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INSTANTANEOUS REACTIVE POWER CONTROL AND ITS MODEL FOR
SINGLE PHASE LOADS

ABSTRACT

In this thesis, non-active current theory based on average concept and
instantaneous reactive power theory (p-g theory) based on Clark transformation have
been studied and analyses of reactive power and reactive current calculation of these
theories has been represented. Based on analyses limits of both theories by means of
case studies has been realized. New switching function of gate pulses has been
extracted and has been examined in state space model in MATLAB/Simulink and
programming. Based on model investigation and basic reactive power flow concept

novel Cascade PI controller has been proposed.

MATLAB simulation of p-q theory with hysteresis current controller, non-active
current theory with SPWM controller and proposed cascade PI controller has been
established and effectiveness of control methods has been examined. Finally in a
laboratory prototype DSP based implementation has been built and by means of
C/C++ language represented theories’ code have been executed and simulation and

analyses results are verified by experimental ones.

Keywords: p-g theory, non-active current theory, power quality, STATCOM, active
power filter, reactive power compensation, single-phase system, SPWM, hysteresis

current controller



TEK FAZ YUKLER iCIN ANLIK REAKTIF GUC KONTROLU VE
MODELLENMESI

Oz

Bu tezde, ortalamaya dayali aktif olmayan akim teorisi ve Clark doniisiimiine
dayali anlik reaktif gii¢ teorisi incelenmis ve bu teorilerin reaktif gii¢ ve reaktif akim
hesaplama analizleri sunulmustur. Analizlere dayanarak, Ornek calismalar
aracilifiyla her iki teorinin de sinirlart belirlenmistir. Kap1 darbe sinyallerinin yeni
anahtarlama fonksiyonu elde edilmis ve durum uzay modelinde MATLAB/Simulink
ve programlamada incelenmistir. Model incelemelerine ve temel reaktif gii¢ akis

kavramina dayanarak yeni ardisik PI denetleyici onerilmistir.

p-q teorisi histerezis akim denetleyicili, aktif olmayan akim teorisi siniisoidal
darbe genisligi modiilasyonu (SPWM) denetleyici ile birlikte ve onerilmis ardisik PI
denetleyicinin MATLAB benzetimi yapilmis ve bu kontrol yontemlerinin etkinligi
incelenmistir. Son olarak DSP islemci tabanli bir g¢alisan laboratuvar prototipine
C/C++ dilinde, gosterilmis olan teoriler yiiklenerek benzetim ve analiz sonuglar

deneysel sonuglar ile dogrulanmustir.

Anahtar Sozcukler: p-q teorisi, aktif olmayan akim teorisi, giic kalitesi, Statik
Senkron Kampansator (STATCOM), aktif gic filtresi, reaktif gic kompanzasyon,
tek faz sistem, siniisoidal darbe genisligi modiilasyonu (SPWM), histerezis akim

denetleyici
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CHAPTER ONE
INTRODUCTION

Active power is the useful part of total electric power which is led to net transfer
of energy in one direction. However, reactive power is oscillating part of electric
power which does not contribute any useful power from/through network and causes
losses and heats the cables in the system. Therefore reactive power compensation and
power factor correction has been a significant problem and research issue in power
systems. Although Passive Filters (PF) have been known as simplest solution to this
problem, by introducing and increasing non-linear loads and random variation of
reactive power in power electronic devices which draw harmonics and reactive
power component e.g. implemented in renewable technologies, HVYDC and FACTS;
the demand to instantaneously compensate reactive power, an intelligent and
adjustable system has been taken attention of researchers and variety of control
methods has been designed and introduced to power system society. Despite PFs,
STATCOMs and APFs have the ability to compensate reactive power and mitigate

harmonic content of system without any energy storage components.

By increasing propagation of power electronics device to daily life and low
voltage application or other single-phase harmonic polluted loads like traction
systems or arc furnaces the necessity of single phase STATCOM and APF applicable
in low or medium voltage has been sensed. Also single-phase configuration is useful
for unbalanced three wires or four wires systems where by means of three
independent single-phase STATCOM for each phase reactive power burden of each

phase can be controlled and the system’s balance has been realized.

Control methods and theories which are responsible for reactive power and
reactive current calculation is one of the most important components of STATCOMSs
and APFs for multi-phase or single-phase systems. Commonly this calculation
burden has been carried out in digital processors like microprocessor or

microcomputer. Standard approach of these theories are based on average concept or



frequency domain calculation, however for fast and instantaneous compensation

variety of theories and control methods in time domain has been investigated.

This thesis comprises six chapters. An overview of reactive power and harmonic
compensation systems, different configuration and classification based on various
parts of systems has been carried out in chapter two. Chapter three deals with
analytical approach on two control methods; non-active current theory based on
average concept and p-q theory based on Clark transformation and instantaneous
concept. Reactive power and reactive current calculation has been studied and some
misinterpretation or limits of these theories have been distinguished. Based on
Sinusoidal Pulse Width Modulation (SPWM) continuous switching function of gate
pulses has been extracted in chapter four. It is implemented in well-known single
phase STATCOM and APF model in MATLAB Simulink and programming
environments. MATLAB/Simulation model, MATLAB/Simulation co-working with
DSP and stand-alone TM320F2812 eZDSP based laboratory prototype configuration
and results are came in chapter five. Finally the conclusion has been made in chapter

SIX.



CHAPTER TWO
REVIEW ON REACTIVE POWER AND HARMONIC COMPENSATION

Reactive power compensation was introduced to power system from early days
that ac power systems were born, because most of industrial and urban loads absorb
inductive current and reactive power from system and this imaginary current not only
doesn’t contribute any power to the load but also causes excessive power losses in
the transmission lines and distribution networks. Traditional solution to compensate
reactive power was capacitors that connected to the front end of the loads as close as
possible to the load. This scheme fairly satisfied the compensation requirements of
early power systems, however, by introducing solid state devices to the electrical
engineering, harmonics are came to existence. These harmonics like reactive current
led to losses in the power system and beside this effect they cause resonance
problems. Harmonic mitigation in power system was became a new challenging
problem for electrical engineering and Passive Filters (PF) were introduced to power
systems to trap harmonics in a L-C resonance branch and hinder these undesired
components to propagate to the system. Varieties of combination of series and
parallel L-C branches have used to compensate wide range of harmonics in power

systems. Some prevalent schemes of PFs are shown in Figure 2.1.

Figure 2.1 Passive filter schemes



Proliferation of solid state devices such as thyristors, Bipolar Junction Transistors
(BJT), Metal-Oxide—Semiconductor Field-Effect Transistors (MOSFET), Gate-
Turn-Off thyristors (GTO) and Insulated Gate Bipolar Transistors (IGBT) led to
flourish the power electronics and this thriving intrinsically propagated harmonics to
the network. Passive filters not only were not able to compensate those wide range
harmonics but also might cause resonance problems. Also complexity and size of
PFs became another major problem. High technology solid state devices make it
possible to control current and voltage instantaneously and 70-80 decades of
twentieth century was turning point in reactive power and harmonic compensation
where Static Synchronous Compensator (STATCOM) and Active Power Filter
introduced to power systems. (Gyugyi, & Strycula, 1976), (Harashima, Inaba &
Tsuboi, 1976), (Epstein, Yair & Alexandrovitz, 1979) and (Akagi, Kanazawa &

Nabae, 1984) were pioneers in instantaneous reactive and harmonic compensation.

AC Supply PCC
IIVC&IC
Vel
&
= o lioap
B Gate ﬂ’ chc_l
Pulses ) ‘
|
Current controller jem—— Reference c'urrent
calculation

Figure 2.2 Generic scheme of instantaneous reactive power and harmonic compensation

Figure 2.2 represented the generic scheme of instantaneous reactive and harmonic
compensation where in Point of Common Coupling (PCC) load current and voltage
are measured continuously and by using a proper calculation method, active power,
reactive power, active current and reactive current are calculated instantaneously and
the reference current for compensation purpose is extracted. Then by means of a
current control strategy gate pulses are generated in order to force Voltage Source



Invertor (VSI) or Current Source Invertor (CSI) to follow reference current.
Classification of STATCOMSs and APFs is based on these three basic parts that are

shown in Figure 2.2.

Aim of this chapter is to represent a brief review of instantaneous reactive and
harmonic compensation and its classification based on invertor type, topology,
supply system, reference current calculation theory or method and current control

strategy.

2.1 Classification Based on Inverter Type

2.1.1 Voltage Source Invertor

The most dominant and wide accepted invertor type that is used in instantaneous
reactive power and harmonic compensation is Voltage Source Invertor (VSI) because
it is lighter than CSI, cheaper and expandable to multilevel versions to enhance the
performance and decrease the switching frequency which is very important factor in
design and implementing the STATCOMs and APFs. Figure 2.3 shows a shunt
STATCOM with VSI that utilized a capacitor as storage device to provide DC

voltage for invertor and also supplies switching losses. A series inductance X_at the

input of a VSI bridge is normally used as the buffer between supply terminal voltage
and PWM voltage generated by the STATCOM. In this figure VSI is represented
based on IGBTSs and free wheeling diodes. Configuration of VSI differs depending
on application, voltage level, switching frequency and other features of system and

circuit that is comprised.

2.1.2 Current Source Invertor

Current Source Invertor (CSI) is another invertor type that is used in STATCOM
applications. Figure 2.4 represents a shunt scheme of STATCOM with CSI as



AC Voltage Source I I,
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Figure 2.3 Active power filter with voltage source inverter

AC Voltage Source L I

Current
Source
Inverter

Idt:

Figure 2.4 Active power filter with current source inverter

compensation current controller. In this scheme CSI behaves as nonlinear current
source that produce nonlinear current or reactive current requirement of load thus
source voltage just needs to supply active current for load. In Figure 2.4 a diode is
used in series with IGBTs for reverse voltage blocking. However, GTO-based
configurations do not need these series diode but they have restricted switching
frequency (Singh, Al-Haddad & Chandra, 1999). CSIs are considered reliable
structure for STATCOMSs and APFs (Hayashi, Sato & Takahashi, 1988) but they are



heavier than VSI because they comprised inductances and also they produce higher
losses and require higher value of parallel capacitors. Moreover they cannot be used
in multilevel modes to decrease switching frequency and improve performance in

higher voltage rating.

