESS.

Power flow
10/30
ene EMI AC L Batten
FILTER DC — supply/load
T
(a)
Power flow Power flow
G EMI AC oc | L Battery
FILTER DC T pc | _ Supplv/load
T

(b)
Figure 2.13: a)Single stage BESS topology. b)two stage BESS topology. [29].



Chapter 3

Control structure and strategies of

grid tied converter

When converting DC to AC power and vice versa, it is essential that the three phase AC
voltage and current is controlled. Where the main objective is to control the voltage and
current components magnitude, frequency, phase angle and the direction of the power
flow. Each of the respective voltage and current components, are the determining factors

of the total amount of power delivered.

This chapter aims to present the control structures, components and strategies which are
used in the GTI system. The chapter introduces coordinate transformations, modulation
strategies, Phase Locked Loop control and the Voltage Oriented Control (VOC) strategy
with an overview of the entire control structure. Furthermore an alternative control
method by using the Direct Power Control (DPC) method will also be described. The
following sections of this chapter will be using an inverter model with a LCL-filter when
describing the method of control unless stated otherwise. This is the intended topology

for simulation and prototyping of the system.

3.1 Clark and Park transform

In VOC and DPC, we use coordinate transformations to turn the measured AC values
into quantities that can be more manageable and simpler to regulate by the converter
control loops. Once these values have been transformed and regulated by the control
loops we can then inverse transform these quantities into their corresponding AC-values.
For this implementation we utilize two types of transformations to acquire our desired

quantities the Clark and Park transform. An illustration has been provided to showcase
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a graphical representation of the three phase reference frames, in figure 3.1. These
transformations have their variations based on what invariance one would like, more

specifically there is the magnitude invariant and the power invariant[8][31].

Figure 3.1: the stationary reference frame () and synchronous reference frame (dq)
with its relation to the three phase (abc) reference frame [32].

3.1.1 Clark transformation

The Clarke transformation is used to transform the components in a three phase system
(in abc frame) into two components in an orthogonal stationary frame («f) which is
also referred to as the a3 coordinate system [8][31]. By assuming symmetrical balanced
three phase AC, the ideal voltage and current values termed as V4. and L. (120°phase

shift) are derived as:

Va V- sin(wt)
Vae = | V| = |V - sin(wt — &F) (3.1)
Ve V- sin(wt 4+ &F)
1, I - sin(wt)
Lie = | I,| = |1 - sin(wt — &F) (3.2)
RE I - sin(wt + %F)

For the transformation equations the current values will be selected to showcase the

transformation. We use the Clark transformation to represent the corresponding orthog-
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onal components /, and Iz as shown:

I, ) 1 -5 —3| L
Lgo = 15| = Telue = 5 |0 BB (3.3)
I o
. y )

As shown we acquire three components by using this transformation matrix, however the
zero components value will always remain 0 with the assumption of a symmetrical bal-
anced sinusoidal three phase signal. Therefore we choose to neglect the zero component
and focus more on the o and § components. This variant of the Clark transformation
is known as the magnitude invariant, in which the magnitude of the three phase system

vector is the same as the two phase system vector:

[Ta(t)] = [1a(t)] (3.4)

This method can be a good choice for motor drive designers due to its intuitive nature of
having the measured voltage magnitude be the same in both reference frames, which can
be advantageous for control. Likewise the power invariant may be more suitable for DPC
applications, as the power can be estimated using the af coordinate. The magnitude

invariant inverse Clark transformation can be expressed as:

I, 1 o0 1] [L
L = | Iy | = Teimdago= |- % 1| |I; (3.5)
I —L =5 |
—

However in order to perform calculations on the active and reactive power whilst working
in the af domain one would need to utilize another form of the Clark transformation
to accommodate for this. The currently shown Clarke transformation matrix does not
contain the necessary criteria to allow for these calculations due to the matrix being
non-unitary. Which implies that this variation of the Clark transformation does not
fulfil the following criteria: T*T=TT*. The power invariant Clark transformation can

be expressed as:

I, 5 1 — =] |L
IaﬁO = Iﬁ = TcIabc = \/; 0 \/Tg —\/Tg [b (36)
I FURRER T N
0 vz v owmd L
T.
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As mentioned by using the power invariant equation we can calculate and determine
an estimate of the instantaneous active power (P) and reactive power (Q) by using the

voltage and current quantities in the a8 coordinate as shown:

P
Q

Ve Vs
Vs V,

Ia
IJ (3.7)

The power invariant transformation shown in equation 3.6, can then be inverted by

applying the inverse Clark transformation as shown:[33]

1
I, S0 B[
Lie = |1 | = Teinolago =1/ 5 | =3 L 5| | (3.8)
1 V3 o1
L L2 =% 31 Llb
Tormo

3.1.2 Park transformation

The Park transformation is used to transform the two components which are represented
in an orthogonal stationary frame (/) into a orthogonal rotating reference frame (dq)
with also two components. Which in essence simplifies the two ac components which
rotate with a fixed frequency that are represented by the orthogonal a8 components, to
appear as two DC quantities instead [8][31]. By using the af quantities of the power
invariant Clark transformation we can then transform them over to the dq coordinate
by using the park transformation. Where the frame rotation speed is represented by
w and the position of the rotating reference frame is given by wt. Assuming that the
dq components are rotating at an arbitrarily given frequency in order to derive the dq

components in the Park transformation which is expressed as:

Iy cos(wt) sin(wt) 0 |1,
Lo = |I;| = Tplopo = |—sin(wt) cos(wt) 0| |Is (3.9)
Iy 0 o 1| |1
o

We can see that the Parks transformation does also contain the homopolar or zero-
sequence component which should remain unchanged given the assumption that one is

working with a balanced three phase signal. The inverse park transformation is given
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by:
I, cos(wt) —sin(wt) 0] |14
Lo = | 15| = Trinolag = |sin(wt) cos(wt) 0f |1, (3.10)
Iy 0 0 1] |1,
Thins

By combining the Clark and Park transformation we obtain a method to transform the
three phase abc components from the time domain over to the dq coordinate directly. We
do this by simply combining the transformation matrices T, and T, with one another.

the resulting matrix T, can then be shown as:

cos(wt)  cos(wt — 2 cos(wt + )
T, =T.T,= \/; —sin(wt) —sin(wt —3F) —sin(wt + 3F) (3.11)
1 1 1
V2 V2 V2
Top

With the inverse transformation begin derived as:

cos(wt) —sin(wt) 3
2
Tepinw = 3 cos(wt — &) —sin(wt — 27) \/g (3.12)
cos(wt + %’T) —sin(wt + 2?”) %
Tc;,:nv

Variations of the inverse transformation in equation 3.12 are possible depending on the

desired alignment (ie. d- or g-axis alignment), and of the desired invariance. By mul-

2

tiplying the transformation matrix with 4/3

and altering the zero components of the

matrix from 1 to \/g as is shown in 3.12, we acquire the power invariant transformation.

3.2 Pulse Width Modulation - PWM

In previous sections, PWM has been described as a modulation technique used to gener-
ate the gate signals for the purpose of controlling the switching of converters. While also
ensuring both rectifying and inverting operation through the modulation of the drawn
currents from the voltage source. Which is obtained by having the drawn current in
phase with the drawn voltage. When applying the intended control methods for this
thesis, the modulation process occurs within the Current Control Loop (CCL). This is
achieved by using the coordinate transforms (Clarke and Park) to generate the needed

control voltage reference signals for the PWM module.
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3.2.1 Sinusodial Pulse Width Modulation - SPWM

To put it simply the Sinusoidal Pulse Width Modulation (SPWM) is achieved by com-
paring a carrier waveform (triangular waveform) V., with a sinusoidal reference voltage
V*. Thereby generating a pulsed waveform at the output of the converter. The funda-
mental component of this output voltage is proportional to the reference voltage. For
the sake of simplicity the PWM technique applied in a single phase inverter has been
illustrated in Figure 3.2.

V*

vV

Ver

]
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Figure 3.2: Sinusoidal PWM for a single phase [12].

A 4

/

By observing the waveforms in the figure one can see that the switches on and off time

are determined by the following conditions:

Vs>V, S;ison, S is off

_ (3.13)
Vx <V, S isoff, S; ison

Similarly three phase output voltages are obtained by comparing the carrier waveform
V. with three sinusoidal reference control voltages (V*, Vi, V¥) with a 120° displacement
as shown in figure 3.3. Where the triangular waveform represents the carrier waveform
V.
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Figure 3.3: Sinusoidal PWM for three phase signal.

3.2.2 Space vector pulse width modulation - SVPWM

A variation of the PWM is termed Space Vector Modulation (SVM), which fully uti-
lizes the available dc-bus voltage. Additionally resulting in an increased AC output
of approximately 15% higher than that of SPWM control method which is limited to
ViLmaz = ‘/TEVdC. This is due to the SPWM method not taking advantage of the three
phase properties and rather synthesizes the output voltages on a per-pole basis, where
the power poles are v,y, Upny and v.y. However by taking line-to-line voltages into

consideration it is possible to get Vir max = Vae while using SVPWM [14].

The previously described three phase inverter from chapter 2, has been shown to only
operate within eight distinct switching state topologies. Where six out of these eight
switching states produce a non-zero output voltage which can be referred to as active
vectors (vi — vg) while the remaining two switching states produce zero output voltage
and are termed zero vectors (vo,vy). The six active vectors in the stationary reference
frame form a hexagon and six separate sectors as shown in figure 3.4 [34]. The zero
vectors (vo,vy) have not been included on the figure however they would be located
in the origin. Additionally the angular position of the three phase voltages have been

illustrated in figure 3.5.
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V3 (010) 4 B-axis V2110
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V4011

Vs (001) Ve (101

Figure 3.4: Representation of a three phase inverters active vector switching states, in
the stationary reference frame [34].
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Figure 3.5: Angular position of the three phase voltages [8].

By considering the division of the six sectors, where the voltage vectors are generated
by the inverter in the a8 plane as shown in figure 3.4. A given reference voltage vector
termed v*, positioned within a generic sector k, is able to be synthesized by using the

adjacent vectors known as Vi, V., and Vj as shown in figure 3.6.
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Figure 3.6: Reference vector in a generic voltage sector k [12].

Each vector is applied during their respective time ty, ty.1 and tg. This can be expressed

with the following equations which have been adapted from [12].

_ Vity + Viitesr + Volo
T

v (3.14)

T =t +tpe1 + 1o (3.15)

where T is the carrier period, often known as sampling period Ty and will be used
interchangeably in this section. It should be notated that in SVM there are no separate

modulators of each phase as one can find in carrier based PWM, and that the reference
1

Ts'
and . the application time for each

vector v* is sampled with a fixed clock frequency expressed as 2f, = furthermore

tr  tet
Ts 7 Ts

vector can be calculated by using trigonometric relations as follows:

the vectors respective duty cycles are

. 3T|v*|(cos(f — b)) — =00 8.16)
" 2Wae '

3T|v*| sin(6 — 0f)
Ve V3

tk+1 — (317)

tog =to +17 = T —tp —tre (318)

in the equations above the angle of the reference vector v* is termed 6 and the angle of the
vector Vy is termed 6. There are numerous methods of utilizing SVM, however primarily
the difference is in the variations of the placement and duration of the zero vectors

(vo,v7), while remaining within the conditions of 3.18. Each method gives different
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equations defining ¢ty and t;. The most popular three phase SVM method is by using

symmetrical zero states as shown:

T—1t—1
to =ty = % (3.19)

What remains similar between the different methods is that the equations expressed in
3.16, 3.17 and 3.18 is applied to all of them. another variation using space vector is

by applying vector modulation with what is known as Third harmonic injection Pulse
Width Modulation (THIPWM), giving the resulting waveforms illustrated in figure 3.7

fundemental waveform
3rd harmonic waveform
\ reference waveform carrier waveform

Figure 3.7: THIPWM waveform and output waveform.

The calculation of the zero vectors can be expressed as:

T,(1 — 2 M(cosar — cos3a
to = ( z ( 5 6 ) (3.20)

t7 = Ts - to - tl - t2 (321)

Where M refers to the modulation index, which in this case has an extended linear
region of M = 0.907 as compared to SPWM. With the benefit of having low current
distortions, however as can be observed in equation 3.20 and 3.21. There are more
complicated calculations of the zero vectors [35]. The THIPWM is not intended to be
used in this thesis and is only mentioned as an alternative complex modulation strategy

which can be used.
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3.3 Phase Locked Loop - PLL

GTTs are generally operated by using a PLL which is capable of tracking the phase of the
connected grid accurately, and the controller uses the estimated phase angle to generate
the synchronous reference signals which can be used for PWM [36]. The PLL technique
which is proposed for this thesis is the Synchronous Phase Locked Loop technique, often
termed as Synchronous reference frame PLL (SRF-PLL). Implemented by transforming
the three phase abc voltage quantities into the rotating reference frame and using a
standard PI controller to drive the q component of the transformed dq voltage to zero,
thereby eliminating the steady state error and detecting the phase angle. This is part
is commonly known as as the loop filter of the PLL structure. The structure of the

proposed PLL technique has been illustrated in 3.8

Coordinate Frequency / phase angle

transform Loop filter (LF) w?enerator (FPG)
d
Vo —> g KiS + K; ‘ ‘ * 1 ‘ 6
Ve abc 4 v (i\ Aw | 1
Ve—» q M S ‘ s
4 | integrator
(wrap state)

Figure 3.8: Topology of the Phase Locked Loop - PLL [37].

where the PI controller reduces the error by implementing a feedback loop and the output
value is summed with the angular frequency w.=2-7-50, thereby the control signal Aw
is calculated and then integrated to generate the instantaneous phase angle. The angle
however is wrapped at an angle of 27 to ensure that we produce a sawtooth waveform
and do not gain a continuously increasing ramp. This can be achieved by adding a
cosine block after the integrator, or as this is a common feature simply using ”wrap
state” directly on the integrator block should the software used allow for it. When the
PLL angle which can be represented as 6 is as close to the actual voltage vector angle w,
then the difference will be close to zero (w. - 8 ~ 0), and the PLL is considered locked.

