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Abstract

This thesis presents an integrated inductor-capacitor wound from
aluminum/polyester foils and examines its suitability to provide variable
reactive power for compensation in low voltage power systems. Explaining the
functional concept of this integrated component shows how its terminal
impedance can be adjusted to be either capacitive or inductive. A 15 kVAR
prototype integrated component is wound. Measured technical parameters of the
pilot model like capacitance, inductance and resistance match satisfactorily
respective values in the calculation scheme of the preceding components’
design, thus verifying its dual character.

The next stage enabling qualified analysis of this component is the
derivation of its equivalent circuit. The integrated inductor-capacitor wound
from aluminum and polyester foils measures constant parameters and hence
provides the possibility for limited experimentation. Employing, however, the
equivalent circuit, instead of the integrated inductor-capacitor, displaying the
same operational behavior but constructed from discrete components as
resistors, inductors and capacitors widely available in the market in big variety
and easily exchangeable in the circuit provides multiple and diverse
experimental possibilities. This may avoid winding components of various
parameters with materials of different sizes requiring particular winding
equipment, thus exceeding the current scope of experimentation. Finally, the
significance of presenting the integrated inductor-capacitor via an equivalent is
the possibility to express its terminal impedance as a function of its technical
parameters, R, L and C.

The realized equivalent circuit, constructed from discrete components
can provide throughout a considerable range of capacitive up to inductive

reactive power. In the experimental part to follow, a specially constructed circuit



replicating the equivalent circuit is regulated by a variable resistor at the load
terminals 2-4 in order to provide the exact capacitive reactive power required to
compensate the phase shift in the system caused by a single phase induction
motor. The same circuit provides, during further experimentation via regulation
of the variable resistor, inductive reactive power thus compensating the leading
phase shift of the simulated capacitive load. Adjusting the circuit’s terminal
impedance is being achieved via a variable resistor. Considerable losses,
converted in the equivalent circuit when regulated with variable resistor in order
to provide the required reactive power, are of major concern. Because of this the
possibility is being examined to regulate the equivalent circuit’s impedance with
an air wound inductor. This variable inductor functions on the principle of
mutual inductance.

In further measurements documenting the ability of the actual foil
wound component to perform automatic compensation, the reactive power of a
1.2 kW, 230 V induction motor is compensated by the initial constructed pilot
model, the latter being regulated to provide the necessary capacitive reactive
power via the variable inductor. Continuous monitoring of the system
constituted by the induction motor and the integrated component assess the
phase and consequently regulates automatically the component’s terminal
impedance thus maintaining unity power factor in the system, despite varying
load. Extended experimentation indicates reasonable prospects for the integrated

component to provide VAR compensation.

Keywords: Foil wound capacitors and inductors, integrated capacitor inductor,

power factor correction, power quality and reactive power compensation.
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Chapter 1

Introduction

This chapter gives a brief background on reactive power compensation techniques
and explains why VAR compensation is an appropriate solution for power system
quality. The scope of the thesis is then introduced and the scientific objectives of
the work are described. The chapter presents the innovation and originality of the
work, lists the scientific papers included in the thesis, and provides an outline of the
work/terminology.

1.1 Importance of the Work

Today’s power transmission and distribution networks continuously expand
to cover new residential and/or industrial developments. In addition, there
is a parallel, rapidly growing need for evolution as Renewable Energy Sources
penetrate deeper into the existing infrastructures requiring fast responses to
ever-changing conditions (Jaramillo, Heydt, and O’Neill-Carrillo, 2000), (Lin
and Domijan, 2005). Concurrently, as electricity is already a necessity in to-
day’s socioeconomic fabric, it is paramount that the grid also provides re-
liable, cheap and high-quality power without burdening its elements with
additional electrical or thermal stress. This extra stress comes typically in the
form of reactive currents that are not contributing to any actual work and it
is thus desirable to minimize them.

The above create the need for a dynamic grid behavior. Grids nowadays
are expected to sense and dynamically react to network changes in order to
avoid potential temporary breakdowns or even complete blackouts. In addi-
tion, a manifestation of good power quality has traditionally been minimum
voltage level fluctuations. These fluctuations are traditionally caused by the
lines’ resistances and loads and quite predictable in nature (one needs to con-
sider the grid topology, the line length and expected loads to understand the
problem). To mitigate this on the low voltage (LV) grid owners make use of
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transformer tapping (Tap changing transformer) to control the starting volt-
age level and ensure that all the voltage experienced by the users is around
the nominal value.

With the advent of renewable energy sources(RES) and decentralized pro-
duction, power is produced and injected to the grid at various locations. To
realize these injections, the RES slightly raise the voltage at the production
sites. As RES distributed production of small, yet many, residential Photo-
voltaic (PV) systems on the LV grid becomes important, the above situation
becomes severe and the consequent problem more complex and more diffi-
cult to predict and rectify. Consequently, static or stepped approaches are
rendered ineffective.

The objective of this work is to design, minimize, construct and exper-
imentally investigate a fully-functional, elastic, power factor improvement
device that will enhance voltage regulation and reduce reactive power to the
LV grid. The device will be capable of sensing current distribution grid con-
ditions and automatically respond by providing the exact reactive compo-

nent required for stabilization and improvement.

1.2 Background

Industrial plants (mainly factories) cause, through their predominantly mo-
tor loads, lagging power factor to the grid. Domestic and urban loads in
general, likewise, cause lagging power factor, though to a lesser extent. On
the other hand, increased employment of underground middle range volt-
age cables (eg: 11 kV) over distances of tens of kilometers and more cause
a definite leading power factor due to the high parasitic capacitance arising
between the closely positioned phase conductors of the cables. Both lagging
and leading power factors cause additional voltage drop/rise, losses on the
transmission lines and in general a power quality deterioration, forcing the
providers to undertake qualified actions aiming at countering negative ef-
fects resulting from the phase shift. Overall, reactive power management
is classified into two categories (a) transmission-line voltage (b) load deliv-
ered (T.J.Miller, 2017), (Dixon et al., 2005). Voltage control typically refers to
eliminating the voltage fluctuations, improving the stability of voltage and
maintaining a flat voltage profile at various levels of transmission. The sec-
ond category is load delivered, which has to do with the enhancement of
the power factor, the consumption of real power from the supply, voltage
regulation and the reduction of the total harmonic distortion (THD) caused
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by large nonlinear loads (Teleke et al., 2008). The issues appearing because
of the inability to control the reactive power are significant. Untill recently,
the active and reactive power was controlled by conventional techniques
like automatic generation control (AGC), excitation control, phase-shifting
transformers, transformer tap-changing control, capacitor systems (capac-
itor banks, parallel capacitors), and Thyristor based controllers (T.J.Miller,
2017), (R.Mohan Mathur, 2002). In general, there are two basic approaches
for compensating the phase shift (i.e correcting the power factor): static and
dynamic.

1.2.1 Static Compensation

The simplified equivalent circuit (given in Figure 1.1) of a motor load is a re-
sistor representing the converted mechanical power, and a parallel inductor
necessary to set up the magnetic field in the windings and create the me-
chanical force. This arrangement causes a lagging power factor, that is, the
current lags the voltage by some time.

Voltage

/ Current

FIGURE 1.1: Equivalent of motor load

& : g

Hence, capacitor banks (Figure 1.2) are being installed in the factory premises
to provide capacitive reactive power in order to completely mitigate or elim-
inate this lagging power factor on the spot. Now, as the production process
in factories varies, that is motors of different power ratings are constantly
connected and disconnected many times without a predetermined pattern,
a central power factor correction unit (PFCU) keeps connecting and discon-
necting components from a local capacitor bank automatically, via electrome-
chanical switches (Fehr, 2016) as shown in Figure 1.3.

These reactive components are usually power capacitors of different sizes
designed appropriately to regulate the power factor of a specific plant (whose
overall reactive compensation needs are expected) to a desired value. At any
moment, the connected capacitance (i.e. engaged reactive components) is
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FIGURE 1.3: Mechanically switched capacitors
(Source: Siemens Energy)

the sum of the various discrete capacitor components used. As there are no
variable power capacitors, a constant switching of capacitors is normally re-
alized, especially for those of lower capacitances. The problem arising when
this kind of switching is employed has to do with the large inrush current
that flows at the moment of contact when the instantaneous voltage differ-
ence between the line and the capacitor is big. This is shown in Figure 1.4.

This high inrush current reduces considerably the capacitor’s overall op-
erational duration which, frequently, ends in mini-explosions. In some cases
power authorities install capacitor banks in substations for central compensa-
tion, especially when individual customers (usually home or small commer-
cial units) exhibit insignificant phase shifts but as a group cause significant
effects.
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FIGURE 1.4: Voltage sag due to inrush current
(Source:Texas Instruments Manual-Inrush Currents)

Leading power factors caused by underground cables that run close to
power stations can be compensated by under-exiting the synchronous gen-
erator. This means that the generator provides real power and, at the same
time, absorbs reactive power. In addition, when reactive power compensa-
tion in substations is needed, the so called synchronous compensators are
often installed (Ma et al., 2016), shown in Figure 1.5.

ac
system

Coupling
transformer

Slip rings

i

Back-to-back
converter

3-phase field winding

FIGURE 1.5: Synchronous condenser with variable speed

These generators are synchronous machines made to rotate at synchronous
speed with no mechanical torque given to the shaft; the active power deliv-
ered by the network corresponds to the power loss of the machine. With
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excitation, the operating point typically moves on the axis of the reactive
power and the machine behaves as either a condenser or an inductance.
Synchronous condensers used to compensate phase shifts caused by under-
ground cables leaving the substations. However, for this type of compensator
to be used at full efficiency, it should be driven in a closed chamber full of hy-
drogen so as to reduce the losses by ventilation and to increase the specific
power. The cost of such system is high and encumbering. For this reason,
capacitive power compensation is being achieved in many European coun-
tries by installing bulky air-cooled inductors. The value of inductors can be
changed by choosing suitable taps. In big inductors the length/depth of im-

mersing an iron core via an electric motor changes the inductance gradually.

1.2.2 Dynamic Compensation

With the advance of thyristors in the early 80s, typical AC bidirectional switches
were developed for controlling (connecting and disconnecting) the capacitor
banks (Jovanovic and Jang, 2005)(Sebastian and Jaureguizar, 1993)(Chavez
and Houdek, 2007) (Pop et al., 2001). A bank of capacitors connected us-
ing anti parallel thyristor pairs as per Figure 1.6 is commonly known as
Thyristor-Switched Capacitor (TSC) .