2.2 Classification Based on Topology of Circuit

Based on topology of the circuit and the way that STATCOMSs and AFPs are
connected to main system, they are classified to shunt or series, the combination of
both shunt and series which is known as Unified Power Quality Conditioner (UPQC)
and combination of passive filters with APFs which is named hybrid filter. Generally
a passive ripple filter is used at the terminal of the supply system, which compensates
for switching harmonics and improves the THD of the supply voltage and current

based on the type of filter and compensation purpose of the filter that was chosen.

2.2.1 Shunt STATCOM and Active Power Filters

As introduced earlier a three-phase or single-phase invertor is used as STATCOM
or APF. In shunt scheme, ac side of three-phase or single-phase invertor is connected
in parallel with load and supply through a snubber inductance to compensate
undesired components of current or voltage. Figure 2.3 and Figure 2.4 represent
schematic of shunt STATCOM or APF with VVSI and CSI respectively. Shunt APFs
are used for current harmonics and reactive power compensation, balancing
unbalanced currents and also they are implemented in Uninterruptable Power Supply
(UPS) utilities to enhance the efficiency and reliability of power supply (Choi, Park
& Dewan, 1995). As discussed in (Akagi, Watanabe & Aredes, 2007) most effective
performance of shunt APF is reached when it is installed at the end of a radial feeder.



2.2.2 Series Active Power Filter

Series APF is using a matching transformer which is connected in series with load
and supply to eliminate voltage harmonics, balance and regulate terminal voltage of
the load or line, reduce negative sequence voltage and regulate the voltage that
supplies the load. Without matching transformer higher voltage rate switches are

needed in order to endure line voltage press (Nastran & et al. 1994).

AC Voltage Source I,

©

Voltage
Source
Inverter

Figure 2.5 Series active power filter with voltage source invertor

Figure 2.5 represents a series APF with VSI which is responsible for undesired
voltage components like harmonics, spikes, sags, notches, etc. Instead of VSI a CSI
can be used as PWM invertor to produce desired voltage and current in APF as

represented in Figure 2.6. The V. is injected to the system in a way that satisfies the

systems requirement.
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Figure 2.6 Series active power filter with current source invertor

2.2.3 Unified Power Quality Conditioner

A combination of series APF and shunt APF where two inverters are connected
back to back and share the same dc link component either capacitor or inductor is
titled in literatures as Unified Power Quality Conditioner (UPQC). In this
configuration as shown in Figure 2.7 series APF eliminates voltage harmonics,
balance any distortion in supply power and attenuates any other undesired
components of voltage and shunt APF is responsible for reactive power, current
harmonics, unbalance and hinder other current polluted components. Consequently it
could be considered as an ideal APF which eliminate both voltage and current
impureness and it is capable to give clean power to critical and harmonic-prone loads
and isolate harmonic sensitive loads such as computers and medical equipment. Also

it has been implemented in UPS system effectively (Kamran & Habetler, 1998).

Both VSI and CSI are applicable however, VSI structure has been preferred in
most literatures because it is more economical in terms of component cost and

availability.
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Figure 2.7 UPQC using capacitor as DC link component

In configurations that are shown in Figure 2.7 & Figure 2.8 the switching devices
must have uni-directional current and bi-directional voltage capability (Moran,
1989). UPQC main drawbacks are its large cost and control complexity because of

the large number of solid-state devices involved.

2.2.4 Hybrid Power Filter

The APFs consisting of VSI or CSI have such a problem that they are inferior in
initial cost and efficiency to passive filters. Therefore, it is rational that attention has
been paid to combine APF with passive filters under classification of hybrid power
filter. In configuration that is represented in Figure 2.9 the function of series APF is
not directly compensate reactive power or current harmonics however, by
suppressing the voltage harmonics it enhance the performance of passive filter
(Akagi, 1994).
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Figure 2.8 UPQC using inductance as DC link component
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Figure 2.9 Hybrid filter with series APF

Passive filters are quite popular because the solid-state devices used in APF can
be of reduced size and cost (about 5% of the load size) and a major part of the hybrid
filter is made of the passive shunt L-C filter used to eliminate lower order harmonics
(Bhattacharya & Divan, 1995). Figure 2.10 represents hybrid filter with shunt APF

which is less common than configuration that is represented in Figure 2.9.
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Figure 2.10 Hybrid filter with shunt APF

2.3 Classification Based on Supply System

From power supply or the load point of view STATCOMs and APFs are classified
to single-phase, three-phase three wire and three-phase four wire configurations.

2.3.1 Single Phase Active Power Filter

In applications such as in electric traction and in several large manufacturing
plants, it is common that a large portion of the load is comprised single-phase type.
Also large numbers of domestic nonlinear loads exist and they propagate reactive,
harmonic and unbalanced currents to the networks. Power system administrator has
established penalties to end users who exceed standard’s maximum limit for
harmonic, reactive power and unbalanced current that are allowed to be injected to
the system. Then, single-phase STATCOM and APF is attracted high attention in
recent years. All configurations like shunt, series, UPQC and hybrid can be
implemented in single-phase consideration. In some cases, active filtering is included
in the power conversion stage (Chen & Divan, 1991) to improve input characteristic

at supply end.
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2.3.2 Three Phase Three Wire

Most industrial three-phase loads like Adjustable Speed Drives (ASD) are fed by
three wire systems. These facilities are used to enhance controllability and efficiency
of induction motors or other motor types, however beside wide range advantages that
have introduced to power system, they propagate reactive current and harmonics to
networks. Three-phase three wires APF with three wires on the ac side and two wires
in dc side, are used in front end of these equipment to attenuate problems of these
loads. In some configuration three single-phase APFs are considered to prepare
independent controllability in each phase and reliable compensation with unbalanced

systems.

2.3.3 Three Phase Four Wire

A large number of residential and industrial single phase loads are supplied from
three phase mains with neutral conductor where single phase load is connected
between phase to neutral. Although single phase loads try to be distributed equally
between phases, however, they cause excessive neutral current, harmonic and
reactive power burden, and unbalance that sum up in neutral conductor and produce
high neutral current with harmonics in system. Three-phase three wires STATCOMSs
and APFs are not able to deal with this problem then, three-phase four wires scheme

was investigated and well-designed to accompany with neutral current.

There exist two major configurations for this APF type: Capacitor midpoint type
and four-pole switch type which are represented in Figure 2.11 and Figure 2.12. Also
three single-phase bridge configuration is possible but the number of switches are the
dominant drawback of this scheme. Capacitor midpoint type has implemented in
smaller ratings while the ac neutral wire is directly connected to the electrical
midpoint of the dc bus (Moran & et al. 1995). Four legs type has better
controllability (Quinn, Mohan & Mehta, 1993) and can be implemented in higher

ratings.

13
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Figure 2.12 Three-phase four wire APF four legs type

2.4  Classification Based on Control Strategy

Control strategy is the most important part and heart of the STATCOMs and
APFs and development of compensation signals either in terms of voltages or
currents is taken place in control block and it can affect their rating, transient as well
as steady state characteristic. From this point of view two major classifications are
possible for methods that are being used in STATCOMs and APFs which in both

14



categories variety of methods and implementations are exist in literatures and have

been taken to practice.

2.4.1 Frequency Domain Methods

Fast Fourier Transform (FFT) is a powerful tool to compute frequency
components of current or voltage signal. Most frequency domain methods have used
FFT and once the FFT is taken, desired and undesired components are separated to
produce the gate signals for inverter switching function. Frequency domain methods
are accomplished by using either predetermined methods (similar to passive filters)
or cancellation-of-M-harmonics methods. The device switching frequency of the
APF is kept generally more than twice the highest compensation harmonic frequency

for effective compensation (Grady, Samotyj & Noyola, 1990).

These methods due to comprise cumbersome calculations and requirement of at
least one period to compute compensation current or voltage components are
considered sluggish and unsuitable for systems that need fast response. Also they are
highly sensitive to frequency variation and for those load currents or systems that
vary every period or at least in few periods, may not lead to proper compensation

results.

2.4.2 Time Domain Methods

Large computation time of frequency domain methods and complexity of them
led researchers to look for effective methods in time domain to decrease execution
time of signal processors and attain fast responses. The greatest advantage of time
domain methods is their fast response to changes in the power system. Also, they are
easy to implement and has little computational burden. These methods are based on
instantaneous measurement of voltage and current and computation of reference
signal in the form of either voltage or current for compensation purpose. There exist

variety of methods and theories that were represented in literatures which
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controllability, cogency and validity of them were examined and have been taken to
practice, here some popular methods are represented:
1. Instantaneous Reactive Power Theory
2. Instantaneous Non-Active Current Theory
3. Synchronous d-q Reference Frame (Bhattacharya, Veltman, Divan & Lorenz,
1995), (Wang, X & et al. 2008).
4. Synchronous Detection Method (Jou, 1995).
5. Notch Filter Based Method (Yazdani, Bakhshai, Joos & Mojiri 2008).
6. Sliding Mode Controller (Bandal, & Madurwar, 2012) and (Fei, Li & Zhang,
2012).
7. Neural Network Based Method (Cirrincione, Pucci, Vitale, & Miraoui, 2009).
8. Adaptive Linear Neuron (ADALINE) Method (Avik & Chandan, 2009),
(Hong, & et al. 2010).
9. Adaptive Filter Method (Singh, & Solanki, 2009).

In this thesis instantaneous reactive power and instantaneous non-active current
theories will be discussed in detail and Simulink and experimental examinations are

based on these methods.

2.4.2.1 Instantaneous Reactive Power Theory

Instantaneous reactive power theory or p-q theory was born in 1980s by (Akagi,
Kanazawa & Nabae, 1984). It is based on transformation of voltage and current
signals to a-B coordinate by means of Clarke transformation. The instantaneous
active and reactive power can be computed in terms of transformed voltage and
current signals. From instantaneous active and reactive powers, harmonic active
power and reactive powers are extracted using low-pass and high-pass filters
respectively. From harmonic active and reactive powers, using reverse
transformation, compensating commands in terms of either currents or voltages are
derived. Figure 2.13 shows the block diagram of control method based on

instantaneous reactive power theory to produce reference current. The dual method
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which generate reference voltages for compensation purposes is applicable (Akagi,
Watanabe & Aredes, 2007).
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Figure 2.13 Instantaneous reactive power and harmonic compensation based on p-q theory

Instantaneous reactive power or p-q theory is originally developed for three-phase
systems however, it was extended to single-phase system and single-phase
implementation is also possible. Detailed discussion on this theory is represented in

chapter three.