The PI controllers proportional (Kp) and integral components (Ki) can be tuned based
on the TF of the PLL topology. By using the TF of a general PI controller which has
been expressed in 2.20. We can derive both the closed loop TF of the PLL topology, as

is expressed in [38]:

Go = Vrialtos £ 1) (3.22)
Gen(s) = —or . Voralkys 1K) (3.23)

T 14+ Go, £+ Variakps + Vgriak;

By comparing the closed loop TF with a generic second order system TF:
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‘/grid(kpS + k‘z) . ]CWTQL
52 + Vgriakps + Vgriaki 52 + 2Cwns + w?

Ger(s) = (3.24)

where k is the gain of the system, the natural frequency w, and damping ratio ( can be

derived as shown below:

Wp = \/Ugridki (325)

kpvgrid

C B 2\/ Ugridk:i

(3.26)

3.4 Control strategy

Before the control strategy is presented it is important to understand the single phase
equivalent circuit model of the grid connected inverter and the decoupling equations. For
this reason the mathematical model of the inverter will be presented before the proposed

control strategies.

Single phase equivalent circuit Model of the LCL filter

A single phase equivalent circuit of a standard LCL filter is presented in Figure 3.9 [39].
The filter model is built up with the following components: an inverter side inductance
L;, grid side inductance L, and their parasitic resistances termed as R; and R,. There
is also a filter capacitor C'y, and as is commonly used a damping resistance R, has been
added, however during design and simulation the damping resistance has been set to

zero, as the methodology that is used does not require a damping component.

L Ri I I, Ry Ly

_/WV\_‘:l_, > |_r'—'m

A A

Ik
Vi Vy
Vet T:: Cs

Figure 3.9: Single phase equivalent circuit of an LCL filter.
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The voltage and current on the inverter side are termed as V; and [;, and on the grid
side the voltage and current are termed as Vj; and I, on the LCL filter. The differential

equation of the LCL filter in the stationary abc reference frame can be derived as follows:

dl;
dl,
dvs
Cy dtf — I, -1, (3.29)

in the synchronous dq reference frame voltage and current vectors are rotating with
the same frequency termed w. the converters phase voltage and currents can then be
expressed using the synchronous dq frame. By using the previously expressed coordinate
transformations seen in section 3.1 we can derive the voltage and current equations in

the dq rotating frame as shown below.

d-axis equations:

dI;
Li—dtad =Via—Vepa— (Ri+ Ri)Lia+ Liwl; g + Ryl g (3.30)
dlgq
Lg _dt = Vefd — Vg,d - (Rg + Rd)f%d + LiWIg,q -+ Rd-[z',d (3.31)
dV,
Cf dl‘ff’d = i,d — [g7d + wc‘f‘/cﬁq (332)
g-axis equations:
dl;,
Li—" = Via = Vepa = (Bi+ Ra)liy = Liwlia+ Ralg, (3.33)
dl,,
Lg_dt =Vipg— Vg — (Rg+ Ra)lyq — Liwly 4+ Ryl;, (3.34)
dV.
Cf—f’q =1iq—lgq—wCfVera (3.35)

dt
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3.4.1 Voltage oriented control - VOC

In this section VOC in three phase GTIs is introduced. The VOC structure can be
separated into two parts, the outer Voltage Control Loop (VCL) and the inner Current
Control Loop (CCL). This is a common method of control similar to the cascaded control
loops often seen used in motor control structures. An illustration of the three phase
inverter with an LCL filter using a VOC scheme can be seen in figure 3.10. Where
the ”controller” block contains the control loops which will be explained in this section
[35]. The grid currents (iq,i,i.) and voltages (Vyq,Vyp,Vye) are extracted and transformed
from the abc reference frame to dc values, following the Clarke and Park transformation
which has been explained in section 3.1.2. The grid has a nominal frequency of 50Hz, a
PLL block has been implemented to obtain the correct angular position #. In addition to
tracking and regulating the angular position according to any form of deviation, following

what has been explained in section 3.3.

1dc

Y

Va ia Vea
> av)
Vdc —__—} Vb b | Vgb
| T O
v . Vgc
c 1c
> Y
] -
ia| ib| ie
e e r A A A
PWM + abc + PLL 0 > abc
dq dq
Ve
! 4 o Va Va
Vdc R ldq
Vdc Controller <
qu

Figure 3.10: VOC structure with LCL-filter. The controller block has been illustrated
in further detail in figure 3.11.

The VCL calculates the error between the desired DC-link voltage Vg .x and the measured
DC-link voltage V.. This error can then be reduced to zero by using a PI controller,
where the output will contain the desired d-axis current component. The process of
tuning the PI controllers gain constants are according to the MO criterion which has

been introduced in section 2.2.3 and will be further detailed for the intended system in
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section 4.4.

In the CCL the currents are controlled in the synchronous rotating dq reference frame
by using decoupled feedback control. The voltage and current components dq-axis equa-
tions have been previously derived in (3.30 - 3.35). These equations however can be
further simplified to allow for a feed forward compensation approach by using decou-
pled components in the current control loop. The feed forward will compensate the cross
coupling components and allow for the d-axis and g-axis components to be controlled
separately. The implementation of a feed forward compensated current controller in
the synchronous reference frame has been represented in figure 3.11, where the desired
dqg-axis reference currents are termed ig* and i,* respectively. These reference currents
are compared to the real dg-axis currents and produce an error signal which is corrected

using a PI controller as has been described previously.

Voltage Control Loop Current Control Loop vy,
Vie 4@_ P Id" py AU o ud
Vic Id -oL
Iq oL
Id pr oW £ U
Vq

Figure 3.11: synchronous controller in dq reference frame showing both VCL and CCL,
used in the VOC illustrated in 3.10.

Similarly the dg-axis voltages are termed V; and V respectively. The d-axis reference
current 7y of the controller is extracted by measuring the system and conducting a co-
ordinate transformation of the natural abc frame components as shown in figure 3.10.
Commonly the g-axis reference current i, is set to zero, thereby achieving the often
desirable Unity Power Factor (UPF) given that the controller is properly tuned. The
mathematical description of the VOC scheme shown in figure 3.10, is derived while ne-
glecting the LCL-filter capacitor C'y. Furthermore for the sake of simplicity the inductor
termed L is the sum of the LCL-filter inductors L; and L4, while also neglecting the
internal resistances of the inductors as the voltage drop is much lower than of the induc-

tors. )
dzabc

dt

‘/grid - L + ‘/conv (336)
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Voa i la Va
V| =L i + | Ve (3.37)
Ve e Ve

As stated previously the abc reference frame current and voltages are transformed into
the dg-frame by using Park and Clark coordinate transforms. According to figure 3.11

the decoupled control equations are given as follows:

di

Upk = L% — wlip, + vg (3.38)
diLq .

Uy = Ld_t +wlirg + v, (3.39)

Both the active and reactive power can be calculated by using the dg-frame current and
voltage components as shown:

P = = (vgia + v4ig) (3.40)

W N W

q = =(vgiq — vaiy) (3.41)
as stated previously to achieve UPF the g-axis reference current I, is set to zero. thereby

the active and reactive power equations 3.40 and 3.41 can be simplified as followed:

3 .
= Zugi
b= 2ldl Given that: I, = 0 (3.42)

3 .
q = 3Vq4

3.4.2 Direct Power Control - DPC

A means of controlling the DC-AC converter is by using the DPC method. The fun-
damental objective of DPC is to control the instantaneous active power P and reactive
power (). The DPC method can be obtained in the stationary af reference frame, by fol-
lowing the instantaneous power control theory sourced by [40]. As has been mentioned
previously, by using the power invariant o8 coordinate transform, one can calculate and
determine an estimation of the instantaneous power and reactive power as seen in equa-
tion 3.7. Furthermore with some alterations to the equation, it becomes possible to
obtain the estimated current quantities in a8 coordinate from the instantaneous active
and reactive power calculation. Which is expressed as:

] P
i _vf¥+v§

Q*

Va U

(3.43)

Vg —Vq
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Following this equation we can acquire a method of controlling the converter, by simply

selecting the desired active and reactive power. This will calculate the estimated af

current quantities, which will undergo the CCL structure similarly to what has been

P*:|

explained in the previous section.

1 Vo Ug
- .
v+ |vg —ua
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Ve—p|

Figure 3.12: DPC using the dq reference frame and CCL.

The controller is intended to reduce the error between the current quantities to zero.
However the PI controllers which will be used in this thesis are more suitable for con-
trolling components in the rotating reference frame, instead of the stationary reference
frame. Which is why the DPC method can be altered, so that the estimated af cur-
rent components can be transformed to the dq reference frame. Once the dq current
components are acquired, these components can be used in the same decoupled CCL il-
lustrated in 3.11. The DPC using this methodology in the dq reference frame has been
illustrated in figure 3.12.



Chapter 4

Converter Modelling and Design

This chapter presents the proposed methodology of designing a grid connected inverter
as well as the components of the LCL-filter based on the theoretical framework that has
been presented by the previous chapters. Additionally a DC-DC topology connected to
the dc-link and the battery storage system will be presented. However as this thesis
revolves around the control of a GTI, thus DC-DC converters components will not be
presented with as much detail as the rest of the system. However sources have been

provided explaining the DC-DC converter in further detail.

The grid side converter which is used in this thesis is compromised of a three phase two-
level PWM converter connected to a LCL-filter. Furthermore as has been illustrated
in figure 4.1, the proposed model will use a grid-tied inverter structure connected to a
bidirectional DC-DC buck-boost converter. This converter is connected in between the

dc-link and battery supply while allowing bidirectional power flow.

DC/DC converter DC-link Two-level VSI

Grid side filter Power Grid

Battery
supply c

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 4.1: Proposed GTI, with DC-DC buck-boost converter.
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4.1 LCL Filter Design methodology

The proposed LCL filter design is based on the methodology adapted from [41], the
mathematical model of the filter has been properly described previously in section 3.4.
This method of filtering aims to provide a simple, robust and systematic design method-
ology for the tuning parameters of a LCL filter. Furthermore it is capable of overcoming
the shortcomings of some of the more common design methodologies, such as the robust-
ness of the LCL filter during large grid impedance variations. The chosen methodology
should allow for a stable steady state operation without the use of any damping for a
PI controlled converter. The accuracy of the capacitor standard values and inductor

saturation are also taken into account.

The LCL filter design methodology intends to meet the grid code requirements by reduc-
ing the high-order current harmonic components at the used switching frequency fq,.
The required input data for the initial step of the design methodology is shown in ta-
ble 4.1. It should be noted that the rated power in the code calculation has been set
to a lower value than the intended nominal value. In order to be able to run tests with
lower than nominal phase currents, without breaking the limit of the 5% IEEE THD
requirement. The code used to calculate the filter values according to the following de-
sign methodology can be found in appendix A.3, with some assumptions taken based on

recommended values from the source of the methodology.

Input Data
Line-to-Line RMS grid voltage Vir (RMS)
Rated active power of the system P
Grid frequency fq
Converter switching frequency fow

Saturation current of the LCL filter inductors Ig4

Table 4.1: LCL filter design, Input variables
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Once the required input data is set the filter parameters can then be tuned using the

following steps which will be explained in further detail during this section:

Resonance frequency condition

— Maximum value of the total inductor

— Tuning of the converter side inductor

Tuning of the gird side inductor

Resonance frequency condition

Problems can arise due to resonance and are avoided by properly tuning the filter pa-
rameters to be contained within a stable frequency region, which requires no additional
damping. As is shown in equation 4.1 the resonance frequency f,.s is based on a func-
tion on the filter capacitor and inductors L; and L,, where L, is assumed to be the sum

of the grid side filter inductance and the grid inductance.