!
LT T @

FIGURE 1.6: TSC used for mitigation of the capacitor inrush
currents

Thyristor
Valve

A
T‘* Vsu

Thyristor
Valve

TSCs overcome the inrush current problem because they use thyristor
valves which can be triggered at any point of the AC waveform by means
of processor controllers that constantly sense the voltage difference. If TSCs
alone are employed for reactive power compensation, the introduced lead-
ing VAR can only be adjusted in steps, because the switching is realized one
reactive component at a time. For accurate adjustments of VAR, a continous
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variable feature is desirable. This is achieved by having a thyristor-controlled
reactor (TCR) (Rahmani et al., 2014)(Chen, Lee, and Chen, 1999)(Haque, Ma-
lik, and Shepherd, 1985), as shown in Figure 1.7, in parallel with the capaci-
tor bank (detuned reactor) as shown in Figure 1.8 called static-VAR compen-
sators (SVC) .

Thyristor
Valve

FIGURE 1.7: Thyristor-controlled reactor

FIGURE 1.8: TCR in parallel with capacitor bank (SVC)

In general, these compensators are more reliable, faster and have a higher
capacity compared to synchronous condensers. However, SVCs are of com-
parably higher cost than conventional (mechanically switched) capacitor banks,
due to complex processor controlled electronics involvement, need new tech-
nologies and require quick support. At present, power electronic controllers
such as voltage source inverters (VSI)/ current source inverters (CSI) based
static-VAR compensators (SVC and STATCOM ) (Dixon et al., 2005),(Narain
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G. Hingorani, 1999),(R.Mohan Mathur, 2002), (Yong Hua Song, 2008) are
widely used for VAR compensation often called flexible aternating current
transmission systems (FACTS), shown in Figure 1.9.

FIGURE 1.9: Typical SVC (source: GE grid solutions)

Although power electronics can achieve accurate and dynamic power
factor control, the latter suffers from frequent thyristor failures caused by
switching and, thus, the consequent nesessity for justifying the continued

use of static compensation.

1.3 Scope of the Work

The final device that the current work intends to build is an apparatus within
the technical area of electric power quality. The electric device shall be ca-
pable to either inject or absorb reactive power to/from the grid accounting
for load units that cause phase shift, hence reduce the power factor, both
towards the lagging as well as the leading regime. It is the device’s construc-
tional nature that yields, in one component, capacitance and inductance. It
is further the specific design and operation that can drive this electric device
from a capacitive extreme all the way through to an inductive extreme by
both manually controlled resistor and variable inductor employing micro-
processor control. However, the most significant feature of this device is the
possibility to realize different capacitive and inductive values as well as to
change its electrical behavior from capacitive to inductive without switching
between the device and the grid to which it is already connected. Hence the



Chapter 1. Introduction 9

considerable advantage of the proposed apparatus to any existing device sys-
tem performing the same function, apart from its accurate compensation, is
its expected long operational duration. The constantly monitored grid shall
provide information about its current state to the control system of the device
which, in turn, will respond with steady adjustment to appropriate dynamic
changes of particular load scenarios in the grid taking on the new operating
mode so as to realize the predetermined desired grid parameters. Current
construction concept aims at a LV, 400V, 3-phase device.

The electrical device that this thesis will produce will be capable to pro-
vide the following:

* One device will be capable to correct both leading and lagging power
factors;

¢ It will be capable to compensate reactive components elastically (not in
steps);

¢ It will exhibit prolonged useful life as it will not employ capacitor switch-
ing;

¢ It will not generate harmonics like TCR and will need no additional
filtering;

¢ It will respond to unfavorable changes in the grid in real-time.

To the best of my knowledge, at present, there is no available, marketable

device to manage reactive power cost-effectively in the above manner.

1.4 Thesis Objectives

The aim of this thesis is to construct an integrated component providing both
inductive and capacitive reactive powers for medium and high power appli-
cations as a VAR compensator. The scientific and technical objectives of the
thesis are:

¢ Create a device whose constructional nature allows it to both inject and

absorb reactive power to and from the LV grid ;

* Replace the conventional engagement/disengagement of discrete power
components with a smooth and gradual, (“elastic”), compensation;
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* Achieve the above without the use of power electronics (thyristors)

which deteriorate the power quality and introduce the need for filter-

ing.

The first objective is to construct an electric device that will inject or ab-
sorb reactive power to and from the grid accounting for motor load (and/or
parasitic capacitances in underground cable runs) that causes phase shift and
reduces the power factor (PF) both towards lagging as well as leading re-
gions. This implies that a single device will be capable of delivering capac-
itive as well as inductive reactive power. The basic principle of the design
of such a device is the integrated reactive component that has been theoret-
ically known in the literature and has been used in various applications (eg:
in the starting and operation of induction motors (Michaelides and Nicolaou,
2017b) and in harmonic filtering techniques (Michaelides, 2015) etc). When
studied, its electrical characteristics reveal that with the appropriate circuit
around, it can behave between the two extremes; a series and a parallel reso-
nance.

In addition, the device will be able to vary the amount of reactive power it
compensates elastically, changing gradually and smoothly from a maximum
capacitive reactive to a maximum inductive reactive behavior. This avoids
the employment of discrete reactive power components to achieve the com-
pensation. Moreover, it avoids the life-shortening switching process used in
traditional Power Factor Correction Units (PFCU) where discrete capacitors
in a capacitor bank are abruptly engaged or disengaged to reach the required
amount of reactive power to be injected to the system. Importantly, this elas-
tic compensation and flexibility in absorbing or injecting reactive power will
not be achieved with the use of thyristor-based power electronics.

Another significant objective of this work is to allow the device to realize
the above changes of the electrical behavior (from capacitive to inductive),
thus enabling it to respond and adjust to appropriate dynamic changes of
particular loads in the grid, automatically and in real time. The constantly
monitored grid shall provide information about its current state to the con-
trol system of the device which, in turn, using a microprocessor will take on
the new operating mode so as to realize the predetermined desired grid pa-
rameters. Current construction concept aims at the LV (four hundred volts),
three phase and around 15 kVAR device. Thanks to the speed, with which
the device can respond to unfavorable changes in the grid, it will be amend-
ing them immediately, if necessary. This is in contrast to the currently used
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devices that require time delays to switch components (e.g. 30 seconds to en-
gage and up to a minute to disengage) in order to avoid the harmful frequent
switching processes.

Currently, a device capable to perform the above tasks in the explained
manner does not exist in the market. While the theory and mathematics be-
hind the approach all seem to indicate that the device can be constructed,
this thesis will attempt to actually construct it in order to reveal and over-
come any unforeseen technological or scientific hurdles in the process.

1.5 Innovation and Originality

The basic structure of the proposed device is a reel of wound conducting
and insulating foils encoutered in conventional discrete foil-wound capaci-
tors, but with novel features in the division of the foils, the sequence of their
winding and interconnection with sole objective the maximum exploitation
of the inductance following the concept of foil-wound inductors.

PP Foils Supply Terminals

Aluminum Foils

4

Load Terminals

FIGURE 1.10: Conventional capacitor construction and four ter-
minal concept

The apparatus is constructed using two conducting (aluminum) foils iso-
lated by insulating (e.g. polyester) foils as being practiced in the construction
of conventional wound film capacitors as shown in Figure 1.10(left). The two
opposite ends of the two different foils show the supply terminals (1 and 3)
of the proposed integrated inductor-capacitor, and the other two terminals (2
and 4) of the two ends act as control terminals/load terminals as shown in
Figure 1.10(right).

Operating the device with high load resistance (e.g. 200 K() terminals 2
and 4 shown in Figure 1.11) will yield an impedance frequency characteristic
that passes through point P2 at 50 Hz shown in Figure 1.12. Similarly, short-
ing the same load terminals will result to a function passing through point
P1 at 50Hz. Continuing to perform measurements, we can determine the
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FIGURE 1.11: Impedance at supply (terminals 1 and 3) changes
when changing load resistance (terminals 2 and 4)

impedance-frequency characteristic for various resistance values in between
the above extremes, which will yield the spectrum lines of Figure 1.12. What
is most important is that we can achieve a gradual and smooth transition
from the one curve to the other by gradually varying the resistance.

Observing Figure 1.12 further, it is understood that the terminal impedance
of the proposed component operating at 50 Hz line frequency changes grad-
ually from one state (inductive) at P1, to another state(capacitive) at P2 along
the dotted vertical line. An automatic terminal impedance control of the pro-
posed component can be achieved by controlling the current in the load loop
which has initially been managed by a variable resistor with a cost of ac-
tive power loss. To overcome this loss, a high efficient variable inductor
has been examined employing a stepper motor control to perform automatic
VAR compensation (introduced in Chapter 4 ).

To achieve an immediate response of the device to grid changes a proces-
sor control unit will collect the phase and process continuously. According
to a desired value (grid phase angle), the processor will adjust the current in
the load loop so that the device will output the required impedance which
will translate to the exact required component to compensate for the excess
grid reactive power.

So, by controlling the basic integrated design at this point via a variable
impedance, it will be demonstrated that the structure can behave between
two extremes: a series and a parallel resonance circuit (points P2 and P1 in
Figure 1.12) and that the transition from one to the other will be elastically
achieved (i.e. without steps or switching). The two resonances will eventu-
ally lead to injecting and absorbing reactive power to/from the grid.
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FIGURE 1.12: Impedance frequency characteristics for different
control/load resistances showing their locus at line frequency
50Hz

1.6 Discussion

The true technical innovation and originality of the device is to use wound
foils as an integrated inductive-capacitive component in transmission system
as shown in Figure 1.13:

* For electric power processing application to control the phase between
current and voltage in the power system.

¢ For varying its terminal impedance through an angle of at least 140
degrees meaning that it can shift between capacitive and inductive be-

havior without any switching.

Since no complex power electronics will be involved (as with dynamic
compensations) and there will be monitoring of its performance and status,
we expect the device to be low-maintenance and cost-effective. In addition,
it will be less bulky than deploying similarly sized solutions (static compen-
sators) while performing the task of both inductors and capacitors. These,
along with the elastic compensation it will be capable of, will render such
a device easy to market and promote to the local and international indus-
trial markets. Such a device will mitigate the problems arising from sudden,
modern grid changes, be they due to complex, ever-extending infrastructure,
due to industrial applications, or due to RES decentralized production, thus
allowing resilient and quality power delivery.
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FIGURE 1.13: Main components of the proposed final device
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1.8 Organization of Thesis

This thesis is structured as follows:

* Chapter 1 offers an explanation for the general reader about the reac-
tive power compensation. The motivation for the research, the aim and
thesis outline, and the main scientific contributions are also included in

this chapter.

* Chapter 2 presents the concept of integrated inductor-capacitor design
and its construction. It is validated experimentally with the theoretical

parameters.

