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Abstract

Solid-state transformers (SST) are particularly useful components in distributed
generation systems (DG). This research approaches the control of the SST in a
more comprehensive and an organized way. It proposes a compact, versatile and
an efficient unified control strategy. This proposal gives rise to three more
proposals.

i) A method to mitigate the current harmonic distortion which is uniquely
software-based and ii) An efficient low-voltage ride-through (LVRT) scheme. Both
of those functions come at no extra cost using the proposed unified control
scheme. These proposals further demonstrate the proposed strategy’s ability to
accommodate further features and modifications.

A further contribution to this research addresses the unbalanced load conditions.
It proposes a simple, cost-free modification to a resonant filter - making it suitable
for the proposed control strategy thus maintaining its simplicity without
compromising its practicality.

All the proposals of this research have been validated through simulation in

Simulink.
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Chapter 1

Introduction

1.1 Motivation

The Solid-state transformer is a relatively broad research topic — even if only the
converters control is considered. Many control schemes have been proposed,
whether they were for the isolation stage of the SST or for the inverter — in case
of AC connection, in islanded mode or grid-tied mode or the for a smooth
transition between the two, or even for controlling the battery energy storage
system. However, there does not seem to be work which considers all stages of
the SST as a whole - in terms of control - especially in an AC grid where an inverter
is needed. This can reduce the efficiency. For example, some proposals concerning
Low-voltage ride-through (LVRT) discuss their methods independently of the
system — potentially adding extra cost to the system and highlighting the need for
a more organized approach. Understanding the interconnectivity and
interdependency of the subsystems in relation to one another can lead to better
organization and an increase in the possibility of new advancements, as will be
shown in this report through a newly proposed harmonic distortion mitigation
method which is software based.

The problem can therefore be stated thusly:

SST control lacks organization which reduces its efficiency and raises its cost.



1.2 Organization of the Report

The remainder of this report is organized into the following chapters:

Chapter 2 gives a background to the research by describing and reviewing the
SST’s physical structure and topologies. It also provides a general background on

control and modulation. The relevant literature review is also provided.

Chapter 3 expands the discussion on the control of the SST particularly, the
inverter control and the BESS as this will give a more specific background to this

research. The relevant literature review is also provided.

Chapter 4 describes the proposed system and proposed the unified control
strategy and how the interdependency of all the stages of the SST is considered to

achieve better organized and efficient control.

Chapter 5 presents two more proposals. Namely, an efficient LVRT and a software-
based harmonic distortion mitigation methods which aim to illustrate the
versatility of the proposed control strategy. Literature review pertinent to each of

those proposals is also provided.

Chapter 6 presents a resonant controller/filter (R-controller) or (R-Filter) proposal
which is implemented in a d-q reference frame rotating at the inverse
fundamental frequency after reviewing several approaches and methods of

balancing the load voltage in unbalanced load conditions.



Chapter 7 presents seven case studies and their results. The case studies were
devised and simulated in Simulink. They validate the proposals described in this

report.

Chapter 8 Presents the conclusion of research - highlighting its contributions and their

validity. It also provides suggestions for possible future work.



Chapter 2

Solid-State Transformers

2.1 Introduction

Beside the fact the SST is smaller in size compared to the regular transformer,
which is achieved through high frequency operation, the use of power electronics
in the SST offers various prospects such as better controllability, bidirectionality,
and reactive power compensation, and better grid integration. As a result, the SST
has become popular in several areas such as renewables and traction systems as
well as in power distribution systems. However, the SST introduces various
challenges such as the increased cost as well as the reduced efficiency which
results from the semiconductors switching and conduction losses in every stage
which is then multiplied by the number of stages in the SST. It reduces the power
quality as a result of the introduction of harmonic currents back into the grid.
Protection issues, and electromagnetic interference (EMI) are also some of the
challenges associated with the SST.

Several papers have discussed the SST. [1] and [2] review the SST in terms of its
most popular applications, protection challenges and go in good details in its
topologies and control. [3] discusses the solid-state transformer in terms of its
functions such as voltage transformation, grid integration, etc. and presents
possible application areas of solid-state transformer in future smart grids. [4] also
discusses potential applications of the SST, and it highlights some challenges

related to the cost and efficiency. [5] reviews the main requirements, challenges,



and the state of the art of the SST in traction systems. [6] Highlights the differences
between the SST and the regular transformer, pointing out some of the SST

challenges such as the cost and efficiency challenges.

2.2 High-Frequency Transformer Considerations

2.2.1 High-Frequency Transformer

Another area of research under SST is the actual high/medium-frequency
transformer (HFT/MFT). [2] And [7] Discuss the structure and components of the
MFT. [8] discusses the design of medium-frequency transformers for medium-
voltage high-power applications. and highlights the trade-offs (efficiency, cost,
and power density) as well as its design challenges. [9] proposes an MFT design
method, as well as a method to accurately predict the core loss of the MFT. [10]
proposes an optimization algorithm for the design of HFT —i.e., the core and the
number of turns based of various trade-offs — using multi-physics. A breakdown of

the MFT components is provided below.

2.2.2 The Core Geometry

The core geometry is also an important factor in achieving a compact design,
sufficient heat dissipation, and the required voltage transfer ratios for an MFT.
There are mainly four geometries: core type, shell type, matrix, and coaxial

winding transformer (CWT). The main advantage of core type is having two
parallel LV windings which result in the reduction of the height of transformer, but
it has poor thermal conductivity and so the shell type is better than the core type

in that respect. It’s mechanical strength along with its better thermal conductivity



makes it less prone to damage by overcurrent. Matrix transformer seems to have
both advantages of shell and core types, but it has two main drawbacks which
restrict its applications. 1- Using separated core units results in higher volume and
weight and consequently increases the total loss and cost. 2- The primary and
secondary windings are separated and wound on different legs leading to higher
leakage inductance which is not desirable in high power converters. Winding in
CWT consists of an outer conducting tube as LV winding. HV winding is thoroughly
wound inside this tube. The magnetic cores are around the outer conductor. This
topology has low leakage inductance and loss at high frequencies. However, the
application of this concept is limited to only high frequency and low power ratings
due to the limitation of current carrying capability in the tubular structure. for
lower range of frequency and power, the shell type core could be the favorable
option, and core type seems to be an appropriate solution for high frequency and

power, as concluded by [7].

2.2.3 The Core Material

Another thing to consider when choosing the HFT is the core material. It is typically
a soft magnetic material which can be easily magnetized and demagnetized. Four
features need to be considered when selecting the magnetic material: (a) low core
losses, (b) high saturation flux density, (c) high continuous operating temperatures
capability, and (d) high relative permeability. [2] offers a useful comparison

between various types of materials based on those criteria.



2.2.4 The Conductors

Because skin and proximity effects are more pronounced at higher frequencies,
litz wire or foil conductors are preferred in MFT. Litz wires have low window
utilization factor and therefore require larger window area. Reducing the winding
losses is obviously desired. One technique which can help to achieve that is
interleaving the HV winding with the LV winding. New techniques to that end can

be investigated.