\V Wres 1 L Lz
fres = L = 5 L (41)
27 2w\l LyL;Cy

Filter inductors are considered constant as their corresponding saturation current is not
surpassed. While the grid inductor can have large variating values based on the ratio
of the grid resistance/reactance (Rgyriq/Xgriq). This in turn depends on a number of
grid configurations such as: low, medium or high voltage lines and the conditions (weak
or stiff grid) to name a few. Taking into consideration all the variations in the grid
inductance and making the assumption of weak grid, the range of the possible resonance
frequencies are shown to be restricted into a stable region within the grid frequency f,

and switching frequency f,, as is depicted in the following expression as:

1Ofg S fc,min < fres,min S fres(Lga Of) S fres,max < fc,ma:c (42)

The resonance frequency is a decreasing function for both L, and Uy as shown in equation
4.2, within [fresmin,fres,maz]- However in order to avoid the resonance problems, it is
important that f,.s is higher than 10 times the grid frequency f, and less than half of
the switching frequency fs,. Furthermore in the case of using a PI-based current control
method with grid current feedback, two critical frequencies are defined as [femin. fe.maz)-

The resonance frequency variables have been expressed in Table 4.2.
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Resonance frequency Variables

f ) fS’LU

c,min 6

f fsw
c,mazr 2

f . i Li“rLg,maz
res,min 2 \/ LgmazLiCfmax

f 1 L;+Lgmin
res,max 27 LiLgminCf min

Table 4.2: LCL filter design, Resonance frequency Equation Variables

Maximum value of the total inductor

For the sake of efficiency in reducing the losses and the voltage drops in the filter, the
sum of the LCL filter inductor values should be made as small as possible. This condition
leads to improvements in speed and the dynamic of the system. Following this notion
the maximum total inductance termed L; 4, should be lower than 0.1 pu as is shown
in the following expression:

Vi

L maxr — 1
b o= f,P

(4.3)

Maximum LCL Filter Capacitor Value

The filter capacitor is designed to limit the consumption of reactive power (). within
A% or less than the rated power P as is depicted in equation 4.4. where \ is a positive
factor chosen to be less than or equal to 5%. The reactive power consumption is given
by equation 4.5. Using these two equations the maximum value of the filter capacitor

can be determined and is expressed in equation

Qc| < A%|P| (4.4)
Qc = _VLQLCfQng (45)
P
maxr — TSR 4.
s o 2m fo Vi, (46)

It is important to note that when the capacitor value is too low, this would lead to the
inductor values being too high. Thus a recommended method is to set the capacitor
value equal to 1/2 of Cf4s, and gradually increase the value until the constraints are

satisfied up to the maximum value.
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Tuning of the converter side inductor

When tuning the converter side inductor, it is important that the inductances are large
enough to attenuate the maximum switching ripple current Ad,,,., in addition to avoiding
saturation. The maximum converter current ripple is given by Equation 4.7 and with

some alterations the converter side inductor value is given by Equation 4.8.

Ve

.max - 4.7

' 6fswLi ( )
Ve

' 6fswAZmaac ( )

However in order to avoid inductor saturation problems there are limitations set on the
minimum converter side inductor value.Notedly during high frequencies the maximum
converter side current becomes equal to the grid side current as shown in Equation 4.9.
Equations 4.8 and 4.10 shows the conditions which must be met for the saturation current

Isat-
2 P

]i maxr — I maxr — 5 4.9
A‘maa:
|I7j,max + 22 | < Isat (410)

Following these equations and conditions it becomes possible to determine the minimum

converter side inductor value as is shown in Equation 4.11.

Vie
<[sat - [i,ma:p) 12fsw

L mmin > (4.11)

Tuning of the grid side inductor

The relationship between the grid current and the converter at switching frequency is
determined by an attenuation constant 6. This constant must be first be selected for
sake of tuning the filters grid side inductor. Some of the variables used in the following
equations for tuning of the grid side inductor are defined in Table 4.3. The constant &
represents the harmonic attenuation rate and can be expressed by equation 4.12 followed

by its positive solution given by equation 4.13:

1 1
6= ‘v_g'|sw =

4.12
i 11+ a(l — Linwg)] ( )

1446
= 4.1
a 5o, (4.13)
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where a must satisfy the following conditions 0<a<a,,q; and a,,., is given by the fol-

lowing equation:
Lt mazx
mar — - —1 4.14
a I (4.14)

The current harmonics can be reduced significantly based on the value of the attenuation

constant 9, due to the ratio being proportional to the THD. Therefore it is desirable
during the design that the attenuation is as low as possible, given that it is within the
requirements. According to equation 4.2 and the critical frequencies equations fyes min
and fresmae from table 4.2, must verify the conditions presented in Equations 4.15 |
4.16 and 4.17. However the desired attenuation rate must have a greater value than the

minimum attenuation rate d,,;,, which corresponds to

Equation Variables

a, = Lszw2 -1
= (a1 +1)L; + a1 Ly max
= (Li + a1Lg maz) LiC max
= (a1 +1)L; + a1 Ly min
= (L; + a1 Lg min) LiCmin

Table 4.3: LCL filter design, Equation Variables

36Ll — (QWfswLi>20f,max

1st diti 4.1
0 < 052 fon)? — 3605 — 1st § condition (4.15)
ALi — (27 fouwLi)2Cp min .
)< b (27 an)E — Ay — 2nd § condition (4.16)
1
0 > Opin = ————— — 3rd § condition (4.17)

11+ amazar]
Where the equations of the variables have been depcited in Table 4.3. The grid side
inductor is tuned in order to restrict the grid current harmonics according to the grid
code requirements and standards. As mentioned in an earlier chapter the IEEE standard
for harmonics, has a requirement of the grid current THD to be under 5% [6]. Following
the equations that have been shown in this section, the grid side inductor is determined
by the relation between the converter side and the grid side inductors as expressed by

Equation 4.18.
Li(149)

g “ (5a1

(4.18)
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Following all of these steps concludes the tuning of the LCL filter parameters and all
that is left is the verification of said parameters. Given that some of the steps have
initial recommended values it is important to redo all the iterations with adjusted values

until the most efficient parameters are determined.

4.2 DC-link

The DC-link should be capable of handling the induced ripple current generated from the
PWM, and any transients in power regulation. For this purpose as has been previously
stated the internal diodes of IGBTs will function as a diode rectifier against an active grid.
Leading to a large inrush current when the DC link is not precharged and the converter
is connected to the grid. While the inrush current can be attenuated by the LCL-filter,
it comes with the disadvantage of possibly causing the dc link voltage to overshoot
[42]. Following the proposed design methodology for the LCL filter from [41]. The LCL
filter can be approximated to an L filter by neglecting the filter capacitor C, where the
inductor value will be equal to the total inductance Ly = L, + L;. This approximation
can be used due to the fact that the capacitor of the LCL filter is designed to have a
great impedance value for fundamental signals. With this simplified approximation and
neglecting the influence of internal resistance elements, the relation between the grid and

converter voltages can be expressed in complex forms as shown in the equation below:
Vi =V, + jLwwyig (4.19)

Given this equation we can derive the maximum converter output magnitude voltage

Vimaz, and express it as:

‘/i,max = \/‘/g%maz + (LtwIg,ma:z:)2 (420>
2 P
Where, [g,maaf = gm (421)

Once V; 42 has been determined, the minimum DC voltage with respect to SVM can
be calculated as:
Vdc,min - \/g‘/;,maac (422)

The DC-link capacitor size is primarily determined by the acceptable dc ripple voltage
AVy. and the switching frequency, as well as the Line to line voltage Vy; and rated
power P of the system. By using the known parameters such as AV,. and the switching

frequency which has been used in the design of the LCL-filter. It is possible to calculate
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the minimum de-link capacitance needed, which can be derived as[8]:

Cdc,min = P(ﬁ‘/dc i \/§VLL) (423)

2 \/ngL ‘/ch Vdcfsw

4.3 Proposed DC-DC Model

It is common for the voltage of the energy storage system (ESS) to be lower than the
dc-link voltage, therefore it is often necessary to implement a buck-boost type of DC-DC
converter as an answer to this problem. The proposed bidirectional DC-DC converter
has been illustrated in figure 4.2, and is a combination of the buck and boost converter
presented in section 2.1.4 and 2.1.4 respectively. The proposed topology consists of two
IGBT switches (S,, S,), two anti-parallel diodes, a capacitor C' and an inductor L.
Furthermore the dc-link voltage has been termed Vpe with a de-link capacitor Cy., and

finally the voltage of the battery supply/load is termed Vgggs.

Boost, Discharging mode

Cde Ve

Buck, Charging mode

Figure 4.2: DC/DC bidirectional converter topology.

In figure 4.2 the Energy Storage Systems (ESSs) battery is connected to the low-voltage
side, while the high-voltage side is connected to the dc-link. The inductor is responsible
for the output current ripple and is considered to be the main component for energy
transfer of the converter. as indicated in figure 4.2 the converter is designed to be fully
capable of operating in both buck and boost mode. Furthermore the designed converter
allows for current flow in both direction while keeping the same voltage polarity of the
dc-link voltage during both operating modes. The converter is capable of obtaining a
smooth output current/voltage, however due to the DCM operation of the converter it

is necessary to have proper dc-link filtering and high switching frequency.
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Both the minimum inductor and capacitor size have been determined using the following
equations 2.11 and 2.12, from section 2.1.4. Assumptions have been made when setting
the value of the voltage and current ripples. With the intention to reduce the size of the
inductor and capacitor components, while remaining. The operation of the converter
and whether the converter is conducting in buck or boost mode, is determined by the

following switching conditions [43]:

e Buck Mode:

When IGBT switch S, is on and S, is off, the S, diode is operating in forward
bias. The converter is then operating in buck mode, thereby charging the inductor
L. The voltage equation in this point of time is as follows:
di
L% = Visss — Vpe (4.24)
t
When IGBT switch S, is off and S, is off, the S, diode will be operating in forward
bias. Thus the inductor will attempt to maintain the current in the same direction
leading to the discharging of the inductor. The voltage across the inductor in this
point of time is as follows:
dig,

L= — 4.2
0 VEss (4.25)

Combining both equation 4.24 and 4.25 and adding a variable a, where a is equal to
1 when S, and a is 0 when S, is off. Gives the following equation when considering
the state of the upper IGBT S,:

diy, _ Vess aVpc

dt L L

(4.26)

e Boost Mode:

when IGBT switch S, is off and S, is on. The converter is operating in boost mode
and the inductor L charges. The voltage equation during this time can be derived
as follows:
dig,
L—= =V 4.27
L — Viss (4.27)
When both IGBT switches S, and S, are off, S, diode will be forward biased.
During this time the inductor will begin to discharge as it attempts to maintain

the current in the same direction. Giving the following voltage equation:
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di
Ld_tL = Viss — Ve (4.28)

equation 4.27 and 4.28 can also be combined when considering the state of the
lower IGBT S,, as follows:

div _ Vess _ (a — 1)@
dt L L

In this case when a is equal to 1 when S, is on and a is equal to 0 when S, is off.

(4.29)

The converter system is can be controller by using VOC in order to assure the desirable
voltage reference in the dc-link, while controlling the DC-DC converter to generate the
desired current flow. This can be obtain by using a CCL which compares the desired
current reference with the battery current, and similar to what has been explained pre-
viously a PI controller can be used to reduce the error and provide the gate signals of
the DC-DC converter [44].

4.4 PI Controller Optimization and Analysis

Modulus Optimum

The methodology of determining the PI controllers gain constants in the control loop,
is based on the theory presented in section 2.2.3. For the sake of analysing the system
stability a bode plot is used to derive the two quantitative measures known as the gain
margin (GM) and the Phase margin (PM). These two quantities will be able to determine
the systems stability dynamics and stability margins. Bode plots have been widely used
in the field of system stability along side other methods, both the GM and PM have
been thoroughly explain in literature such as [45], and will not be explained in further
detail in this thesis. In order to determine the controllers proportional and integral gain
constants k, and k;, the high frequency TF from V to I, of the LCL filter as seen in
figure 3.9 is derived [46]:

I, 1
V,  LiLyCys® + C(LyR; + LiRy)s* + (C;RyRi + Li + Lg)s + (R + Ry)

(4.30)

By combining the TF of the PI controller PI(s) from equation (2.20) and the filter TF
from equation (4.30) in series, the open loop and subsequently closed loop TF (Gor(s),
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Ger(s)) of the current controller can be determined as:

G (8) . ]fpS + l{iz
O LiL,Crs* + Cp(LyR; + LiR,)s® + (CyRyR; + Li + Ly)s® + (Ri + Ry)s
(4.31)
G (S) . k'pS + kl
A T LiL,Crst 4+ Cp(LyR; + LiRy)s? + (CyRyR; + Li + Ly)s? + (Ri + Ry + ky)s + ki
(4.32)

By simplifying the systems TF into a more desirable form, it becomes possible to use
a systematic design process for modulus optimization as stated in [23]. Thus the TF
from equation 4.30 is then further simplified by excluding the high frequency terms in
equation 4.33. By using the simplified equation, the filters time constant To; can be

derived as shown in equation 4.34.

I, 1
29 _ 4.33
V,  (Lg+ Li)s+ (R, + R;) (4:33)
L;+ L
Trop = — 9 4.34
o= o (130
Furthermore the converter TF is expressed in equation 4.35, with a converter time delay
T,. An assumption has been made to determine the converter time delay, T, = 5}%
Cls) = — (4.35)
s) = .
14+ Tys

Using the simplified filter TF shown in 4.33 and combining it with the TF of the PI
controller from equation 2.21 and the converter TF from equation 4.35. A simplified

open and closed loop transfer function (Gors(s), Gers(s)) is obtained as shown:

Tis+1 1 RL
Gors(s) =k L 4.36
oL, (8) P [ T:s ] <Tas + 1) Trocns+ 1 ( )

ky(T;s + 1)Rit
- Tis(Tas +1)(Trops + 1) + kp(Tis + 1) 1

Gers(s) (4.37)

For the sake of simplicity both internal resistances R; and R, are assumed to be equal
to 0.1€2 and the total is defined as R; = R; + R,. Similar to what was shown in section
2.2.3, the system presented in this section has a large and a small time constant, where
Tror >> T,. in which case the MO tuning method can be applied, where the controllers

parameters are defined below using equations adapted from [23].