2.4.2.2 Instantaneous Non-Active Current Theory

Instantaneous non-active current theory is based on (Fryze, 1932) traditional
active power calculation. Real-time voltage and current are sensed and average active
power is calculated. Then this average active power is divided to rms value of
reference voltage which in most case is the positive sequence of source voltage, and
again is multiplied by reference voltage to be in phase with it (Xu, Tolbert, Chiasson
& et al.,, 2007) and (Xu, Tolbert, Kueck & Rizy, 2010) This procedure’s block
diagram is represented in Figure 2.14 and is discussed in detail in chapter three. The
resulted active current is in phase with reference voltage and non-active current is
defined as difference of load current and active current which is used for

compensation purposes.
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Figure 2.14 Block diagram of instantaneous non-active current theory

this method can be implemented either in three-phase system if the input voltages
and currents are considered as vectors in Figure 2.14 and in single-phase systems if

those signals are considered as single-phase source voltage and load current.

2.5 Classification Based on Current Controller

Most STATCOM and APF control strategies produce reference current for
compensation purpose and a proper current controller is needed to be implemented in
order to satisfy compensation function. Important characteristics of an appropriate
current controller are its simplicity to implement, fast response and reliability to
properly and delayless follow the reference current. Some well-suited current
controller methods are:
1. Hysteresis Current Control
2. PWM Current or Voltage Control
3. Deadbeat Current Control (Kawabata, Miyashita & Yamamoto, 1990) and
(Martin & Santi, 2012)

4. Fuzzy Based Current Controller (Aghanoori, Mohseni & Masoum, 2011)

5. Delta Modulation Current Control (Jeraldine Viji, Pushpalatha & Rekha,
2011)

6. Linear (Ramp-Comparison) Current Control (Raymond, 1993)
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2.5.1 Hysteresis Current Control Method

The hysteresis-type current controller is the most popular current controller
because of its simplicity in implementation, inherently limiting the current and very
fast response. This current control method has investigated in literature for convertor,
invertor, power quality issues, smart grids and so many fields and purposes. Single-
band hysteresis current control method is the simplest form which is illustrated in
Figure 2.15. In this case, the inverter will produce a positive output voltage when the
current error touches the lower hysteresis limit. On the other hand, a negative output
voltage is produced when the current error touches the upper hysteresis limit.

Double-band hysteresis current controller (Dahono, 2008) and some other
adaptive hysteresis current controllers (Bose, 1990) and (Dahono, 2008) have been

represented and implemented in APF and STATCOM application.

2.5.2 PWM Current or Voltage Control Method

In this method the produced reference current or its Pl controller modified signal
is considered as control signal to be compared with triangular carrier signal. The
most important advantage of it is its predefined switching frequency which is
centered around the carrier frequency. Also its robustness and easy implementation
make it suitable current controller method for power electronics devices. Since the
control signal variation is dependent on load and other parameters of system then
adaptive models and techniques may be needed to enhance controllability and
effectiveness of the method. Basic and well-known concept of the method is
represented in Figure 2.16. Multireference and multicarrier implementations
applicable for multi-level invertors and other applications which are available in
literatures (Cataliotti, Genduso, Raciti & Galluzzo, 2007) and (Saeedifard, Iravani &
Pou, 2007).
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CHAPTER THREE
ANALYTICAL APPROACH ON LIMITATION AND FEASIBLE REGION
FOR IMPLEMENTATION OF REACTIVE POWER THEORIES

Power electronics equipment beside wide range advantages that introduced to
power system, caused some major problems in these systems by injecting non-
periodic, unbalanced and highly distorted current to the network. In order to tackle
these distorted current and also reactive power, Active Power Filter (APF), Static
Var Compensation (STATCOM) and Unified Power Quality Conditioner (UPQC)
were introduced to power systems since late 70s (Gyugyi & Strycula, 1976). Two
popular control methods for instantaneous reactive power compensation and
harmonic mitigation for three phase and single phase systems which are investigated
here are presented in several literatures accompanied by Simulink and experimental
results. Most of works claimed that the control strategy is general and works under
sinusoidal, non-sinusoidal, distorted, periodic, non-periodic, balanced and
unbalanced condition, however, lack of analytical approach and consistency of those
analyses by standard (IEEE Standard 1459, 2010) is evident and sensible. This
chapter presents the Instantaneous Non-active Current Theory and p-q Theory as two
wide accepted theories, analyses and compares these theories by standard to identify
limitation and find feasible region for implementing these theories in instantaneous

reactive power compensation and harmonic mitigation.
3.1Instantaneous p-q Theory
Instantaneous p-q Theory originally developed for three phase systems first by

(Akagi & et al., 1984) where by means of Clarke transformation voltages and

currents in abc coordinate transform to af0 stationary reference frame:

22



11 1
v, 2 2 V2.
2 1 1
Va == g 1 E E Vb (31)
Vs 0 ﬁ ﬁ Ve
L 2 2]
11 1]
| 2 2 2
2 1 1
Ia = § 1 E E Ib (32)
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in three wire systems or four wire balance systems there is no zero-sequence current

and voltage, then, above equations can be simplified to

Vol 2|1 2
vV Gl °

and if Clarke transformation matrix in above equation is defined as

11
2|1 2 1
c=.% 3.4
2 2
then
Iaﬂ =C=x Iabc (35)

Instantaneous active and reactive power in a-p coordinate are defined as
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L;) } {—VV: MM (3.6)

which in existence of zero sequence current and voltage, zero sequence power
represented by below equation. It indicates that a and B coordinate voltages and

currents do not contribute any effect on zero-sequence power.

I:)o =Vo : Io (3-7)

By inverse operation of equation (3.6) it will be possible to calculate reference

current for reactive power and harmonic compensation purpose.

M {—Vvaﬁ Xﬂﬂg } (38)

from equation (3.6) active and reactive power can be calculated. Also p-q theory has
the property to separate active and reactive power in o and 3 coordinates or by means
of highpass or lowpass filter explicit dc components of active and reactive power
(»,q) which stand for average power and oscillating components of active and
reactive power (p , §) which stand for harmonic power. Then by using equation (3.8)
p-q theory makes it selective whether reactive power, oscillating power or both of
them simultaneously be compensated. The following relation provides the reference

currents creating g, p and g.

5
T (3.9
q}

3.1.1 Single Phase p-q Theory

The concept of original three phase p-q theory was extended to single phase by

(Liu, Yang & Wang, 1999). This implication based on instantaneous g lag or lead of
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original voltage and current to establish pseudo orthogonal two phase system in
similarity to Clarke transformation results. Thus by this approach original single

phase system can be represented in a-p coordinate. The original voltage and current

are considered as o axis components and the % lead or lag fiction quantities are

considered as B axis components. With these definitions voltages and currents can be

written as
V. (at) V. (at)
[Vﬂ(a)t)}: Vs(a)t+%) (3.10)
()] | 1) (3.12)
1, (at) |~ Is(a)t+%)

where Vs and Is are the original single phase voltage and current magnitudes. Now
by this procedure a-B coordinate voltage and current are obtained and instantaneous

active power and reactive power can be calculated.

p(at)| | V,(at) Vy(at) | 1,(at)
qlat) || =V (at)V, (at) || 1,(at) (3.12)

Again instantaneous active and reactive powers can be expressed as their average

and oscillating components

p(at) = P(at) + p(at) (3.13)

q(at) =(at) +q(at) (3.14)

and compensation reference current can be calculated by reverse operation of
equation (3.12).
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1, (at)] [ Va(et) Vy(at)] T~ Blat)
l:lﬁ* (Wt)} - |:_Vﬁ (wt)V, (a)t)} {— q(a)t)} (3.15)

3.2 Instantaneous Non-active Current Theory

The instantaneous non-active current theory is based on (Fryze, 1932) traditional
active power definition and can be implemented in single phase and multi-phase
systems. Active power is calculated by averaging method on pre-defined averaging
interval and then by using rms values of voltage the instantaneous active current is

defined.

For a three phase system if instantaneous voltages and currents defined as

vit)=[v.() v@® v.Of (3.16)
it)=[i,® iL© O (3.17)

the instantaneous power p(t) and the average power (P) over the averaging interval

[t-T¢, t] are defined as

PO =V (1) = 3V, 0, 0 (3.18)
p=2 [p@)r (3.19)
T, t-T, .

Theoretically, the averaging interval T_can be chosen arbitrarily from zero to
infinity and as discussed in (Xu & et al., 2007) the active power, active and non-
active currents will have different features depending on T.. In practice for a
periodic system with period T, T, is chosen as the integer multiple of g and for a

system with non-periodic current, which has a periodic voltage with fundamental

period T and a completely non-periodic current, the theoretical value for averaging

26



interval, T, is infinitive however, a few multiple of fundamental period T will be fine

enough to mitigate most of undesirable component in current. Actually selecting the

T, is a crucial decision in this method and will affect active power, rms values of

voltage and current and consequently will affect active and non-active current that is

calculated for compensation purpose and have been investigated in literatures deeply.

From average active power definition in (3.19) the active current i, (t) and non-

active current i (t) can be defined as

i (1) = \%vp(t) (3.20)

,(©) =i i, (1) (3.:21)

in (3.20) v,(t) is the reference voltage, which is chosen based on system

characteristics and compensation purpose. Commonly it is chosen as positive
sequence of fundamental component of the system source voltage. Another important

factor in this theory is selecting v, (t), which indicated the compensation purpose
and will affect active current and non-active current. Vv, is the rms value of reference

voltage v, (t), that is

v, = JTi [v,” (@, ()de (3.22)

¢ t-T,

Similar to p-q theory where by means of average and oscillating component of
active and reactive power equations (3.13) and (3.14) the compensation features can

be selective, in instantaneous non-active current theory two important elements in

calculation of compensation current are T, and v, (t). By appropriate choosing

averaging interval T, and the reference voltage v, (t) different compensation goals
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can be achieved, for instance, if compensating of odd or even harmonic would be
desired the reference voltage should be selected as the desired voltage components or
if the system is pure sinusoidal, periodic or non-periodic it will affect averaging
interval selection.

Equations (3.18) - (3.22) can be applied for single phase system simply by

substituting single phase voltage and current instead of voltage and current vectors in

those equations.