¢ Chapter 3 discusses impedance control of the proposed component.
Furthermore, the variable resistor controlled integrated inductor-capacitor
equivalent is proposed and experimented with different load scenarios

to compensate reactive power.

¢ Chapter 4 further introduces a variable inductor controlled electrical
equivalent of the integrated inductor-capacitor for reactive power com-

pensation.

¢ Chapter 5 shows the control of actual integrated inductor-capacitor us-

ing a variable inductor as a VAR compensator.

* Finally, Chapter6 presents overall conclusions of all methods that have
been developed. Some recommendations for future work in order to

improve this performance are also given.
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Chapter 2

Construction of an Integrated

Inductor-Capacitor

This chapter gives an overview of the integrated inductor- capacitor devices avail-
able for low-and micro-power applications. It illustrates the basic construction of
wound aluminum and polyester foils realized to obtain both inductance and capaci-
tance in one by the particular positioning of the connection terminals of the foils. A
detailed explanation of winding foils and determining the resulting RLC parameters
is provided. The eventual construction of an integrated inductor- capacitor and its
assessment by comparing measured and calculated parameters is undertaken.

2.1 State-of-the-Art

Diverse concepts and designs about the integration of inductors and capaci-
tors constituting micro-and low-power components. It follows ongoing trend
examining on this occasion in the present work possible medium and high
power applications (Michael Casper, U.S. Patent 7,446,388 B29). Recent de-
velopments (Yuan, 2008) focus on the integration of capacitors, inductors,
and resistors in thin film hybrid substrates suitable for RF/microwave, wire-
less, and optical transmission technologies. Cost effective constructions of
integrated thin film inductor/capacitor are widely used in low power appli-
cations. Self-folding elastic electric devices presented (Miyashita et al., 2014)
comprise integrated structures resistors, inductors and capacitors using met-
alized polyester films. This kinematic design, however, is restricted in its
application, and therefore proposed by the authors mainly for sensors and
actuators.

Chip implanted inductors in integrated component formation have draw-
backs because of their low inductance values accompanied by quality factors
in standard CMOS below 20 (Thanachayanont, 2000). Considering medium
power application, a 5 kVA planar integrated inductor capacitor realized in
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a transformer structure as part of a de-dc medium power converter is pre-
sented in (Lembeye, Goubier, and Ferrieux, 2005). A further application of
an integrated component is being realized in a harmonic filter for low and
medium power systems presented in (Michaelides and Nicolaou, 2021).

The integration of capacitor and inductor into a single component is ex-
pected to reduce size, material, and consequently costs. Hence, design and
construction of such integrated components, limited so far mainly to low and
medium power applications, is of continuous interest to academia, thus pro-

moting research towards higher power applications as well.

2.2 Concept

The integrated component destined to realize capacitance and inductance in
one, is a reel of wound aluminum and polyester foils shown in Figure 2.1 as

encountered in conventional foil wound capacitors.

Polyester (plastic) film

FIGURE 2.1: Wound foils yielding inductance and capacitance

The formation of the inductance resulting from the wound aluminum
foils is being realized by the particular positioning of the connection leads
along the length of the aluminum foils and the specific terminal operation
(Michaelides and Nicolaou, 2017a). The four foils, two aluminum and two
polyester, are shown unwound with the four contact terminals in Figure 2.2.

The supply terminals are placed at the opposite ends of two different foils
while another two connection leads are placed on the remaining other two
ends of the aluminum foils to serve as load terminals.
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Load Terminals

FIGURE 2.2: Unwound aluminum and polyester foils indicat-
ing terminal operation

2.3 Winding of Foils

Winding continuously the two aluminum and polyester foils as displayed
in Figure 2.1 may realize any capacitance and inductance between the four
ends of the two aluminum foils. However, the aluminum foils’ resistance as
it appears in the equivalent circuit in Figure 2.2 will be in acceptable high for
big capacitance and inductance values because of the thin aluminum foils.
As of this, the total foil length I 4; that is necessary to realize a certain capaci-
tive reactive power is divided in n segments of equal lengths I;.¢ (Figure 2.3)
which, in turn, are connected in parallel as shown in Figure 2.4.

Lai

FIGURE 2.3: Aluminum foils of total length [ 4; are divided in n
equal segments of length I5.¢

The division of the total foil length in 7 foil pieces (that is in the segments)
will leave each segment with C/n capacitance. The parallel connection of the
segments will restore the total initial capacitance C. The resistance of one
segment will be smaller than that of the total foil length’s resistance by the
factor n. The parallel connection of n such segments will reduce the total
foil length’s resistance further by the factor n so that the resultant resistance
of the component between the terminal 1-2 in Figure 2.4 is total foil length’s
resistance divided by n?.
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FIGURE 2.4: n foil segments connected in parallel
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FIGURE 2.5: Three segments wound simultaneously

The inductance of a segment will be considerably smaller than that of the
total foil’s length because of the reduced length. Winding the segments sep-
arately one by one and connecting them in parallel as discrete components
will reduce the inductance by the factor # as in the case of parallel resistors.
Connecting the segments as discrete individual components will result to no
improvement of the component’s inductance quality factor.

The knowledge, however, that closely located inductors exhibit mutual
inductance on each other, reconsiders the practice of treating the segments as
discrete separate components but instead suggests their simultaneous wind-
ing on a same core. The coupling factor between two aluminum foils wound
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simultaneously on the same core, because of their close and tight space ar-
rangement, may be considered as one k=1. This means that the inductance
of one segment when wound simultaneously on the same core with other n
segments will increase by the factor n due to the mutual inductance exhib-
ited by the other n segments. This increase of inductance of all n segments by
the factor n counters the decrease of the resultant inductance due to parallel
connection.

Hence, the significance of the integrated inductive capacitive component
lies in the simultaneous winding of all aluminum foils as indicated in Fig-
ure 2.5 thus reducing the resistance while keeping the inductance constant
realizing a quality factor of the component’s inductance comparable to that

of discrete component wire wound inductors.

24 Determining Technical Parameters RLC

A first orientation when designing the integrated inductor-capacitor compo-
nent is the maximum expected reactive power that can provide. As of this
for a desired capacitive reactive power Q¢ and an operational voltage V, the

capacitance is given in Equation 2.1.

Qc
C=—"—7— 21
V2. 2nf @1
The general equation of the capacitance of wound aluminum foils is given in
Equation 2.2.
¢ Moocrl (22)

The area A is the aluminum foils length times width as shown in Fig-
ure 2.6 and d is the strength s,, of the polyester foil. After substitution in
Equation 2.2 we obtain Equation 2.3.

_ 2-go5,warlag

C (2.3)

Spp
The capacitance C and geometric dimensions of the foils will determine
via 2.3 the total length of the aluminum foils /4; , an essential constructional
parameter necessary to realize the desired capacitive reactive power Qc. This
will be followed by the determination of the segment’s length 5., that will

realize the inductance L of the integrated component.
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FIGURE 2.6: Dimension of aluminum foil

The general equation to calculate the inductance of a usual wire wound

coil is given in Equation 2.4.

h-N z}loA
!
As stated in (Reeves, 1978), considering the low grid frequency, a wire

L= (2.4)

and foil wound inductor of the same number of turns and comparable size
will have the same inductance.

Hence, Equation 2.4 shall be used in the present work to determine the
segment’s length [s., of the wound foil component. The magnetic coupling
of an inductor’s windings, whether wire or foil wound, is always little less
than one because of their spacing and different size, resulting to an increased
value of the inductance in Equation 2.4. The Nagaoka Factor & is being in-
troduced to counter this effect. The following two diagrams in Figure 2.7
show the determination of the Nagaoka factor as a function of the geometric

dimensions of the component.

1,0
0.8 \ P
0.6
\ D,
0.4 \\ !
[—
0.2
0 W
2 4 6 8 10
Diw,, —=

FIGURE 2.7: Dimensions of component with Nagaoka coeffi-
cient h

The circumference of the cylindrical component when multiplied with the
number of foil turns N is the length of the foils, here defined as the length of
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an elementary foil segment s, resulting to Equation 2.5.

lseg = TDN (2.5)

The inductance of a foil segment ., after substituting in Equation 2.4
the turns from Equation 2.5 and the cross-section A = 7(P/ 2)2 becomes

_ Lseg Zﬂo D\?
() aeD e

Simplifying Equation 2.6 with the permeability of free space
(o = 471 -10~7) Vs/Am results to Equation 2.7.

Equation 2.6.

h * lsegZ * 1077

W A;

L= (2.7)

Hence the length of the elementary wound foil segment [s., becomes
Equation 2.8 after rearranging Equation 2.7 with respect to [se.

[ L- WAl
lseg - m (28)

Eventually the above two lengths I4; and 5.y determine the number of
elementary foil segments that shall be wound simultaneously on the same
core, connected in parallel as shown in Figure 2.4 and Figure 2.5. The total
foil length [ 4; is divided in pieces of segment’s length Is.¢. The ratio of the
two latter lengths will determine the elementary segments n stated in Equa-
tion 2.9.

n= Lar (2.9)
lseg

Rounding up of n always to the next bigger integer will influence preced-

ing calculations of capacitance C and power Q insignificantly.
k2 o 4}’1' : 1’]'

= (2.10)
2
hl%]. + (ri+71j)

Considering the resistance of a conductor of length [, cross section A and a
material resistivity p in Equation 2.11 results to an appropriate foil resistance
for A = Wy;-S4; shown in Equation 2.13, considering always the low grid
frequency.

R=P! 2.11)
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2.5 Winding of Pilot Model

(2.12)

(2.13)

The prospect of using such integrated inductor -capacitor in the grid as a

VAR compensator considers essential the construction of a pilot model for

appropriate experimentation. The model is designed to realize a power of
15 kVAR operating at 400 V, 50 Hz in the three phase power system. The
parameters of the used materials for the construction of a pilot model are

listed below in Table 2.1.

TABLE 2.1: Parameters of the Foils

Parameter Symbol Value
Aluminum foils width War 14cm
Aluminum foils strength SaL 4.4um
Polyester foils strength Spp opum
Polyester foil dielectric €y 2.5
Integrated component core diameter D; 19.5cm

Aluminum resistivity pa 265%x1078 Om
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The initial parameter to lead via calculations to all other parameters is the
maximum expected reactive power of the 15 kVAR component chosen here.
Further, to achieve the dual property of the integrated component the ratio

of capacitive to inductive reactance should be at least 6 : 1.

Xc: X, =6:1 (2.14)

Using this ratio in equations Equation 2.14 and Equation 2.3 will yield a
capacitance and inductance of C = 248 yF and L = 6.79 mH, respectively. Em-
ploying further Equation 2.7 will determine the necessary total aluminum
foil length [4; = 240 m and via 2.8 the segment’s length [5,, =126 m. This
means that the number of segments according to Equation 2.9 to be wound si-
multaneously following the proceeding analysis will be 240/126 =1.9 rounded
up to the next integer n = 2. Calculating the resistance of a foil segment using
Equation 2.12 results to a components resistance R=1.87 (). The construc-
tional and technical parameters are listed in Table 2.2.