T, = Trer (4.38)
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o Tren By

b 2T,
By substituting equations 4.38 and 4.39 into equation 4.36 we acquire the new open and
closed loop TF:

(4.39)

1
- 2T,s(T,s + 1)
1

1 72
Geormol(s) = = ¢ 4.41
CLmo(5) 2T,s(Tus+ 1) s2+ Tis + # (441)

GOL,mo(S) (440)

It can be observed that both equation 4.40 and 4.41 have the same form as the TF from
section 2.2.3, from the theoretical framework. Thus the closed loop TF 4.41 resembles
the form of a generic second order TF. Which means that both the natural frequency
and the damping factor are defined just as in equations 2.30 and 2.31. The Bode plots
of the TFs are shown in Figure 4.3, 4.4, 4.5 and have been created using Matlab. The
Matlab code has been provided in appendix A.4.

Bode Diagram
Gm = Inf, Pm =90 deg (at 7.96e+03 Hz)
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Figure 4.3: Bode plot with the first order approximation, Gor, s(s) without the converter
TF added.
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4.4: Bode plot of the first order approximation Goy, s(s).
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Figure 4.5: Bode plot using TF Go(s) from equation 4.31.



Chapter 5

Simulation Model

In this chapter the simulation model and the results of the chosen topology will be pre-
sented. The entirety of the simulation model has been designed using the MATLAB
based application Simulink, which allows for the user to build their system in a block di-
agram environment. The application allows the user to simulate the constructed models
within either the discrete or continuos time domain. Using the powergui block provided
in the Simulink library the selected sample time has been chosen to be 1 s, which de-
termines the speed in which differential equations of the system are solved. In order to
simulate the dynamic system, the simulation solver located in the configuration param-
eter settings, is set to a variable step solver. The variable step solver allows for the step
size during the simulation to vary, with the intention to reduce the step size to increase
the accuracy of the simulated model during certain events, such as rapid state changes
[47]. The discrete blocks obtained from the Simulink library have had their sample time
set to -1, which indicates that the sample time is inherited and Simulink is able to deter-
mine the best sample time for the block, based on the given model [48]. The parameters
of the simulation model can be found in table 5.1. The calculations and assumptions of
the parameters have been made following the recommendations of the sources, and can
be found in different sections of appendix A. An overview of the Simulation model has
been provided in figure 5.1, each of the elements used to build this system will be dis-
cussed in more detail during this chapter. while the final sections will review the results

on different modes of operation.
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Parameter Symbol Value Unit
Grid

Rated power P 8 kW

Grid voltage Vir 400 A%

Grid frequency fq 50 Hz

Rated current I rms 10 A
LCL-filter

Inverter side filter inductor L; 5.1 mH

Grid side filter inductor L, 0.485 mH

Inverter side filter resistance R; 0.1 Q

Inverter side filter resistance R, 0.1 Q

LCL filter capacitor Cy 2 pF
DC-link

DC-link voltage Vie 600 A%

DC-link capacitor Cle 1.3 mF
DC-DC converter

ESS voltage Vess 360 Vv

DC-DC converter inductor L 14.4 mH

DC-DC converter capacitance C' 10.4 nF
Controller gain

CCL proportional gain k, 276.86

CCL integral gain k; 10000

VCL proportional gain Epu 0.5

VCL integral gain K o 10

PLL proportional gain Ep put 1.115

PLL integral gain Ei pur 247.5
Other

Switching frequency fsw 20 kHz

Sampling rate fs 1 MHz

Table 5.1: Simulation Model Parameters
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Simulation Model

Grid, Filter and Converter systems
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Figure 5.1: Simulation Model Overview.
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5.1 Coordinate transformations - Clark and Park 6

5.1 Coordinate transformations - Clark and Park

Clarke and Park coordinate transformations have been implemented in Simulink as shown
in figure 5.2. The coordinate transformations have been achieved by using two different
sets of Matlab functions blocks. The first block labelled as ”abc2alpha_beta” transforms
the abc components to the af domain. While the second block labelled as ”ab2dq”

transforms the a8 components to further to the dg domain.

a alpha P alpha d
b 4 beta p{beta 4
abc2alfa_beta ab2dq
c zero E wt q
a alpha | alpha d
b 4 beta beta 4
abc2alfa_beta ab2dg
v
LLJ

Figure 5.2: Matlab Simulink Coordinate transform blocks

Furthermore the different signals have been illustrated by using a scope block as seen
in figure 5.3. The coordinate transform function blocks Matlab code can be found in
appendix A.1, this also includes the reverse transformations which are used but not

shown in this section.
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5\5‘ 4

(a) Three phase abc voltages

(b) af - voltage components

5h

(c) dq - voltage components

Figure 5.3: Matlab Simulink coordinate transformation signals using Park and Clark.

5.2 Phase Locked Loop - PLL

The Phase Locked Loop structure has been constructed just as described previously in
section 3.3, the simulation model of the PLL can be seen in 5.4a. Furthermore the
simulated sawtooth waveform using an integrator block with wrap state is shown in 5.4b

by using a Simulink scope block.
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(a) Phase Locked Loop structure.

(b) Sawtooth waveform of the PLL with wrap state.

Figure 5.4: Matlab Simulink, PLL structure and waveform.

To control the error signal a PI controller has been used, therefore it is important to
derive the proportional and integral gain constants k, ,; and k; ,;. Both gain constants
have been found following the previously presented equations 3.22 to 3.26. By selecting
the damping constant to be equal to ( = \%, and the natural frequency w, = 2750, the

proportional and integral gain constants are determined in the following equations:

w?
ot = g7 = 1115 (5.1)
2Cwn,
B = 59 _ 9475 (5.2)
LL

5.3 PWM

The previously described PWM can be achieved using computer simulation software,
such as Simulink by comparing control voltages with a triangular waveform signal at
the switching frequency to generate the desired gate signals. A modulation structure
has been developed to obtain SVPWM. The structure is built up by several subsystem
function blocks as shown in figure 5.5, using the theory and methodology shown in section
3.2.2. Each of the Matlab function block’s code that has been used, can be found in
appendix A.2.
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The inputs of the modulation structure are from the outputs of the control structure
and undergo a coordinate transform to generate necessary components to produce the
IGBT gate signals.

ED

EQ
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A >_’ Tofp—H ™ s1
1/20000 Ts
— b et
P Valpha Time_constants
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Vg P weaf—— b vrer ’—Ei
et Duty_cycle | >
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4 camma =
o Angle e
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Sector

Figure 5.5: Matlab Simulink SVPWM subsystem.

=

The initial Matlab function block labelled ”dqg2ab” is simply used for coordinate trans-
formations as shown in previous sections. The af voltage components are necessary to
calculate the magnitude of the voltage vector modulus and the angle # between the ad-
jacent voltage vectors vy and vg,1 as shown previously in figure 3.6, which is calculated

respectively as:

Vmodulus =\ VO? + V52 (53)
0= arctan(ﬁ) (5.4)

Va

With 6 the sector selection block uses series of ”if” statements to determine the sector n,
with each of the sectors being separated by 60°. The angle function block uses both the
determined sector n and 6 as inputs to derive the angle termed v to be between 0°to 60°.
Following this the Time_constant function block determines the application time (70,
T1, T2) for each of the voltage vectors. T0 has been calculated as shown in equation
3.19, while T'1 and T2 are calculated with the following equations based on the theory

from section 3.2.2:

Vmo uUlus .
ty = /3T, ~228S Gin(60 — ) (5.5)
Ve
Vmodulus .
ty = V3T, sin () (5.6)

Vdc

The last function block termed Duty_cycle uses the derived time constants (70, T'1, T'2)
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as inputs to determine the switching time signal for each of the upper legs of the inverter
termed S1, S2 and S3. Following this a gain constant depending on the sampling time
T, is multiplied to each of the switching time signals to get a signal between one and
negative one. Finally the signals are compared with a sawtooth waveform which oscillates
at frequency of 20kHz, thereby generating each of the gate signals of the IGBTSs of the
inverter. The resulting waveforms from the SVPWM structure and triangular waveform

comparison has been illustrated in figure 5.6.

VT )

(a) SVPWM reference control values S1, S2 and S3.
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(b) SVPWM reference control value S1 compared to trlangular waveform.

Figure 5.6: SVPWM modulation structures control signals and triangular waveform
comparison using the following modulation structure shown in figure 5.5.

An alternative method of obtaining SVPWM has also been developed, and can be seen
in figure 5.7. furthermore with a small alteration it is possible to obtain SPWM, by
comparing the abc input reference voltages directly with the triangular waveform. The
control voltage components from 5.7 have been measured using the MATLAB Simulink
scope block and are illustrated in the following figures of this section. The sinusoidal

control voltage components can be seen in Figure 5.8a.
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Figure 5.7: Matlab Simulink modulation structure

In SVPWM the control voltages do not have a pure sinusoidal shape as is used in the
more common SPWM, the SVPWM waveform can be seen in figure 5.8b. Synthesizing
an average space vector with the phase voltages (v,, vp, v.) can be done by expressing
the control voltages in terms of the phase voltages. where the control voltage can be

expressed as a ratio of the triangular waveform amplitude signal as follows [31]:

‘/control ,a Vg — Vg

= 5.7
‘/;fri Vdc/2 ( )

‘/control b Up — Vg
L 5.8
V;M ‘/dc/2 ( )

‘/;ontrol c Ve — Vg
g 5.9
‘/tri ‘/dc/2 ( )

where the variable v, can be defined as:

V. — max(v,, Uy, Ue) + min(vg, vp, ve) (5.10)

2

This method of obtaining the SVPWM is different to the methodology of what has
been described in section 3.2.2. However we achieve the desired modulation using this
method with much more simplicity with the added benefit of a lower compilation time
when simulating the system. Unlike the previously described methodology this method
does not use any Matlab function blocks which during testing, have shown to noticeably

slow down the simulation time.
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Figure 5.8: PWM structures control signals and triangular waveform comparison.

5.4 PI Controller

A PI controller has been used for the sake of reducing the error signals and to produce
the desired output response, while retaining a simple design as shown in 5.9. The PI
controller can be seen being used to control several parts of the system such as the PLL
and the decoupled control loops. The previously described PLL control structure utilizes
one of such controllers, as can be seen from figure 5.4a. The decoupled controller uses
a total of three PI regulators: The inner CCL contains two of such PI regulators, while
the outer VCL uses one. However the PI blocks from the Simulink library work just as
well as the design shown in figure 5.9, and have been used as well. The gain constants &,
and k; for the CCL along with their equations using MO have been defined in table 5.2,
following the methodology presented in section 4.4. The gain parameters for the VCL,

however have been found using a practical approach of trial and error.
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Figure 5.9: Simulink block diagram of the PI regulator.

Parameter Equation Value

kp Tglf 5537
ki L 4000

Table 5.2: PI controller gain equations and parameters using MO.

5.5 Converter Control loops

Voltage Oriented Control - VOC

The voltage oriented control loops as seen in figure 5.10, has been developed following
the block design shown in figure 3.11. The developed VOC is based on the presented
theory in section 3.4.1. By using VOC the control system assures that the dc-link voltage
remains within desirable levels. Which contains a VCL using a reference voltage Vdc_ref
to generate the required d-axis current I,.; for the CCL. The g-axis reference current

I ey is set to zero, as is common practice to achieve UPF.

w O Pi(s) Pi(s) »(+ ﬂ
&

Figure 5.10: Block diagram of the VOC, containing both the VCL and the CCL.

The DC-DC converter is controlled using a CCL which can be found in figure 5.11.
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In order to generate the desirable current value an input reference current i,.; is com-
pared with the battery current [,;. The output difference goes through a PI controller
which eliminates the error. The output of the controller is compared with a triangular

waveform,thereby generating the gate signals of the DC-DC converter switches.

O+

Figure 5.11: Block diagram of the DC-DC converter control system, using a simplified
CCL.

Direct Power Control - DPC

A method of controlling the GTI by means of DPC has been developed based on the
theory provided in section 3.4.2. The block diagram has been constructed as shown in
figure 5.12, with the design being based around the previously shown figure 3.12. The
method of controlling the DPC is by selecting the desired active and reactive reference
power P and () respectively. Where the reactive power () is commonly set to zero,
thereby attaining the often desirable UPF. The active and reactive reference values,
in addition to the measured af-domain voltages are feed into a transformation block
which produces the af-domain reference currents. The Matlab transformation block
has been built using the previously shown equation 3.43. The reference currents are
then transformed into their receptive dq-axis components and input into the same CCL
which has been explained in section 3.4.1. The Matlab code of both the transformation

blocks used in 5.12can be found in appendix A.1.

Active_power_ref P
Iph »alpha

) 4
e -
V_beta g
af2dq transform
alpha_beta

-

ap2dq transform

Figure 5.12: Inverter DPC with CCL
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5.6 Simulation Tests and results

An analysis of the harmonics is carried out on the grid currents by comparing the Total
harmonic distortion using the Fast Fourier Transform (FFT) analysis tool, which can
be found in the ”Powergui” block of Matlab Simulink. The purpose of this section is to
validate the models used to develop the control strategies that have been presented from
the previous chapters and sections. The system parameters that have been used during

the tests conducted in this section have been giving by table 5.1.

5.6.1 Initial Simulation tests

Initially when the simulation model was created a dc-source was used instead of the
battery model as the load/supply. Which was done in order to determine the overall
function of the control system over the GTT when the dc-link was at an ideal state. Fur-
thermore due to the dc-link voltage remaining constant in the desired voltage value, the
VCL in the VOC was thereby not required. This subsection will present the simulation
results when the dg-axis reference current components are controlled directly into the
CCL and the DPC method controlling the active and reactive reference power, while
using an ideal dc-source. The resulting simulation tests have been separated into the
following two sub sections. Where the initial simulated test will be using inverting op-
eration, while the second test which will use the DPC method will be rectifying to show

that the converter is fully capable of operating with bidirectional power flow.

