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ABSTRACT

Traditionally, harmonics are ignored in overall efficiency and energy usage studies. However,
in the modern era, power systems contain levels of harmonics which can no longer be
ignored by engineers, planners, energy conservationists and economists. The directions of

power flows have to be considered when harmonics are present in the power network.

A methodology and new formulae for individual and overall efficiency and energy usage is
developed at each frequency (f;, h and H) and forms the main contribution to research in this
field.

Two case studies were conducted; a measurement based laboratory experiment set-up and
a simulated case study. In the set-up, measurements of current, voltage and power at
different points in the network for the 1%, 5" and 7" frequencies were taken. Current and
voltage results were used for hand calculations to prove the measured power flows and
directions. The measurements were taken with a Fluke 345 three-phase harmonic power
quality analyzer. For the simulated case study, a network was investigated using the
DIgSILENT and SuperHarm software packages. Their results were compared and it was
found that DIGSILENT is the preferred package for power results.

It was found that the total harmonic distortion limit for voltage in the simulated network
exceeded an acceptable level. The harmonic mitigation solution chosen was to design a
passive filter to decrease the distortion by shifting the resonance point of the network. The
method to design the passive filter and its impact on efficiency and energy usage is included
in the thesis.

Unique power flow direction diagrams are developed as part of the methodology and form an
essential step in the derivation of the new formulae. Efficiencies, power losses and energy
usage at individual and combined frequencies were determined. Results showed the
negative effects of harmonics on overall efficiency, energy usage and power losses of the
system. The methodology and new formulae developed was found to be effective and their
application is recommended for use by industry.
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GLOSSARY

%D Current harmonic distortion in percentage
%l1Hp Current total harmonic distortion in percentage
% VHp Voltage harmonic distortion in percentage
% VD Voltage total harmonic distortion in percentage
A Amp, Unit of current

dt Rate of change in time

fy Fundamental frequency

h Harmonic frequency

H Combined frequency

hch Characteristic harmonic

Hz Hertz, Unit of frequency

j Imaginary part

Py Harmonic power

P;, Input power

Prosses Power losses

Pout Output power

R Resistance

R; Primary resistance

R, Secondary resistance

R Core resistance

Re Real part

R Magnetising resistance

t Time

"4 Volt, Unit of voltage

v, Primary voltage

V, Secondary voltage

w Watt, Unit of Power

Xi Primary reactance
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Secondary reactance
Magnetising reactance
Impedance

Efficiency

Ohm, Unit of resistance
Angular

Angular velocity
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Traditionally, efficiency investigations in power systems consider only distortion-free
waveforms, that is, the voltage and current waveforms are assumed to be sinusoidal (Al-
Hamadi et al.,, 2002:241; Grady et al., 2001:8 and Grady, 2006, chapter 1:1). Thus, when
calculating energy and efficiency, only power at the fundamental frequency is usually
considered. Energy is thus traditionally calculated by the formula:

E, = P, xt (joules) (1.1)

where: E; = electrical energy consumed in time f(secs)
P; = electrical power at fundamental frequency (f;).
Efficiency is defined as:

P
%or = —24P »100% (1.2)

1(input)

where: %n = the efficiency expressed in percentage.
Pouput= €electrical or mechanical power.
P (inpuyy = Py in equation (1.1).

As energy is directly proportional to power, there is a relationship between energy and
efficiency (Barbir & Gomez, 1997:1027). Power is defined as the rate of doing work, while
energy is defined as electrical power multiplied by time taken for which current flows in
seconds (Bhavikatti & Hegde, 2005:143). Distribution networks generally contain various
types of components (elements), each with their own energy usage and individual efficiency.
Together, however, they contribute to the total energy usage and overall network efficiency.

Power networks in the modern world have voltage and current waveforms that are distorted
and thus contain harmonics (h). A harmonic is a sinusoidal component of a periodic wave
having a frequency that is an integral multiple of the fundamental frequency. A number
indicating the harmonic frequency is called the harmonic order; the 1* harmonic is the
fundamental frequency, 3™ harmonic is three times and the 5" harmonic is five times the
fundamental frequency, etc.



In systems characteristic harmonic (hch) components are found and are typically currents
harmonics injected by 6 pulse rectifiers. They have a harmonic order such as:

hch = 6k +1 (1.3)

where: k=1, 2,3, 4,..... Thus, 6 pulse rectifiers typically inject 5", 7", 11", 13" harmonics

etc.

Thus (1.1) and (1.2) no longer hold true. Today, power networks contain multiple harmonic
sources, such as adjustable speed drives (ASDs), compact fluorescent lamps (CFLs),
computers, etc. and they cause harmonics to penetrate network elements (Topalis et al.,
2001:257; Grady et al., 2001:9; Chen et al., 1989:171 and EL-Saadany et al., 1998:259).
Harmonics (h>1) can cause additional heat losses (FR) to that produced by the fundamental
frequency component (h=1) and influence total energy usage, as well as overall system
efficiency (Grady et al., 2001:10 and Grady, 2006, chapter 4:1).

In today’s world, systems contain levels of harmonics, which can no longer be ignored by
planners, engineers, energy conservationists and economists (Grady et al, 2001:11;
Makram et al., 1994:51; Lu et al,, 2000:73 and Tang et al., 1989:42). In power networks
containing active and passive elements, linear and/or non-linear devices, methods and
formulae for calculating total energy usage and overall efficiency when harmonics are
present is unknown. The role of ASDs is of particular importance when investigating energy

efficiency.
efficiency (%) efficiency (%)
[ =
= -
> Pt Drive Motor
Pi, (Drive) l Pout (Drive) Pin (electr) Pout (mech)
Network Source Harmonic source

Figure 1.1: One individual ASD

An ASD consists of two main components - the drive and the motor it controls (Okrasa,
1997:7). Each component has an efficiency rating. The motor has a mechanical power output
and electrical power input, while for the drive; output and input powers are electrical, as
shown in Figure 1.1. These two efficiencies need to be treated separately and then together
when conducting efficiency investigations. When an ASD is connected to a power system it
absorbs power (P;) at fundamental frequency (f;) from the network source while at the same

time injecting harmonics into the system producing powers at h>1 in the network
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components. Thus powers come from both the network source as well as the harmonic
source, therefore investigating the directions of power flows is important.