TABLE 2.2: Parameters of the Pilot Model

Pilot Model Parameters  Calculated values Measured values

Capacitance C 248 uF 235 uF
Inductance L 6.79 mH 7.2mH
Resistance R 1.87 () 1.76 O3

Quality Factor Q 1.2 1.29
Total Length of the Foils 240 m 240 m
Length of Segment 126 m 126 m
Number of Segments 1.9 2

Polyester plastic foil has been used as a dielectric of the pilot model as it
is practical for dry manual foil winding throughout experimentation.

To wind the foils, a mechanical arrangement of five rotating cylinders has
been constructed as shown in Figure 2.9. Two cylinders hold the aluminum
foil rolls, another two the polyester foil rolls, all four situated symmetri-
cally around the central fifth cylinder on which the latter, two aluminum and
two polyester foils shall be wound to form the integrated inductor-capacitor
shown in Figure 2.10. Favorable for the winding process of the foils is the
perfect parallelism of four foil rolls and their close distance to the middle
component roll. The four foils are eventually wound on a plastic hollow
pipe pushed on the middle wooden solid cylinder. The plastic pipe with the

foils wound around it are shown on Figure 2.10.
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FIGURE 2.10: Integrated inductor-capacitor with terminal out-
lets/connections for measurement and operation of the compo-
nent

It is pushed and fitted on a specially sized massive cylindrical wood sup-
ported on an axis between the two frame wooden walls. The axis is extended
on the one side beyond the wall by a crankle which serves to turn the core.
Manual winding of the foils while turning slowly the crankle is realized
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amidst constant concern of wrinkling of the foils as they layer up. Wrin-
kling of the foils will disrupt the cylindrical shaped component and result
to small air pockets between the foil layers causing a non-uniform electrical
field and hence non uniform charge distribution throughout the foils. This
way the four foils symmetrically arranged around the core roll at short dis-
tances and big angles to each other so that there is least contact between the
foils while being pulled, wound around the core. This will avoid mutual at-
traction between the foils arising from electrostatic forces due to charging of
the foils because of friction as they unwind from their rolls. At the present
stage of the component’s construction, a winding mechanism with n times
four rolls as indicated in Figure 2.10 could not be realized to wind the seg-
ments simultaneously. Instead, the segments are wound one above the other.
For a small number of segments implications are insignificant as the coupling
factor between the different segments are still almost one.

The pilot model as it appears in Figure 2.10 is wound on a plastic hollow
cylinder 18 cm long of diameter 12 cm. The inner diameter of the cylindrical
wound foils is 12 cm and the outer is 18.2 cm. The mass of the component
is 3.4 kg. The foils” dimensions are presented in Table 2.1. A reliable assess-
ment about the calculation scheme and the construction of the pilot model is
documented in Table 2.2 showing fair matching of calculated and measured
values.

A reliable assessment about the calculation scheme and the construction
of the pilot model is documented in Table 2.2 showing fair matching of cal-
culated and measured values.

As the winding machine constructed for the occasion does not wind the
foils as tight as industrial winding machines the measured capacitance of the
pilot model is smaller than the calculated. The measured inductance of the
pilot model is bigger than the calculated because the assumed component

diameter is not the exact average diameter of the windings.

2.6 Discussion

In this chapter, the construction of the integrated device suitable to provide
both capacitance and inductance in one component has been demonstrated.
Further the developed calculation scheme has been verified via the measured
technical parameters of the constructed pilot model. An indication for the
success of exploiting a considerable inductance from the wound aluminum
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foils, as a major challenge of this work, is the quality factor Q of the com-
ponents inductance. The ratio of reactance to resistance of the component’s
inductance is according to the inductor’s quality factor of Equation 2.15, Q =
1.2.

Q=" (2.15)

TABLE 2.3: Calculated parameters for different sizes

Qc Qu CmF) LmH) R(Q) e n Q
15 15.6 248 6.8 1.87 126 19 1.2
25 26 414 4.1 067 98 41 19
30 31 497 3.4 047 89 54 23
35 36 580 2.9 034 82 6.8 26
40 41 663 2.5 026 77 83 3.1
45 46 746 2.2 020 72 99 34
50 52 829 2.1 016 70 116 3.9

Table 2.3 reveals a positive trend of the quality factor for components of
higher power wound with more segments. As mentioned earlier the compo-
nent is designed to realize for any size, equal capacitive as well as inductive
reactive power documented in Table 2.3.
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Chapter 3

Electrical Equivalent Circuit of

Integrated Component

In this chapter, the wound aluminum and polyester foils are further examined in or-
der to deduce the electrical equivalent circuit of the structure. This will be used in
order to further quantitatively examine and investigate its properties and its suit-
ability to act as a reactive power compensator. Implementing the structure through
its equivalent circuit with only passive linear components, namely resistors, capaci-
tors and inductors, allows us to improve the power factor while completely avoiding
the increase of harmonic distortion generation.

3.1 Theory

An important step in order to analyze and understand the integrated compo-
nent further is the derivation of its equivalent electric circuit. This equivalent
circuit will enable the simulation of the wound foils structure by using linear,
discrete components, namely resistors, capacitors and inductors, as shown in
Figure 3.1, which are easily available in a variety of values in the market at

reduced costs.

|..\.
L'.n)

1
13 1

FIGURE 3.1: Four pole equivalent model consisting of RLC
components

-IJ

Appropriate to the four-terminal nature of the component through the

two ends on each of its two aluminum foils as shown in chapter 2, Figure 2.2
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, a four pole equivalent has been designed in (Michaelides and Nicolaou,
2017a) and will be used here.

In that work, the authors performed a number of measurements for a
range of frequencies between the supply terminal pairs (1-3) while maintain-
ing both open- and short-circuit on the load terminals (2-4). They observed
that the behavior of the component was similar to series and parallel res-
onance circuits for wound conducting and insulating foils. This led to the
two (extreme cases) operational modes (open- and short-circuit on load ter-
minals) depicted in Figure 3.2.

2L 2R 2 c/2 2L 2R 2 C/2
1 3 1 3
[| [|
I
2L 2L

c/2 4 2R c/2" 4 2R

FIGURE 3.2: Four pole equivalent model for open load termi-
nals and shorted load terminals

Observing the two versions, the authors therein realized that the only
difference is the connection between the load terminals (2-4). Hence, they
concluded that different impedance’s connected across them, would realize
the gradual transition of Z;3 from one extreme to the other (i.e. from open-
circuit to short-circuit). This is shown in Figure 3.3.

[

—e Rt o—

¢/2 4 2R 2L

FIGURE 3.3: Components of equivalent and its nodes reflect
the parameters of the aluminum foils and their four connection
terminals respectively
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The resistance R and the inductance L of the aluminum foils is measured
using DC between terminals 1-2 or 3-4. The capacitance C is measured be-
tween terminals 1-4 or 2-3. All three values are the respective values shown

in the equivalent circuit of Figure 3.3.

3.1.1 Calculating Z;3

To derive the impedance across terminals 1-3 (Z13) one can choose elemen-
tary circuit theory on the equivalent circuit of Figure 3.3. This theory may
involve wye-delta transformation or mesh analysis. Considering the circuit

in Figure 3.4 and applying wye-delta transformation

Z1 72

ZL

i) Z1

FIGURE 3.4: Equivalent circuit in terms of impedances

Applying Wye-Delta to Figure 3.4, then we get Figure 3.6

Z

FIGURE 3.5: Star-delta transformations

Hence, then we get Figure 3.6
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2 +Z,+7Z,
ZZ, —
Z+Z,+7Z,
—
1 3
—

2,2,+2(Z,+Z,+ Z,)
Z+Z,+7,

FIGURE 3.6: After series calculation

(21234 Z5(Z1+ 70+ 25)|[(Z2Za+ 21 (Za+ 22+ 23))] /

7 Z175 n (Z1+Z2+23)°
B 2+ 2+ Z3 ZlZS+Z2(Z1+ZZ+Z3)+ZZZ3+21(Zl+Z2+Z3)/(Z1+ZZ+Z3)
(3.1)
g 7175 ZWZoZ5+ 7325 (Z1+ Zo + Z3) + 2323 (Z1 + Zo + Z3)
B 7+ 7+ Zs (Z1+Zo+Z3) (Z1+ Zo+ Z3) (Z1+ Z2) + Z3 (Z%3+2)Zz)]
S N7 2172754 (Z1 + Zo + Z3) [ 2323+ 2523+ ZnZy (Z1 + Zo + Z3) |
B 7+ 7y + Zs (Z1 + Zy + Z3) [(Z1 + Z2) (Z1 + Z2 + 22Z3)]
(3.3)
7= 212y Z122Z§ + (Z1 + Zr + Zg) [Z%Zg + Z%Zg + 7172y (Zl + 7> + Zg)]
B 2+ 2o+ Zs (Zy + Zo + Z3) [(Z1 + Z2) (Z1 + Zp + 273)]

(3.4)



 DZy (Zy+ Zo) (Zy+ Zo +2Z3) + ZnZoZ5 + (Zy + Zo + Z3) (2323 + 2573+ Z1Zo (Zy + Zo + Z3))]

J1a =
13 (Z1+ Z2) (Z1 + Zo + Z3) (Z1 + Zo + 273)
(Z3Zy + Z123) (Z1 + Zy + 2Z5) + Z1 2o Z5 + (21 + Zy + Z3) [Z3 23 + 2523+ Z1Z (21 + Zy + Z3) ]
Z13:12 145 1 2 3 14245 1 2 3) | 4143 243 142 (41 2 3
(Zl + Zz) (Zl + 7>+ Zg) (Zl + 7>+ 223)
5. (Dt 72+ 7s) (Z32y + 2025 + 7323 + 2373+ 7122 (Z1 + Zo+ Z3)| + (2322 + 21 Z3) Z3 + 21 2, 73]
13 (Z1+ Z2) (Z1 + Zo + Z3) (Z1 + Zo + 273)
2 (Zy+ Zo+ Z3) [Z3Zy + ZWZ5 + 2323+ 2523+ 2125 (Z1 + Zy + Z3)| + 212225 (21 + Zy + Z3)
13 —

(Zl + Zz) (Zl + 7>+ Zg) (Zl + 7>+ 223)

223254+ 22,73 + 2375 + 2373+ 22,7573

J1a =
13 (Z1 + Z3) (Z1 + Zy + 275)
22075 (Zy + Zo) + Z3 (23 4+ Z3 + 27241 7,)
13 (Z1+Z2) (Z1 + 22 + 273)
Zis = (Z1+ Z2) 2212, + (Z1 + Z5) Z3]

(Zl + Zz) (Zl + 7>+ 223)

[2Z1Z2 + (Zl + Zz) Z3]
(Zl + 7+ 2Z3>

Substituting Z; = 2R + 2jwL, Zy = ~%/ ¢, Zs = Ry in Equation 3.12 we get Equation 3.13

Zi3 =

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

jusuodwo)) pajerSajur jo Jmoary) jusreambq reornosg ¢ r3deyd

[43
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(4R + 4jwL) ()] + (2R +2j0L - 2L)
1 = 2R + :ij — 2L 1 2R, - G19)

—2j . 20wRCH2jw?LC—2f
z () 4R+ 4jL)] + (AL Ry (3.14)
13 = : .
(;%) [jwRC + jwR RC — w2LC +1]
4R + 4jwL + jwRC - Ry 4+ Ry (1 — w?LC
5= Jor ) LR ) (3.15)

jwC(R+Rp)+1—w?LC
It follows, therefore, that the impedance across terminals 1-3 is given by

Equation 3.15.