2.2.5 Insulation and Thermal Considerations

It is a typical requirement that the insulation should have high thermal
conductivity and a high dielectric factor as well as high tolerance to partial
discharges. Air is preferred for its cooling effect. Usually, in a highly compact
transformers and dry-type transformer, epoxy is used as dielectric material where
the high voltage levels prohibit the use of air as a dielectric. For environmental and
safety reasons, the use of oil as insulation medium is not preferred. Therefore,
using mica tape to insulate the windings, which has high tolerance to partial
discharge, is recommended. However, the thermal conductivity of mica is
relatively low which can add to the low thermal conductivity of the Litz wire
winding if used together. Therefore, other ways to ensure effective heat transfer
must be implemented. The insulations of transformers tend to experience a
certain amount of stress which is proportional to the magnitude of voltage. Higher
switching frequency and higher slew rates in MV voltage level which is typical of
SST operation adds a new kind of stress on the SST’s insulation system especially
with oil-free designs. New dielectric materials and mitigation methods, as well as

accurate electric field and dielectric loss calculation techniques, should be



investigated to address this issue. [11] recommends that multi-physics modeling
be used to help understand the mechanisms behind pre-breakdown phenomena

and as a powerful tool for electrical insulation design.

2.3 The SST Power Electronics

2.3.1 Topologies and Control
2.3.1.1 One-Stage and Two-Stage SST

In the case of one-stage and two-stage SST - (assuming that the DG — for example,
a photovoltaic (PV) based system plus its maximum power point tracking (MPPT)
- counts as a stage) — the control of the output voltage is done in the isolation
stage. Therefore, an appropriate method of control, as well as ways to reduce the
conduction and the switching losses need to be implemented. Although some or
earlier proposals demonstrated controlling the primary and secondary side SST
cell independently without utilizing the MFT’s reactive network i.e., using
decoupled control, it is more common to have a coupled control. One method of
coupled control is to employ a resonance circuit which can temporarily store
energy allowing a phase shift between the input voltage and the input current.
This has the 2 benefits of reducing the switching loss by causing the current to lag
the voltage. Several topologies have been proposed for resonance circuits but can
be grouped under the following categories: series resonant converter (SRC),
parallel resonant converter (PRC), hybrid series parallel LCC and LLC topology -see
fig. 1(a-d). The performance of SRC depends on the accuracy of the resonance
frequency of the circuit, which might change as the circuit’s passive components

age. The Dual active Bridge (DAB) is a non-resonance option to for control - fig. 1-



e. Several techniques have also been used to improve the soft switching operation
such as using auxiliary circuits. Other variations on the DAB have also been
proposed such as the dynamic current converter (dyna C), and multiple DAB,
(MAB). An H-bridge that is controlled at its input side only, is also another option

—also fig. 1-e.
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Figure 1. Topologies of single-stage SST - (The isolation stage): (a) Series resonance SST,
(b) LLC series-parallel SST, (c) LCC series-parallel SST, and (d) parallel resonance SST, (e)

none-resonance SST.

In [12], the isolation stage is designed to achieve soft switching and is
implemented using duty cycle modulation. [13] proposes control algorithms to
improve the efficiency under light-load conditions in traction systems. [14]
proposes control of resonance topology to minimize conduction loss and achieve
full-range ZVS to allow for low switching loss and smaller passive components and
reduce EMI in a single stage structure. [15] proposes model predictive control

(MPC) in a matrix converter-SST connected to ac grids based on the discrete model



of the matrix converter- SST (MC-SST). [16] proposes predictive control in a
cascaded modular SST for dc-link regulation and voltage balance. [17] proposes a
design to achieve ZVS in an LLC resonance converter. [18] proposes a control
method that is duty cycle - phase-shift hybrid to provide wide range of power flow

control and voltage regulation.

DC/DC l:Vr\ Isolation i5¢
— converter stage LI
(a)
—| Ac/bE E> Isolation ?
| converter stage
(b)
—— DC/DC <-:> Isolation
nC
—| converter stage L i
(c)

Figure 2. Topologies of two-stage SST: (a) DC/DC SST, (c) AC/DC SST, and (d)
Bidirectional DC/DC.

2.3.1.2 Three-Stage SST

In the 3-stage SST, the output voltage control is done in the inverter stage. The
Isolation stage of the SST typically operates at resonance frequency with constant
50% duty cycle. The control of the inverter is done using various methods such as
a PR controller in the case of [19], or a proportional integral (PI) controller in the
case of [20]. A hysteresis current controller is used in [21]. A review to several
robust control schemes in different types of microgrids can be found in [22]. A

bidirectional SST requires a symmetrical topology for the isolation stage such as

10



fig. 1- e. It also requires that the output voltage be controlled in the converter
stage when it is the output stage. In that case, the inverter is controlled to operate
as a rectifier. In the case where the 3-stages SST operates in grid-tied mode as well
as islanded mode, the inverter needs to be controlled in both modes, and so a
system is put in place to ensure a seamless or a smooth operation when switching
between the two modes. Several credible attempts to that end have been

proposed by [23], [24], [25], [26], [27], and [28].

DC/DC E> Isolation lf‘> Inverter
—— converter stage + Filter

(a)

AC/DC |$ Isolation [> Inverter [

—— converter stage + Filter |—
(b)

| bc/pe <:> Isolation ¢> Inverter |

—| converter stage + Filter [—
(c)

Figure 3. Topologies of three-stage SST: (a) DC/AC SST, (c) AC/AC SST, and (d) Bidirectional
DC/AC.

2.3.2 Modulation Schemes

Two level bridge structure is simple to implement but has the has worse harmonic
performance compared to multilevel converters. Therefore, multilevel converters
with wideband gap semiconductor devices seem to be a better candidate for
interfacing MV levels. The most widely used multilevel converters topologies are:
(a) Neutral Point Clamped (NPC) or Diode Clamped; (b) Flying Capacitor (FC); (c)
Cascaded H-Bridge (CHB); and (d) Modular Multilevel Converter (MMC). Multilevel

11



switches can increase the levels of EMI. The NPC topology can provide up to five
levels but suffers from capacitor voltage balancing issues and higher conduction
losses. The FC provides voltage compensation but requires a large amount of
storage capacitor, so the system tends to be bulky and expensive. a CHB
configuration is modular but have limited performance in terms of reactive power
and harmonic compensation in absence of DC voltage supply. MMC is also 3
modular and more robust than CHB as it requires no individual DC voltage supply,
but it is more complicated to control, and it has twice the number of switches as

CHB. Another comparison between of those schemes can be found in [29].

2.3.3 The Semiconductors

The switches which are used in the inverter and or the isolation stage are mainly
either IGBT or MOSFET. The main considerations for the semiconductor switches
are 1- the on-resistance which has a direct relation with the conduction loss, 2-
the ability for the switch to permit higher frequency operations which will result
in lower switching losses, 3- the ability to suit high-voltage and high-current
operations, and 4- The cost - as always.