A further concern is that power networks contain capacitor banks and have the potential to
cause harmonic resonance (Atkinson-Hope & Folly, 2004:1393). It is therefore, also
becoming prominent to mitigate harmonic levels. The impact of a mitigation solution on
energy usage and overall efficiency remains unknown. A further shortcoming is that many
distribution networks use inefficient incandescent lighting. Today, there are many new energy
efficient technologies available and studies on their impacts are awaited (De Almeida et al.,
2003:673). A method of how to conduct a simulation study on energy efficiency when
distorted waveforms are present using a power system and an industrial grade software tool
is relatively unknown. Thus there is a need to investigate these aspects, develop new
equations and for comparisons to be made to traditional distortion-free waveform methods.

1.2 Objective

The objective of this thesis is to investigate and develop a methodology that includes new
formulae for evaluating energy usage, individual and overall efficiency in distribution
networks when one or more non-linear loads (harmonic sources) are present. A further
objective is to conduct case studies. One case study involves the application of industrial
software packages and is extended to investigate the impact of a harmonic mitigation
solution to minimize the effect of harmonic resonance. Another involves a measurement
based laboratory experimental set-up, where hand calculations are used to prove power
measurements and the direction of their flows. Also included in this set-up is the application
of a modern energy efficient technology, namely, the impact of compact fluorescent lighting
and its role.

1.3 Organisation of Thesis

The thesis is divided into seven chapters:
Chapter 2 is a literature review of what is known about the topic, its significance and the

need for research to be conducted in this field.

Chapter 3 reviews the theory relevant to the topic, to provide a background for developing
the methodology and formulae.

In Chapter 4 the contribution of the thesis is explained and includes the development of new
methods and formulae to analyse individual and total efficiency and energy usage of a power

network when harmonics are present.



In Chapter 5 case studies are conducted. The scenario for each case study and its purpose
is explained. Software packages are applied and an experimental laboratory set-up for a
measurement based study is described.

In Chapter 6 the results obtained from various case studies conducted are analysed and
findings are made.

Chapter 7 conclusions and recommendations on the main contribution of the thesis are
made and directions for future research are offered.

1.4 Summary

The chapter began with an introduction to harmonics on power systems as they cause
distortion. The traditional formulae for calculating efficiency and energy usage were reviewed
and it was explained why they no longer hold true in the modern era. The shortcomings were
pointed out leading to the formulation of the objective for this investigation. The layout of how
the thesis is organised is also included in this chapter.



CHAPTER 2: THEORY AND CONCEPTS

2.1 Electrical energy

There is a worldwide continuous increase in power demand; yet because of environmental
concerns this hinders the expansion of traditional power systems, such as coal, nuclear, etc.,
forcing existing systems to be used more extensively and efficiently (Mohamed & Lee,
2006:2388). These sources supply energy to consumers via transmission and distribution
networks. There is thus a need to conduct energy studies to improve efficiencies of these
systems down to consumer levels as investigations in this regards are not found in published
literature (Weedy & Cory, 1998:517).

2.1.1 Electrical power quality

Electrical utilities and consumers today are concerned about power outages but mostly about
the introduction of power electronic devices into networks as they have a potential to cause
excessive voltage and/or current distortion. Although a power system is considered by many
to be reliable, this does not guarantee the quality of its delivery. The term power quality (PQ)
has become one of the most prolific modern era buzzwords. The ultimate reason why there
should be concern about power quality is one of productivity and economics (Dugan et al.,
1996:1). It is not uncommon for a power quality problem to cause a production outage lasting
hours, resulting in many thousands of Rands loss in income for both supplier and clients
(Dugan et al., 1996:1).

Ideally, electrical power flowing through a network should be supplied without interruption at
constant frequency and voltage and be purely sinusoidal (Grady et al., 2001:8). In three-
phase networks waveforms should be symmetrical. The aim of PQ is the pureness of the
supply, meaning there should be no voltage variations and/or waveform distortion (Singh,
2009:151). The continually changing demands of consumers give rise to power system
disturbances, causing voltage variations. Any sudden change in power delivery, voltage
and/or current in a network is termed a disturbance (Chan, 1996:39). A PQ problem is any
deviation in voltage, current or frequency that causes failure or malfunction of equipment. As
no real power system is able to operate under perfect conditions, PQ is also described as the
ability of a system to transmit and deliver electrical energy to consumers within certain limits
defined by national and international standards (Dugan et al., 1996:1).



2.1.1.1 Average power in the sinusoidal steady-state (P)

To determine the average power dissipated over one cycle, the amount of work completed in
a specified period should first be determined. All AC equipment has its power ratings

specified in terms of the average power dissipated over one cycle (Edminister, 1965:69).

For a pure resistance:
1 T
P(t) =— | vidt 2.1
() T! (2.1)

In sinusoidal steady-state:

v(t) =V, sinot (2.2)

i(t) =1, sinot (2.3)

po2n_2n _1 (2.4)
o 2rnf f

where T is a period of the voltage and fis a frequency, respectively. Substituting (2.2), (2.3)
and (2.4) gives:

2n
P(t) = 22 [Vnsinotl, sinot dt (2.5)
T 0

Applying the trigonometric identity, sin?(wt) = 0.5[1 - cos(2wt)] it becomes:

2n

_ o[Vl [, cos(ot)| |e
P(t)—zn{ > {t 2 HO (2.6)

The cosine term is zero at both limits, thus (2.6) reduces to:
V.1
P(t) = %cos A® (2.7)

AB=6,-0,, this means the cosine of phase angle between voltage and current and is

called power factor (Stevenson, 1982:16).



For a pure resistance, A6 =0°(voltage and current are in phase).
For a pure inductance, A6 =90° (voltage leads current or current lags voltage);

For a pure capacitance, A6 =-90° (voltage lags current or current leads voltage).

Thus, to prove average power (2.7) is equal to root mean square (rms) power, the following

equations are used.