Test 1: Current control

This test has been conducted by initially setting a desired d-axis reference current iq s
value and increasing it incrementally every second by a value of two. The initial i4,.f is
set to be equal to -10 while the g-axis reference current i, ,s is set to zero throughout
the entire simulation. The simulation runtime T;,, lasts for a total of 5 seconds, thereby
the reference current ¢,4,.; decreases from a value of -10 to -18 throughout this simulated
test. Table 5.3 has been provided to present the reference current values during the
simulated runtime, as well as the resulting THD value of the grid phase current during
the given time frame. The control method used is an alteration of the VOC shown in
figure 5.10, where the voltage loop has been removed and the d-axis reference current is

controlled directly.
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Toim [8] Larer [A] Igrer [A] THD [%]

<1.0 -10 0 2.02
<2.0 -12 0 1.68
<3.0 -14 0 1.52
<4.0 -16 0 1.26
<3.0 -18 0 1.13

Table 5.3: Simulation reference values and THD based on simulation run time.

The resulting step-change of the d-axis reference current along with the measured dq cur-
rent components during the simulation, can be seen in figure 5.13. This figure indicates
that the measured d-axis current Ig,,eqsureq 1S in fact keeping up with the desired refer-
ence signal with a relatively fast dynamic response time, even when the step changes are
initiated every second. Furthermore it can be observed that the measured g-axis current
Iy measured, 15 being held at a value close to zero with only slight deviations during the

initial transient time period whenever the reference current value has a new step input.
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Figure 5.13: d-axis reference current [red], d-axis current measurement [blue] and g-axis
current measurement |[black].

The resulting grid phase current and voltage are both shown in figure 5.14. Where the
signal scope time frame has been restricted from 0.1 to 0.2 seconds and the phase voltage
has been scaled down to 10% of its size, in order to display the waveforms in a more
visually appealing manner. In addition to showing that the PLL has extracted the grid
phase angle with more visual clarity and that the phase current is properly aligned with

the phase voltage.
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Figure 5.14: Scaled down phase voltage [black] and respective current [blue].

A comparison of the phase current before and after going through the LCL-filtering
between an arbitrary time of 0.5 to 0.6 seconds, can be found in figure 5.15. The
resulting FFT analysis of the variating grid side phase current waveforms are provided

in appendix B.1.
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Figure 5.15: Phase current waveform comparison, inverter side current [upper]|, grid side
current [lower].

Test 2: Direct power control

In this test the GTT is controlled by using the DPC method. Where the control system
which has been presented in figure 5.12 is used. Throughout this test the reactive power
reference (),.; has been set to zero in an attempt to achieve UPF, while the active power
reference P,y will be increased incrementally every second. To present the parameters

of this test a table showing the simulation time frame Ty;,,, Active power reference P, ,
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reactive power reference ),y and the respective THD percentage during each time frame

can be seen in table 5.4

Tsim [S] Pr&f [A] Qref [A] THD [%]

<1.0 -8 0 241
<2.0 -10 0 2.02
<3.0 -12 0 1.89
<4.0 -14 0 1.98
<5.0 -16 0 1.79

Table 5.4: Simulation reference values and THD based on simulation run time.

The initial value of the P,.; has been set to —8 kW with the simulation runtime lasting
a total of five seconds, following the initial input the active power has a step input
applied every second throughout the simulated test. The resulting step-change of the
reference and measured active power, along with the measured reactive power can be
seen in figure 5.16. The simulated test shows that the measured values are keeping up
with the given reference value adequately, with only slight deviations during transient

time periods lasting only a fraction of a second.
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Figure 5.16: Active reference power [red], measured active power [blue] and measured
reactive power [black].

Similar to the previous test the resulting the resulting phase current and voltage has
been illustrated in figure 5.17. Where the signal scope time frame has been restricted
from 0.7 to 0.8 seconds and the phase voltage has been scaled down to 10% of its size,

for the same reasons mentioned in the previous test.
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Figure 5.17: Phase voltage [black] and respective phase current [blue], with scaled down
voltage value.

The inverter side phase current and grid side phase current comparison showing the
effects of the LCL-filter between an arbitrary time of 0.5 to 0.6 seconds, can be found in
figure 5.18. The resulting FF'T analysis of the variating grid side phase current waveforms
while using DPC has been provided in appendix B.2. This analysis shows that the THD
remains well below 5% , and is therefore within the standards required by IEEE.
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Figure 5.18: Phase current waveform comparison, inverter side current [upper]|, grid side

current [lower].

5.6.2 Inverter Operation

This section presents the results from controlling the simulation system presented in

figure 5.1 through inversion. While using the VOC strategy presented in figure 5.10 and
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the DC-DC controller presented in figure 5.11. In the following test, a step input will be
applied to the DC-DC converters reference current every second for a total duration of
five seconds. Which means that the DC current will see a gradual increase a total of 4
times from its initial value over the course of the simulation run time. The battery model
of the simulation, consists of a lead acid battery from the Simulink library. Although the
battery model presented in theoretical framework section 2.5 was considered and should
work adequately. The pre-made battery block from the Simulink library offers more
accuracy and functions, therefore the Simulink block was selected. The reference dc-link
voltage has been set to V. = 600 V. The dg-axis reference currents values with respect
to simulation time, and the measured THD of the grid side phase current has been given
in table 5.5. Where T;,, represents the simulation time, /4,.; and I, ,.r represents the

respective dq reference currents.

Tsim 8] Lager [A] Iyrer [A] THD [%]

<1.0 -8 0 2.63
<2.0 -10 0 2.07
<3.0 -12 0 1.67
<4.0 -14 0 1.42
<3.0 -16 0 1.32

Table 5.5: Simulation reference values and THD based on simulation run time.

The comparison of the d-axis reference current and the measured dq-axis currents
throughout the simulation run time can be seen in figure 5.19. Showing that after a
transient response the system obtains the desired values for both dq current compo-
nents. Where the g-axis current is set to zero to achieve UPF, and a step input is
applied leading to the incremental decrease of the d-axis current per second with a value
of two. The THD values as shown in appendix B.3 or in 5.5, indicate that the systems
THD level is well within the scope of IEEEs required standard of less than 5%.
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Figure 5.19: d-axis reference current [red], d-axis current measurement [blue] and g-axis
current measurement [black].

The LCL-filters effect on the grid current can be seen graphically in figure 5.20, which
compares both the converter side- and the grid side phase current. Where the above wave-
form represents the converter side phase current, whilst the lower waveform represents
the respective grid side phase current. It can be visually observed that the THD levels
of the phase current is reduced, the FFT analysis comparison indicates that the filter

reduces the THD by a significant amount.
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Figure 5.20: Phase current waveform comparison, inverter side current [upper]|, grid side
current [lower].

The phase current as compared to its respective phase voltage can be seen in figure 5.21.

Where the signal scope time frame has been restricted within 0.2 seconds at an arbitrary
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time and the phase voltage has been scaled down to 10% of its size, for visual clarity.
It can be visually observed that the grid phase angle extraction of the PLL is successful

in showing no deviation from the intended angle, by observing the phase current and

voltage superimposed on each other.
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Figure 5.21: Phase voltage [black] and respective phase current [blue], with scaled down

voltage value.

The gradual increase of the active power as the variable reference current changes during
the simulated runtime can be seen in figure 5.22. Along with the reactive power going
towards zero during steady state operation, having only deviations during the transient
time period when the simulation is initially ran. With addition to deviations within a

slight time period when a step change to the reference current is applied per second.
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Figure 5.22: Active reference power [red], measured active power [blue] and measured

reactive power [black].
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5.6.3 Rectifier Operation

This section presents the results from controlling the simulation system presented in
figure 5.1 through rectification. Which in essence is similar to the test shown in the
previous section, where the same components and control strategy will be utilized. With
the only difference being the input reference current of the DC-DC controller. In this
test a step input to the reference current will be conducted every second, leading to the
incremental increase of the d-axis current thereby the phase currents every second. The
dc voltage reference has been set to V. = 600 V', this reference value is fed to the VCL
thereby regulating the dc-link voltage. Just as in every test which has been conducted
previously the g-axis reference current I, ,.; has been set to zero. A table showing the
simulation runtime T§;,,, the respective dq reference current values Ig,ef, Igrer as well

as the resulting THD, has been presented in table 5.6.

Tsim [8|  Larer [A] Lgrer [A] THD [%]

<1.0 8 0 2.90
<2.0 10 0 2.35
<3.0 12 0 2.04
<4.0 14 0 1.98
<5.0 16 0 1.95

Table 5.6: Simulation reference values and THD based on simulation run time.

The comparison of the d-axis reference current and the measured dg-axis currents during
the simulated runtime is shown in figure 5.23. Which shows the resulting measured
current waveforms are achieving the desired result during steady state operation. The
only graphically noticeable deviations are during the transient time periods which only
last for a slight time frame less than a millisecond. Overall the system is shown to be
able to keep up with the variable reference current during the simulated run time, with

a fast and dynamic response time.
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Figure 5.23: d-axis reference current [red], d-axis current measurement [blue] and g-axis
current measurement |[black].

The grid phase current and its respective phase voltage from an arbitrarily chosen time
frame within the simulated runtime can be seen in figure 5.24, where the voltage wave-
form has been scaled down to 10% of its original size. The resulting THD values of the
grid phase current can be seen in appendix B.4 or in table 5.6. The results indicate that
the systems THD level remains below 5% as is required by IEEE standards for grid tied

applications.

60

VA /\ /\ /\ /\
\ \ \ \ \

CR IRVZN Y 2 (Y 2NV IR V2N I V2N
o AT NAT AT AT

/ / / / /

-40

o\ \V/ \V/ \V/
[

3.5 3.51 3.52 3.53 3.54 3.55 3.56 3.57 3.58 3.59 3.6

Time [t]

Figure 5.24: Phase voltage [black] and respective phase current [blue], with scaled down
voltage value.

The measured active- and reactive power during the simulated runtime has been provided
in figure 5.25. Showing that the reactive power is regulated to be approximately zero
which is desired for obtaining UPF, during steady state operation. With only minor

deviations over the course of a small transient time frame during every step change

input.
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Figure 5.25: Active reference power [red], measured active power [blue] and measured
reactive power [black].

5.6.4 Bidirectional Operation

This section aims to showcase the bidirectional capability of the converter system, by
allowing the grid connected converter to operate in inverting mode followed by rectifying
mode and then finally back to inversion. The simulated runtime for this test has been
reduced down to 0.6 seconds, with the variable change to the reference being input
every 0.2 seconds changing the operational mode. A table showing each operation mode,
simulated time frame T;,,, dg-axis reference current components and the resulting THD
value can be seen in 5.7. The test has shown that the THD during each mode of operation

is within the required IEEE standard of 5% or less.

Operation Ty [8]  Iarer [A] Iyrer [A] THD [%]

Inverting  <0.2 -10 0 2.22
Rectifying <0.4 10 0 2.57
Inverting  <0.6 -10 0 2.08

Table 5.7: Simulation reference values and THD based on simulation run time.

A figure showing the comparison of the d-axis reference current with the measured value
throughout the simulated runtime has been provided in figure 5.26. The measured value
of the g-axis current has also been included and just as in every previous test the g-axis
reference current has been set to zero to reach UPF. The resulting wave form indi-
cates that the converter system has the ability to operate in bidirectional modes. While
also doing so with smooth transitions from operational mode without causing significant

instability, showing only deviations during transient time periods lasting barely a mil-
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lisecond. Both the active and reactive power flow during the simulated runtime has been

measured, and is provided in figure 5.27.
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Figure 5.26: d-axis reference current [red], d-axis current measurement [blue| and g-axis

current measurement |[black].
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Figure 5.27: Active power [red], reactive power [blue].

The grid side phase current has been compared to its respective phase voltage which is
provided in figure 5.28, it should be noted that the phase voltage has been reduced to
10% of its original size when measuring the scope. As mentioned in table 5.7 the system
is initially running in inversion mode, the PF of the system when it has stabilized should
be close to 1. The PF of the system can be deduced visually by observing the phase
difference of the grid side current compared to the respective phase voltage. While the
inversion is being maintained the phase difference between the current and voltage should
be close to zero. However when the simulated time frame reaches to 0.2 seconds a step
signal is input to the reference signal, thereby the power flow changes direction leading
to the phase current having a 90°difference when compared to the voltage. In this case

the PF is equal to -1, thus the grid is in a state of where it is feeding power to the BESS.
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Chapter 6

Hardware and Prototype PCB

circuits

In this chapter the physical hardware components that are to be used for the prototype
GTTI will be presented as well as a proper explanation in the selection of hardware and

development of the circuit boards.

All circuit boards for the prototype have been designed for this thesis using the software
Kicad. This software allows for the user to draw both schematics and PCB design. The
schematics drawings can be directly incorporated to the PCB, making the process of
developing a circuit board very suitable for electronic projects. Additionally it is possible
to display the PCB in a 3D setting should the required footprints be available for the
board, giving further insight too how the board will look once developed physically.

It should be stated that before designing the PCB boards for this thesis, the circuits
where tested using breadboards with the intended design. It should also be noted that i
have had next to no experience in circuit board design, other than simple circuits used
for my bachelor thesis. Which is why the boards may be oversized to simplify the process
of soldering on the components and compensating for the lack of experience. With the

possibility of some necessary details being overlooked due to this lack experience.