Wide-band-gap semiconductors such as SIC have a band gap that is three times as
wide as that of Si and has thermal conductivity that is three times as high as that
of Si. The electric field breakdown of SiC is ten times as high as that of Si, allowing
for higher operating frequency operations, thereby lower switching losses while
significant reducing the size and cost with respect to the power electronics
components. Super junction structure that can lead to reduction in the on-
resistance compared to the regular SiC-MOSFET is being developed — as discussed
in [64] which discusses recent developments SiC devices. [65] discusses medium

voltage SiC devices including MOSFETs, IGBTs, GTOs and super-cascode devices.

12



2.4 Summary

This chapter provided a concise description of the SST and its most prominent
aspects namely, its main features, topologies and control, its advantages, and
challenges, as well as a review of some of the most interesting research on the
SST. The motivation behind this chapter was to give a good yet a concise
introduction to the proposals in this report as well as to offer ideas to new
researchers as to possible areas of research with respect to SST. Research in terms
of semiconductor technologies is left out of this introduction as this should be

addressed in semiconductor areas of research rather than power.
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Chapter 3

Control Consideration

3.1 Inverter Control

In AC grids, the SST needs to be connected to an inverter which needs to be
controlled appropriately for grid-tied operation and/or in islanded mode. To that
end, several control methods have been proposed and implemented. [22] reviews
several robust control schemes for AC microgrids as well as DC, and hybrid types
for different topologies and different ways of connection to power grids. In the
case where the DG needs to have the capability to operate in both grid-tied and
islanded modes, an appropriate control scheme should be implemented for each
mode as well as for the transition from one mode to the other to ensure a smooth
transition while considering the complexity of the system, the computational
burden, and the overall cost.

[30] and [31] propose a simple algorithm for a seamless transfer between modes
of operation. The difference in control in the two modes lies in a current and a
voltage controller. The reference to each of the two controllers is changed through
the proposed algorithm. The sum output of those controllers is fed into the

inductor current controller. So, the system uses three controllers. Both proposals

14



assume the DG can always provide enough power to match the load voltage to
that of the grid, and that is used as a condition before reconnecting to the grid,
which can not always be possible. Also, the calculations are not done in the d-q
reference frame, which prevents using an integrator in the controller, affecting
the steady-state error.

[32] proposes a unified improved droop-based control method, suitable for
inverters with LCL filter, through an algorithm that controls and a flag that enables
or disables the grid current value fed in the inductor current controller, as well as
a switch to connect to the grid after synchronization. The transfer includes an
intermediate step which seems to slow the overall response. Also, the paper
admits that “reliability in the stand-alone mode needs improvement”. [33] offers
an automatic change of mode of operation, which is also suitable for inverters with
LCL filter. However, the PI voltage controller, which saturates during grid-
connected operation, will need to be reset before it can regulate the load voltage
in islanded mode. The scheme also requires quite a lot of calculations. [34]
proposes a soft start mechanism so as to streamline the switching between PQ
control in the grid-tied mode to V/f control in islanded mode and suppress the
inrush current when switching to the grid-tied mode. That control method
requires a complete control mechanism for each mode which increases the cost.
[35] proposes a seamless transfer between the modes of operation, in a droop-
based control, by feeding in different references — namely, the output voltage
phase reference and the reference to the Pl controller. However, different
calculations are required to generate the output voltage phase reference which
increases the computational burden. The unification in the previously mentioned
unified scheme proposals is restricted to controlling the inverter in the two modes

of operation.
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d-q reference frame current control method is a popular method to control the
inductor current. It allows the references and the control variables to be converted
to DC quantities. The controller can then be implemented in the same way as DC
converters. In the d-q reference frame control, coupling terms between the d and
g axis are introduced, and so, they need to be decoupled, as is the case in [36] and
[37]. For an L-filter and assuming that the inverter is lossless, (1) and (2) show the
coupling of the d and q equations. The first term of the right-hand side is fed
forward to decouple the equations — [63]. [38] does away with the decoupling
feedforward terms with a proper controller design and the proper choice of the
reference current. The input voltage feedforward is added directly to the inverter

Vout signal. This review is presented in the thesis publication [62].

d . .
Lzld = ws 1q+VL—L (D
a . . v

Lzlq=—w51d+TL (2)

Where wsis the angular switching frequency, viis the inductor voltage, L is the
filter inductance and igand iq are the direct and quadrature components of the

inverter current respectively.

3.2 BESS Control

Perhaps the most obvious benefit to an energy storage system is that it provides
a back up energy in the case of a power outage. However, energy storage systems
have been gaining popularity for different reasons. A micro-grid, also known as a
distributed generator (DG), especially one that is based on a solar or wind power
sources, requires an energy storage system to help mitigate the large fluctuation
in energy production which is typical of those power sources. To that end, [39]

proposes a method for sizing the battery. It highlights the sizing method, cost, the
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estimation of the life span of the system, as well as the peak shaving function.
However, this paper does not offer a control algorithm. [40] seeks to help regulate
the load frequency in islanded mode through a control scheme based on the shift
droop method as a way of regulating the load frequency. The SoC was better
controlled and therefore the availability of the BESS was improved when
compared to the LFC method or the conventional droop method. Another
important function of BESS is to achieve peak-shaving. [41] proposes a control
scheme which successfully achieves peak-shaving of the feed-in PV power. while
optimizing the capacity of the battery by employing a feedback-adjustment
scheme. [42] uses the predictability of a particular institution to propose a suitable
control scheme to efficiently achieve peak-shaving. The control scheme can only
be replicated in complexes with predictive consumption pattern and few number
of peaks. [43] proposes a method to dynamically calculates the demand to better
control the BESS for various possible cases of demand and PV profiles to optimize

peak shaving.

3.3 Summary

This chapter provided a paper review of some of the inverter proposed techniques
especially ones which discuss a seamless transition between the two modes of
operation, i.e., islanded and grid-tied modes. This chapter also provides a paper
review of BESS control schemes to achieve efficient peak-shaving. Not only is the
paper review relevant to the proposals in this report, but it also highlights the
observation made in the motivation section that research on SST control tend to

focus on one particular stage without considering all the stages as a whole.
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Chapter 4
The Unified Control Strategy

4.1 Introduction

The isolation stage of SST in discussion is connected to a PV array through a boost
converter with MPPT capability. At that DC link, the battery is connected through
a buck-boost converter. The isolation stage is a bidirectional H-bridge. The other
side of the H-bridge — let’s call that the output side —is connected to a three-phase
two-level inverter which is connected to the AC grid and a parallel critical load. Fig.

4 and Fig. 5 illustrate the layout of the system and the SST respectively.