3.2 Determining the Circuit’s Power

Winding the foils for an integrated component to exhibit the widest range
of impedances that span from an extreme capacitive to an extreme inductive
value is quite a complicated process that utilizes specific winding equipment
and requires materials of different sizes. Such an approach is, thus, well be-
yond the scope of the current work. The importance of using the equivalent
circuit of the component is that it allows one to easily express the impedance
Z13 as a mere function of the structure’s technical parameters (R, L and C),
the operating frequency w, and the load terminal impedance R;.

A significant design parameter is the maximum reactive component the
device is expected to compensate, that is, the reactive power it is capable of
absorbing or injecting to the network for power factor compensation. This
reactive power leads to the choice of the discrete components to be used in
the equivalent circuit.

For instance, to compensate a 240V single-phase 350W induction motor
with a nominal power factor of 0.75, the component should be able to inject

reactive power of

Qcompensation = tan(cos ™} (PF)) X Pyotor = tan(cos~1(0.75)) x 350 = 308.67 VAR
(3.16)
Furthermore, to achieve the dual (capacitive and inductive) character of
the circuit, it is intuitive that the ratio of capacitor to inductor reactance
should be well beyond 10, that is
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>> 10 (3.17)

Xc
X1

e
(the reason will become apparent in the following paragraphs). In this work
the ratio is chosen to be around 13.

From Equation 3.15 of Zy3 , it is easily understood that the component
can provide maximum capacitive and maximum inductive compensation
when the load impedance R is at either one of two extremes: open circuit
for maximum capacitive character (when we are forcing the current through
the capacitors), and short circuit for maximum inductive character (when al-
most all current passes through the inductors). Under these fixed operational
modes Z13 becomes Equation 3.18 and Equation 3.19

1+ jwC (wL —R)

e (3.18)

Zy3(max capacitive) =

Ry open-circuit, the circuit essentially reduces to two parallel branches

made of a resistor-inductor-capacitor in series.

4jwL + 4R
jwCR + 1 — w?LC

Z13(max inductive) = (3.19)

Ry, short-circuit - substituting Ry, = 0 in Z;3 equation

Considering the above, for the aforementioned 350W domestic motor sce-
nario, two 10 uF capacitors and two 80mH inductors (with internal winding
resistance of 5 ()) can be chosen, both of which can be easily found in the
market. These components translate to R = 2.5 (), L=40 mH and C =5 pyF in
the equivalent circuit. The load resistor can be realized with a 1 k() variable
resistor. Note at this point that these values are consistent with the previous
remark on the capacitor to inductor reactance ratio as, at 50 Hz, they produce
a ratio of almost 13 (12.66).

Figure 3.7 shows the real and imaginary parts of Z;3 as a function of the
chosen parameters and frequency of 50Hz. From the figure it is easily un-
derstood that R ~ 84 () is the point where the component is neutral (purely
resistive), so below that it exhibits an inductive character and above that a
capacitive character.

The expected compensation of the component is realized by the reactive
power it produces

2407
Qcompensation = Im {Z13} (3.20)
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Real
Imaginary
100 | Magnitude | -
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Z,5(Q)

Z,5 is resistive (R = 840Q)
_50 -

-100
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R(Q)

FIGURE 3.7: Real and imaginary parts of Zi3 when C=20 uF,
L=40 mH, R=2.5 Q) and R, varies from 1 Q) to kQ)

When plugged in the equations, the above component values are expected
to slightly overcompensate the lagging phase of the 350W induction motor
when Ry is open-circuit by injecting 390 VAR to the network. At the other
tixed operational mode (when R is short circuit), the component is rendered
inductive as almost all of the current flows through the inductors and is ex-
pected to absorb 1,012 VAR. When R; is 84 () (neutral point), no reactive
power is exchanged with the network. These points are graphically depicted
in Figure 3.8.

Using these values, the equivalent circuit becomes as in Figure 3.9. To
have almost all current through the inductors under short circuit across ter-
minal load impedance is exactly the reason why we need to maintain a high
capacitive to inductive reactance ratio. Remember that in this work we chose
a ration of 12.66:1.

3.3 Calculations

3.3.1 Capacitive Load

First we simulate a capacitive load using a 60 () resistor in parallel with a 40
uF capacitor, as shown in Figure 3.10 with connecting the equivalent circuit.
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(when R_open circuit)
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FIGURE 3.8: Reactive power compensation for the discrete
component values chosen

80mH

240V 10uF —— 50

©

RL
50

—L 10uF

80mH

FIGURE 3.9: Circuit destined to compensate reactive power via
adjustment of Ry,

The capacitor impedance is Z¢ = 1/jwC = —80Q).
This capacitive load injects reactive power of

VZ
X =Im{—> % ~ 720 VAR

Cap.load 1
jwC

(3.21)

The phase ¢ and current I} are calculated from the currents Iz and Ic.
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f

Vs RL
600
240V

Load

XL=250

XL=250

= Xc=3180Q

FIGURE 3.10: Load terminals of circuit shorted so that latter
can provide inductive reactive power to compensate capacitive

reactive power of load

The current through the resistor is given by
Ir =240V £0°/60Q) £0° = 4AZ0°.

The current through the capacitor is given by

Ic =240V £0°/8002£90° = 3AZ90°.
Using these currents, one can easily get the phase ¢, and magnitude |Is|

of the source current using | ¢; | = /(Ir)? + (Ic)> =37°and I | =5 A.

e

Vs
f'\_j RL
240V 600

¢I|_

— XcL

800

MA—

XLE
540

Re
120

FIGURE 3.11: Circuit with shorted load terminals reduced to

series Ry configuration

To employ compensation, the equivalent circuit is connected in parallel to

the capacitive load maintaining a short circuit across terminal impedance Rp,
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for maximum reactive power absorption. As previously stated, under short
circuit operational mode the equivalent circuit is capable of absorbing 1012
VAR of reactive power, thus overcompensating the capacitive load. Under
Ry, short circuit, the equivalent circuit can be simplified by the series addi-
tion of the two parallel LC configurations to yield the RL branch shown in
Figure 3.11.

TABLE 3.1: Calculations when system is loaded with capacitor

System Not Partially Fully
Parameters Compensated Compensated Compensated
Active Power P (W) 960 1180 1056
Reactive Power Q (VAR) -720 294 0
Phase ¢ (°) 37 -14 0
System Current s (A) 5 5.1 44
Equivalent Current Ig (A) - 4.33 3.3
Load resistor R (Q)) - 0 20

Again, this is due to the capacitor to inductor reactance ratio as mentioned
earlier (maintaining this ratio high forces most of the current through the in-
ductors, rendering the capacitor branches as almost open circuits and mini-
mizing their impact). At this point it is helpful to gain a view of the phasor
diagram of the whole arrangement. This is presented in Figure 3.12 . In the
diagram, V; is the supply voltage, Ic the -80 () capacitor current, IR the 60
Q) resistor current and If is the current through the equivalent circuit. As it
can be observed in the diagram, Ir can be further broken into its constituent
components, namely the reactive current Ir; and the active (resistive) current
I, which result from its phase with V; (denoted as ¢).

It follows that the active system current I, is the addition of the active
current through the capacitive load and the active current through the equiv-
alent circuit I, = Ig + I,

Similarly, the system reactive current I; is the addiction of the reactive
currents through the capacitive load and the equivalent impedance I; = I¢c +
Igi.

Using the specific discrete component values introduced earlier, the equiv-
alent impedance becomes Zr = 12 +j54 (), which yields a current magnitude
|Ig| = 240 V/+/(122 +542) = 4.33 A and current phase ¢; = tan™! (54 / 12)
=77.5, so the equivalent circuit current becomes I = 4.33 A £77.5°.

It follows, then, that the active equivalent current component is given
by Ir, = Ig-cos¢y = 0.94A (in phase with system voltage), while its reactive
component is Ig; = Ig-sing; £—90° = 4.23 AL—-90°



Chapter 3. Electrical Equivalent Circuit of Integrated Component 39

Combining the above, we can get the system current active component
I, = 4+0.94 A (in phase with the system voltage), and the system current
reactive component by Ii = 3AZ90° + 4.23A/—-90°.

Substituting now the final component currents of the system I, and I; in ¢
= tan"Y(1;/1,) and |Is| = 1/ (I? + I?) provides the phase and system current
as Is = 5.09A/—14° A. The above suggest that when the equivalent circuit
is employed at its maximum absorbing capability (terminal load resistance
short circuit) it slightly overcompensates the capacitive load reactive power
by reducing it from 37° to —14°.

FIGURE 3.12: Voltage and currents of the system in vector pre-
sentation

Targeting complete compensation translates to canceling all reactive cur-
rent in the system. Observing the phasor diagram of Figure 3.11, this means
regulating the reactive current in the equivalent circuit Ir; to the same mag-
nitude as I .

The impedance of the equivalent circuit Z;3 for any value of terminal load
resistance R was presented in Equation 3.15. Rearranging that equation to
rectangular form allows us to express the impedance of the equivalent in the
form Zg = a + jb revealing, thus, its real and imaginary parts. Following this
path, the current of the equivalent Iz = |I¢|Z¢; becomes |Ig| = Vs/\/a2 + b2
and the phase ¢ = tan~!(b/a). Similarly, the reactive component of the
current I becomes I; = |Ig| - singy. For complete cancellation, i.e. to achieve
zero phase, we need to equate I to Ir; which leads to:

240 —
3 - ( / /(u2+b2)~sin(tan*1(b/g) )) =0 (322)
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which is a transcendental equation and requires numerical methods to
solve. Using Matlab the above yields Ry = 20€). This is the resistance that
has to be adjusted at the load terminals of the equivalent circuit to achieve

zero phase in the system between voltage Vs and current Is.