3.3 Analytical Approach on Active and Reactive Power Definition in single

phase p-q Theory

Based on (3.10), (3.11) and (3.12) equations active and reactive power in single

phase p-q theory is defined as
p(t) = %[v(a)t)i (eot) +v(at + %)i(a)t + %)] (3.23)

q(t) = %[v(a)t)i(a)t 4 %) _v(at+ %)i ()] (3.24)

then for a typical system with second and third harmonics in voltage and current

waveforms as
v(t) = ~/2V, sin(at) + 2V, sin(2et) + 2V, sin(3et) (3.25)
i(t) =~/21, sin(at — @) + /21, sin(2at — p,) +~/21, sin(Bet — ,) (3.26)

where the V and I, (for n=123) are rms values for consequent harmonic

components, then active and reactive power definition of equations (3.23) and (3.24)

leads to

28



p(t) =V.I; cos(g, ) +V, 1, cos(p,) +V;l; cos(e,)
+V, 1, cos(—at + ¢,) +V, 1, cos(—2at + ;) +V, |, cos(at + ¢,)
+V, 1, cos(—at + @,) +V,l, cos(2at + ¢,) +V, 1, cos(at + @,) (3.27)

And

q(t) =V, 1, sin(p, ) +V, 1, sin(p,) + Vs, sin(e,)
+V 1, sin(—at + @,) +V,1; sin(-2at + @,) +V, 1, sin(at + @)
+V, 1, sin(—at + ;) +V; 1, sin(2at + ¢,) + Vs 1, sin(at + ¢,) (3.28)

first three terms in equations (3.27) and (3.28) are multiplication of voltage and
current in the same harmonics and are coincided with Budeanu’s traditional active
and reactive power definitions in frequency domain. (see Appendix A) and here after

we use this notation instead

P, =V,l, cos(¢, ); P, =V, 1, cos(p,); P, =V, , cos(¢,),... (3.29)

Q, =ViI;sin(g, ); Q, =V, 1, sin(p,); Q; =V;1;sin(e,),... (3.30)

also for cross multiplications of voltage and currents in different harmonics,

instantaneous cross product active and reactive power can be defined as

P, =V,l, cos(—at + ¢,); Py =V,1, cos(=2at + @,); P,; =V, 1, cos(at + ¢@,),... (3.31)
Qp, =Vil, sin(—at +9,); Q3 =V I, sin(-2at + ¢,);Q,, =V, 1, sin(at + ¢,),... (3.32)

by replacement equations (3.29) - (3.32) in equations (3.27) and (3.28) and rewriting
those equation

p(t) = Pl + Pz + F)3 + P12 + P13 + P21 + P23 + P31 + P32 (3-33)

qt) =Q +Q, + Q +Q, + Q3+ Qyy +Qu3 + Q5 +Qy, (3.34)
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If the p-q theory applied to nonsinusoidal voltage and current that have wide

range of harmonic content like

v(t) = \/Eivh sin(hat) (3.35)
i) =v23" 1, sin(hat - ¢,) (3.36)

equations (3.33) and (3.34) can be extended and rewritten as

p(t) = ; P, +;Zl P (3.37)
q(t) = ;Qh +§;Q.m (3.38)

m=|

These results indicated that single phase p-g theory’s definitions under
nonsinusoidal condition for active and reactive power include arithmetically
summation of each harmonic active and reactive power and inter action of different

harmonics.

3.4 Analysis of Active and Reactive Power Definition in Instantaneous Non-

active Current Theory

As it could be educed from equations (3.18) to (3.21) instantaneous non-active
current theory does not have a definition for reactive power and in this method
compensation current is extracted by subtracting active current (3.20) from load
current which is shown in (3.21). Thus here active power analysis according to
equation (3.19) is represented and other definitions of reactive power are represented

in next section.
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If the average approach of active power definition in instantaneous non-active
current theory is applied to system having the voltage and current waveforms with

equations (3.25) and (3.26) respectively, it will yield the average active power
P =V,l,cos(¢, ) +V, 1, cos(¢,) +V;1, cos(¢;) (3.39)
and by using the notation that suggested in (3.29)

P=P+P,+P, (3.40)

again if this procedure extended to general system that represented in (3.35) and

(3.36) total active power that transferred by such system will be

P=P (3.41)

3.5 Comparison of Reactive Power Definition with IEEE 1459 Standard
3.5.1 Single-phase Nonsinusoidal Definitions in IEEE Std 1459™-2010

According to IEEE standard a nonsinusoidal instantaneous voltage or current has

two distinct components: the system frequency components v, and i, and the

remaining term v,, andi, , respectively.

V=V, +V, and =10+, (3.42)

where
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v, =~/2V, sin(et — ;)
i, =~/21, sin(at — 3,)

Vi =V, +42D°V, sin(hat - )

h=l

i, =1, +v2> 1, sin(hat - 5,)

h#1

the corresponding rms values squared are as follows

1r+kT
2 _ - 24+ _\/2 2
Vi= _!.vdt—vl +V,
1T+k1:
2 24+ 12 2
== _r[ldt_I1+IH
where

VE=Vi+ D> VZ2=V?Z-Vy

h=l

and

2 _q2 2 12 2
12 =12+ 12 =17 -1

h=1

are the squares of the rms values of v,, and i, , respectively.

The standard explicitly argues that selecting averaging interval is crucial in

nonsinusoidal systems in order to voltage and current’s rms values are measured

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)

correctly (IEEE Std 1459™-2010). If the distorted voltage and current waveforms

consist of harmonics only, then an averaging time interval kT enables the correct
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calculation of rms and power values. If the mentioned waveforms consist an
interharmonic, the measurement time interval kT, which is needed to correctly
calculate rms values and powers, is the least common multiple of the periods of the
fundamental component and the interharmonic component otherwise the rms values
of interharmonic as well as the power associated with it are incorrectly measured and
this error is reflected in the measurement accuracy of the total rms and powers

values.

Additional, if at least one of the interharmonics of order h is an irrational
number, then the observed waveform is not periodic (it is called nearly periodic). In
such a case, the averaging time interval kT should be infinitely large to have a
correct measurement of the rms and power. In practice when dominant power is
carried by fundamental components, such errors are small. The larger the

measurement interval kT becomes, the less significant the errors become.

Based on these definitions, instantaneous power is defined as

p=vi (3.51)
P=DPs+ Py (3.52)
where the first term

P =Volo + DV, 1, €0s 6, [1-cos(Zhat — 2a,)] (3.53)
h

is the part of the instantaneous power that is equal to the sum of harmonic active
powers. The harmonic active power of order h is caused by the harmonic voltage of
order h and the component of the harmonic current of order h in-phase with the

harmonic voltage of order h. Each instantaneous active power of order h has two

terms: an active or real, harmonic power p, =V, 1, cosd,, and the intrinsic harmonic
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power — p, cos(2hat —2c,) , which does not contribute to net transfer of energy or

to additional power loss in conductor.

The second term p, is a term that does not represent a net transfer of energy (i.e.,

its average value is nil); nevertheless, the current related to these nonactive

component causes additional loss in conductors.

Py =—>_ V,l,sin 6, sin(Zhat - 2,)

h
+2) >V, 1, sin(mot — e, ) sin(nat — 3,)

m=n

Vo1, sin(hat = £,) ++/21, 2V, sinhat - ;) (3.54)

the angle 6, = 3, — ¢, is the phase angle between the phasors V, and I, .

Active power is defined as average value of pin (3.51) where the averaging

interval discussed earlier

1 7+KT 1 7+KT

P= P .!' pdt = e _!' p, dt (3.55)

P=P +P, (3.56)

where P, and P, are fundamental active power and harmonic active power

(nonfundamental active power) respectively and are defined as

7+kT

1 .
P= 1= J’ v,i,dt =V, 1, cos &), (3.57)

Py =Volo+ D Vyl,c0s6, =P—P, (3.58)

h=1

34



in these equations if harmonic active power contain subharmonic or interharmonic,
again it is important that averaging interval be selected appropriately in order to lead

correct measurement.

Fundamental reactive power is defined as average value of product of current and

% degree shifted voltage by means of an integrator

1 r+k'|: )
Q = T .[llh.vldt}it =V,l;sing, (3.59)
apparent power is defined as product of rms value of voltage and current

S=VI (3.60)

also, nonactive power is defined as difference of squared values of apparent power

and active power, consequently

N =+S%—P? (3.61)

3.5.2 Analytical Comparison over Reactive Power Definitions in the Presence of

Distorted Waveforms

In the presence of distorted voltage and current waveforms, according to analysis
that presented in (3.34) and (3.38) single phase p-q theory definition for total reactive
power, arithmetically add reactive powers in each harmonic plus cross products of
currents and voltages in different frequencies. This equation represented here for

simplicity

n n

at) = >Q,+

o
h=1,2,3 1=1,2,3 m:|1,2,3 ! (362)
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first term of this equation completely coincide with Budeanu’s traditional equations
(see Appendix A) and as discussed in (Czarnecki, 1987) and (Lyon, 1935) Budeanu’s
definition for reactive power under nonsinusoidal condition do not contribute to
correct calculation for reactive power and cannot be used for compensation purpose

while it suggested to simply add the generalized Q, of the instantaneous power

alternating components of all harmonics. But each of these components has a

different frequency and may have different phase angle ¢, . Therefore, this sum does

not specify the reactive power component of the whole instantaneous power (3.51).

3.5.2.1 Case Study One

The following numerical example is meant to facilitate the understanding of the
problem. Consider a parallel RLC load that is shown in Figure 3.1 with
R=12Q, L=155mH, C=2004 . When this circuit is supplied with highly

distorted source voltage, by means of p-q theory these results are obtained:

|
|
1"

D) R§ 3

Figure 3.1 RLC load supplied by distorted voltage source

the instantaneous voltages and currents are

v(t) = Vi ®) +V; ®) +Vy ®) +V11(t) +V13(t) (3.63)
i(t) =0, (1) +i3(t) + 1 (1) + iy, (1) +0,5(1)
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v, (t) = +/2220sin(wt — 0°)

v, (t) = v/260sin(3et —120°)
v, (t) =/240sin(7 ot —18)
v,,(t) = +/235sin(1 1wt — 40°)
V,5(t) = v/230sin(13wt — 20°)

i, (t) = /236.325sin(et —59.68°)

i, (t) = +/28.77sin(3wt — 64.77°)

i (t) =/216.75sin(7wt + 60.53°)
i, (t) =/223.73sin(1 1wt + 42.94°)

i (t) = /224.18sin(130t + 64.06°) (3.64)

the calculated total impedance, phase difference between voltage and current and
reactive powers in each harmonic are summarized in Table 3.1. It has shown that
single phase p-q theory in accordance to Budeanu’s traditional definitions may lead
to incorrect calculations of reactive power value and it can be equal to zero at
nonzero values of the terms , i.e., despite the reciprocating energy transmission
between the source and the load.