Power grid

PV array isolation stage

Boost conwerter + MPPT 3-phase inverter + filter
1:? DCDC AID H-Bridge DC/AC | 4=
Buck-Boost DC/DC

converter

[ty
Battery bank

Figure 4. The layout of the system
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3-phase Inverter

filter capagitor

BEGES)

L

T

Filter inductor

Main grid

=9

Critical Load I

Figure 5. The SST topology

4.2 Inverter Control in the Proposed System

An inverter control scheme for islanded mode and another for grid-tied mode are

carefully chosen so that they can both be combined in one system thus doing away

with the redundant components and cutting the hardware components count

almost by half. This also makes a smooth transition between the two modes much

easier. Fig. 6 depicts those two control schemes.

| Inverter control for Grid-tied mode |

-1

= D= T

figure 6. Inverter control schemes. Left: gid-tied mode control scheme - Right: Islanded

mode control scheme

The control is performed in the synchronous (dq0O) reference frame. The dq0

transformation is given by:

quo = Ty

Xabe = T9_1
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Where,

cos(B) cos (9 — 2?“) cos (6 + 2?“)

Ty = 2 —sin(@) —sin (9 — 2?“) —sin (6 + 2?“) (5)
L :
And,
cos(0) —sin(0) 1
Tg_l — | sin (9 —2?“) —sin (9 —2?“) 1 (6)

cos(9+2?“) —sin(9+2?ﬂ) 1
And 6 = wt — [63]
In the grid-tied mode omega is the angular frequency of the grid. In the islanded
mode, wt is generated independantly at a constant value which is the ideal grid

frequency. i.e., 2n60.

{ 3\

Filter inductor Filter inductor
Grid
voltage
D)
) . DC link Critical Load
DC link Vonage
voitage Critical Load
\ grid-tied mode Islanded mode

Figure 7. The inverter equivalent circuit in the grid-tied mode (left) and the islanded mode

(right)

The equivalent circuit in the grid-tied mode (Fig.7, Left) includes two voltage
sources and can therefore be solved with the superposition principle. In one
circuit, with only the DC link voltage (Vi) as a voltage source, the impedance of the
grid is much smaller than that of the parallel load, and so the inductor current will

depend on the filter inductance and Vi. In the second circuit, with the grid voltage
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is the only voltage source, the inductor current will depend on the grid voltage and
the current division between load impedance and the filter inductor.

In the Islanded mode (Fig.7, Right), the inductor current will depend on Vi and the
series impedance of filter inductive reactance and load impedance.

The inductance of the filter is given by (7).
=—5 (7)

Where, U is the output voltage. V. is the inductor voltage which is typically around
one tenth of the output voltage. w is the angular frequency of the output voltage.
P is rated power.

When the grid current drops to close to zero, indicating the disconnection of the
grid — note that what triggers the disconnection of the grid is not discussed in this
paper - an if statement in the function specifies the reference to the voltage loop,
as well as specifying the load voltage as feedback voltage which is then subtracted
from the given reference to generate the error signal. The values of Kp and Ki of
the voltage and current controllers are changed appropriately. The reference
voltage is chosen to match the grid voltage. When the grid current rises above the
chosen threshold value (almost zero), the reference to the voltage loop is changed
to a predetermined value which is chosen to be slightly higher than the sum of the
grid voltage and the inductor voltage to guarantee power transfer. The DC link
voltage is inputted as the feedback voltage to be subtracted from that reference
value and generate the error signal. The Kp and Ki values of the voltage and current
Pl controllers can be changed appropriately.

The reference current to the inductor current controller in the grid-tied mode is
generated from the difference between the input DC voltage to the inverter (Vi)
and an appropriately chosen reference voltage. As the power varies, (Vi) is

regulated by varying the inverter current through varying the reference current.
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In the islanded mode, the reference current is generated through regulating the
load voltage.

A MATLAB function is used to compensate for the differences in the original
control schemes or the two modes by outputting the appropriate control variables
for the desired mode of operation as shown in fig. 8. This analysis is also provided

in the thesis publication [62].

Function
VANV ref V (Kp and Ki) Id (Kp and Ki)
ll + | ref Current
Voltage + Pl . Dut
Y
@‘ Pl = controller ma cycle
vk controlle —

\d Iq (Kp and Ki) DS/ P ==
l l abc

-+ Current I
=P e Pl

Figure 8. The unified inverter control

4.3 BESS Role in the Proposed System

The control scheme for the battery energy storage system (BESS) is incorporated
into that MATLAB function. The function outputs the reference current for the
battery to the battery Pl controller. The battery needs to inject the appropriate
amount of power to aid with the load voltage regulation in islanded model. The
BESS ends up performing several functions in the bigger scheme. Besides the load

voltage regulation, the BESS is utilized to achieve peak-shaving. It helps absorb the

22



excess energy in the LVRT scheme. And it takes the harmonics distortion into
account in its operation — as will be further discussed. This highlights how the
proposed unified control scheme considers the interconnectivity of the different
stages of the SST to achieve a more organized and therefore a more efficient

system. Fig. 9 illustrates the flow chart of the main algorithm.

Begin

Discharge
Battery to 30%
SOC

Update inverter
controller parameters
accordingly

Charge Batt
from grid to
40% SOC [#]

Charge Batt
from PV [*]

No

Discharge Batt
"

Figure 9. The main unified control algorithm

4.4 H-Bridge Control

Since the SST in this system is bidirectional, both sides of the H-Bridge are

controllable semiconductor switches rather than having diodes in the output side.
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The H-Bridge is not needed for voltage regulation, and so it works at a constant
50% duty cycle. The output-side switches are turned off. The H-bridge is connected
to the PV through a boost converter with MPPT capability.

The battery needs to have some power available for use in an emergency power
outage and so, if there’s not enough solar power to recharge it to a safe level, the
algorithm will reverse the direction of power through the control of the H-bridge
so that the battery can be charged from the grid. The H-bridge will continue to
work the same. That is to say, the output-side switches will be turned off, and the
input-side ones will operate at a constant and complementary 50% duty cycle,
only the input and output sides are reversed. The control scheme for the SST H-
bridge is included in the main function so that bidirectionality can be coordinated

with the BESS control.

H-Bridge
Battery
8 gate Reference
signals current
The proposed Algorithm —— ] BESS
algorithm improvement —
Vd/Vd  V ref V (Kp and Ki) Id (Kp and Ki)
ll+ l | ref Current
Voltage - Pl ﬂ Dut
Y
G—)- Pi —) controller ma cycle
s controlle q— |
Id Iq (Kp and Ki) Dg/ PWM | ey
l l abc
+ Current l
=3 = % Pl 4

Figure 10. The main unified control scheme
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4.5 Summary

This chapter discussed the methodology of the unified control scheme which uses
two similar control schemes one for each mode of operation and combining them
in one, doing away with the redundant components. The two schemes are unified
with the help of a function which will prove even more useful than for just that.
The smooth transfer between the two modes is simplified. The control scheme
also includes the control of the isolation stage — as well as the BESS control which
were also described.

Now that the control of all stages of the SST is in one place - in the same function,
any extra method can be added cost-free since a good infrastructure has been
established. here, two extra methods are proposed and added. The first one is an
efficient LVRT method, and the second method is a new harmonic distortion
mitigation method that’s purely software implemented. The final control scheme

is shown in fig. 10.
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Chapter 5
Additional Proposed Methods

5.1 Introduction

So far, a unified control scheme has been presented. The scheme is designed to
be comprehensive yet compact so as to offer a good and a convenient infra-
structure which can accommodate new functions or future modifications. To
illustrate this point, two functions are also proposed in this research in addition to
the main unified control scheme proposal. 1) a harmonic mitigation method that’s
software implemented. 2) an efficient low-voltage ride-through (LVRT) scheme.