Furthermore considerable time has been spent to properly learn and develop the circuit
boards, with several design iterations which have been made prior to the completion of
the designed Printed Circuit Board (PCB) boards that will be shown in this chapter. All
things considered the designed circuit boards should be considered as test modules that
could possibly contain some form of error or is still in the development /prototype phase.
Additionally after the completion of the initial designed circuits for both the current and

voltage measurement modules, there was a shortage of the necessary Microcontroller
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(MCU) cards making the originally intended modules for this thesis no-longer viable.
Nevertheless the originally intended modules will be presented in this chapter grouped
together in one section and subsequent subsections. There has been an attempt at
solving the lack of components purchasable by using available components found in the
laboratory facilities, thus alternative modules have been designed. However there are

still lacking components for the prototype to function such as the filtering and BESS.

6.1 Microcontroller unit - MCU

The MCU intended to be used in this thesis is the STM32L476RG chosen for its ultra
low power feature. In addition to being based on the high performance Arm-Cortex-M4
32-bit RISC core, operating at a frequency of up to 8OMHz. STM32 Nucleo boards
are considerably affordable and are produced by STMicroelectronics as a development
platform. These boards are aimed at rapid prototyping, allowing for testing of new ideas
with relative ease. There are variations on the boards based on the size and the number
of available pins on the unit, such as the Nucleo-32 (32 pins) and the Nucleo-64 (64 pins)
[49].

- 5y

B www.st.com/stm32nucleo @

Figure 6.1: Power module - PCB

These boards are intended to be used with their specific software such as: STM32Cubel DE
and STM32CubeM X. Where the STM32Cubel DE is an advanced C/C++ develop-
ment platform, allowing for code generation and compilation in addition to having de-
bugging features for the microcontrollers/microprocessors. While the ST M32Cube M X
is a graphical tool that allows for the configuration of the pinout and the STM32 micro-

controller /microprocessor. Both of these software’s have been used due to their features
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and for code generation during this thesis along with Matlab Simulink.

6.2 Scaling and offset

During the design period of the initial prototype measurement circuits a microcontroller
had not been properly selected, however a standard high-end microcontroller such as
Texas instruments TMS320 Delfino series or STM32 from STMicroelectronics were con-
sidered. Due to this an effort has been made to ensure the compatibility of the mea-
surement modules and the microcontroller that would be selected. One of the micro-
controllers which was considered, consisted of single-ended input ADCs to convert the
analog output voltage into digital. For this thesis some of the chosen measurement cards
give out a differential signal which can be negative or positive, thus can be damaging
to the ADC port. A method of differential to single-ended output conversion is used to
scale the input voltage signal of the ADCs, to only positive values (for example 0-5V).
The circuit design has been adapted based on the recommended methods given by the
data-sheet of the measurement cards, with some alterations to allow for offset voltage
control as sourced by [50]. It should be mentioned that some of the capacitors which are
added are optional and can be neglected, and serve only to filter the signals to stabilize

them. The scaling and offset circuit has been illustrated in Figure 6.2.
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Figure 6.2: Differential to single-ended conversion, offset and scaling circuit

The circuit consists of two op-amps, the lower one determines the offset voltage. The
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upper op-amp consists of the scaling circuit which determines the output voltage. As-
suming ideal op-amp operation with infinite gain and input resistance. The offset output
signal of the op-amp can be determined as voffset = Un2 = Vp2, by using basic operational
amplifier theory. Thus the lower op-amp circuit from figure 6.2. Is analysed and the
bottom op-amp output signal v,sse: can be derived, where Voo represents an auxiliary

supply voltage by the following expression:

Ry
Vof fset = Ve

_% 6.1
““Rs + Rg (6.1)

Similarly the upper op-amp circuits voltage output from figure 6.2, can be determined by
using the same assumptions. In addition in order to simplify the circuit we can assume
that Ry = Ry and R3 = R4. The equations of the voltage division can be expressed as

followed:

Vin — Upl 4 Voffset — Upl -0 (62)

R3 R4

UinR2 + UoffsetRl
Vout = R
1

Following these equations and the circuit topology the implementation becomes simple,

(6.3)

and we acquire our desired single ended output ADC signal from both the current and
voltage measurement circuits. Which will be introduced in the coming sections of this

chapter.

6.3 Initially intended Modules

The development of the measurement boards are based on the PCB schematics provided
by the supervisor. The schematic design of each module which was sourced by the thesis
supervisor has been been provided in appendix D. However there has been made some
changes to the original design from the sourced schematic, in order to incorporate it to the
prototype. The measurement boards have been designed to convert the measurements

into a signal which the MCU is capable of sampling through its ADC ports.

6.3.1 Power module (transistors and driver)

The power module circuit boards were sourced by the master thesis supervisor, and
contain the ability to drive the controllable switch gate signals. Each of the power

module circuit boards contain two IGBTs which makes up one leg of the three phase
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inverter, hence the need of three modules too obtain the required amount of switches. An
image of the power module is shown in figure 6.3. These boards were originally created
to be used in another project however with small alterations to the original design, the

modules should be suitable for the prototype in this thesis.
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Figure 6.3: Power module - PCB

6.3.2 Voltage Measurement Module

MCU description and overview

The voltage measurement module consists of an AMC3330, which is a precision isolated
amplifier with a fully integrated isolated DC-DC converter. The performance of the
device is suitable for accurate voltage monitoring and control, as stated in the data-sheet
provided in appendix D. Furthermore sections of the device are separated, protecting the
low-voltage domains from being damaged. An illustration of the functional block diagram

is shown in Figure 6.4
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Figure 6.4: functional block diagram of AMC3330 , sourced from the data-sheet.

The open-drain DIAG pin is optional. With its intended purpose of determining whether
the output voltage is valid, thereby operational or not. for the designed PCB the pin

has been connected in the recommended way for its proper use. However during the
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design period of the PCB. This feature was not intended to be used in the actual proto-
typing during lab tests, as this is an optional feature. Nevertheless this pin was added,
considering any possible future work which could have some added benefit with this

feature.
Designed module

A designed schematic of the proposed voltage measurement module has been illustrated

in Figure 6.5a, while figure 6.5 shows the circuit inside the voltage measurement module
block.
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Figure 6.5: a) Voltage measurement circuit, b) Voltage measurement circuit and scaling
circuit

The design parameters of the module follow these limitations on the device:

e Low-side supply voltage Vpp = 3.3V or 5V
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e Voltage drop across sensing resitor Rg,s for linear response = 1 V (Maximum)

e Current through resistive divider (Io0ss) = 100pA (maximum)

In most voltage sensing applications, resistors are placed in series to scale down the
input voltage signal in front of the isolated amplifier. In this particular device it is
recommended to scale down the voltage to 1V or less, allowing for a signal within the
limitations of the AMC3330 device.
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Figure 6.6: Simplified voltage divider circuit

INP

A simplified circuit of the resistor divider is shown in Figure 6.6. By using ohm’s law
we can derive the minimum total resistance of the resistive divider in order to limit the

VLinefpeak

cross current (I...ss) to our desired value, Rroq = where Viine—pear 1s the

ICTOSS

peak line voltage. Similarly the required sensing resistor (Rg,s) which is to be connected
to the AMC3330 device can be calculated as, Ry, = 2.

ICTDSS

6.3.3 Current Measurement Module

The Current measurement module consists of an AMC3301, which is a precision am-
plifier optimized ideally for shunt based current sensing applications. This component
is designed quite similarly to the voltage measurement AMC3330 presented in the pre-
vious section as both components have been developed by Texas instruments. The
AMC3301 includes an integrated DC/DC converter with an isolation barrier, and the
input of the component has been optimized for the direct connection to a low-impedance
shunt resistor. Furthermore the component is considered suitable for when accurate cur-
rent monitoring is required with high-common mode voltages. The designed schematic

of the proposed current measurement module has been illustrated in Figure 6.7.
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6.4 Alternative Measurement Modules

Due to the lack of components to build the originally intended circuit models, the decision

was made to build a converter control board via an alternative method which will be

presented in this section. This has been achieved by using available components from the

laboratory facility in the Western Norway University of Applied Sciences. This section

will begin to present the voltage and current measurement modules as individual circuits

to explain the overall theory and function of their design. Furthermore these individual

measurement circuits have undergone laboratory tests individually and their function is

therefore assured. The later part of the section will present the converter control board

design circuit which incorporates the voltage and current measurement modules into a
single PCB board needed to control a GTI.
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6.4.1 Voltage Measurement circuit

The voltage sensing device is a LEM LV-25-P voltage transducer. The inner circuit
diagram of the voltage transducer has been illustrated in figure 6.8, which was adapted
from the datasheet of the measuring device provided in appendix D. The sensor contains
an amplifier which is connected to a hall sensor as shown in figure 6.8, therefore the
transducer requires a DC supply (+U, and —U,). The voltage sensing device is capable
of being supplied either 12 V or £15 V. The LEM LV-25-P voltage transducers working
principle is based on the hall effect. To put it simply the transducer contains a primary
and secondary circuit, when a voltage is applied on the input terminals of the primary side
a magnetic field is generated by the current flowing through the circuit. The generated
magnetic field is then compensated by a reverse magnetic field caused by the current
flowing through the coil of the secondary circuit. The device uses a hall effect sensor
which can detect the field compensation, for a more detailed explanation a source from

the producer of the component has been provided [51].

R']
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@ M s M oV
T_ o -Ug

Figure 6.8: Inner circuit diagram of the voltage transducer sourced by the datasheet
which can be found in appendix D.

Design considerations for the construction of the measurement module have been taken,
based on the parameters given by the datasheet of the product. Such as the primary
current termed I, has a nominal value of 10 mA. While the external primary measurement
resistor termed R must be dimensioned in accordance to the nominal voltage, so that the
current which flows through the primary sensor is approximately 10 mA. Additionally
the primary side resistor will cause the voltage to be stepped down, thus the transducer
remains well within the maximum voltage of 500 V. The nominal abc line voltages which

will be measured are assumed to be:
V, = 230V/2 ~ 325V (6.4)

To obtain 10 mA at the primary side of the voltage transducer the resistors are deter-

mined based on the applied voltage. The calculation of the external primary side resistor
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Ryrimary is derived by using ohms law as follows:

Rprimary = 7 -

325
0.01

Rinternal = —— — 225 &~ 32.5k2

(6.5)

Where V), and I, represent the primary side voltage and current, while Ripterna is the

measured resistance of the internal winding of the transducer. The primary side current

can be expressed as:

I, =

325

Rprimary + Rinternat 32500 + 225

=9931mA

(6.6)

However the resistors have been over-dimension slightly in case of deviations or over-

voltages when constructing the circuit. Therefore the line voltages have been dimen-

sioned with a 10% increase resulting in Rpyimary =~ 36k€2, when the measurement module

was tested. The schematic drawing of the voltage measurement circuit which was used

during tests is presented in figure 6.9. The measurement modules have been adapted

from [50], and where designed by another author to be used in their project.
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Figure 6.9: Voltage measurement schematic overview for the grid line voltages, adapted

from [50].

However due to the similarity and lack of components it was deemed suitable for this

thesis. Note that the schematic drawing contains three separate sections: the voltage

transducer, the scaling and offset circuit and finally the auxiliary power supply. The

prototype voltage measurement modules as well as the operational amplifiers from the

scaling and offset circuit where designed to be supplied with £15 V. The primary side

external resistors have been divided into a series connection of two, thereby lowering
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the amount of dissipating power over each individual resistor needed. The resistors in
series R1 and R, have been selected to be capable of dissipating 5 W as this is what was

available in the laboratory.

The primary and secondary circuits are separated by a conversion ratio K which is given

by the datasheet as:
~mp 2500

K=—=—— 6.7

ny 1000 (67)
In which case the nominal primary input current rated at 10 mA, leading to the nominal
output current being subsequently 25 mA. The measurement resistor on the output side

is calculated as:
Vi 3V

T,  25mA
Where V,,, is the maximum voltage for the ADC port, and the output voltage from the

R, =

= 1200 (6.8)

circuit is given as a sine wave with +3 V. The output measurement voltage V,, when
measuring over R, can be used to calculate the line voltage value by using the following

expression:
Vm(Rinternal + Rprimary)
KR,

The scaling and offset circuit which was previously derived in section 6.2, is used to

Vm,cal - (69)

transform the output voltage in order to give out a voltage value between 0 and 3 V.

The circuit scales down the transducer voltage output from 4+ 3V down to + 1.5V, then

it offsets the the output so that the resulting output will be restricted to a value of 0 to 3

V as desired. Given the assumption that Ry = Rg and R5 = R, the output voltage from

the scaling and offset circuit termed V,,4. can be derived by using the following equation:
VinBR7 + Vg pset R

Vide = 6.10
d T (6.10)

DC voltage measurement circuit

The DC voltage measurement circuit was designed in a similar way to the line voltage
measurement circuit. However seeing as the nominal measurement range is 0-600V, the
scaling and offset circuit has been omitted. This is due to the output of the voltage sensor
will be providing a voltage in the range of 0-3 V, which is compatible with the MCU and
no scaling or offset is deemed necessary. Thereby the circuit was designed to resemble
the one shown in figure 6.8, where the external resistor R1 is redimensioned. Due to
the different nominal voltage measurement range the external primary side resistor R;
is calculated as follows:

_V, 600V

1= —

I, 10mA

— 60 kQ (6.11)

The external resistors are divided into a series connection of four resistors each with
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a value of 15 k(2. With the possibility of over-voltage the measurement resistor R,,
is calculated by using the maximum input current I, ,,,,. Which is provided in the
datasheet as 14 mA, leading to a maximum voltage of 840 V. Following the datasheet a
lower limit of 100(2is selected as the calculated value using the same formula as equation
6.8 was shown to be slightly less than 100 €2.