Table 3.1 Impedances, power angels and reactive powers

@, 2 W, 2% @3
ZT 3.057+j5.228 3.9-j5.6214 0.4745-j2.34 0.181-j1.464 0.128-j1.235
(28 59.68° —-55.23 —78.52° -82.94° —84.06°
Q. 6898.68 -432.2 -656.94 -824.26 -721.6

In this numeric example almost 30% of fundamental component reactive power,
despite the fact that these reactive powers have different frequencies, is canceled by
third, seventh, eleventh and thirteenth harmonic’s reactive powers, because the total
impedance in fundamental frequency is inductive but by increasing the frequency the
total impedance becomes capacitive and negative reactive powers in Table 3.1
illustrated this fact.

MATLAB/Simulink model is implemented for configuration shown in Figure 3.1

based on instantaneous reactive power theory (p-q theory) and results gave

credibility to represented analysis. Simulation result is given in Figure 3.2 clearly
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shows that p-q theory failed to compensate this parallel RLC load and source current

is not completely harmonic free and in-phase with source voltage.

Based on analytical approach that is represented in this chapter and the fact that

@, In equations (3.36) and (3.38) can pose negative and positive values in different

frequencies and under different loads, reactive power definition of single phase p-q
theory does not contribute the reliable result in all situations and it may cause
incorrect calculations of reactive power for compensation purpose and also may

cause failures in system.

3001\ 7 7 I 7 7 f 7 7 7 0 f 7 ) I

T

rfent

100

=100

-200

HERRRERE |

1 1

0.75 0.8 085 _ 0.9 0.95 1
Time (Second)

Figure 3.2 Source voltage & current waveforms

3.5.2.2 Case Study Two

In the system that contain subharmonics or interharmonics in voltage or current,
p-q theory in the terms of cross multiplications of harmonics may produce harmonic
orders that neither voltage nor current waveforms do not include, and as discussed in
the case of non-active current theory if the system contain subharmonics or
interharmonics, this theory’s calculations are highly affected by selecting proper

averaging interval and in the case of including irrational order harmonic the
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averaging interval theoretically should be infinitive to contribute the correct value for

rms value of voltage and also active power, active current and non-active current.

As a numerical example in existence of subharmonic and interharmonic let’s

consider the hypothetical system with voltage

V(t) =V, + V75 +Vy g4 + Vg + Vg (3.65)

where the subscripts indicate the order of harmonics and

v, (t) = v/2220sin(at)

Vo15(t) =+/210sin(0.73wt + 207)

V,5,(t) =~/220sin(1.340t - 8°)

v, (t) =/230sin(3wt — 70°)

Ve (t) = /215sin(5wt +140°) (3.66)

for a linear load instantaneous current similar to example that represented in (IEEE
Std 1459™-2010) and by calculation, is

I(t) =1y +ig g+ 54 +ig +ig (3.67)

where

i, (t) =~/2100sin(et —307)

io-5(t) =~/24.55in(0.73wt —3°)

i, 5, () =+/28sin(1.340t — 45°)

i, (t) = +/27.5sin(3wt —130°)

i (t) =/22.5sin(50t + 70°) (3.68)

for simplicity in p-q theory calculation if just first two component of voltage and

current are considered
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v(t) =V, +V, 4 (3.69)

i(t) =i, +1y,5 (3.70)

reactive power calculation in single phase p-q theory from equations (3.34) and
(3.38) led to

g =22000sin(30") + 40sin(23°) +1000cos(—0.27wt — 40°)
+880c0s(0.27awt —87°) (3.71)

and according to equation(3.15) reactive component of compensation current is

defined as

1" (wt) = —2
o (@) vj+v;q

(3.72)

by substituting (3.69)-(3.71) in this equation, I, (et) introduce 1.27ewt, 0.46ct

order harmonics for synthesized reactive current where neither source voltage nor
original load did not contain these harmonics. Figure 3.3 shows the compensation
current that is extracted by p-g theory for proposed system with original reactive
current that should be calculated. Figure 3.3 clearly represents that harmonic content
of original reactive current and the compensation current that is calculated by p-q

theory does not coincide.
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Figure 3.3 Calculated & original reactive currents

The problem goes to be severe if the whole system in (3.65) and (3.67) is
considered. In this example when source voltage and load current contain one
subharmonic order, one interharmonic and two very common harmonic orders in
power systems (third and fifth orders) p-g theory introduce more than 20 completely
irrelevant harmonics order for reactive current component where most of them are
subharmonics or in a very close frequency to fundamental component and cannot
filter out by means of parallel High Pass Filters (HPF) that are very common in APF
systems to filter out high frequency components that are produced by switching
devices and have frequency content close to switching frequency. This example
clearly illustrates that p-q theory led to incorrect calculation of instantaneous reactive

current for compensation purpose in presence of subharmonic and interharmonic.

And if the same example is implemented by instantaneous non-active current
theory as discussed earlier, voltage rms and active power values highly affected by
averaging interval selection, and to reach the correct value, the averaging interval

should be least common multiplier of harmonic orders. If the averaging interval is

1 . T
chosen T = f—where f, is fundamental frequency, the voltage rms value variation is
1
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represented in Figure 3.4 by using MATLAB Simulink for source voltage introduced
in (3.66) and (3.68)

250

2401 1

230 -

220 H

210

200

190 A

Voltage (Volt)

1801 b

1700 1

160 4

150 1 1 1 1 1 1 1 1 1
0 02 04 06 08 1 12 14 1.6 1.8 2

Time (Second)
Figure 3.4 Voltage RMS variation averaging interval equal to fundamental period
Active power variation is represented in Figure 3.5, which make it clear that by
this configuration both voltage rms and active power’s variation is effectively high

and they lost their linearity to produce a reliable non-active current for compensation

purpose.
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Figure 3.5 Active power variation averaging interval equal to fundamental frequency

If the averaging interval is equal to 10T where T _ 1 voltage rms and active
1
power led to better results
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Figure 3.6 Voltage RMS variation averaging interval equal to 10T
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Figure 3.7 Active power variation averaging interval equal to 10T

It is obvious from Figure 3.4 to Figure 3.7 that averaging interval is very
important in non-active current calculation and choosing the proper averaging
interval for a system with distorted source voltage is a cumbersome and time
consuming calculation, also in the presence of subharmonics and interharmonics this
interval should be around 10-20 times of fundamental component period for reliable
calculation, and this makes the system so sluggish for transient responses and this

control method impractical.

All in all and according to (IEEE Std 1459™-2010) single phase p-q theory and
non-active current theory do not yield to a correct value for reactive power in a
system that voltage or the current waveforms are highly distorted. Thus a control
method that satisfy all compensation requirements under nonsinusoidal voltage and
current, is tangible in reactive power compensation and other FACTS devices
because power electronics devices penetrate wide range of harmonics to network and
single phase form of these equipment increasingly exist in everyday life and also
interconnecting renewable energies like Photovoltaic (PV), Wind Farm,
Thermovoltaic, Ocean Wave Energy (OWE) and other new technologies is an

important issue in power electronics engineering.
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CHAPTER FOUR
MATHEMATICAL MODEL OF SINGLE PHASE STATCOM

Analyzing and scrutinizing of models and theories plays crucial role in design,
simulation and implementation of systems. Models gave deep insight and
understanding of systems and have assisted researcher to analyze systems and

engineers to select system’s parameters or fine-tune its settings.

This chapter represents the well-suited single-phase STATCOM or shunt APF
model in state-space form. The switching function of solid state devices is extracted
utilizing analytical approach based on Sinusoidal Pulse Width Modulation (SPWM)
control strategy and extracted switching function is carried out in model by
employing both MATLAB script programming and MATLAB Simulink.

4.1 Switching Function Calculation

Based on Sinusoidal Pulse Width Modulation (SPWM) control strategy the
difference between reference current that was produced by one of the methods that
are represented in 2.4 and real VSI current is fed to a PI controller as error in order to
control voltage of SPWM calculate. The control voltage is compared with a
triangular carrier waveform in the sake of gate signals of solid state devices are

generated. The block diagram is illustrated in Figure 4.1.

*

inyw current v
errer .I PI ; < P Gate Signals

;

real

Figure 4.1 Block diagram of SPWM current controller
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Let’s system’s fundamental frequency, fundamental angular frequency, carrier

frequency and carrier angular frequency are defined as

f : fundamental frequency, w=2af 4.1)

f. :carrier frequency, o, =2xf, (4.2)

as Figure 4.1 illustrate current error signal is fed to Pl controller in order to meet
proper current controlling. Reference current that is calculated by means of one of
control strategies that are represented in 2.4 and the current that is produced by VSI

are
ic—ref - I: (43)
ic—real - ic (44)

then, the current error signal should be

Ai, =i, —i, (4.5)
if by means of an appropriate current controller, either hysteresis current controller or

SPWM current controller, VSI’s current properly follows the reference current, the

frequency of Ai_ should be approximately f_ as Figure 4.2 illustrates.
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Figure 4.2 Reference current, real current and error current

where
i =/21_sin(et + ) (4.6)
i, =~/21_sin(et + o) + Esin(at) 4.7)

I, is the rms value of reference current, E is the approximate magnitude of error

current and « is the phase deviation of reference current regards to reference source

voltage. Then, Ai_ can be written as

Ai, = Esin(a,t) (4.8)
this error signal is fed to PI controller and output of Pl controller as illustrated in

Figure 4.1 is considered as control signal to be implemented in SPWM current

control strategy. As it can be seen from Figure 4.1 a feedforward source voltage
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signal is added up to PI controller output in order to enhance controller stability and

speed.
Vc_ref _)V: (49)
v, :Source Voltage = \/Evm sin(at) (4.10)

where V_ is the rms value of source voltage and v_ is the output of PI controller and

is used as control voltage in SPWM which is
v, =v, +k, Al +k, [ Aidt @.11)

where k, and k, are proportional gain and integration gain of PI controller

respectively.