%
Vs == (2.8)
V2
s = (2.9)
V2
V.1
P(t)=—"""_cos A® (2.10)
=R
Therefore, average power equals to rms power
P(t) = V’"—zlmcosAe (2.11)
In other terms;
P, =V,l,cos(6, - §,) (2.12)

Where: 6,and 9, are voltage and current angles, respectively.

2.1.1.2 Reactive power (Q)

For sinusoidal quantities, the reactive power in a single phase AC network is defined as the
product of the voltage, the current, and the sine of the phase angle between them (Von
Meier, 2006:70).

Q=Visin® (2.13)

In which (Q) represents the average value of the power reciprocating between the load and
source without carrying out any net energy transfer (Wildi, 2002:138). Reactive power has
been recognised as a significant factor in the design and operation of alternating current (AC)
power systems. Since the impedances of network components are predominantly reactive,
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the transmission of active power requires a difference in angular phase between the voltages
at both sending and receiving-ends, whereas the transmission of reactive power requires the
difference in the magnitude of these same voltages (Wildi, 2002:138). Reactive power is
consumed by most of the network elements and loads, and it can also be supplied. Reactive
power control is vital for the stability of a power system (EDSA Micro Corporation, 2002:1).
For a given distribution power, minimising the total flow of reactive power may reduce losses
in the system, thereby increasing system efficiency. In an alternating current system, when
the voltage and current are in phase, only real power (P) is transmitted. That means reactive
power is neither produced nor consumed (Von Meier, 2006:112).

Power triangle

Jj ImsS

i

Figure 2.1: Power triangle

Q=,|s® - P? (2.14)

2.1.1.3 Apparent power

Apparent power is the power value obtained in an AC circuit by multiplying the effective value
of voltage and current (/s and V) and they are the effective voltage and current delivered
to the load. Therefore, apparent power for single phase (1¢) is given by:

S/=]V,

rms

||, s (2.15)

The product of Vl/is called apparent power and is indicated by the symbol S. The unit of Sis
volt-ampere (VA).



2.1.1.4 Complex power

The three sides S, P and Q of the power triangle shown in Figure 2.1 are obtained from the
product of VI* (l(])). Where F* is current conjugate. The result of this product is a complex
power S. lts real part equals the average power P and its imaginary part is equal to the
reactive power Q. Consider Euler's Formulae for voltage and current, V =Ve™ and where

from I =1e/“*®  Then,

S=VI' =Verle7/*® = VIe™® = Vicos0 - jVIsine = P- jQ (2.16)

W

NI

Reference point (0°)

Figure 2.2: Phasor diagram representing the voltage and current phase angle

where e =coso + jsina, — jrepresents a conjugate, o alpha is a voltage phase angle

and 6 theta, is the angle between voltage and current (impedance angle). Current phase

angle defined witho.+ 6 .

The absolute value of Sis the apparent power S=VI. Q will be positive when the phase angle
between the voltage and current is positive, that is voltage angle > current angle, indicating
current lagging voltage. Conversely, Q will be negative when current angle > voltage angle,
which indicates current leading voltage. This agrees with the selection of a positive sign for
the Q@ for an inductive circuit and a negative sign for capacitive circuit. It is important to keep
this in mind when constructing a power triangle (Stevenson, 1982: 18). The apparent power

is the vector sum of the real and reactive powers.



Electrical power is defined as the rate at which energy is transferred by an electric circuit.
The Sl (system international) unit of power is the watt. Because of a scarcity of electrical
power, researchers are interested in the power consumption of various types of electrical
devices. Most engineers are interested in the power generated by an alternator, the power
input to an electric motor drive, or the power delivered by a television transmitter. Utility
companies are concerned mainly with the power consumed by their equipment, but are not
concerned with the management of power losses occurring in a system. In this thesis the

work will focus mainly on a balanced network.
There are five types of electrical power. They are defined as:

a) Real (Active) power (P)
e unit: watt (W)
b) Reactive power (Q)
e unit: volt-amperes reactive (VARS)
c) Complex power (S)
e unit: volt-ampere (VA)
d) Apparent power (|S| ), that is, the absolute value of complex power S
e Unit:volt-ampere (VA)
e) Instantaneous power (p) is the product of voltage and current at any instant and is
given by:

p=vi (2.17)

where p is the instantaneous power (watt), v and i are voltage (volt) and current (amp) at
any given point in time (secs).
Figure 2.3 shows a passive network (Edminister, 1965:68).

it
—_—

Passive

vt <> Network

Figure 2.3: Voltage and current in time function
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2.2 Power in a balanced three-phase system

The total power (Py) delivered by a three-phase generator or absorbed by a three-phase load
is found by adding the powers in each of the phases. In a balanced circuit this is the same as
multiplying the power in any phase by three since the power is the same for all three-phases.

If the magnitude of the voltages to neutral V, for a star (Y)-connected load is

Vo = Vol =Vl =¥, 219
and if the magnitude of the phase current I, for Y-connected load is

by =11 = 1| =1, | (2.19)
The total three-phase power is P =3V, /,cos6, (2.20)
where 0,is the angle between the phase current and the phase voltage, that is, the angle of

the impedance in each phase. If V, and I, are the magnitudes of line-to-line voltage and
current, respectively,

v =Y and =1, (2.21)

)
and substituting in (2.20) yields
P, =+/3V,/, cos, (2.22)
The total reactive powers are

Qr =3V,/,sin@, (2.23)

Q; =+/3V,/, sin6, (2.24)

And the total apparent powers of the load are

S, =P2+Q;° =3V, (2.25)

11



Equations (2.20), (2.21), and (2.25) are those usually used for balanced networks since the

quantities line-to-line voltage, line current and the power factor, cos6, are usually known

(Edminister, 1965:68). If a load is connected in delta (A), the voltage across each impedance
is the line-to-line voltage and the current through each impedance is the magnitude of the

line current divided by\/g, or

V, =V, and I, _ (2.26)

NE]

Thus equations (2.20), (2.21) and (2.25) are also valid for delta connection (Edminister,
1965:68).