3.3.2 Inductive Load

As mentioned earlier, a domestic single phase 350W induction motor operat-
ing at PF=0.75 can serve as an inductive load. The motor’s PF = 0.75 yields
a displacement angle ¢ = 41.4° between the system’s voltage and current.
In theory, this can be realized simply with a parallel configuration of a 164
Q) resistor in with a 594 mH ideal inductor, as presented in Figure 3.13. The
corresponding phasor diagram (without the equivalent circuit involved) can

be seen in Figure 3.14 .

1.93A
—

1.45A 1.27A

Ire

240V lim

594mH

A
Q000

FIGURE 3.13: Simplified motor equivalent presented by resistor
and inductor

465VA Q
308VAR

P
350W

FIGURE 3.14: Power triangle of motor
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The active current through the motor is given by I,, = 24020/186.5290 =
1.27/-90° A.

The active current through the motor is given by I;;,, = 350W /240 - cos41.4° =
193 A.

As before, the component equivalent circuit is then connected in parallel
to the motor as shown in Figure 3.14, now having its terminal load resistance

open circuit for maximum reactive power injection.

# IE
Is XL
250
LOAD Xc
240V 3180 Re50
<> 1650 594 mH
R=50
Xc
XL 3180
250

FIGURE 3.15: Equivalent circuit with open-load terminals pro-
viding thus maximum capacitive reactive power destined to
compensate inductive reactive power of the motor

Under this extreme operational mode (Figure 3.16), the equivalent cir-
cuit produces an almost purely capacitive impedance (angle is calculated at
—89°), however, using the 1 k() variable resistor at its maximum we get an
angle of —77.6° (Figure 3.17), which corresponds to the 390 VAR reactive
power injection. As stated earlier, this slightly overcompensates the motor as
full compensation requires only 308.67 VAR.

>
Is & Iy

Xce —=— 146.6Q
240V lr

@ 165§2§ § 186.59§

FIGURE 3.16: Circuit with open load terminals simplified to
series capacitive resistive connection
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IL

v

FIGURE 3.17: Phasor presentation of motor and circuit currents
and voltages.

The system active current is obtained by I, = Ir + Ig, , and the system
reactive current by I; = I + Ir; . Z13 when R| is open-circuit is Zg, = 2.5 —
j146.6 .

The current through the component equivalent circuit is given by |Ig| =

240V //2.52 4+ 146.62Q and ¢, = tan~'(146.6/2.5) resulting to [r = 1.63A/89°
It follows |Ig,| = IE - cos¢, that is Ig, = 0.028 A£0°.

‘IEi‘ = I - singy thatis Ir; = 1.62A£90°.
I =1.2A/Z—-90° + 1.62A £90°
I, =145A/0° 4+ 0.11AZ0°

Substituting now the final component currents of the system I, and I; in
¢r = tan_1(I;/1,) and |Is| = 1/I? 4 I? provides the phase and current of the
system ¢, = —14° and |Is| = 1.5A .

Equating, as before, the magnitudes of the reactive currents through the
equivalent circuit and the motor for complete compensation, i.e. using and
solving the transcendental Equation 3.22, yields terminal load resistance of
2390).
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TABLE 3.2: Calculations of the system when loaded with an
induction motor

System Not Partially Fully
Parameters Compensated Compensated Compensated

Active Power P (W) 352 362 530
Reactive Power Q (VAR) 310 -83 0
Phase ¢ (°) -41 13 0

System Current Is (A) 1.95 1.55 2.2

Equivalent Current Ig (A) - 1.68 3.32

Load resistor R (Q)) - 00 238

3.4 Measurements

In order to verify the preceding analysis, an experimental setup was used in
order to measure the ability of the component’s equivalent circuit to com-
pensate reactive power. The experiments were conducted in the laboratory
on the 240V, low voltage grid supply. The discrete component values of the
equivalent circuit were the ones discussed in the previous section.

g ()4 ' (o)

FIGURE 3.18: Phase between voltage and current when sys-

tem is loaded with capacitive load, a) no compensation is at-

tempted, b) moderated compensation is applied, c) complete
compensation is achieved

First, the circuit of Figure 3.10 was realized using a parallel RC configura-
tion. Figure 3.18(a) presents the system voltage (yellow) and current (green)
prior to the equivalent circuits involvement. From that figure, it is easily ob-
served that the current is leading the voltage by 39°. Table 3.3 presents the
system current (in this case, same as load current) magnitude at 5.1 A. After
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connecting the equivalent circuit with its load terminals short-circuited, and
as expected and stated in the preceding analysis, we observe an overcom-
pensation on the system, thus creating a lagging current. This is depicted
in Figure 3.18(b) where the current lies slightly (by around 16°) to the right
of the voltage. Connecting and fine-tuning the variable resistor across the
load terminals, we observe that the displacement power factor is completely
eliminated at Ry = 18 ). This is shown in Figure 3.18(c) and is in excellent
agreement with the above theoretical analysis which expected the elimina-

tion to occur at Ry, =20 Q.

TABLE 3.3: Measurements in the system when loaded with a

capacitor
System Not Partially Fully
Parameters Compensated Compensated Compensated
Active Power P (W) 952 1200 1090
Reactive Power Q (VAR) -770 344 0
Phase ¢ (°) 39 -16 0
System Current Is (A) 5.1 5.2 4.55
Equivalent Current Ig (A) - - 441 3.3
Load resistor R (QQ) - 0 18

Furthering the experimentation, the possibility of having the component
equivalent to compensate the phase lag caused by an induction motor was
also examined. As previously stated, this inductive load comes in the form
of a single 350 W phase induction motor with PF at 0.75. The same setup
as above is used. When initially the component is not involved, the motor
draws a current of 1 A. The power triangle of the motor is shown in Fig-
ure 3.14 The current the motor draws is 1.9 A with a lagging angle of 41.4°.

TABLE 3.4: Measurements of the system when loaded with an
induction motor

System Not Partially Fully
Parameters Compensated Compensated Compensated

Active Power P (W) 332 377 552
Reactive Power Q (VAR) 309 -80 0
Phase ¢ (°) 13 -12 0

System Current Is (A) 1.89 1.61 2.3

Equivalent Current I (A) - 1.72 3.25

Load resistor R (Q) - ) 240

Figure 3.19(a) shows the oscilloscope waveforms for the current (green)
and voltage (yellow), with an angle of 43°, which is acceptably close to the
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]Ms.ﬁufns b i)

FIGURE 3.19: Phase between voltage and current when sys-

tem is loaded with an induction motor a) no compensation is

attempted b) moderated compensation is applied c) complete
compensation is achieved

calculated 41.4°. When the component equivalent circuit is connected (with
its load terminals open-circuit for max reactive injection), an overcompensa-
tion is observed, as in Figure 3.19(b). Current therein leads voltage by 13°,
which again is very close to the calculated 14°. As before, connecting the
variable resistor across the load terminals and fine-tuning it, we were able to
eliminate the phase between the current and voltage as in Figure 3.19(c). The
observed experimental R value to achieve that was recorded at R;=240 Q).

3.5 Discussion

In this chapter we examined the behavior of the integrated component using
its equivalent circuit, which is constructed exclusively by linear discrete com-
ponents and was initially derived in (Michaelides and Nicolaou, 2017a). The
theoretical analysis and calculations demonstrated how the component can
be sized to compensate a range of both capacitive and inductive displace-
ment power factors simply by fine tuning its terminal load impedance (in
this case resistance, Ry). Laboratory experiments were also carried out to
verify the calculations and the prospect of using the component equivalent
circuit to compensate reactive power. During these experiments both capac-
itive and inductive loads were considered, producing a displacement angle
between the load current and voltage. Connecting the equivalent circuit in
parallel to the loads, we were able to successfully eliminate any displacement
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between system current and voltage. All experimental measurements were
tabulated and compared to the theoretical calculation results. The fact that
the two were found in excellent agreement suggests that the component is in-
deed suitable for regulating smoothly both leading and lagging phase angles
between system voltage and current and, since this is achieved using only
linear electrical components, without generating unwanted harmonic distor-
tion. However observing on Table 3.4 the relative high active power mainly
converted the adjustable resistor requires qualified consideration to reduce
the losses. A first attempt to realize the latter is the employment of a variable
inductor instead. Calculations show that the variable inductor connected
at the load terminals of the circuit may change equally accurate the termi-
nal impedance between terminals 1-3 of the equivalent circuit. Employing
power electronics for the regulation of the current between the load termi-
nals 2-4 is not being considered as the latter practice will result to harmonic
modulation. Hence, an air wound inductor will be further examined to see if

it maintains linearity.
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Chapter 4

Control of Electrical Equivalent

Circuit

This chapter introduces a variable inductor to control the wound aluminum and
polyester foils equivalent circuit. This variable inductor functions on the principle of
mutual inductance and hence avoids the employment of power electronics to realize
variable inductance. The proposed inductor is designed to be varied automatically
and thus provide extended automatic requlation of the electric circuit’s impedance.

4.1 Concept

The impedance Z;3 destined to control the terminal impedance of the cir-
cuit (Chapter 3, Figure 3.3) is being realized in this case by a variable in-
ductor Z¢ shown in Figure 4.1. The gradual inductance change of the vari-
able inductor avoids abrupt current changes during the control process and
consequently the creation of harmonics through the employment of power
electronics. Conventional analysis (Yuan, 2008) of the circuit as shown early
above yields chapter 3, Equation 3.15 where the impedance Z¢ represents the
reactance of the variable inductor in 4.1 leads to its terminal impedance Z;3
as shown below in Equation 4.1.

The possibility to operate the circuit with a capacitive as well as induc-
tive terminal impedance shall be examined by constructing the circuit with
discrete components namely two 10 xF and two 80 mH air-wound inductors
with a wire resistance 5 (). Altering the terminal impedance Zc of the circuit
will be attempted via the air wound variable inductor connected at the load

terminals 2-4.

g 2jwL 4 2R + jwRC - Z¢ + Z¢ (1 — w?LC)
v jw2C (B 4+ 70) +1—w?LC

(4.1)
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FIGURE 4.1: Regulating the terminal impedance of the circuit
via an adjustable inductor

4.2 Variable Inductor

The variable inductor functions on mutual inductance principle. It consists
of two round cylindrical separate inductors of different diameters connected
in series. For maximum mutual magnetic linkage, the smaller inductor is
mounted on a stepper motor directly inside in the middle of the big inductor
as shown in Figure 4.2. The magnetic fields of the two inductors will reinforce
when the two inductors are aligned co-axially in one direction resulting to a
maximum inductance. When the inner inductor is turned via a stepper mo-
tor in opposite direction, that is 180°, the magnetic fields oppose each other
thus reducing the effective inductance of the pair to a minimum. To suit the
values of the circuit’s components (that is two capacitors and two inductors),
the variable inductor is especially designed to range from 150 mH to 270
mH. For lowest inductance, 150 mH the circuit provides maximum capaci-
tive reactive power and for the inductance of 270 mH a maximum inductive
reactive power respectively. An inductance at mid-range of the variable in-
ductor, that is 220 mH, will turn the impedance of the circuit neutral reactive
that is purely active with high resistance.