By substituting (4.8) and (4.10) in (4.11) and simplification is led to

V. =V, sin(at) + K, E sin(w,t) - cos() (4.12)
a,

C
If the values of k and k are significantly high (as in our model are and it is an
important factor to VSI’s real current follows the reference current properly), the

AK

high frequency components of V. in (4.12) not only cause change in amplitude of

fundamental component of that, but also, cause phase shifting which is a substantial
concept of STATCOM and is investigated in 4.2 in detail. Then the control voltage

can be approximated by

V. = AxV_sin(at + &) (4.13)
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where A is defined as magnitude coefficient which is affected by modulation index
of SPWM that is defined as

A

V

— trol
ma — ccln ro
V,

tri

(4.14)

SPWM generated complementary gate signals are shown in Figure 4.3.

If the carrier frequency is much larger than the frequency of the control signal (50
Hz), at any given time, the exact switching functions of Figure 4.3 can be
approximated by their instantaneous values of control signal (Saeedifard, Iravani &

Pou, 2007). Thus, the exact switching functions of Figure 4.3, i.e., S; and S, are
mathematically expressed by equivalent continuous switching functions §1 and §2,

as shown in Figure 4.3 by dashed blue lines and mathematical expressions are

S, ——

§
~ 7~
~ _ ~

Figure 4.3 SPWM generated gate signals

A 1 . 1
S =——m_sin(ot+90) +—=
=5 M ( ) > (4.15)

A 1 . 1
S, =+—m_sin(ot +5) +—
2 =+5 M, ( ) 5 (4.16)
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where complementary property of S, and S, necessitate that

(4.17)

s
=
+
w»
N
Il
'—\

4.2 Single-Phase STATCOM Dedicated Model

Continuous switching functions that are driven in previous section, are
implemented in dedicated model of a shunt single-phase either APF or STATCOM
(Nasiri & Emadi, 2003) and (Marco, Alejandro & Marving, 2003), which electrical

circuit is represented in Figure 4.4.

g? |

O>»0r

pr— _‘XYE
Figure 4.4 Shunt scheme circuit of single-phase STATCOM
From state space analysis of this circuit, K\VVL in the main loop led to
dx, (t 2 2
L0 R 41,0 - 80,0 +8,x,0) =0 @.18)

where x,(t) and x,(t) are state space variables of compensation current and capacitor
voltage respectively. And capacitor voltage x,(t) and inverter’s output voltage which
is represented as X,(t) in Figure 4.4 are illustrated is equation 4.19 and 4.20

respectively.
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dx, (t)
dt

C

= $,%,(1) - $,x, (1) (4.19)

X (t) = SAlxz - SAzxz (t) (4.20)

by using (4.17) and rewriting equations (4.18)-(4.20) in the form of state space

equations in term of S,

x;=—5xl—1x2+@x2+1vs
L L L L
. 1_2§
X; = c X,
X3:(1_2§2)X2
Y =X (4.21)

this non-linear set of equations is modeled the shunt APF or STATCOM.
4.2.1 Principle of Reactive Power Flow in STATCOM

Now that by continuous form of switching functions in (4.15) and (4.16), the

(4.21) model is completed, it can infer that the invertor output voltage which is
represented by x,(t) in the model is in-phase with §2and V. in (4.13) and this is the

principle of proper working of STATCOM or a distributed line and network model.
Figure 4.5 represented the equivalent circuit (Saadat, 2004).
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Figure 4.5 Equivalent circuit of STATCOM

Ml Vel
£(5, - Z(5,
ly, = Z| (6,-7)- Z] (6,-7) (4.22)
where
) jol
Z=R+jol & y=tan‘(d%=
+jo y =tan™( = ) (4.23)

The complex power flow from V, to V,

S, =Vily, = | Nl"VZ' Ly +6,-0, (4.24)

7]

where * superscript in above equation stands for conjugate operator. Thus, the real

and reactive powers at the sending end are

P, [\|/£|| cos(y) - N|1"\|/2|COS(7+5 5,) (4.25)
Q.= [\|/£|| sin(y) - N|1"\|/2|Sln(7+5 -5,) (4.26)
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in distributed networks R is much lower than X and approximately it could be

inferred that » =90 and this led to well-known power flow equation of power

system
P, = %Sin(é‘l —5,) (4.27)

This representation illustrated that by properly controlling the magnitude and
phase shifting of the invertor’s output voltage in Figure 4.4 model, the reactive
power and active power flow of APF or STATCOM can effectively be controlled.

4.2.2 Case Study and Simulation Results

As a numeric example and case study, represented model in (4.21) is implemented

in a system which parameters are shown in Table 4.1.

Table 4.1 Circuit parameters

Source Voltage RMS V,(rms) = 220 volt
Resistive Load P = 1500 watt
Inductive Load Q =1500 VAR

Coupling Inductance L=5mH

Coupling Resistance R=0.5Q

DC Link Capacitor C =4700 pF

block diagram of proposed example is shown in Figure 4.6
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Figure 4.6 Block diagram of proposed example

Nonlinear equation (4.21) is implemented in MATLAB/Simulink by means of
function block and also it has been solved in MATLAB/Script programming by
implementing basic concept of derivative in discrete mode. Switching functions

which are fed to model are calculated in no-load condition as

S, :+%><O.86lsin(a)t+3.138rad)+% (4.28)

and under load

S, = +%>< 0.892sin(at +3.126"™) +% (4.29)

variation in modulation index in (4.28) and (4.29) is because of variation in
amplitude of control signal according to (4.14) since carrier signal’s amplitude is
kept constant. DC link voltage, invertor’s compensation current and source
compensated current versus source voltage are shown in Figure 4.7 and Figure 4.8

respectively.
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Figure 4.7 DC link capacitor voltage variation. open-loop control

Simulation has been made under no-load condition until t = 0.6s and load has
been connected after t = 0.6s and DC link voltage drop around t = 0.6s is because of
connection of load. Also compensation current and compensated source current

variation are obvious in Figure 4.8 and Figure 4.9.
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Figure 4.8 Invertor’s compensation current, open-loop control
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Figure 4.9 Source voltage and source current waveforms, open-loop control

4.3 Close-loop Cascade Pl Controller

The proposed model in previous section is open-loop control method by pre-
calculated switching function which is not applicable for a real system, however, it is
instructive to study the impacts of various factors in control loop to design and obtain

a close-loop control method.

Analysis has clarified that dc link voltage control is very critical in this system.
First of all, the power converter of the shunt APF or STATCOM is a boot-type
converter, this means that the dc voltage must be kept higher than the peak value of

the ac-bus voltage. Also dc link voltage value and its variation highly affect control

voltage magnitude (V. ) and its phase displacement (&) regards to source voltage and
consequently it affects modulation index (m,) and & in (4.15) and (4.16). Actually,

based on principle of STATCOM and reactive power compensation (4.2.1), VSI
invertor is not responsible to produce any real power and in the case of harmonic
compensation it absorbs just the amount of real power that is needed to compensate
harmonic losses. By the other means constant dc link voltage can guarantee that

harmonic losses be compensated and there is no any real power exchange between
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VSI and main circuit. Proposed control method by inspiring from (Tsang & Chan,
2005 and 2006) is based on this fact and it suggests that constant dc link voltage can
guarantee proper VAR and harmonic compensation and there is no need to such
calculation to find reference current which is proposed in p-g theory and non-active

current theory or other control methods.

v,(Normalized)
= ] * 5
Aetive Current Pl 4 & S 2
.

Y

N
. Pl

Figure 4.10 Close-loop control method

In (Tsang, Chan & Tang, 2013). Cascade Pl Controller is implemented for multi-
level shunt active power filter and here almost the same control method implemented
for single-phase STATCOM control. In the suggested control method output of dc
voltage PI controller is multiplied by normalized source voltage to be in phase with
source voltage and will be considered as active current. Active current simply
subtracted from load current in order to compensation reference current for current
controller be calculated. The error of this reference current and filter current is fed to
Pl controller to produce control voltage which here in mathematical model is

considered as switching function.

Proposed close-loop control method is implemented in the same case study that is
represented in previous section and results are almost the same and even better. DC
link voltage, invertor’s compensation current and source compensated current Versus
source voltage are shown in Figure 4.11 to Figure 4.13 for comparison with Figure
4.7 to Figure 4.9. These results with Simulink and experimental results which are
represented in next chapter gave credibility to proposed novel control method.
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CHAPTER FIVE
MATLAB SIMILATION AND EXPERIMENTAL IMPLEMENTATION

MATLAB\Simulink is a very powerful tool to simulate systems which utilize in
most engineering fields in order to design systems prior to implementation. In this
chapter MATLAB/Simulink power electronics toolbox is utilized to create
simulation circuits for p-q theory, non-active current theory with current controllers
that are discussed in 2.5 and novel Cascade Pl Controller, the capability of
MATLAB/Simulink to co-work with Texas Instruments™ Digital Signal Processors
(eZDSP) is used and validity of simulation circuits is proven by MATLAB/Simulink
co-working by TMS320F2812 eZDSP platform. Finally TMS320F2812 eZDSP
stand-alone flash programming is carried out in a laboratory prototype and

experimental results gave credibility to effectiveness of theories.