Both come at no extra cost - in terms of hardware.

5.2 LVRT

5.2.1 Introduction

Grid codes require the DGs to have low voltage ride-through (LVRT) capability. This
entails limiting the current that is injected to the grid to the rated current as well
as injecting reactive power into the grid in order to help stabilize the grid voltage
and frequency. Several schemes and algorithms have been proposed on the

subject of LVRT.
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[44] proposes a modification to the regular PO method for MPPT to help achieve
the power required for LVRT by setting a reference and controls the voltage based
on whether the difference between the actual power measurement and the
power reference is increasing or decreasing. [45] to allow for reduction of solar
power and regulation of the DC link. The paper provides detailed calculations of
the active and reactive current required during the LVRT operation.

[46] improves the efficiency of the algorithm by letting only a small part of the it
to run continuously. The algorithm also reduces the calculations by incorporating
a delay once a voltage sag is detected and required current reference values have
been calculated. The paper does not provide a detailed explanation of the actual
LVRT control.

[47] incorporates a BESS system to help with the energy management during LVRT
operation. It also proposes recurrent wavelet petri fuzzy neural network
(RWPFNN) controller to provide a faster response to voltage sags which is the
focus of that paper. [48] proposes a supercapacitor (SC) energy storage system
(SCESS) to absorb the excess solar power during voltage sags. The paper does not
present a comprehensive scheme as to how to generate the DC link voltage

reference or whether a voltage sag is the only scenario in which the SC can charge.

5.2.2 The Proposed LVRT

In this method, the BESS allows the MPPT to work through the fault - avoiding
unwanted transient effects - unlike some other LVRT proposals.

The algorithm uses a minimal number of calculations, and it does not run any
unnecessary calculations as is the case with some other reviewed work.

The LVRT method is implemented in the main function. The function outputs Iq

reference to inject reactive power in the grid to help stabilize it as per the
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requirements. It also uses the BESS to absorb the extra energy thereby keeping
the inverter current at maximum of its rated value. The BESS already exists in the

system, so the LVRT functionality comes at no extra cost to the system.

Store
— Vg &Ppy

|_ ¥
&

Yes

Calculate
Pmax
. Yes ‘
Keep Generate Generate
Pre-fault And update And update
Ibat, ref Ibat,ref IQ,ref

x 3 ¥,

figure 11. The LVRT algorithm.

5.3 Harmonic Distortion Mitigation

5.3.1 Introduction

The three-phase bridge of the inverter produces six pulses per cycle on the output.
It produces triple-N harmonics as well as the fifth and seventh harmonic.

Conventional methods to reduce harmonics include i) delta-wye isolation
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transformer which traps the triple-N harmonics in the delta, ii) passive filters
which can be tuned to a single harmonic or a band of harmonics, and iii) active
filters which updates the tuning of the conditioner to avoid it falling out of tune in

case of harmonic shift - [49].

5.3.2 The Proposed Harmonic Distortion Mitigation

Method

The conventional methods for harmonic distortion mitigation discussed above
require bulky and costly components unlike the method proposed in this report
which is software based and involves a minimal number of calculations, given the
pre-existing infrastructure given by the unified control scheme. This method is
described as follows:

In the grid-tied mode, the reference voltage to the inverter is usually chosen to be
slightly higher than the grid voltage plus the voltage across the filter.

Since the filter voltage drops as the current injection drops, we can use a lower
reference voltage without running the risk of saturating the controller, thus
increasing the current and reducing the harmonic distortion. When the current is
very low and therefore has high THD, we should increase the reference voltage to
suppress the current even further eliminating most of that harmonic distortion
that is characteristic of low current. The reference voltage is updated in the main
function along with some control parameters and so, the proposed THD
improvement method is implemented with a few lines of code without any extra
components. It should be noted that the battery should only be allowed to charge
from the PV at power levels that are high enough to avoid high harmonic

distortions, which also is facilitated by the unified control algorithm.
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This is a new Harmonic Distortion improvement method which is only possible

because of the good infrastructure that the proposed unified scheme offers.

/ Store PV /
power / s

Use high Vref

Use low Vref Loyl

Use regular Vref

figure 12. The harmonic distortion mitigation algorithm.

The flow chart depicted in Fig. 12 illustrates and highlights the simplicity of the
implementation of the new harmonic distortion mitigation method within the

main function having established the main unified control scheme.
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5.4 Summary

This chapter introduced further contributions to the main proposal. Namely an
LVRT which was shown to be efficient for several reasons, and a new harmonic
distortion method that is software implemented which means it comes at no cost
to the system given the solid infrastructure established by the main unified control
scheme. The introduction of those two methods illustrates the opportunity for
tackling various challenges cheaply and more efficiently through the same way.
That’s to say, through establishing a similarly organized infrastructure for a given

system.
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Chapter 6
Voltage Regulation in Unbalanced

Load Conditions

6.1 Introduction

So far, an organized and an efficient system has been established. However, the
inverter control schemes which were used as a starting point have their limitations
in terms of load voltage regulation in unbalanced load conditions, yet those
systems were chosen for their simplicity - as simplicity was one of the objectives
of this research.

To add that functionality to the proposed unified control strategy, two possible
options were available to explore:

a- To start over with control scheme that is more suitable for unbalanced load
conditions:

Inverter control schemes which have that functionality tend to have an LCL, unlike
the one subject to this research which has an inductor filter, as seen fig. 5 and fig.
7.[50] is one such example. Its proposed scheme does not need to switch between

the two modes. The voltage controller is allowed to saturate in the grid-tied mode
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and the inverter is controlled as a current source. However, besides the fact that
the system might respond slowly as the voltage controller recovers from
saturation to work in the islanded mode, the LCL filter is bigger and more
expensive, and the scheme is complicated and uses more sensors and
mathematical calculations. [51] proposes another control scheme which
effectively regulates the voltage in unbalanced load condition. It separates the
positive sequence and the negative sequence. The sequences are then controlled
in two different loops. The positive and negative sequence are otherwise coupled.
It too employs an LCL filter. Another disadvantage, besides those of the LCL filter,
is having to double the number of control loops. [52] offers a similar proposal, but
it is in the stationary reference frame rather than the synchronous reference
frame as the previously mentioned papers. It uses a virtual resistor based active
damping methodology based on indirect capacitor current feedback to cancel out
the resonance oscillations due to the third order (LCL) filter which highlights
another disadvantage of the LCL filter.