2.2.1 Ac power in the sinusoidal steady-state

2.2.1.1 Pure resistive load

Figure 2.4 shows a resistive circuit (Edminister, 1965:68)

AC %
v Resistor

Figure 2.4: Resistive circuit

In a network consisting of only a resistor, the voltage applied to the resistance is calculated
as:

v=V,sin ot (2.27)

The resulting currentis i = /,, sin ot (2.28)
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where V,, and [, are peak voltage and current, and w is the angular velocity in

radians/seconds (rad/s), respectively. The corresponding power is then:

p=vi=V_I_sin® ot (2.29)

Sincesin® x = %(1 —cos2x), then

p= %Vm/m(1 —cos2wt) (2.30)
For example: if V,, =50 V and /,, =20 A and if the frequency is 50 Hz, then instantaneous
values for v(t), i(t) and p(t) can be derived (see Table A.1 in Appendix A.1). These waveforms

are shown in Figure 2.5 (plotted in excel).

|— Current — Voltage — Power |
60 1200
AR N [
S 40 500
7 N /N =
% 20 400
S L o000 £
= K
% D T T T T D g
= I 45 490 135 18 g r0-200 2
§ =210 02
= \ / + -B0J
“ 40 \____// -500
—+ 1020
-B0 -1230

wrt

Figure 2.5: Waveform for a pure resistor load

It can be seen in Figure 2.5, the voltage and current are in phase. Consequently their product
(power) is always positive. In other words, power dissipated is never negative. This is
because a resistor always obtains power from the source, and then converts it into heat.

Since a resistor cannot store energy, it can never return power to the source.
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2.2.1.2 Pure inductive

AC (M
inductor

Figure 2.6: Inductive circuit

For an ideal case, the passive network consists of a pure inductive (L only) element. The
inductor voltage is (Edminister, 1965:68):

v =V, sinot, (2.31)
and the resulting current will have the form
i=1_sin(wt-m/2) (2.32)
therefore, power at any instant of time is
p=vi=V,I_(sinwt)sinot-mr/2) (2.33)

since sin(ot—m/2)=—cosmt and2sin xsin x = sin2x, we have
pz—%vmlm sin2wt (2.34)

Similarly, for example; using same values for V,, and /I, as before, the instantaneous results
of the currents, voltages and power are calculated in Table A.2 in Appendix A.1 and are used
to plot their curves as seen in Figure 2.7.
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|— Currenmt — Voltage — Power |
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Power (W)

Current (A) and Voltage (V)
=

Figure 2.7: Waveform of a pure inductor

When v and i are both positive, the power flow is positive and energy is delivered from the
source to the inductor.

For example:i=14.14 A,v =35.36 V,P =vi =35.36x14.14 =500 W .

When the v and i/ have opposite signs, power is negative and energy is flowing from the

inductor to the source.
For example:i=-14.14 A,v =35.36V,P = vi =35.36 x-14.14 = -500 W/ .

The average power dissipated is zero when calculated over a complete cycle. The average
power as given by (2.11) when A6 =90° for a pure inductor thus means its power has equal
positive and negative half cycles (Edminister, 1965:68). This is because the inductor stores
energy (takes it from the source) in the first half cycle and then returns all stored energy to
the source during its second half cycle. Power delivered to an inductor by the source is equal
to the power returned to the source by an inductor (Edminister, 1965:68). The number of
cycles per second of the power waveform is twice that of the voltage and current (Edminister,
1965:68). The current lags the voltage by 90°, thus a pure inductive circuit causes a lagging

power factor (Stevenson, 1982: 16).
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2.2.1.3 Pure capacitive

v —— Capacitor

Figure 2.8: Capacitive circuit

For an ideal case, the passive network consists of a pure capacitive element. If a sinusoidal

network voltage has the form (Edminister, 1965:68):

v=V_sinot, (2.35)
the resulting current will have the form

i=1_sin(n/2-ot) (2.36)
therefore, power at any instant of time is

p=vi=V,I_(sinwt)r/2-sinwt) (2.37)

since sin(n/2 — wt)=coswot and2sin xsin x = sin2x, we have
1 .
ngvmlm sin2wt (2.38)

Again, using V,, = 50 V and I, = 20 A, the instantaneous results of the current, voltage and
power at 50 Hz are calculated in Table A.3 in Appendix A.1 and these values are used to plot

their curves, shown in Figure 2.9.
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Figure 2.9: Waveform of a pure capacitor

When v and i are both positive, the power flow is positive and energy is delivered from the
source to the capacitor (Edminister, 1965:68). When the v and i have opposite signs, power
is negative and energy is flowing from the capacitor to the source. The average power
dissipated is zero when calculated over a complete cycle. The average power as given by
(2.11) when A®=-90° for a pure capacitor thus it means the power has an equal positive
and negative cycle. This is because the capacitor stores energy (takes from the source) in
the first half cycle and then returns all of the stored energy to the source in the second half
cycle (Edminister, 1965:68). Power delivered to the capacitor by the source is equal to the
power returned to the source by the capacitor (Edminister, 1965:68). The number of cycles

per second of the power waveform is twice that of the voltage and current (Edminister,

1965:68). The current leads the voltage by 90°, thus a pure capacitive circuit causes a

leading power factor (Stevenson: 1982, 16).

2.2.2 Individual efficiency of network components
Knowledge of electrical power is required to understand the concept of electrical efficiency.
Distribution networks generally contain many components such as transformers, cables,

induction motors and ASDs, each with individual efficiency. Components are now described

and their individual efficiencies defined.
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2.2.2.1 Transformers

Figure 2.10 shows an equivalent circuit for a transformer (Shepherd et al, 1970:275).

Z > P. 1(Copper losses)
1 X

Z P 1(Copper losses)
X: 2 Rz

I R A I>
Y i
o O
V1 P 1(in)(electr) R
——

P 1(Core losses)

Xm

V2

N, P (outyetectr)

L

D

Figure 2.10: Single phase equivalent circuit of a transformer (TRF)

Where Vi and V. are supply and secondary voltage; Ry and X; are primary resistance and
inductive reactance; R, and X are secondary resistance and inductive reactance; R, and X,
are magnetising resistance and inductive reactance; N; and N, are number of turns at the
primary and secondary; I, b, I, are primary, secondary and magnetising current; e; and e

are induced voltage at the primary and secondary. Capacitance in the transformer is

neglected.