4.3 Calculations

The terminal impedance of the circuit Z13 as a function of variable inductor’s
value is presented by its changing magnitude/phase shown in Figure 4.3.
The left function reveals a clear inductive phase for small values of the vari-
able inductor and a capacitive phase for big values, respectively. Zero phase
occurs at mid range of the variable inductor 210mH at which the circuit does
not provide/consume any reactive power to/from the grid.
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FIGURE 4.2: Inductance of the in series connected two coils
changes as a function of their relative axis angle
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FIGURE 4.3: Inductance range with appropriate phase and
magnitude plots (determined by Equation 4.1)

The analysis of power provides conclusive information with respect to
active and reactive power provision by the circuit. Figure 4.4 shows that the
circuit operated at 230 V, can provide maximum 100 VAR inductive reactive
power and 32W losses when the variable inductor is tuned to 150 mH. When
regulating the variable inductor to its maximum inductance 270 mH, the cir-
cuit provides 150 VAR capacitive reactive power with negligible losses. The
active power function in Figure 4.4 documents the losses arising from the
resistance of the inductors.

It is noted that the variable inductor of a bigger range of inductance can
realize a higher capacitive/inductive reactive power output in the circuit. A
wider range of inductance could be achieved primarily by employing bigger
individual inductances of the two coils for the variable inductors as well as
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FIGURE 4.4: Inductance range with appropriate reactive power
and losses

choosing the smaller coil rotating inside the bigger coil with an as big as pos-
sible diameter in order to achieve maximum flux linkage. Replacing the vari-
able inductor by a short connection (Z-—0) at the load terminal nodes 2 and
4 will result to a maximum possible inductive reactive power output of the
circuit, in this case 850 VAR. Disconnecting, however, completely the vari-
able inductor from nodes 2 and 4 leaving the latter as open circuit (Z¢c—0),

will yield to a maximum capacitive reactive power of 750 VAR.

4.4 Experimental Part

The preceding analysis and calculations of the electric circuit are being sub-
jected to relevant experimentation intending to document the suitability of
the circuit to provide VAR compensation. The appropriate experimental
setup is show in Figure 4.5. The provision of automatic capacitive reactive
power compensation is demonstrated on a universal motor. The circuit des-
tined to provide reactive power consists of 2x2 capacitors each 10 uF and
two 80 mH inductors along with the variable inductor described earlier, all
air wound for a linear voltage current response. A processor guided circuit
regulates the automatic compensation process.

The reactive power for the two fixed operational modes mentioned ear-
lier, has been determined via voltage, current and phase measurement of
the proposed circuit subjected here to the domestic 230 V supply. Therefore,
for the case that nodes 2 and 4 are shorted (Z-—0), the impedance of the
circuit becomes Z13 = (19 + j58.5) Q) with the circuit providing 815 VAR
inductive reactive power and 265 W losses, whereas, when nodes 2 and 4
are left unconnected (Zc—o0) the circuit in this condition with an impedance



Chapter 4. Control of Electrical Equivalent Circuit 51

FIGURE 4.5: Electrical circuit consisting of two inductors and

four capacitors appearing above to compensate the inductive

reactive power of the connected universal motor in a simulated
power system

Z13 = (8 — j77.2)Q) provides 680 VAR capacitive reactive power with 70 W
losses. Inductors wound with thicker wires will result in less ohmic losses.
The circuit’s voltage and current presented on the oscilloscope in Figure 4.6
and Figure 4.7 show the clear inductive and capacitive character for the two
fixed operational modes.

In order to provide continuous controlled reactive power under changing
grid conditions, the proposed circuit has to undergo an automatic impedance
adjustment. Ongoing phase determination evaluated by a microprocessor is
necessary for the proposed circuit in order to adjust its reactive power pro-
vision for undergoing grid changes. The microprocessor in particular will
guide the turning of the stepper motor the latter tuning the required induc-
tance of the variable inductor to regulate the circuits terminal impedance.
A 175 W universal motor operating with a PF = 0.9 consuming 85 VAR in-
ductive reactive power is employed in a simulated elementary single phase
power system to show the concept of automatic compensation. The resulting
appropriate phase in the simulated elementary power system is 26° as shown

on the oscilloscope Figure 4.8.
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FIGURE 4.6: For shorted load terminals circuit behaves induc-
tive as shown by the appropriate source voltage and current
(the latter in blue lagging the voltage in yellow)
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FIGURE 4.7: For open load terminals circuit behaves capacitive
as shown by the appropriate source voltage and current (the
latter in blue leading the voltage in yellow)

Observing the reactive power characteristic in Figure 4.4, the stepper mo-
tor will rotate until 85 VAR capacitive reactive power is being provided by
the circuit. This will occur when the variable inductor has been tuned to an
inductance of 265 mH. The reactive power of the motor now compensated
by the proposed circuit will eliminate a phase to a 0° as shown in Figure 4.9.
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FIGURE 4.9: Reactive power of motor is compensated by reg-
ulated circuit resulting to zero phase in the simulated power
system

4.5 Discussion

This chapter presented an electric circuit as an equivalent of a wound alu-
minum and polyester reel arranged for the conventional construction of AC
power capacitors. A specific way of operating the wound aluminum and
polyester foils realizes both capacitance and inductance at its terminals. Con-
sequently significance of this circuit is the possibility to regulate its terminal
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impedance within its dual character, that is, capacitive and inductive, auto-
matically via a variable inductor connected to the circuit. The variable induc-
tor, in turn, is tuned mechanically by a a stepper motor. The circuit, with its
ability to provide both capacitive and inductive reactive power, is destined
to function as a VAR compensator. To assess the later, the power character-
istic as a function of variable inductor reveals the suitability of the circuit.
The circuit’s impedance supports preceding power analysis. The acquired
knowledge about the electric circuit as an equivalent of wound foils (alu-
minum and polyester) will be applied on the actual foil wound integrated
inductor-capacitor in the next chapter.
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Chapter 5

Testing of Integrated Component
as VAR Compensator

This chapter extends the integrated inductor-capacitor introduced in chapter 2 to-
wards its control. Furthermore, the variable inductor presented and tested on its
equivalent circuit in chapter 4 is presented here with the integrated inductor-capacitor
control as a VAR Compensator with its power characteristics. The proposed device is
tested on a 1.2 kW, 230 V motor running at a P.F of 0.75.

5.1 Concept

Previous studies in chapter 3 lead to the derivation of the equivalent circuit
of wound foils shown below in Figure 5.1 without an impedance between

the load terminals 2 and 4.

2L 2R 2

C/2 4 2R 2L

FIGURE 5.1: Wound foil’s electrical equivalent circuit

The parameters of the equivalent circuit are being derived by measure-
ments directly on the constructed pilot model in chapter 2, Figure 2.10 as
described above in chapter 3. Operating the pilot model via the supply ter-
minals 1-3 while leaving the load terminals 2-4 unconnected as one of the
two fixed operational modes and ignoring the foils resistance because of its
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insignificant low value as shown below in Figure 5.2 will yield the terminal

impedance in Equation 5.1.

. 1
Zopen =] (CUL - wC) (5-1)

| | O
c2 |l z

2L

FIGURE 5.2: Equivalent circuit representation of wound foils
considering control terminals/load terminals open

Shorting the load terminals 2-4 as the second fixed operational mode will
yield according to the changed circuit in Figure 5.3 a terminal impedance as
given by in Equation 5.2.

2L

2 C/2
N |
il

| | O
c/2 |

2L

D

FIGURE 5.3: Equivalent circuit representation of wound foils
considering control terminals/load terminals shorted

4
ST )

The transition between the two fixed operational modes in Figure 5.2 and

(5.2)

Figure 5.3 can be realized by controlling the current flow between the load
terminals 2-4. This can be achieved via power electronics which, however,
would give rise to harmonics or by a variable impedance connected between
the load terminals 2 and 4 as shown in Figure 5.4. For the present applica-

tion, a variable inductor is chosen to control the terminal impedance 1-3 of
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the pilot model. Such a variable inductor used in previous experiments in
chapter 4 if air wound and with high quality factor does not generate har-

monics and keeps losses low.

2L 2R 2 1" c/2
6666 VVV [
1 3
_‘ ‘_
[|
c/2!! 4 2R 2L

FIGURE 5.4: Termninal impedance of wound foils between 1-3
is altered via a variable impedance between 2-4

The impedance of the wound foils” equivalent (Michaelides and Nico-
laou, 2017a) in Equation 5.3 is expressed as a function of the foils” inductance,
capacitance, resistance, the frequency and the variable impedance Z.

. _ 4wL+4R+ jwRC - Z¢+ Z¢ (1 - w’LC)
B jwC(R+ Ze) +1— w?LC

(5.3)

A variable inductor in the range of 0 to 10 H may alter the terminal
impedance of the component between the two fixed operational modes shown
in Figure 5.2 and Figure 5.3, that is, to simulate a short or an infinite impedance.
Realistic range of the variable inductor, however, permits far less impedance
regulation.

The variable inductor constructed on this occasion functions on the mu-
tual inductance principle (Satyamsetti et al., 2022) and consists of two sep-
arate cylindrical inductors connected in-series. They are adjusted such that
the smaller inductor is positioned exactly in the middle of the bigger inductor
and can rotate 180° on its vertical diametric axis. The small inductor has a di-
ameter of 20 cm and an inductance of 19 mH whereas the big inductor has 50
cm diameter with an inductance of 16 mH. When initially aligned co-axially
so that their magnetic fluxes oppose each other the resultant inductance is 21
mH. On rotating the small inductor via a stepper motor by 180° while the big
inductor is kept stable so that their coaxial alignment is again restored, their
magnetic fields reinforce resulting to an inductance of 51 mH.