Although it would be a good opportunity to test the adaptability of the proposed
unified control strategy by testing it with different control schemes, as discussed,
those schemes have their disadvantages which need to be addressed.

b- To modify the system so as it can regulate the load voltage in islanded mode
unbalanced load conditions:

Resonant controllers and digital filters are used for reducing the steady state error
as well as for harmonic compensation. The PR control theory explained in [53].
[54] Discusses the design procedure for the resonant controller. Load imbalance
creates negative second harmonic in the d-q reference frame. The R-controller
should be tuned to the second harmonic to compensated for the voltage

imbalance — Ref [55]. The proportional resonant (PR) controller has the advantage
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of compensating in the positive and negative sequence simultaneously — [54]. [56]
proposes a multi-resonant controller to compensate for the 2" harmonic caused
by the unbalanced load condition as well as two more compensators for the
harmonics caused by non-linear loads. It is possible, or even probable, that the
compensation for non-linear load harmonics obscured the fact that the first
compensator produces the inverse 5™ and the direct 7" harmonics. [57], [58], and
[51] propose decoupled sequence control. That is to decouple the negative and
positive sequence and control them separately. The coupling relation is given by
(8) through (13) - The obvious disadvantage is, of course, having to double the
number of controllers.

n 7 AN 5
vagr = |V ] _ [vd ] + Vd"] (8)

Vgt Vq" vdr

Vd”] _un [COS(wn) )

Vgl ~ " lsin(e™)

Vd" _ m s [ cos((n — m)wt) m e ms [sIN((n — m)wt)
[Vq”] = V™ cos(e™) [—sin((n — m)wt) +V™sin(e™) [cos((n —m)wt) (10)
and
m _ [Vd™] _  [Vad™ vam

vdq™ = Vq’”] - qu] ¥ Vdm] (1)
pan]= v [Z?SEZ,’Q (12)
Vd™ s [cos((n — m)wt) m o [—SIN((n —m)wt)
[qu] =V cos(g )[sin((n — m)wt) +V™ sin(™) cos((n — m)wt) (13)
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Where Vdq™ and Vdq™ are two reference frames rotating at nw and mw
respectively, and n and m can be either positive or negative. The bar accent denotes

DC, and the Tilda accent denotes AC.

6.2 New Proposal for a Resonant Filter
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figure 13. The Resonant controller

This research also proposes a Resonant controller - Fig. 13 — to be used with the
Pl controller to balance the load voltage in the islanded mode. The R-
controller/filter is tuned to the second harmonic. The transfer function of the R-
controller is given by (14), the transfer function of the PI controller given by (15),
and the overall transfer function for the voltage controller is given by (16). The
synchronous reference frame rotates at the inverse fundamental frequency. This
help to avoid the added harmonics which are seen when the d-q reference frame

rotates at the direct fundamental for the same R-controller setup, namely the
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inverse 5" and the direct 7" harmonics - see case study 6. As mentioned earlier in

chapter 4, wt is generated independantly at a constant value which is the ideal

grid frequency. i.e., 260 as can be be seen in fig. 14.
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Figure 14. wt in the direct fundemental rotation.
The synchronous reference frame can be made to rotate at the inverse

fundamental frequency simply by inversing the values of the ramp signal, as can

be seen in fig. 15, with no need for any extra components or calculations.
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wt in the inverse fundemental rotation
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Figure 15. wt in the inverse fundemental rotation.

By avoiding decoupling the positive and negative sequences, only two R-controller

are used —one for Vd control and the other Vg control, where Vd and Vq are direct

and quadrature components of the load voltage respectively. The Bode plots for
the two R-controllers are shown in Fig. 16.
The transfer function of the R-filter is:

kr

212
s2+w5

(14)

Where kr is the gain of the R controller and w, is the angular second harmonic.
The transfer function of the Pl controller is:

kp.s+ ki

N

(15)

And hence, the complete transfer function of the voltage controller with the R-filter is:
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kp.s+ ki kr
s s2+w3 (16)

The resonant controllers' Bode plot
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figure 16. The R-controllers’ Bode Plot.

6.3 Standards for Important Voltage Regulation

Parameters

[60] discusses the most prominent standards. It mentions that EN 50160 standards
sets the limits some important design parameters as follows:

Maximum voltage THD is 8 %.

Maximum 3" voltage harmonic level is 5%.

Maximum 3" voltage harmonic level 6%.

Maximum 3" voltage harmonic level 5%.
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Voltage unbalance for three-phase inverters. Maximum unbalance is 3 %.
Voltage amplitude variations: maximum +10 %.

Frequency variations: maximum x1 %.

While IEEE 519-2014 sets a limit of 8% for the voltage THD and 5% for individual
harmonics for V = 1.0kV, and a limit of 5% for voltage THD and 3% for individual
harmonics for 1kV <V < 69kV — [61].

6.4 Summary

This chapter introduced another proposal which complements the main proposal,
namely, a resonant controller tuned to the second harmonic while the d-q
reference frame rotates at the inverse fundamental frequency. Some of the
relevant standards are discussed. The proposed method is effective in balancing
load voltage and the voltage harmonics are kept within the permitted levels, while
using only two R-controllers. A comparative analysis of methods to regulate the

voltage in unbalanced loads conditions were provided in the introduction section.
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Chapter 7

Simulation

7.1 Simulation Set Up

Seven case studies are presented in this chapter. Case studies 1, 2, and 3 were
devised and presented below to illustrate the main features of the SST, thereby
validating the unified control strategy. Case studies 4 and 5 demonstrate two more
proposals, namely the LVRT functionality and the harmonic mitigation method
which validates the versatility of the unified control strategy as well as validates
those individual proposals. Case study 6 presents the voltage regulation results for
the proposed R-controller presented in the previous chapter. Case study 7
contrasts the proposed R-controller with the case when it is implemented in a d-q
reference frame rotating at the direct fundamental frequency in terms of
harmonics.

The system discussed in chapter 4 was built in Simulink and the main algorithm is
implemented as one MATLAB function. A time step size of 1 micro-second was
used. The simulation is high fidelity since Simulink is a real-time software. In fact,
since simulation takes place over a period in the order of tenths of a second, the
transient effects resulting from changing the values of different parameters is

magnified many times and therefore it makes for a tougher environment than in
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a real-life system. However, it is a good practice to test new proposals in real-life

situations, but that is left for future work.

7.2 Case study 1 - Seamless Transition Between

Modes of Operation

A smooth transition between the islanded and the grid-tied modes is one of the
main requirements in a system such as the one in discussion - to guarantee a
smooth and a safe operation. In this case study, the main parameter selected for
observation is the load voltage through which the smooth transition can be
verified. However, because the transition can happen at different PV power levels,
this scenario is also examined. The BESS is used to help with regulating the load
voltage in varying solar power levels. Therefore, those three parameters are
presented for observation in Fig. 17.

In that figure, a three-phase breaker disconnects the grid at 0.05 seconds. The
islanded mode control is triggered by the detection of zero grid current, and the
control parameters are updated. The PV power is decreasing, but the battery is
controlled through the main algorithm so that it allows the load to have the right
amount of power. The grid is reconnected at 0.2 seconds. The load voltage level is
regulated to match that of the grid voltage, thus achieving a seamless transfer

between the two modes.
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Figure 17. The seamless transfer between modes - Top: PV power, Middle: Load voltage,

Bottom: Battery current.