If Py (core l0sses) are assumed to be constant losses at f; (thus directly connected across supply
voltage) and if the secondary R, and X, are referred to the primary side, that is k, and R,

are the secondary current (L) and resistance (R,) referred to the primary, then the

transformer equivalent circuit becomes:

P (inyetectr)
—

Vi R

P 1(Core losses)

Xeg l2p I
—————————p——o
2
® O P 2(out)(electr)
—
Ni N e
€1

Figure 2.11: Single phase equivalent circuit of a transformer referred to primary
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2
where: R, = R, + Rzp(%J (2.39)

2

P (inyetecry @Nd Py ounerecy are both electrical powers. P inerecr) is the power from the source

and Pipuyerecr) 18 the output power.

Z P1(copper losses) — (l2p )2 Req (240)

The maximum efficiency of the transformer occurs during a condition when constant loss is
equal to the variable loss (Shepherd et al.,, 1970:275). There are two different losses in
transformers; constant and variable losses.

e Constant losses are also called No-load losses P core iosses):

No—load losses (core losses) involve the power consumed to sustain the magnetic field in a
transformer’s core. Core losses occur whenever a transformer is energised. Core losses are
assumed not to vary with the load connected to a transformer. Hysteresis and eddy current
losses cause core losses and are primarily dependent on the maximum flux density attained
and on the frequency of the alternating flux (Shepherd et al., 1970:275);

e variable losses are copper losses:

These losses depend on an effective operating load (kL) connected to the transformer. The
power losses in the primary and secondary transformer windings are described as copper
losses. These are caused by the resistance (R; and R.) of the windings.

Efficiency formula for a transformer:

Output rating is the rating of the transformer, thus the efficiency (%m) is calculated in terms

of the output power (Shepherd et al., 1970:275).

o Outout _ Output B V,1l,coso
Input  Output + Losses  V,1,cos0 +(ly,)? Reg + Py cororosses)
V, cos¢ (2.41)

P
V2 COS¢ + (I2p)2 Req + 1(cor7losses)
2
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2.2.2.2 Cable

R L
ANN——""
P 1(losses)
P 1(in)(electr) P 1(out)(electr)

Figure 2.12: Single equivalent circuit of a cable

Figure 2.12 shows the equivalent circuit of a cable when capacitance and insulation
resistance are neglected. P injeiecr) aNd P ouyerectr @re each electrical powers. Pj ineiect) iS the
power from the source. Piuyerecy Can be obtained by subtracting Ps osses) from P (inyeiectr)s
where R and L are conductor resistance and inductance respectively. The P osses) depend on
the length of the cable, the longer the cable, the more active the losses (Shepherd et al.,
1970:275).

P
Efficiency formula for a cable: % = — )« 100% (2.42)
1(in)(electr)

2.2.2.3 Induction motors (IDM)

Figure 2.13 shows the equivalent circuit of a squirrel cage induction motor (Shepherd et al.,
1970:442)

1 P. 1(stator) L} P1 (rotor)
Is Rs Xs X R, I,
. > /\/\/\/ YY) _rYYY\_/\/\/\/_>_1
\
P (iny(etectr)
e
o ®
Vi Py (core) €s N; N> er P (out)(mech)
R, Xon e

Figure 2.13: Single phase equivalent circuit of a squirrel cage induction motor (IDM)
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Where R and X; are stator resistance and inductive reactance; R, and X, are rotor resistance
and inductive reactance; R, and X, are magnetising resistance and inductive reactance; N,
and N, are number of turns at the stator and rotor; /s, I, I, are stator, rotor and magnetising
current; es and e, are induced voltage at the stator and rotor and V; is the supply voltage
(Shepherd et al., 1970:442). Capacitance in the induction motor is neglected.

P inyelectr) O the induction motor is a electrical power, while Psouymecny iS @ mechanical power
(Shepherd et al., 1970:442). P njeiectr is the power from the source. Mechanical output power
of the motor is given by:

Py =T ech X O (2.43)

out)(mech) mech

where Piouymecr 18 in Watt (W) , Treen is the torque in Newton-metre (Nm) and wpmecen is the

mechanical speed in radians per second (rad/sec).

2nN

O mech = H (244)
N =Revolutions/minute (revs/min)
2nNT,
Therefore, P, i mecn) = % (2.45)

In order to determine the efficiency of the induction motor as a power converter, the various
losses in the machine must first be identified (Sen, 1996:238). These losses are illustrated in
the power flow diagram of Figure 2.14 (Sen, 1996:238). For three-phase machines the
power input to the stator is

Pyinyetectry = 3V4l5 c0S 6, (2.46)

electr
Vi and Is are the phase voltage and current and 0, is stator power factor at f;. Power is lost

due to the hysteresis and eddy current losses in the magnetic material of the stator core
(Sen, 1996:238). The power loss in the stator winding is

P(statory = 3I5Rs (2.47)

stator
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where, Rs is the stator resistance. The remaining power, P, crosses the air gap into the
rotor. Part of it, is lost in the rotor circuit resistance.

Pyroior) = 3IZR, (2.48)

rotor

where, R:is the rotor resistance of the rotor winding: If it is a slip-ring motor, R, also includes
any external resistance connected to the rotor circuit through slip-rings (Sen, 1996:238).
Power is also lost at the rotor core. Because core losses are dependent on the frequency of
the rotor, these may be assumed negligible at normal operating speeds, where rotor

frequency is low.

Stator core loss

A Rotor, core loss Friction and windage loss
Pay t T
P1(mech)
P1(in)(electr) _
¢ P (outymecny to the shaft
Stator copper Rotor copper
loss loss

Figure 2.14: Power flow in an induction motor

The remaining power is converted into mechanical form. Part of this is lost through windage
and friction, which depends on speed. The mechanical output power is the useful power
output from the machine. The efficiency is highly dependent on slip. Other losses are

negligible compared to copper losses, thus are generally ignored (Sen, 1996:239).