6.4.2 Current Measurement circuit

The current sensor device used is a LEM LA-100-TP, with a similar working principle
as the voltage transducer from the previous section. An illustration of the inner circuit
diagram of the current transducer has been provided in figure 6.10. From the figure we
can deduce that when the primary side current [, flows in the direction of the arrow,
the secondary side current I, will be positive. And similar to the voltage transducer this

sensor requires a dc-voltage supply of either 12 V or +15 V.

P
| I, R,
MO—@—I:I—O oV
%7 o o+
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Figure 6.10: LEM LA 100-TP circuit diagram, adapted from the datasheet.

An illustration of the schematic drawing of the current measurement circuit which was
used during testing has been provided in figure 6.11. The current measurement circuit
has been adapted from [50]. The schematic as shown in the figure is divided into the
following separate sections: the auxiliary power supply, the current measurement device,

the measurement output and finally the scaling and offset circuit.
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Figure 6.11: Current measurement schematic overview for the converter side currents,
adapted from [50].

The primary and secondary circuit are galvanically separated with a conversion ratio K

which is given by the datasheet as:
K="2=_—_ (6.12)

Assuming that the nominal primary current I, is equal to 10 A, the secondary current

I can be measured by using the conversion ratio of the transducer as follows:

10A

I,= 1, K= ——
2000

= 0.005A (6.13)

A measuring resistor R,, is placed on the secondary side, the measurement resistor must
not exceed 110 (2as this is the maximum value as given by the datasheet provided in
appendix D. By using a measurement resistor with a value of 100€2the resulting output

voltage is expressed as:
Voutput = Ls Ry, = £0.005 - 100 = £0.5V (6.14)

The scaling and offset circuit is identical to the one used in the voltage measurement

circuit presented in the previous section.
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6.4.3 Converter Control Board

A converter control board has been constructed to house all the voltage and current
transducers presented in the former measurement sections into one board. The schematic
overview and the different layouts of the PCB has been illustrated in figure 6.12-6.14.
Only the overview of the schematic has been presented in figure 6.12, while the remaining
parts have been provided in appendix C. As one can observe from the layout in figure 6.13
the line voltage transducers have been placed on the left side along with their respective
scaling and offset circuitry. While the line current transducers and their respective offset
and scaling circuitry have been placed on the top right. The dc-link voltage sensor
is located in the middle. Each of the transducers as previously explained require a
dc voltage supply of 12V or +15V, this requirement is met by using two auxiliary
power supplies named "EA-PS 2032-050” which can be connected to the input terminal
labelled as P1. The inputs and output signals for the microcontroller have been labelled
and placed on the lower right side, with the pin-mapping being the same as is seen in

the schematic of figure 6.12.

Sheet /
Flle: valtage_mes_allkicad_sch

Thle: Converter controlbcard

e & ot I

KiCad E.D.A. klead {6.0.0) | d: 173
L3 T I

T ki T

Figure 6.12: Converter control board circuit schematic overview.
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Figure 6.13: Converter control board - 3D layout.
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Figure 6.14: Converter control board PCB layout, showing all layers. The red lines
are electrical connections/routes which are located at the top side of the board, while
the blue connections/routes are located at the bottom of the board. The component
mounting holes with connection to the pins of the electrical components are coloured
yellow. The light blue mounting holes on the outer edges are mounting holes for the
board.
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6.5 IGBT component

The originally intended power module was designed to contain the IGBT switches, how-
ever as previously stated a number of components where not available for this specific
module to be used. Thus alternative IGBT switches which are available at the lab where
selected for prototyping instead. The Selected IGBT modules have been produced by
Semikron and their specific product name is SKM100GB12T4, the datasheet of the com-
ponent is provided in appendix D. From the datasheet an illustration of the component

as well as the inner circuit diagram has been adapted in figure 6.15.

Figure 6.15: a) IGBT module, b) inner circuit diagram of the module

The IGBT module contains two IGBT switches an upper and lower switch, thereby a
GTTI will require three of such modules one for each of the converter legs. According
to the datasheet the maximum rated switching frequency is 20 kHz and the collector to
emitter junction is capable of supporting up to 1200 V, with a nominal current of 100
A. The ratings of the module are well within the scope of this thesis project and are
deemed appropriate for use. Every individual module contains three terminal connections
used for the converter leg and two pins for each transistor labelled as pin 4-5 and 6-7
respectively as shown in the inner circuit diagram. The grid phase voltage is connected
to terminal 1. While the dc-link terminals are connected to 3 and 2 with their respective

polarity. The modules can be driven by using a transistor driver for optimal switching.
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6.6 Transistor Driver card

In order for the IGBT switches to be controlled with high frequency a signal must be
provided to the gate of the transistor switches. Additionally the gate capacitor requires
a current in the order of hundreds of milliamps, to charge and discharge. Thereby to
achieve high frequency switching a transistor driver card is deemed necessary considering
that the signals from the MCU will only provide a current flow of a few milliamps.
From the available components in the lab this gate signal can be provided by using a
transistor driver card developed by Semikron with the product name : SKHI 23/12 R.
The datasheet of the driver card has been provided in appendix D. While a picture of
the transistor driver card as well as the connection diagram sourced by the datasheet of
the component is presented in figure 6.16. The driver card contains several functions, a

short description of some of these functions is presented as follows:

e Interconnected circuit

The driver card as shown in the datasheet contains two interconnected circuits.
This in turn allows for a single driver card to control both transistors in an indi-

vidual Semikron IGBT module such as the one presented in section 6.5.

e Interlocking Time Function

An interlocking time function which prevents both transistor gates from each half
bridge from turning on at the same time. accomplished by having a dead time
between the switching of the gates. Furthermore the factory adjusted dead time
is 74+ = 10us, which can be adjusted by soldering on additional resistors between

pins J3 to K3 and J4 to K4 as shown in the connection diagram.

e Short Circuit Protection

A short circuit protection is provided through a monitoring circuit which mea-
suresx the collector-to-emitter voltage Vopg. Furthermore there is a error memory
which blocks all signals to the IGBT if a short circuit is detected, or if there is a

malfunction in the input voltage supply of the driver card.

e Output Buffer

The output buffer provides the correct current to the gate of the IGBT, assuring

sufficient power to the gate for proper switching and preventing losses and failures.

The interconnected circuit allowing for the control of two gate transistors, is why only
three such transistor driver cards are required to drive the gate signals of the three
IGBT modules. Which are needed in the GTI prototype. The driver cards can be
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controlled by the MCU output, given that pin J1 and K1 are connected to have an input
voltage range of 0-5V. Otherwise the driver cards require an input voltage of 15V | which
means the voltage signals from the MCU must be stepped up. One of the methods in
which the signal can be stepped up is by using operational amplifiers or alternatively by
using optocouplers one can also achieve galvanic isolation. However such a solution will
introduce a time delay which although remaining small could lead to errors during the
operation of the converter system. It is recommended by the datasheet to solder bridge
the connection points J12 to K12 and J19 to K19. Which limits the amount of outputs

for the gate signal and saves the need for an additional external connection.
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Figure 6.16: a) the transistor driver: SKHI 23/12 R , b) connection diagram adapted
from the datasheet.




Chapter 7

Discussion and Conclusion

The objective of this master thesis was the design and control of a grid tied bidirectional
converter for the sake of charging and discharging a battery. While also taking into
consideration the capability of having the system be slightly altered, so that it may
be adapted towards different projects for future work. This objective has been partially

fulfilled throughout the course of the two semester spent for the completion of this thesis.

The initial work was accomplished by thoroughly studying research articles, textbooks
and previous dissertations containing information which could be relevant for this thesis.
While also getting an overview of the standards and requirements which where necessary
in regards to grid tied systems. The topology of the AFE converter was presented, while
a single- and two stage topology was considered for the charging and discharging of the
battery load/supply. A two stage charge topology was finally selected as this would
offer more flexibility of designing the control strategy and providing a more stable dc-
link voltage. Evidently this came with its own disadvantages, as adding more stages

increases the complexity of the system and leads to more power loss.

When it came to selecting an inverter topology going with a traditional three phase
inverter approach, was deemed suitable as it naturally contains bidirectional capabilities.
In addition to being a very well established topology with a lot of research articles and
textbooks containing information regarding the control and the function of such systems.
However when attempting to select a topology for the DC-DC converter, there where
requirements such as being able to boost and buck the input and output. While also being
able to both control and integrate the DC-DC converter to the GTI. While going through
different methods which have previously been used successfully with a high efficiency, my
research indicated that a Dual Active Bridge (DAB) converter might be more suitable as

the DC-DC converter. However after attempting to integrate a simulated model to the
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GTT the design, tuning and control was not properly constructed due to its complexity.
Leading to an unstable model and the idea was replaced by a much simpler buck-boost
converter topology. Which was a combination of the buck and boost converter topologies
introduced in the theoretical framework. Although for future work constructing a DAB

converter properly could lead to a better result.

As presented in the theoretical framework in chapter 2, there where a number of filtering
methods which could be used between the grid and the inverter. After going through the
advantages and disadvantages, in addition to what is used in state of the art GTI systems.
The LCL-filter topology was selected, and a design approach which determined the size
of the components without the use of a damping resistor was chosen. The resulting
filter design methodology was explained in great detail in chapter 4, and resulted in a
desirable outcome. For future work however adding a damping resistor or applying a
different design methodology, is something to be considered. As this could lead to better

results and can be further researched and compared.

Several considerations where taken when selecting the different control structures and
strategies, where multiple modulation techniques where considered. However SVPWM
was the main modulation strategy which was chosen, as this was the one which gave the
least amount of THD although it increased the complexity of the design. Primarily the
goal was to utilize VOC and DPC while allowing for bidirectional capabilities. Which
was constructed in a simulation environment using the Simulink application. The initial
simulated design used an ideal dc voltage source to supply the GTI, this was in order to
test the control methods in a more ideal environment. In the case of the VOC everything
went as intended and it was fully capable of being integrated with the DC-DC converter,
while remaining within IEEEs 5% THD requirement. The DPC method worked as
intended during the simulated testing phase where an ideal dc-link voltage was being
supplied. However the DPC came with its challenges when attempting to integrate the
DC-DC converter. When applied during simulated testing the dc-link voltage would
become unstable after running the system for a short while. This instability was caused
due to the lack of a voltage control loop to regulate the dc-link so that it would provide
a stable voltage for the GTI. It is therefore concluded that in order to use the DPC after
integrating the two-stage topology, alterations to the method presented in this thesis
must be added. This is to regulate the dc-link voltage to ensure a stable voltage level to
supply the GTI.

The biggest challenge of this thesis was the implementation of the system from a simu-
lated environment onto a physical hardware prototype. After having spent most of the
time during the thesis in the research, design, tuning and integration of the two stage

topology of the overall system. The initial prototype model was meant to be built us-
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ing pre-existing modules (power and measurement), with slight alterations for the final
construction. However after working on these initial modules design alterations it came
to light that the components which where necessary to build these modules where not
available without a considerable waiting time. In some cases the waiting time exceeded
that of a year, due to the international chip shortage. This lead to an attempt in try-
ing to build alternative modules. The alternative modules where made by using mainly
components which where already available in the laboratory facilities provided by the

Western Norway University of Applied Sciences.

The converter control board PCB was designed after assuring that all the necessary
components where available in the lab, some of which where soldered on pre existing
boards such as the measurement transducers. The transistor driver cards which would
be needed to drive the IGBT switches where available but used in another project.
While the IGBT switch modules where available, however after testing several of the
components individually only three where fully functioning. Unfortunately these three
where intended to be used in a similar although different project. Due to these occurring
challenges and limitations not everything needed to build a functioning prototype was
acquired and constructed. Notably the filter was not constructed, and although there
where several batteries they where not at a suitable size for the prototype model and
where therefore not included. Due to the prototype model not being completed in time
the comparison between the simulated and physical model measured results could not

be compared.