7.3 Case Study 2 - Peak-Shaving

Peak shaving is a desirable function in power systems, specially in DGs, since it
helps increase the efficiency of power generation. The main component which
performs peak shaving is the BESS. The energy which the battery injects into the
grid will show itself as inverter current as well as batter current. The PV power
profile determines the profile of inverter current if no other input is considered,
i.e., the battery current. Therefore, those are the parameters which are being
investigated. They are presented in Fig. 18 and described as follows.

The filter current is decreasing linearly, reflecting the decrease in solar power. The

on-peak period is defined in the main algorithm to be from 0.1 seconds to 0.35
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seconds. The battery is discharging into the grid, and its current is superimposed
on the PV boost converter current during the on-peak period. At the end of the
on-peak period, the battery is not allowed to resume its charging state since the
PV power is low, and that would lower the inverter current and increase the

harmonic distortion.
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Figure 18. Peak-shaving - Top: PV power, Middle: Inverter current, Bottom: Battery

current.

7.4 Case Study 3-SST Bidirectionality

The BESS should be able to serve as energy back up. However, if there isn’t enough
solar power available to charge the battery to a safe level, then the H-Bridge

should be controlled such that it reverses the direction of power flow thereby
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allowing the battery to charge from the grid. To prove the correct operation of
that scenario, the battery should be shown to charge, the inverter current should
correspond to the charging of the battery, and the solar power should be shown
to have no input in that charging process. Therefore, those parameters are
presented in Fig. 19 for analysis as follows.

The solar power is decreasing. The battery is not allowed to charge any more to
reduce the harmonic distortion. The low current is suppressed by the proposed
THD improvement method. As per the algorithm, the H-bridge reverses the
direction of power to allow the grid to charge the battery to a level that allows it
to serve as a power backup in case the grid gets disconnected. The battery is
shown to charge while the solar power is zero, indicating that the source of power

is the grid.
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7.5 Case Study 4 - LVRT

The proposed LVRT method is a stand-alone proposal. It also serves as a way to
validate the versatility of the proposed unified control strategy and hence, it was
important to develop a case study for it. The test parameters are the solar power
which would indicate the status of the MPPT, the inverter current and the grid
voltage plotted on one figure to show the successful injection of the required
reactive power into the grid through the phase shift, the battery current and the
inverter current to show how the inverter current is successfully limited to its
rated value.

The E. ON LVRT requirements which are presented in [44] are used as an example
to test the proposed LVRT algorithm. The model discussed earlier was built in
Simulink. The irradiance was set at a high value of 1000 to guarantee excess power
and therefore test whether the BESS can absorb that power to protect the
inverter. A 3-phase ground fault through a resistor was created at critical load
which is parallel to the grid connection at time 0.05 seconds and cleared at time
0.1 seconds.

The simulation results in Fig. 20 and Fig 21 show the grid current is in phase with
voltage before and after the fault, but it leads the voltage during the voltage sag,
thereby injecting reactive current into the grid — only phase c is shown for better
visibility - and the algorithm is able to provide the correct the battery reference
current to the controller of the BESS allowing the battery to absorb the excess
power and keeping the inverter current below its rated value which is specified in

the algorithm as 110 (A).
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7.6 Case Study 5 - Harmonic Distortion Mitigation

The proposed harmonic distortion mitigation function is an original way of
mitigating harmonic distortion, and it is necessary to demonstrate that in this
work. The inverter current and its harmonics are the only parameters needed for
this demo. The result is contrasted with the same case without the proposed
method for comparison in Fig 22 and Fig 23.

In both figures, the solar power is made to decrease linearly. At high PV power
indicated by the higher current side, the reference voltage is chosen to be slightly
higher than the grid voltage plus the voltage across the filter. A lower reference
voltage would result in controller saturation. As the filter current decreases, so
does the voltage across the filter, and so the reference voltage is lowered by the
algorithm without causing the controller to saturate, thereby increasing the
current and reducing the harmonic distortion as can be observed around 0.27
seconds. When the PV power and, therefore the inverter current is noticeably low,
the algorithm increases the reference voltage to reduce the current even further.
This happens at time 0.44 sec. The Kp values had to be adjusted. Fig. 23 represents
the same scenario without the THD improvement method. It can be seen in fig. 22
and fig. 23 that the proposed method results in THD reduction from 15% to 8% at
medium to low PV power and from around 70% to around 3% at very low PV
power. The power levels at which the reference voltage is changed are chosen

according to the corresponding values of THD.
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7.7 Case Study 6 — Unbalanced Load

The purpose of this case study is to validate the fourth proposal of this research,
namely the R-filter. The load voltage is the main parameter required to demo the
performance of the R-filter, but the load current is also needed to show the state
of load i.e., it being unbalanced. This is contrasted with the case without the
proposed R-filter for comparison in fig. 24 and fig. 25.

The higher current in one of the phases in fig. 24 and fig. 25 indicates unbalanced
load conditions. This was simulated using a 5-Ohm resistance in that phase and
two 20-Ohm resistances in each of the other two phases. The voltage is
unbalanced in fig. 24. The R-controllers for Vd and Vg, given by the Bode plots in
fig. 16 are then connected as per fig. 13. As a result, the voltage can be seen

balanced in fig. 25.
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Figure 24. Balanced voltage in unbalanced load condition.
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Figure 25. Unbalanced load condition without balancing measures.

7.8 Case Study 7 — R-controllers” Harmonics

Comparison

As discussed in chapter 6, [56] proposes a resonant controller to compensate for
the 2" harmonic in the d-q reference frame, but it is used in the direct
fundamental d-q reference frame. It also proposes two more compensators for
the harmonics caused by non-linear loads which are tuned to the 6™ and the 12t
harmonics. This case study is devised to show that extra filters besides the ones
tuned for the 2" harmonic would be needed in this case even if no non-linear
loads were connected to the system and that filtering the 2" harmonic this way

would create more harmonics namely, the inverse 5™ and the direct 7t".
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Fig. 26 shows the result of that the proposed method. Ignoring the transient
effects, all the main harmonics are shown to be withing the 3% limit given by IEEE
519-2014 standards. The fundamental component - now the inverse fundamental
since the rotation is in the opposite direction — is off the scale to allow for better
visibility for the levels of the other harmonics. The other method, on the other
hand, results in high inverse 5™ and direct 7" harmonics as can be seen in fig. 27.
It is the direct fundamental that is off the scale there since it is the main
component in the direct rotation. The voltage regulation results of that method
are shown in fig. 28. The voltage is balanced. However, it does not appear
balanced as it should due to the large harmonic spikes.

The results validate the reason for implementing the R-controller in the inverse

fundamental rotation d-qg reference frame as per the proposed method presented

in chapter 6.
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7.9 Summary

This chapter presented seven case studies were simulated in Simulink. Case
studies 1, 2, and 3 illustrated the main features of the SST, thereby validating the
unified control strategy. Case studies 4, 5, 6, and 7 demonstrated three more
proposals, namely the LVRT functionality, the harmonic mitigation method, and
the proposed R-controller presented which further validates the control strategy
and highlights its versatility. Further case studies should also be devised to
examine the system behaviour during load variations and during various faults

which left for future work.
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Chapter 8

Conclusions and Future Work

8.1 Conclusion

Research proposing a unified control strategy for SST has been presented in this
report. The control strategy is designed to be comprehensive, yet compact and
offer a good and a convenient infrastructure for future modifications. The control
of all stages of the SST is managed in one function where the inter-connectivity of
all the SST stages is considered. This proposal gave rise to three more proposals
which have also been presented here. Namely, an efficient LVRT scheme, a
software-based harmonic mitigation method, and a resonant controller in the
inverse fundamental d-q reference frame to help regulate the load voltage in
islanded mode in unbalanced load conditions. Those proposals aim to compliment
the control strategy and illustrate its versatility and efficiency.