Pag = P1(in)(electr) (2.49)
P2(rotor) = SPag (250)
P1(out)(mech) = Pag (1 - S) (251)
And the ideal efficiency is
or % = Prioumeen) 100% (2.53)
P1(in)(electr)
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Sometimes Effjqeq) is also called internal efficiency, as it represents the ratio of the power
output to the air gap power (Sen, 1996:239). If the other losses are included, the actual
efficiency is lower than the ideal efficiency. The full-load efficiency of a large induction motor
may be as high as 95% (Sen, 1996:239).

To summarise, higher efficiency is reached by:
e Smaller joule losses in the stator and rotor by using more copper;
e smaller iron losses because of better iron core and,
e fewer mechanic losses because of better ventilation fans and bearings (Laboretec,
2007:4).

Apart from that, efficiency depends on the following factors:
e The capacity: larger motors have a higher efficiency;
e the number of pole pairs: the more pole pairs, the lower the efficiency and,

e the load: the smaller the load, the lower the efficiency (Laboretec, 2007:4).

2.2.2.4 Adjustable speed drive (ASD)

An electric ASD is an electrical system used to control motor speed (Okrasa, 1997:7). An
ASD is capable of adjusting both the speed and torque of an induction or synchronous motor.
ASDs may be referred to by a variety of names, such as variable speed drives, adjustable
frequency drives or variable frequency inverters (Okrasa, 1997:1).

a) Circuit diagram of a typical drive part of ASD supplying an AC motor (Okrasa,
1997:21)

Rectifier circuit Fixed DC Voltage Inverter circuit
+

f f f {} 4{}
Input Power
? AC )
Motor

iy Y iy 4{& ﬂ

Figure 2.15: Parts of ASD
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b) Block diagram of a drive and AC motor

efficiency (%) efficiency (%)

—

T Drive l l Motor

Pi(inyetectr (Drive) Piioutetectn(Drive) P, (in)(electrn(Motor)

Figure 2.16: Individual ASD

R(OUT)(G/GCU) (Drive) = P(IH) electr) (Drlve) X TIO/O(DrIVe)

Therefore, P o eiecr) (Drive) =Py Motor)

)(electr) (

P1(ou, mech) (Motor) = P(,n electr) (Motor)xn%(Motor)

Therefore, equation (2.54) is the mechanical output of the ASD.

P1(out mech) (ASD) = P Motor)

1(out)(mech) (

P1(out)(mech)(ASD)
P( in)(electr) (Dr,ve)

Efficiency for an ASD: %n = x100%

2.3 Summary

P outy(mecn)(Motor)
= P outmecn)(ASD)

(2.54)

(2.55)

(2.56)

(2.57)

The concepts and theory of what is known in electrical studies without power quality

problems such as harmonics is discussed. Electrical power quality is defined. The known

formulae of the average, reactive, apparent and complex AC power in sinusoidal steady-

state are included. Pure resistor, inductor and capacitor, sinusoidal waveforms of current,

voltage and power are plotted. It also includes traditional formulae to calculate individual

efficiency of network components such as transformers, induction motors, etc. Power losses

of different network components are discussed.
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CHAPTER 3: HARMONIC DISTORTION

3.1 Harmonic Distortion

Harmonics are sinusoidal voltages or currents having frequencies which are integer multiples
of the fundamental frequency, usually 50 Hz (Chan, 1996:65). Periodically distorted
waveforms can be decomposed into the sum of the fundamental frequency and the harmonic
waveforms (Dugan et al, 2003:26). Harmonic distortion originates from the non-linear
characteristics of devices and loads in a power system (Dugan et al., 2003:26).

The fundamental frequency of a power system is typically 50 Hz. However, certain loads
inject harmonics while drawing a 50 Hz fundamental frequency. They are called power
system harmonics (Grady, 2001:8). Power quality engineers and researchers are concerned
about the levels of harmonic distortion which are on the increase due to rapid introduction of
power electronic-controlled loads (Singh, 2009:151). A study on harmonics in three-phase
power systems was published by Steinmetz, (1916) (Singh, 2009:153). He explained that
saturated iron in transformers and machines causes third harmonic currents. To block the
flow of third harmonic currents, transformers need to be connected in delta. He was the first
to propose this connection.

Today, power electronic-controlled loads such as ASDs and switch-mode power supplies
(SMPS) are the most common sources of harmonics in power systems (Singh, 2009:153).
These loads consist of the components such as diodes, etc, used to chop waveforms to
control power or to convert 50 Hz AC to DC. To control motor speed, ASDs convert DC to
variable frequency AC (Okrasa, 1997:3 and Von Meier, 2006:133). Power electronic loads
are applied at various voltage levels, from low to high voltage. However, they have the
potential to cause unacceptable levels of power system harmonic distortion which may be a
problem that requires addressing.

In particular, resonance can occur at a harmonic frequency leading to a rise in voltage and/or
current distortion. This can happen when the injected harmonic currents interact with system
impedances. The result of resonance often leads to component failure and is a major
concern (Grady, 2001:9). These distortion levels and concerns for the loss of components,
led to a new field of study, called power quality (Dugan et al., 2003:167). Traditionally, design
and operations of power systems only considered the fundamental frequency. These
conventional rules had to be adapted to accommodate potential harmonic problems (Grady,
2001:8).
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Non-linear devices such as ASDs and SMPS (Televisions (TVs) and personal computers
(PCs)) cause harmonic distortion in a power system. It is amazing to witness their entrance
into power networks. Industrial consumers now use ASDs in their plants to improve process
control and energy efficiency (Von Meier, 2006:134). ASDs improve the efficiency of motor
driven equipment by matching speed to changing load requirements. It is not industrial plants
(ASDs) only that are being invaded by increasing number of electronic controllers, but all
commercial and residential facilities are totally dominated by SMPS (TVs and PCs) and non-
linear lighting load such as compact fluorescent lamps (CFLs) (Topalis et al., 2001:257 and
Lai & Key, 1997:1104). The result is an increase in levels of voltage and current waveform

distortion.