5.1 MATLAB/Simulink Set Up

5.1.1 p-q Theory with Hysteresis Current Controller

The proposed single-phase p-q Theory is simulated to confirm the performance of
reactive power compensation. The SimPowerSystems block sets of MATLAB/
Simulink has been utilized as the simulation tool. Solver options have been set to
fixed step, discrete time with no continuous states which is adjusted by means of
sampling time. In the control strategy output of DC link PI controller is multiplied by
normalized source voltage in order to be in-phase with it and then it is added to the
reactive current that is calculated by p-q theory and the summation is considered as
reference current which should be produced by VSI. Then the reference current is fed
to hysteresis current controller. Complete control block diagram is illustrated in
Figure 5.1 and PI controller configuration with hysteresis controller is summarized in
Table 5. 1.
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Figure 5.1 p-q theory with hysteresis current controller block diagram

Table 5. 1 p-q theory with hysteresis controller parameters

DC link PI controller Ki= 80
Ko, =1.6
Hysteresis Band 0.2A

The supply voltage is considered as ideal with pure sinusoidal waveform. The
load on the system is resistive-inductive load drawing lagging current from network
with power factor close to 0.71 and ideal IGBTs with antiparallel diode are
implemented in H-bridge single-phase boost type inverter topology. Sampling time is
set to 83.33 ps which is the same with DSP based stand-alone experimental set up.
The design specifications and circuit parameters used in the simulated system are
given in Table 5.2. Simulation results show that p-g theory can instantaneously
calculate and produce reactive power and reactive current and by means of proper
implementation of hysteresis current controller constant DC link voltage and reactive
power compensation can be guaranteed. DC link voltage, source voltage versus the
current that is absorbed from source (source current) and source voltage versus the

current that is produced by VSI (filter current) are shown in Figure 5.2, Figure 5.3,

Figure 5.4 respectively.
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Table 5.2 Simulated system’s parameters

AC Supply Voltage 30V(RMYS)
Fundamental Frequency 50 HZ
Reference DC Bus Voltage 50V
Resistive Load 75 Watt

Inductive Load 75 VAR

Coupling Inductance 5 mH
Coupling Resistance 0.5 Ohm
Sampling Time 83.33 ps

Inverter Switching Frequency Between 1.5 and 2 kHz
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Figure 5.2 p-q theory with hysteresis controller, DC link voltage variation, MATLAB Simulink
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Simulation has been done under no-load until t=0.2s and load has been connected

at that time. Figure 5.4 explicitly depicts that the current that produced by VSI (filter
current) 90° leading the source voltage (capacitive current) in order to compensate
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inductive part of load which 90° lagging source voltage. Also before load connected
to the system, VSI absorbs just the amount of current which satisfies DC link voltage
stability and it is oscillating around zero except at the starting or in transient situation
(when the load is connected or the reference DC link changes). Under load condition

DC link has oscillation around 1V peak to peak.

Fast Fourier Transform (FFT) analyses of source current is represented in Figure
5.5 which explicitly shows that switching frequency is around 1.5-2 kHz. Figure 5.6
is represented a zoomed version of FFT analyses output of the same signal in lower
frequency range where the dominant harmonic is third harmonic and it is because
less number of switching in cress of source current which injects low order odd
harmonics to the source current. Less switching occurs in cress regions because
hysteresis current control technique cannot properly track reference current in the

regions that the polarity of derivative change (cress regions).
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Figure 5.5 p-q theory with hysteresis controller, source current FFT analyses
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Figure 5.6 p-q theory with hysteresis controller, source current FFT analyses in low frequency range

5.1.2 Non-Active Current Theory with SPWM Current Controller

Instantaneous non-active current theory which is proposed in Figure 2.14 has been
implemented in order to produce non-active current, output of DC link PI controller
which is multiplied with normalized source voltage in order to be in phase with it,
added to non-active current and the summation is considered as reference current.
This reference current instantaneously compared with VSI produced current (filter
current) and the difference is considered as error which is fed to second PI controller
in the sake of generating of reference voltage. The reference voltage instantaneously
compared with triangular carrier voltage and gate pulse signals are generated.

Complete control strategy is represented in Figure 5.7
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Figure 5.7 Non-active current theory with SPWM controller block diagram

In (Xu, Tolbert, Chiasson, 2007) and (Xu, Tolbert, Kueck, 2010) it is suggested
that original source voltage forwardly feed to second PI controller output however,
deep investigation in model and simulation depicted that VSI output voltage and
consequently reference voltage in the control method is almost in opposite phase of
source voltage, then adding original source voltage to reference voltage forwardly
can disfigure reference voltage on peak values and this can deteriorate controller
performance on peak values and add some odd harmonics to the source current. Here
as it can be inferred from Figure 5.7, 180° shifted form of source voltage is
considered as feedforward signal and the results both in simulink and experimental

are satisfactory.

Above mentioned instantaneous non-active current theory is implemented in the
same system with parameters that is represented in Table 5.2, simulation has been
made in the same condition except the sampling time which is set to 100us in this
method to completely coincide with experimental implementation because execution
time of this control method with SPWM current controller in DSP based
implementation is longer than p-g theory with hysteresis current controller.

Controller set up is summarized in Table 5.3.
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Table 5.3 Non-active current theory with SPWM controller set up parameters

DC link PI controller Ki=60
K,=12

Second PI controller Ki=5

Kp =40

PWM carrier frequency 1.25 kHz
PWM carrier peak value 25V

Results demonstrate effectiveness of control strategy and instantaneous reactive
current compensation has been achieved. DC link voltage, source voltage versus
source current and source voltage versus filter current are shown in Figure 5.8,

Figure 5.9 and Figure 5.10 respectively.
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Figure 5.8 Non-active current theory with SPWM controller, DC link voltage variation, MATLAB

Simulink
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Figure 5.9 Non-active current theory with SPWM controller, source voltage versus source current,
MATLAB Simulink

L

Figure 5.10 Non-active current theory with SPWM controller, source voltage versus filter current,
MATLAB Simulink

Again, simulation has been made under no-load condition until t=0.2s and until

this time it can be realized from Figure 5.10 that VSI produces just the amount of
current that is satisfied constant DC link and under inductive load, VSI by means of
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non-active current theory and proper SPWM controller produced capacitive current
(90° leading the source voltage) in order to compensate inductive current. DC link

variation under no-load is neglectable and under load is around 1V peak to peak.

FFT analyses of source current is represented in Figure 5.11 switching frequency
exactly is around PWM carrier frequency (1.25 kHz) and this is one of the
advantages of this control method against hysteresis current controller. Some odd
harmonics are observed and again in this control method the dominant harmonic
order is third harmonic and the reason of it because reference voltage in this method
completely exceeds the carrier signal in cress regions and there is no intersection
between reference voltage and PWM carrier signal, consequently in cross regions
there is no or at least less switching occur and this causes insertion of some odd
harmonic orders especially third harmonic. In Figure 5.12 this phenomenon is

observable.
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Figure 5.11 Non-active current theory with SPWM controller, source current FFT analyses
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Figure 5.12 Non-active current theory with SPWM controller, source current FFT analyses in low

frequency range

5.1.3 Cascade PI controller method

Proposed cascade Pl controller which is represented in Figure 4.10 is simulated in
MATLAB/Simulink environment. In the proposed method difference between actual
DC link voltage and DC reference voltage (error) is fed to first (DC link) PI
controller, output of the PI controller multiplied by normalized source voltage to be
in-phase with source voltage and it is considered as active current that should be
absorbed from source, then without any extra calculation non-active or compensation
current is obtained by simply subtracting load current from active current. This
compensation current is compared with filter current and the error is fed to second
(current controller) PI controller. Output of PI controller is added up with 180°
degree shifted form of source voltage (feedforward) and reference voltage is
obtained. This reference voltage instantaneously compared with triangular waveform
in order to gate pulse signals generate. Complete control block diagram is shown in
Figure 5.13.
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Figure 5.13 Cascade PI controller block diagram

Simulation has been made in 30V (RMS) to match with experimental setup.

Simulated system’s parameters are shown in Table 5.4.

Table 5.4 Cascade PI control method simulated system parameters

AC Supply Voltage 30V(RMYS)
Fundamental Frequency 50 HZ
Reference DC Bus Voltage 50V
Resistive Load 60 Watt

Inductive Load 75 VAR

Coupling Inductance 5 mH
Coupling Resistance 0.5 Ohm
Sampling Time 100 ps

Inverter Switching Frequency Around 1.25 kHz

Pl controllers and SPWM set up parameters are summarized in Table 5.5.
Simulation results depict that the control method can adequately deals with reactive
power and assure constant DC link voltage. DC link voltage, source voltage versus
source current and source voltage versus filter current are represented in Figure 5.14,

Figure 5.15 and Figure 5.16 respectively.
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Table 5.5 Cascade PI controller setup parameters

DC link PI controller Ki=50
K,=12

Second PI controller Ki=2

K, =80

PWM carrier frequency 1.25 kHz
PWM carrier peak value 150 V
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Figure 5.14 Cascade PI controller, DC link voltage variation, MATLAB Simulink
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Figure 5.15 Cascade PI controller, source voltage versus source current, MATLAB Simulink
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Figure 5.16 Cascade PI controller, source voltage versus filter current, MATLAB Simulink

Like previous cases simulation has been made to work under no-load until t=0.2s
and the load is connected to the source at t=0.2s, simulation results clearly show that
source current is in phase with source voltage and reactive power compensation is

achieved. Figure 5.16 shows that filter current 90° leads the source voltage which is

73



capacitive in order to compensate inductive load. DC link has 1V oscillation under
load and with no-load DC link oscillation is neglectable.

FFT analyses of source current in the same manner are represented in Figure 5.17
and Figure 5.18. In this method likewise SPWM method the switching frequency is
around PWM carrier signal frequency (1.25 kHz) and dominant harmonic is third

harmonic order because of the above mentioned reason.
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Figure 5.17 Cascade PI controller, source current FFT analyses

Fundamental (50Hz) = 3.697 , THD= 33.09%
FFT analysis T T T T T T T T
[Fa.

Mag (% of Fundamental)

L: ‘

kb
0

200 250 300 350 40 450 500
Frequency (Hz)

||||‘|III ||||||II|
0 0

0 5 100 15

Figure 5.18 Cascade PI controller, source current FFT analyses in low frequency range
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5.2 MATLAB/Simulink Co-working with Texas Instruments'™ eZDSP

The capability of MATLAB/Simulink to co-work with Texas Instruments™ (T1)
eZDSP is utilized in order to check the validity of control method before stand-alone
DSP based experiment. By employing Simulink Coder/Embedded IEDs tool box
features it is possible to generate Code Composer Studio (CCS) C code for Simulink
models. Integrated Development Environment (IDE) Link of MATLAB software
provides tools that help users verify their code during development by enabling them
to run portions of simulations on their hardware and profiling the executing code.
Processor-in-the-Loop (PIL) simulation is used to run part of the application on DSP
while the rest is run in Simulink. For this purpose proper Target Preferences from
MATLAB library is added to the "control block" subsystem and it is configured for
F2812 platform. Then from "Simulation™ > "Configuration Parameters™ in the model
menu, under "Code Generation” > "IDELink", Build action is set to
"Create_Processor_In_the Loop _project".