The MCU was tested and it showed that signals where being output, however the in-
tegration of the MCU and the converter control board module was not conducted and
its overall function can therefore not be fully determined. However based on the data
given by the datasheet there should not be any issues. The tests on the measurement
boards where done individually, with and without their scaling and offset circuit. the
tests resulted in the desired output voltage, showing +3 V when measuring V,,. While
also showing the correct Analog to digital conversion. (ADC) output voltage after the
scaling and offset circuit, giving an output value of 0-3V. Considerable time was taken
during the design of the converter control board, however it has not been tested properly
as the components where not soldered on to the board in time for this thesis. The final
results on the tests and the components for the prototype module suggest that further

research and testing is needed for an appropriate fully functioning prototype.
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Appendix A

Matlab code

A.1 Clarke and Park transform block codes

abc to af using Clark transform

1 function [alpha,beta,zero] = abc2alfabeta(a,b,c)
2 alpha=sqrt (2/3) * (a-b/2-c/2) ;

3 beta=sqrt (2/3) * (sqrt (3) /2+xb-sqrt (3) /2*c) ;

4 zero=0;

5 end

af to dq by using Park transform

1 function [d,q] = ab2dg(alpha,beta,wt)

2 %90 degrees behind A axis, sqrt(2/3) for power invariance.
3 d=(alphaxcos (wt-pi/2)+ betaxsin (wt-pi/2)) *sqrt (2/3);

4 g= (-sin(wt-pi/2)*alphatbeta*cos (wt-pi/2)) *sqrt (2/3);

5 end

dq to af By using inverse Park transform

1 function [Valpha,Vbeta] = dg2ab(vd ,Vg ,wt)
2 Valpha=Vdxcos (wt-pi/2)—- Vg*sin(wt-pi/2);
3 Vbeta=Vdxsin (wt-pi/2)+ Vg*cos (wt-pi/2);

4 end
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dq to abc by using inverse Park and Clark transform directly

1 function [a,b,c] = dg2abc(d,q,wt)

2 %Power invariant and g-axis alignement

3 a= sqgrt (2/3) « (d*sin (wt)+g*cos (wt)) ;

4 b= sqrt (2/3) * (dxsin(wt-2xpi/3)+g*cos (wt—2*pi/3));
5 c= sqrt (2/3) * (d*xsin(wt+2xpi/3)+g*cos (wt+2*pi/3));

6 end

af to dq currents using active and reactive power - DPC

1 function [alpha,beta] = fcn(P,Q,V_alpha,V_.beta)
2 alpha=(1/(V_.alpha”2+V_beta”2))* (PxV_alpha+Q*V_beta)
3 beta=(P*V_beta-Q+P)x (1/(V_alpha”"2+V_beta”2))

4 end

A.2 SVPWM block codes

dq to af and theta

1 function [Valpha,Vbeta, theta] = dg2ab(vd ,Vg ,wt )
2 Valpha=Vdxcos (wt-pi/2) - Vg*sin(wt-pi/2);

3 Vbeta=Vdssin (wt-pi/2)+ Vg*cos (wt-pi/2);

4 theta=atan2 (Vbeta,Valpha);

5 end

Vref

1 function Vref = Vref (Valpha,Vbeta)
2 Vref=sqgrt (Valpha”2+Vbeta”2);

3 end

Sector

1 function n = Sector (theta)
2 n=0; % initial wvalue
3 1f (theta>0)& (theta<pi/3)

4 n=1;
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10

11

12

13

14

15

16

17

18

19

20

21

end;

if (theta>pi/3) & (theta<2+pi/3)
n=2;

end;

if (theta>2+pi/3) & (theta<pi)
n=3;

end;

if (theta<-2xpi/3) & (theta>-pi)
n=4;

end;

if (theta<-pi/3) & (theta>-2%pi/3)
n=5;

end;

if (theta<0) & (theta>-pi/3)
n=6;

end;

end

Angle

10

11

12

13

14

15

16

17

18

19

20

21

function Gamma = Angle (theta,n)

Gamma=0;

if (n==1)
Gamma=theta;

end;

if (n==2)
Gamma=theta-pi/3;

end;

if (n==3)
Gamma=theta-2*pi/3;
end;

if (n==4)
Gamma=pi+theta;
end;

if (n==5)
Gamma=2+pi/3+theta;
end;

if (n==06)
Gamma=pi/3+theta;
end;

end

Time constants
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Matlab code

function [TO0,T1,T2] = Time_constants (Vdc,Ts,Vref, Gamma)
ma=Vref/Vdc;

T1=Ts*sqrt (3) xma*sin (pi/3-Gamma) ;
T2=Ts+*sqrt (3) *ma*sin (Gamma) ;

TO0=(Ts-T1-T2);

end

Duty cycle

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

function [S1,S52,S3] = Duty.cycle(TO0,T1,T2,n)
S51=0;

52=0;

53=0;

if (n==1)
S1=T1+T2+T0/2;
S2=T2+T0/2;
S3=T0/2;

end;

if (n==2)
S1=T1+T0/2;
S2=T1+T2+T0/2;
S3=T0/2;

end;

if (n==3)
S1=T0/2;
S2=T1+T2+T0/2;
S3=T2+T0/2;

end;

if (n==4)
S1=T0/2;
S2=T1+T0/2;
S3=T1+T2+T0/2;

end;

if (n==5)
S1=T2+T0/2;
S2=T0/2;
S3=T1+T2+T0/2;

end;

if (n==6)
S1=T1+T2+T0/2;
S2=T0/2;
S3=T1+T0/2;

end;

end
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A.3 LCL-filter code

LCL filter and dc-link capacitance code

1 %% LCL FILTER

2 % Input data: SYSTEM

3 clc

4 Vg = 230; % V11l = 230%sqrt(3) = 400V

5 P = 4e3; % rated power set to 4kW to allow for simulation of lower
current values

6 fg = 50;

7 fsw = 20e3;

g8 Lgrid = 13e-3; % estimation in weak grid conditions

o V11 = Vgxsqgrt (3);

10 w = 2+xpixfg;

11 W_.sw = 2+pixfsw;

12 Ri=0.1;

13 Rg=Ri;

14 Rt=Ri+Rg

15

16 %% max inductor value

17 % recommended value to be 0.1 pu of base value

18 Ltmax = 0.1+V11"(2)/ (2+xpi*fg*P)

19

20 %% minimum DC-1link voltage

21 Igmax = P/V11x0.8; % safer with reduction

22 Vimax = sqgrt ((Vgxsgrt (2)) " (2)+ (Ltmax*xw*Igmax) " (2));

23 Vdc = sqgrt (3)+*Vimax % for SVM, recommended to round up for selection.

24 Vdc = roundn (Vdc, 2) ;

25

26 %% max filter capacitance
fmax = 0.05+P/ (wxV11~(2));
f

= Cfmax %0.5; % recomended to try 0.5 and increase incrementally

27 C
28 C

until max is reached
29

30 %% Converter side inductor

31 Iimax = Igmax; % for high frequencies

32 Isat = Iimax + 10; % (conditional)

33 1_rip = (Isat-Iimax)*2;

34 RF = 1i_rip/Iimax; % Converter side ripple factor
35 Limin = Vdc/ (6xfsw*xi_rip);

36 Li = 0.4 % Ltmax;
37 1f(Li < Limin)
38 error('Inverter side inductor too small, increase the total

inductance or ripple current')
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39 end
40
41 %% Grid side inductor calculation
42 Lgridmax = Lgrid; %weak grid
43 Lgridmin = 0; $%$stiff grid
44
45 %% capacitor accuracy range (5%)
46 Cfmax = Cfx1.05;
47 Cfmin = C£%0.95;
48
49 %% Equation variables
50 a.max = (Ltmax/Li) - 1;
51 al = LixCf+w_sw™ (2)-1;
52 a2 = (l+al)+Li+Lgridmax
53 a3 = (Lit+alxLgridmax) *LixCfmax;
54 b2 = (l+al)+*Li+alxLgridmin;
55 b3 = (Lit+alxLgridmin) «Li*Cfmin;
56
57 %% attenuation conditions, expressed from the freqg range
58 A_1 = (36xLi- (2xpixfsw*Li) "~ (2)+Cfmax)/ (a3* (2xpixfsw)” (2)-36*a2)
59 A_2 = (4*Li-(2+xpi*fswxLi) "~ (2)*Cfmin)/ (b3* (2+xpi*fsw) " (2)-4xb2)
60 a_min = 1/abs(l+a_max=*al);
61 if(a_1l > a_2)
62 Amax = a_l;
63 else
64 A_mMax = A_2;
65 end
66
67 %% Grid side Filter value
68 A = 0.07; %attenuation! lower a gives lower THD
69 Lg = Li* (1+a)/ (a*xal);
70
71 %% Frequency range and filter verification
72 f_res = (1/(2*pi)) =* sqgrt ((Lg+Li)/ ((Lg)*«Li*xCf));
73 f_resmin = (1/(2+pi)) =
sgrt ( (Lg+Lgridmax+Li) / ( (Lg+Lgridmax) *Li*Cfmax) ) ;
74 f_res.max = (1/(2*pi)) =
sgrt ((Lg+Lgridmin+Li) / ( (Lg+Lgridmin) *Li*«Cfmin) ) ;
75 fc_min = fsw/6;
76 fc_max = fsw/2;
77 if (10+xfg > fcmin || fcmin > f.res || f.res > f.res.max ||
f_ res.max > fc_.max)
78 error ('Outside of Frequency range condition')
79 end
so if (a > amax || a < amin)
81 error ('outside acceptable region')

82

end
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83

84

85

86

87

88

89

90

91

92

if ( 1/ (wxCf) < w*Lg=*10)

error ('Filter capacitor impedance too small')
end

if (10/(w_swxCf) > w_sw=*Lg)

error ('Grid side inductor impedance too small')

end

%% DC-1link capacitor
Cdmin= Px (sqrt (2) *Vdc+sqgrt (3) *V11) / (2xsqrt (3) *V11+Vdc*0.3xfsw)
Cd=Cdmin=*1.05

A.4 Modulus optimum

Modulus optimum and Bode plot code

10

11
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21

22

23

24

25

26

27

%% Modulus optimum tuning technique

$Time constants

Lt=Lg+Li

Ta=1/(5+xfsw) %Ta is converter time delay, assumed to be 0.2+Tsw

Ti=Lt/ (Ri+Rg)

TLCL=Lt/ (Ri+Rg)

% Proportional and integral gain constant calculation

Kp=((Lt/ (Ri+Rg)) * (Ri+Rg) )/ (2+Ta) % changing the Kp value adjusts the
crossover freqg

Ki=Kp*1/ (Ti)

%$PI controller transfer function using Kp and Ti
G_I=tf([Ti 1],[Ti 01)

G_PI=Kp*G_I

G.PI2=tf ([Kp Ki], [l 0]) %Alternative method

[o)

% L approximation TF

GL=tf ([1], [Lt/(Ri+Rg) 1])*tf([1], [(Ri+Rg)]) % L approximation
GL_PI=GL*G_PI

% L approximation TF with converter TF added

GLMO=tf ([1],[Ta 1])* tf([1/(Ri+Rg)], [TLCL 11)
GL_PI_MO=GL_MOxG_PI

% L approximation transfer function using the alternative PI term
GL2=tf ([Kp Ki], [Ta+Lt Ri+Rg+l 0]) % L approximation
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28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

GL_PI2=GL2

% LCL filter transfer function
GLCL=tf ([1], [LixLgxCf Cf* (Lg*Ri+LixRg) CfxRg*xRi+Li+Lg Ri+Rg]) % plant
GLCL_PI=GLCL*G_PI

% Bode plots of the system, options to change into Hz
options = bodeoptions;

options.FreqUnits = 'Hz';

$figure 1 is the L approximation without converter TF added
figure (1)
margin (GL_PI, options)

grid on

$Figure 2 is the L approximation with converter TF added
figure (2)
margin (GL_PI_MO, options)

grid on

$Figure 3 L approx with alternative PI term
figure (3)

margin (GL_PI2, options)

grid on

$Figure 4 is the LCL TF without capacitor damping resistor
figure (4)
margin (GLCL_PI,options)

grid on




Appendix B

FFT analysis

The resulting FF'T analysis on the tests conducted in section 5.6

B.1 CCL Test
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FFT analysis
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B.2 DPC TEST
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B.2.2 -10 kW
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B.3 Inverter operation
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FFT analysis
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B.4 Rectifying operation
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FFT analysis
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B4.5 16 A

Fundamental (50Hz) = 16.2 , THD= 1.95%
T T T T T

Mag (% of Fundamental)

. o o o o o o o
N w RS (5] (=] ~ 2] (o]
T T T T T T T T
| | | | | | |

o
a
T
1

RN IT L (TP PO S P TTRTIIT R TR 1TV TR TWA RPN
0 2 4 6 8 10 12 14 16 18 20
Harmonic order

o




Appendix C

Schematics

The schematic drawings of the different measurement boards PCB circuits is provided

in this section.

C.1 Voltage Measurement Circuit
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C.2 Current Measurement Circuit 133

C.2 Current Measurement Circuit
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C.3 Converter Control Board
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Appendix D

Datasheets

The datasheets and provided schematics from the supervisor which have been used during
this thesis have been listed below. Each of the external links can be accessed by clicking
on the respective icon ((Z') at the end of each item , provided in the list below. It should
be noted that the schematics provided by the supervisor have been bundled together and
placed into a GitHub repository.

AMC3330, Reinforced Isolated Amplifier With Integrated DC/DC Converter (£

AMC3301, Reinforced Isolated Amplifier With Integrated DC/DC Converter (£

PCB schematics (from supervisor) (£

LEM LV-25-P voltage transducer (£

LEM LA 100-TP Current transducer (4

Semikron IGBT SKM100GB12T4 module &

Semikron transistor driver card SKHI 23/12 (R) ('


https://www.ti.com/lit/ds/symlink/amc3330.pdf?ts=1644414309861&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FAMC3330
https://www.ti.com/lit/ds/symlink/amc3301.pdf?ts=1649425533281&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FAMC3301
https://github.com/Sami-El/Master_thesis_datasheets/
https://www.lem.com/sites/default/files/products_datasheets/lv_25-p.pdf
https://www.lem.com/sites/default/files/products_datasheets/la_100-tp.pdf
https://4donline.ihs.com/images/VipMasterIC/IC/SEMI/SEMI-S-A0002552663/SEMI-S-A0002552663-1.pdf?hkey=6D3A4C79FDBF58556ACFDE234799DDF0
https://www.farnell.com/datasheets/1879311.pdf
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