Traditionally, most equipment is designed to operate with a pure sinusoidal voltage and/or
current waveform (no waveform distortion). This is rare in power systems in the 21% century
(Dugan et al., 2003:1). Three-phase power systems, especially distribution networks, are no-
longer sinusoidal symmetrical systems with balanced loads, but are now non-sinusoidal
asymmetrical systems; due to the large quantity of power electronic devices (e.g. CFLs, TVs
and PCs) being installed in an unbalanced manner in three-phase networks (Atkinson-Hope
& Stimpson, 2009:25).

The harmonic current passing through an impedance of a system causes a volt-drop for each
harmonic (Dugan et al., 1996:127). This results in voltage harmonics appearing at the point
of common coupling (PCC) bus. The amount of voltage distortion depends on the impedance
and the current. While load current harmonics cause voltage distortions, the load has no
control over that distortion. Under periodic steady-state conditions, the distorted voltage and
current waveforms can be studied by examining the harmonic components of the waveforms

and expressed in the form of a Fourier Series (Dugan et al., 1996:125).

3.1.1 Fourier Series

The sum of pure sinusoidal waveforms is known as a distorted waveform (Dugan et al.,
1996:125). This sum of sinusoidal waveforms is expressed as a Fourier Series and is
universally applied for analysing harmonic problems as a system can be analysed separately
at each harmonic (Dugan et al., 2003:169). When both the positive and negative half cycles
of a distorted waveform are identical, the Fourier Series contains only odd harmonics, such
as the 5", 7th, 11", 13" etc named as characteristic harmonics (hch). If even harmonics are

found, this is an indication something may be wrong with the system, as most harmonic
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sources generate odd harmonics if the supply voltage to the device is symmetrical (Dugan et
al., 1996:126).

Under ideal supply voltage conditions a harmonic source (e.g. convertor) draws a periodic
current waveform in each phase. Its Fourier Series is comprised of fundamental and
characteristics harmonic components as shown in (1.3). The magnitude of each harmonic

current component (/) is inversely proportional to:

/
[, =1 3.1
= (3.1)
where: h is the harmonic number and is equal to hch (h = hch) when only characteristic
harmonics are present, /; is the magnitude of the current at fundamental frequency (f,). If f; is
called the first harmonic then f; = hy and h; can be used instead of f; where it makes

explanation easier. s is the magnitude at the fifth harmonic (hch = 5), etc.

In a three-phase system the characteristic harmonic currents are (Atkinson-Hope, 2005:548):

= I, cos(wt) — I5,, cos(5wt) + I, cos(7wt) —
Iﬂm cos(11wt) + /,5,, cos(13wt) - /,,,,, cos(17wt) + (3.2)
lLigm COS(1901).........

iy = I, cos(wt —120°) - I5,,, cos(5wt — 240°) + I, ,,, cos(7wt —120°) —
I, cos(11mt — 240°) + 1,5, cos(13wt —120°) — I,,, cos(17wt — 240°) + (3.3)
ligm COS(19mt —120°).........

= 1,,, cos(wt+120°) - I5,,, cos(5wt +240°) + I, cos(7mt +120°) —
1,1, cos(11wt +240° ) + 115, cos(13mt +1 20 )= li7,, cos(17mt +240°) + (3.4)
ligm cOS(19mt +120°).........

At each frequency in the series a three-phase set is found and within each set magnitudes
are equal. Equations (3.2), (3.3) and (3.4) are used to determine the waveform for the
complex current (/) of the red phase. To derive such a complex waveform, for example:
instantaneous values are calculated as shown in Table A.4 of Appendix A.1, where values
for the harmonics are determined over a cycle as well as for the resultant complex wave.
These values are then used to draw the distorted waveform in Figure 3.1 which also shows

the individual harmonic component waveforms.
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Figure 3.1: Distorted current waveform

The complex waveform in Figure 3.1 is similar to the distorted current waveform typically
found at the terminals of a six-pulse converter that contains 5" and 7" harmonics. There are
usually additional harmonics (hch) that would impose a further distortion. The magnitudes of
the other harmonics, (e.g. 11", 13" 17", 19" etc) are usually smaller and therefore, do not
change the shape of the complex waveform too much.

3.1.2 Effective value and power

Considering a linear network with periodic applied voltage, this will cause the resulting
current to contain the same harmonic terms as the voltage, but with harmonic amplitudes of

different relative magnitude since the impedance varies with hw.
V=V, + > Vo sinlhot+6,) andi= Iy + > 1, +sin(hot +35,) (3.5)

Where, V, and Ik, are the DC components, respectively, the average power p follows from
integration of the instantaneous power (p) given by the product of vand i,

p=vi=|v, + Y Von Sin(hot + 6, I [1 + D" Ly SiN( hoot + 8 )] (3.6)
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Since v and j both have periods of T sec, their product must have an integral number of its
periods in T. Therefore, the average power is shown in (3.7) (Edminister, 1965:225).

.
=%J‘V + > Vi sin(hot +6,) i, + " L Sin(hort +3,,) )]t (3.7)
0

where, the angle0 is the angle between the voltage and current at a given harmonic

frequency. V,, and /., are the maximum values of the respective sine function terms,

thus:

mi1°mi m2'm2

P =V, +;V/ cose1+;v / cosez+;vmslmacose3+ ........ (3.8)

In single frequency AC circuits, the average power is P = VIcos6 where V and I are effective

(rms) voltage and current, respectively, that is:

Vinar /42 (3.9)
=1, /2 (3.10)

Thus, P can be expressed in terms of a maximum value. Thus, equation (3.11) can be

obtained:

P:%lemcose (38.11)

3.1.3 Harmonic indices

The total harmonic distortion (THD) is a measure of the effective value of the harmonic
components of a distorted waveform. It can be calculated for either voltage or current
distortion as follows (Dugan et al., 2003:181 and Zobaa, 2004:254):

hmax
2 Fy

%THD = x100% (3.12)
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Where Fj is the rms value of harmonic component h of the quantity F (voltage or current) and
Fi, the magnitude at h=1. The distortion level caused by individual harmonic components
(voltage or current magnitudes) is expressed as a percentage of the fundamental component
magnitude and used as a measure of observing which harmonic component contributes
more to the total harmonic distortion. The formula for its calculation is

%HD = % x100% (3.13)

1

Therefore, equation (3.12) and (3.13) can be expressed in terms of voltage and current as

follows:
G
%V = %x 100% (3.14)
1
I
%ol ryp = ”72 x100% (3.15)
1
%V, = i 100% (3.16)
Vi
/
Yol iy = I—” x100% (3.17)

1

Even harmonics found in the power system are usually weak as the effect of symmetrical
waveforms causes them to cancel out. Third order harmonics can be present if unbalance
exists depending on network configurations, and thus they appear as zero sequence
components. However, characteristic harmonics are mostly found in power systems and they
are the odd harmonics, namely: 5™, 7", 11" 13" etc.