It is important to give a solid background to the main research and so, after giving
a brief introduction in chapter 1, chapter 2 provided a comprehensive overview of
the SST’s physical structure and topologies. A general description of the SST
control was also presented; however, chapter 3 expands on the control of the SST
- particularly the inverter control and the BESS control - given the relevance of that

to this research.
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The proposed system and the unified control strategy were presented in chapter
4 — highlighting the originality and uniqueness of the proposed control strategy
and how it considers the interdependency of all the stages of the SST to achieve
better organization and efficiency - whereas previous literature on SST control
have failed to do so.

The proposed LVRT and the harmonic distortion mitigation methods were
presented in chapter 5, while the resonant controller proposal was presented in
chapter 6. The most relevant literature review was presented in chapters 2, 3, 5
and 6 - as per the presented topic. In terms or LVRT, the proposal has been shown
to be highly efficient in comparison with the reviewed strategies. As to the
harmonic distortion mitigation proposal, it is clearly original, in that, it is software-
based whereas other harmonic distortion mitigation methods have been
hardware-based. This, of course, improves the quality of the system without the
use of any extra hardware which translates to lower cost. This is new approach of
harmonic distortion mitigation which was possible only because of the
infrastructure which the proposed control strategy offers. The proposal voltage
regulation in unbalanced load condition was also contrasted with previous work
and found to be superior since it only uses fewer filters used in that other paper
with no trade-offs as explained in section 7.8.

The standards for the most relevant design parameters were presented in chapter
6 to demonstrate the proposals ability to meet the standards.

Seven case studies were devised and conducted in Simulink. The simulation results
were presented in chapter 7. The proposed resonant controller was shown to
achieve balanced voltage in unbalanced load conditions and satisfy the standards
in terms of levels of harmonics, voltage imbalance and voltage variations. The

LVRT method was demonstrated to be efficient for several reasons as discussed in

55



chapter 5. The harmonic distortion mitigation method results in THD reduction
from 15% to 8% at medium to low PV power and from around 70% to around 3%
at very low PV power. The proposed R-filter for voltage regulation in unbalanced
load conditions has been shown to provide balanced voltage regulation while
maintaining an acceptable level of harmonics as per the standards which were also
presented in this report. And hence, all the proposals have been verified as
described and the main unified control strategy has been demonstrated to be

effective and efficient.

8.2 The Applicability and Safety Considerations

As discussed in section 4.1, the SST starts from the DC link at the output of the PV
DC/DC converter. It does not see what is behind that — whether it is a PV, a wind
turbine, or otherwise. Therefore, the applicability of the proposals of this research
are not limited by the specific type of the DG.

Furthermore, there is no limitations in terms of scale. The system can be scaled up
and, although it might be obvious that the hardware configuration will be affected
and a careful analysis will be needed to determine the exact limitations, since the
proposals are software solutions, they will not be affected by scalability and the
resulting change in hardware configuration. The concepts and the main algorithm
will still apply. However, some specifics will need adjusting. For example, the
algorithm outputs the various gate signals depending on the present case and so,
if the number of switches change because of scalability then that needs to be
reflected in the code.

The safety considerations of power systems are established, and requirements
and standards are provided in the applicable standards to ensure the safe

operation of the system - as discussed in section 6.3 for example. LVRT
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requirements, for another example, ensure the stability of the power system as
well as the protection of the inverter. The proposals of this research do not, in and
of themselves, create safety issues given their software nature. However, the
proposals do, as they must, comply with all the applicable requirements and

standards.

8.3 Future Work

e Future work regarding the proposed unified control strategy should
include investigating the system behaviour with non-linear loads and
subsequently propose mitigation method/s for dealing with the harmonics

created as a result of the non-linear load.

e More case studies could be performed to investigate the behaviour of the

system in various kinds of faults and load variations.

e As previously discussed, the proposed unified control strategy design
started with inverter control schemes which had their limitations. Future
work research can investigate taking the same approach of the proposed
unified control strategy but use a more advanced inverter control schemes
as the starting point. Favourable results could be used to establish the
generality of the proposed unified control scheme. Another good objective
is to investigate whether the unified control strategy can be used to

simplify existing such schemes.
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The versatility of the proposed unified control strategy means that it could
extend beyond the control of the SST and to the DG and its converter be
that solar or wind power generation, and so that would be a viable future

research topic.

Future work should include testing the proposals in a real-life system.

Other possible future research is to test the proposed control strategy in
wind power setting. This does not seem to be an urgent topic since the
distributed generation is not considered to be part of the SST or its control.
However, as discussed in the third bullet point here, it is possible that the
proposed unified control strategy is used to simplify the DG, in which case
it would be a good idea to investigate that proposal in a wind power

setting.
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Appendix (A) — Equations

Inductor current coupling equation 1 L% ig=wsiq+ VL—L (1)
Inductor current coupling equation 2 L%iq = —wsid+ VL—L (2)
The abc to dq0 transformation Xago = To . Xabe (3)
The abc to dq0 transformation Xave =To ™" - Xago (4)

cos(B) cos (9 — 2?“) cos (9 + 2?“)

—_ 2| _ i _zmy 2n
To = 3 sin(@) —sin (9 2 ) sin (9 +3 ) (5)
1 1 1
2 2 2
cos(0) —sin(0) 1
. 2T . 2T
ryt = |sin(0-5) —sin(0-%) 1 (6)
cos (9 + 2?“) —sin (9 + 2?“) 1
L-filter inductance L= % (7)
3

d-q reference frames coupling equations (8) through (13):

n_ [Vd™] _  [Vd™ var
vdq® = Vq"] - Vq"] * Vd"] (8)
vd™] _ ., [cos(e™)
Vq"] - [sin(go") (9)
Vd™ _ o m m [ cos((n — m)wt) m e ms [sin((n —m)wt)
[Vq”]_v cos(¢ )[—sin((n—m)wt) +V™sin( )[cos((n—m)a)t) (10)
m o [Vd™] _  [Va™ yam
vae™ = qu] B qu] * Vdm] (11)
Vdm]_ g [sin(gom) (12)
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cos((n —m)wt) —sin((n — m)wt)

Vdm] _on n o
[qu =V cos(p™) sin((n — m)wt) +V™sin(™) cos((n — m)wt)
The R-filter transfer function: Zkr >

setws

kp.s+ ki

The transfer function of the PI controller: .

kp.s+ ki kr

T Stz

The transfer function of the voltage controller with the R-filter: o
2
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