The pilot model’s reactive power for a varying inductance between 20-50
mH is shown on the graph of Figure 5.5 the dual character of the component
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as the reactive power turns from inductive to capacitive. The graph has been
calculated with Equation 5.3 for 230 V.
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FIGURE 5.5: Calculated reactive power of integrated inductor-
capacitor regulated by the variable inductor

For low values of the variable inductor the component has a lagging
phase exhibiting inductive behavior. As the value of the variable inductor
increases the reactive power eventually becomes capacitive. Reactive power
is neither injected nor absorbed when the inductance of the variable induc-
tor is 33 mH. In this state, the component exhibits no reactive power in the
system.

It has been shown in preceding measurements that the component can
compensate reactive power both inductive and capacitive to achieve a de-
sired phase. Considering the eventual operation of this integrated compo-
nent in the grid with constant shifting phase an automatic adjustment of the
component would counter these changes. This can be realized by adjusting
the variable inductor in the load loop between terminals 2 and 4. To achieve
an immediate response of the component to changes in the grid, a monitor-
ing unit collects continuously grid parameters and forwards them to a con-
trol unit. A processor, in turn, will regulates via the stepper motor the value
of the variable inductor. Consequently, the component’s terminal impedance
changes to provide the required reactive power. As soon as conditions in
the grid change because of an added or disconnected load, the monitoring
unit sends the new values to the processor and a renewed adjustment of the
variable inductor via the stepper motor alters the terminal impedance of the
component to restore desired conditions.
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5.2 Experimentation with Pilot Model

The final part of the study intends to demonstrate the suitability of the in-
tegrated component as a VAR compensator. For this experimental part the
pilot model constructed earlier (appearing in chapter 2, Figure 2.10) is be-
ing used. The phase of a micro-scaled simulated power system caused by a
motor shall be compensated by the integrated component. A 1.2 kW, 230 V
motor running at a power factor of 0.75 is consuming 1.1 k VAR inductive
reactive power. The load is connected in parallel to the integrated compo-
nent/pilot model. The appropriate experimental arrangement and analytic
electronic circuit is shown in Figure 5.6, Figure 5.9 and Figure 5.7.

Integrated
Component
1 2
230V
3 4
Variable
Inductor

FIGURE 5.6: Experimental circuit. Variable inductor regulates
terminal impedance of integrated component to provide neces-
sary reactive power

Considering the operation of this integrated component in the grid with
constantly changing phase shift, an automatic regulation of the component
realized via the variable inductor can compensate changes. To achieve an im-
mediate response of the component to changes in the grid, a monitoring unit
collects continuously grid parameters and forwards them to a control unit. A
processor, in turn, will regulate the variable inductor. This way, the compo-
nent shall provide the required reactive power to compensate an excess grid
reactive power. As soon as conditions in the grid change because of an added
or withdrawn load the monitoring unit will send the new values to the pro-
cessor and a renewed adjustment (that is a change of the device’s terminal
impedance) will take place through the variable inductor in order to retain
unity power factor. A reliable assessment about dynamic compensation by
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the integrated component has been possible, following experimentation with

the integrated component.

Monitoring and Compensating facilities at Load
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L

Compensator

1 2

Electronig— = & b
Control 4 '-| 3

e

uuTuuuuuu

@ Adjustable Integrated Inductive

Current 9 Capacitive Component

FIGURE 5.7: Analytic electronic circuit to perform automatic
compensation

The pilot model shown in chapter 2, Figure 2.10 provides variable reac-
tive power in an electronic circuit simulating the power system. The analytic
electronic circuit in Figure 5.7 will provide the basic layout for the labora-
tory setup to experiment on dynamic compensation. It has to perform two
main tasks, the continuous phase measurement and the consequent regula-
tion of the variable inductor between the load terminals 2-4 to adjust the ter-
minal impedance of the component. Evaluation of the load voltage is being
achieved via a voltage divider and the operational amplifier 1 transforms the
sinusoidal load voltage Vs to a TTL signal (5V/0V)so that the later can be for-
warded as a digital signal to the processor. The analog signal across the load
is initially reduced by the voltage divider to 3V in order to be entered to an
operational amplifier supplied by 5 V. The analog signal is further amplified
by hundred times so that the output of the operational amplifier is saturated
to the form of a rectangular 5 V signal, the positive of which is in phase with
the positive half of the sinusoidal input signal and the negative — 5 V of the
output is in phase with the negative half of the sinusoidal input. Evaluation
of the current Is is being achieved likewise via a shunt, the voltage across
which is forwarded to operational amplifier 2 and converted to a rectangular

signal.
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However, when the two signals enter the processor the negative part is
being discarded by the processor so that the signals can be assessed by the
later as typical TTL signals (5V/0V). Figure 5.8 shows the two initial sinu-
soidal signals, signal 1 the load voltage and signal 3 the current, converted to

the respective digital signals 2 and 4.
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FIGURE 5.8: Source voltage and load current and their respec-
tive TTL signals

The processor calculates the phase ¢ between the two digital signals in
Figure 5.8, that is, between voltage and current, via their time shift appear-
ing on the oscilloscope on this occasion with approximately 2 ms. The pro-
cessor will then further adjust the variable inductor via the stepper motor
depending on the measured phase ¢ and regulate in this way the compo-
nent’s terminal impedance so as to provide the necessary reactive power for
phase compensation.

Initially, the component is set to its neutral state (neither providing nor ab-
sorbing reactive power) by adjusting the variable inductor to 33 mH. Hence,
the phase of the circuit is determined only by the inductive load appearing
on the oscilloscope in Figure 5.10 with a phase of 41.4°.

According to the graph in Figure 5.5 the component can provide a capaci-
tive reactive power of about 1.1 kVAR at 47 mH. Hence the adjusting process
to compensate the reactive power of the motor is being realized by tuning the
variable inductor with the stepper motor via phase assessment of the proces-
sor in a feedback loop to the value of 47 mH. The analytic electronic circuit
to perform automatic phase regulation is presented in (Satyamsetti, 2021).
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FIGURE 5.9: Integrated component featuring in the front con-
nected to the variable inductor
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FIGURE 5.10: Phase of micro-scaled power system caused by
motor while integrated component/pilot model is idle

In this state the phase of the micro scaled power system is zero as shown

in Figure 5.11 and the compensation process is completed.
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FIGURE 5.11: Reactive power of motor is compensated re-
flected by zero phase shift

5.3 Discussion

This chapter demonstrated clearly the concept of the constructed variable in-
tegrated inductor-capacitor with respect to its applicability as a VAR com-
pensator by providing capacitive reactive power for the compensation of
an induction motor during quantitative experimentation. Automatic com-
pensation has been realized by a qualified electronic design via a monitor-
ing /control /feedback algorithm.
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Chapter 6

Conclusion

The preceding work presents the foil wound capacitor in its basic structure
extending its operation via a specific connection of the foils to an integrated
inductive-capacitive component. The concept lies in the formation of the in-
ductance resulting from the wound aluminum foils. The significance of the
foils” arrangement is their division in many small segments wound simulta-
neously on the same core, all connected in parallel. Thus a quality factor of
the component’s inductance comparable to that of discrete component wire
wound inductors may be achieved.

A consequent objective of the wound foils” analysis operating in the in-
tegrated mode is the derivation of an electrical equivalent. Extensive mea-
surements conducted on the four ends of the two aluminum foils led to a
four-pole equivalent, a circuit with four terminals consisting of discrete com-
ponents enabling thus its construction and hence the simulation of the in-
tegrated component’s behavior for different operational scenarios with no
need to wind repeatedly new foil arrangements for specific measurements.
The significance of this four terminal component is its dual character capable
of realizing both inductive and capacitive terminal impedance on one hand
and a gradual uniform transition between these two reactive states on the
other hand. Calculations on the equivalent circuit constructed with discrete
components and experimentation with the latter showed that its impedance
can be regulated by means of a variable resistor connected at the load termi-
nals. However, considerable losses resulting on the variable resistor when
regulating the equivalent’s impedance led to a reassessment of the regula-
tion using an air wound inductor instead. The variable inductor constructed
for this purpose functions on the mutual inductance principle and consists
of two separate in series connected cylindrical inductors. They are adjusted
such that the smaller inductor is positioned exactly in the middle of the big-
ger inductor and can rotate 180° on its vertical diametric axis. The inside

inductor is mounted on a stepper motor and can be turned such that the



Chapter 6. Conclusion 65

magnetic fields of the two inductors reinforce or oppose each other yielding
between maximum and minimum inductance, respectively.

Eventual application of the integrated component capable to acquire a ca-
pacitive as well as inductive terminal impedance foresees the compensation
of capacitive and inductive reactive power in the grid, respectively.

Extended experimentation realizes via qualified electronics a monitoring-
control-feedback algorithm that performs automatic compensation within a
certain range of capacitive and inductive reactive power. Continuous assess-
ment of the phase in a production unit will regulate via a processor and
electronics control the integrated component so as to provide the required
reactive power. When the reactive load changes either by connecting or dis-
connecting additional motors, the processor shall reassess the phase and ini-
tiate renewed an increase or decrease of the component’s power in succes-
sive small steps until the phase of the system is restored to the desired value.
Hence the necessity to compensate on-site inductive reactive power of mo-
tors in a small factory can be dealt with such integrated components. As of
this the employment of such an integrated component is considered to be es-
pecially advantageous for plants in which the phase may change frequently
within lagging and leading. For the case that the load is purely resistive, the
integrated component is tuned neutral, that is, its terminal reactance is zero.
The present low power experimental circuit demonstrates the concept of au-
tomatic compensation. Further experimentation on automatic compensation
is expected to move towards circuits of higher power ratings testing the abil-
ity of such integrated components to switch among reactive power extremi-
ties. Considering such an integrated component with industrial parameters
will have to engage in a qualified heat balance analysis to ensure the dissipa-
tion of heat created in the aluminum foils. The current state of development
suggests reasonable prospects to employ such an integrated component in

the power system for reactive power compensation.
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Alternative Way to Solve Electrical

Equivalent Circuit

Considering Figure 3.3 to solve for Z;3 by applying Mesh-Analysis

FIGURE A.1: Applying mesh-analysis to the equivalent circuit
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| 2747573+ 27175 + 2737, + 7373 + 7373

S A.13
13 (Z1+ Zy) (Z1+ Zp + Z3) ( )
5 27 (Z1 + Z2) + Z5(Z1 + Z»)* (A.14)
B (24 2) (Zi+ 2o+ Z5) '
714 Z2) (221725 + Z1Z5 + ZoZ
2, = Gt 22) Q2o+ 2125 + ZpZ5) (A.15)

(Z1+ 22) (Z1 + Z2 + Z3)
Substituting Z; = 2R + 2jwL, Zo = ~% /¢, Z3 = Ry in A.15 we get A.16

(4R + 4jwL) ()] + (2R +2jwL - 2L
413 = 2R + :ij — 2L 2Ry - (A.16)

p— 1 ’ i 2 = ‘
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13 = j |
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