Right-clicked the "control block™ subsystem, and "Code Generation" > "Build
Subsystem™ from the context menu is selected, "Build" button on the opened dialog
box is selected, build process in the MATLAB® command window is completed and
PIL subsystem which is CCS compatible C code form of the control block, is created
in new Simulink window. New PIL control block subsystem is replaced by original
MATLAB control block on the model. The simulated model is illustrated in Figure
5.19.
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Figure 5.19 MATLAB/Simulation model with TI eZDSP

By this configuration control part of Simulink model is performed in DSP while
other part of model is run from Simulink. Performance of the DSP to calculate
compensation current and gate pulses is proven; results for three methods are

represented.
Similar to simulation; DC link variation, source current versus source voltage and

filter current versus source voltage are recorded for represented three methods and

recorded results are identical with simulation ones.
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Figure 5.28 Cascade PI controller, filter current versus source voltage, DSP co-working with
MATLAB

5.3 Stand-Alone DSP Based Experimental Setup

Laboratory prototype comprises of blow parts is established:

- Voltage and current measurement circuit

- Buffer circuit

- DSP board

- IGBT driver circuit

- IGBT with antiparallel diode based boost type Voltage Source Inverter (VSI)
- DC link capacitor

- Coupling inductance

For voltage and current sensing Voltage Transducer LV 25-P and Current
Transducer LA 100-P are used respectively. Measured voltage and current are not in
desired range to be used as DSP input channels, then buffer circuit comprises of Op-
Amp, capacitor and resistance is used in order to modify measured data in 0-3.3V
voltage range, compatible to 12bit DSP Ac to Dc Converter (ADC) channels. CCS
3.3 software is used to establish control methods in C/C++ language and by utilizing

“on cheap flash programming” tool, it is executed to DSP flash memory. Four
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IRG4PH50KD IGBTs are implemented in H-bridge single-phase VSI. Utilized
IGBTSs are voltage control devices which 15-20V Gate-to-Emitter voltage satisfies
Collector to Emitter conduction. DSP output signal are around 3-3.5 volts and did
not provide this voltage range, consequently, IGBT drive circuit is implemented by
means of IR2113 high and low side driver. Between driver circuit and DSP board the
isolation between DSP board and VSI (power circuit) is realized by means of 6N138
optocouplers. For DC capacitor and coupling inductance 450V/4700uF and three

1.8~2 mH in series are used respectively.

5.3.1 Insertion of Deadtime

In real implementation IGBTs or other switching devices have not ideal
characteristics and have some delay time during turning on and off. Typically turn
off delay and fall time in these devices are more longer than turn on delay and rise
time, because of this fact switches in H-bridge inverters in one leg turn on faster than
the complimentary switch turn off and this causes short circuit on DC bus and may
burn IGBT or damage them and other parts of circuit. To avoid this phenomenon and
guarantee the safety of VSI system and keep each switching power device in parallel
reliably driven, it is common to insert dead-time when producing PWM waves and to
place isolation parts, drivers, amplifiers between DSP and VSI. Commonly this
deadtime interval is considered around 3us and in this implementation deadtime is
inserted to the gate signals in software programming and it is considered as 4ps,
where 4ps and in worse situation 3us deadtime between turn on and turn off signals
is observed from oscilloscope. Here the worse situation means the situation that
optocouplers or drive circuit between DSP and VSI cause some delay in the signals
and deteriorate the exact 4 us deadtime that is implemented in software. Figure 5.29
and Figure 5.30 are shown the recorded gate signals in the implemented circuit.
Figures’ scale is 1ys, first the turn off signal comes and after 4 us the turn on signal

has been sent to the gate of IGBTSs.
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Figure 5.29 Observed 4 ps deadtime from IGBT end, experimental results
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Figure 5.30 Observed 3us deadtime from IGBT end, experimental results

5.3.2 Experimental Results

5.3.2.1 Instantaneous Reactive Power Theory with Hysteresis Current

Controller

The circuit firstly is tested under no-load, transient and steady state behavior of

DC link voltage has been observed. Parallel resistive-inductive (R-L) load is

connected to the system and source voltage versus source current, source voltage

versus filter current are recorded.
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Source voltage versus load current is shown in Figure 5.31 which is common for
all three implemented control strategies. Load current lagging the source voltage and

absorbs 52.5Watt active power and 52.5VAR reactive power.
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Figure 5.31 Source voltage versus load current in laboratory setup, experimental results

p-g theory with hysteresis current controller has been implemented in DSP based
laboratory prototype with exactly the same setup that is represented in 5.1.1 and the

DC link variation with source current and source voltage is shown in Figure 5.32
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Figure 5.32 p-q theory with hysteresis current controller, DC link & source voltage & source current,

experimental results
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Figure 5.32 shows the satisfactory response of Pl controller with hysteresis
current controller which in less than two period of fundamental frequency boosts the
DC link to 50 volt and from Figure 5.2 and Figure 5.3 the simulation results are
almost the same with experimental ones where Pl controller in one and half period of

time responses and boosts the DC link to reference value.

Source voltage versus source current and source voltage versus filter current are

illustrated in Figure 5.33 and Figure 5.34 respectively.
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Figure 5.33 p-q theory with hysteresis current controller, source voltage versus source current,

experimental results
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Figure 5.34 p-q theory with hysteresis current controller, source voltage versus filter current,

experimental results
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From oscilloscope records 25-30 switching per period are observed in source
current waveform (1.25-1.5 kHz) which fairly coincides with Simulink FFT analyses
result. Figure 5.33 shows that source current is in-phase with source voltage and
reactive power compensation is achieved, also in Figure 5.34 filter current has 90°
phase difference with source voltage and it illustrates that VSI produces reactive
power and inject reactive current to the system to compensate reactive current of the

load.
5.3.2.2 Non-active Current Theory with SPWM controller

In p-g theory implementation sampling time is considered 83.33us however, non-
active current theory with the SPWM controller implementation has taken more time
to execute in DSP therefore sampling time is set to 100us. the same set up in 5.1.2 is
implemented in DSP flash programming DC link transient and steady-state variation,
source current versus source voltage and filter current versus source voltage are

shown in Figure 5.35 ,Figure 5.36 and Figure 5.37 respectively.
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Figure 5.35 Non-active current theory with SPWM controller, DC link & source voltage & source

current, experimental results

DC link is boosted to its reference value in one and half period of time and is
completely coincide with simulation results in Figure 5.8 and Figure 5.9.
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Figure 5.36 Non-active current theory with SPWM controller, source current versus source voltage,
experimental results
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Figure 5.37 Non-active current theory with SPWM controller, filter current versus source voltage,
experimental results

From above figures it is obvious that source current is in phase with source
voltage and filter current is reactive current to compensate the reactive current of
load. Experimentally reactive power and current is compensated and constant DC
link voltage is satisfied by this control method. Switching frequency is around

1.25kHz (PWM carrier frequency) and matches the simulation results.
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5.3.2.3 Cascade PI controller

Finally the proposed cascade PI controller with same setup that represented
in 5.1.3 is implemented in DSP flash programming and experimental results gave
credibility to proposed control method. Laboratory experimental results are
represented below.
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Figure 5.38 Cascade PI controller, DC link & source voltage & source current, experimental results

18 . 688m= EWJM ¥ E S51.20

b

MAVAVAV AN AWAY

CH4= 5.88H

Figure 5.39 Cascade PI controller, source current versus source voltage, experimental results

From Figure 5.38 DC link in one and half period of time is boosted to 50 volt and
it is completely coincide with simulation results in Figure 5.14 and Figure 5.15.
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Figure 5.40 Cascade PI controller, filter current versus source voltage, experimental results

Figure 5.39 depicts that source current is in phase with source voltage and reactive
power compensation is achieved properly and it is evident from Figure 5.40 that VSI
is produced reactive current in order to supply reactive part of load then only active

part of load is supplied by source voltage.
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CHAPTER SIX
CONCLUSION

In this thesis instantaneous reactive power theory (p-g theory) and non-active
current theory as two well-known control methods for STATCOM and APF are
analyzed and some misinterpretations, limits and issues of these theories have been
cleared up in chapter three. According to analyses it has been shown that under
highly distorted source voltage or with non-linear load current reactive power and
reactive current calculation of these theories is not accurate enough to be
implemented for compensation purpose. In chapter four switching function based on
SPWM control method is extracted for single phase STATCOM and extracted
switching functions is implemented in space-state model of single phase STATCOM
or APF both in MATLAB script programming and Simulation. Simulation results are
verified the switching function and the model. By deep investigating the model it has
been seen that DC link PI controller and current controller are key points in this
scheme and the constant DC link and proper reactive power compensation can be
achieved by just two cascade PI controller without any extra calculation for reactive
power and reactive current, based on this experiment novel cascade PI controller for
single phase STATCOM has been designed and effectiveness of the proposed

method both in simulation and experiment is proven.

In the laboratory prototype experimental works, the simulation and model results
are verified by experimental ones in p-q theory, non-active current theory and
cascade PI control implementation. During experimental works it has been clarified
that sampling time is a crucial factor in these configuration and control methods.
Non-active current theory with SPWM controller needs more calculation burden in
DSP programming than p-q theory with hysteresis current controller, and in this
control method higher sampling time leads to smoother reference voltage and it leads
to faster and more reliable switching which will leads to smoother filter and source

current with lower Total Harmonic Distortion (THD).
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In p-q theory with hysteresis current theory it has been observed that in 83.33us
sampling time, current controller could not able to properly limit the filter current
between hysteresis bound and recorded hysteresis bound is wider than what was set
in program. Higher sampling time leads to faster response of the controller and
consequently filter current can properly meet hysteresis bound and smoother filter
and source current can be produced. Higher sampling time can be attained by
utilizing more powerful DSPs to decrease execution time or implementing
optimization techniques in order to avoid repetitive calculation in each period and

decrease calculation burden in DSP and enhance the performance of the system.

Also multi-level VSIs with cascade VSIs can be implemented in order to increase
switching frequency and voltage level. Hybrid configuration is preferred because
high frequencies can be filtered out by means of series PF and APF or STATCOM is

responsible for low order harmonics and reactive power.
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APPENDICES

Appendix A

Budeanu’s Active and Reactive Power Definition
For a nonsinusoidal voltage and current that contain wide range of harmonic
content, Budeanu by means of Fourier series and in harmonic domain defined active
and reactive power as the multiplication of each voltage and current in the same

frequency and neglected cross multiplication.

For voltage and current that defined as

v(t) =2 ivh sin(hat) (A.1)
i) =2 31, sin(hat —g,) (A2)

Budeanu defined active and reactive power like

p= thlh cos(p,) = Z P (A3)
h12,3 h12.3

q= thlh sin(g,) = ZQh (A.4)
h=12,3 h12,3
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