3.1.4 Power quantities under non-sinusoidal conditions

The IEEE power definitions under non-sinusoidal conditions are now reviewed. They are
based on the trigonometric Fourier Series and its decomposition into individual harmonic
frequency components. Here, f(t) represents instantaneous voltage or current as a function
of time and F, is the peak value of the signal component of harmonic frequency h (De La
Rosa, 2006:20-23).

30



3.1.4.1 Instantaneous voltage and current

f(t):ifh(t)zi\/if—'h sin(ho, t+6,) (3.18)
h=1

h=1

3.1.4.2 Instantaneous power

p(t) = v(t)i(t) (3.19)

3.1.4.3 RMS values

T oo
Fme = |~ [ P2(0dt = > F? (3.20)
To h=1

where: F.,s is the root mean square of function F, which in this case can be voltage or

current, namely:

Vs = {Z V2 (3.21)
h=1

Lns = | D17 (3.22)

3.1.4.4 Active power

Every harmonic (h >1) contributes to the average power namely:

T

1 .
P = ?Jp(t)dt =>"V,l,cos(6, - 8,) =

0 h=1

M

P, (3.23)

>
T

In other terms;

P, =V,l, cos(8,-%,) (3.24)

Where: 6,and &, are voltage and current angles, respectively.
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3.1.4.5 Reactive power

Like active power, each harmonic (h>1) component contributes to the total reactive power

Q and is expressed as follows (Dugan et al., 1996:131):

T oo
Q== [altdt = V,l,sin0,-3,)= >0, (3.25)
0 h=1

= h=1

3.1.4.6 Apparent power

The apparent power, S, is a measure of the potential impact of the load on the thermal
capability of the system. It thus depends on the rms values of the distorted current and
voltage. The traditional formula for apparent power “S” is (Dugan et al., 1996:131):

S = meS X lrms (3'26)

It was however; found that (Dugan et al., 1996:131):

S#P?+Q? (3.27)

To make the left hand side equal the right hand side of equation (3.27), an additional power,
called distortion power D (distortion volt-amperes) was introduced:

S=4P2+Q%+D? (3.28)

In order to maintain the traditional formula for expressing “S”, a new term denoted as “Non-

Active Power (N)” was introduced.

S=+P?+N? = /P2 +(Q* + D?) (3.29)

Therefore, D can be determined by D=+/S? - P2 —Q? (3.30)

As S, Pand Q are determinable.
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3.1.5 Harmonic power flow

Harmonic power flow is performed to discover the harmonic distortion levels in power
networks, therefore the system equations under non-sinusoidal conditions can be obtained
as follows (Gursoy, 2007:15 and Arrilaga et al., 1985:269):

Ibus(h) = Ybus(h)vbus(h) (3.31)

Where h = 2, 3, 4,...... k is the harmonic order representing the integer multiples of the
fundamental frequency. s is the n-dimensional harmonic current injection vector, Yusp is
the nxnsystem harmonic admittance matrix and Vpusp) is the n-dimensional harmonic bus
voltage vector to be solved by direct solution of the linear equation (3.31). The system
harmonic admittance matrix Yyusn is formed according to the system topology using
admittance of each individual power system component, which is obtained from the models
for harmonic analysis (Gursoy, 2007:16).

The direction of power flow between two buses in a network depends on whether the bus is
assumed to be a generator (source) or a motor (load) (Stevenson, 1982:21). This
relationship defines the direction of power flow and it can be positive or negative according to
Table 3.1. This gives an indication of the direction of power flows between buses. Thus,
harmonic flows, like fundamental frequency power flow between two buses can also be
positive or negative flows. Therefore, it is important to understand the power direction
according to Table 3.1 (Stevenson, 1982:21):

Table 3.1: Power flow direction

Circuit diagram Calculated from EF*
If Pis +, emf supplies power
E / If Pis -, emf absorbs power
" O +—> If Qis +, emf supplies reactive power (/lags E)
Generator action assumed If Qis -, emf absorbs reactive power (/leads E)
E / If Pis +, emf absorbs power
- If Pis -, emf supplies power
O T If Qis +, emf aFl))Zorbspreactive power (/lags E)
Motor action assumed If Qis -, emf supplies reactive power (/leads E)

33



3.1.6 Harmonic resonance

When harmonics are present in a power system, the term resonance implies the amplification
of harmonic currents and voltages in a network (Bollen, 2003:10). Harmonic resonance is
one of the most important considerations from a utility point of view, when wanting to ensure
harmonic voltage distortion remains non-excessive (Arrilaga et al., 1985:110). Another
important consideration is the limitation of harmonic currents generated by customers
connected to networks. As a result of the network being primarily inductive, the introduction
of capacitors into the network results in harmonic network impedances that might be high or
low in magnitude and resonance frequency. If this frequency corresponds with one of the
harmonic frequencies, this can result in high voltages and/or currents in the network. There

are commonly two types of resonances; series and parallel resonances (Zobaa, 2004:256).

3.1.6.1 Series resonance

A series LCR circuit can be built which resonates to a generator of a given frequency (Hoag,
2007:1). Then the current which flows through the circuit would have its greatest effective
value. It is accomplished by choosing the inductance and capacitance reactance equal to
each other. The basic resonant frequency (f) equation is:

1

" omLC

(3.32)

Thus, at resonance, the only opposition to the flow of the current is the resistance. Figure 3.2
shows the series circuit and its resonance curve (Hoag, 2007:1).

[s]

50000

L

Figure 3.2: A series circuit and its resonance curve

At resonance f,, the current is a maximum and the impedance a minimum Z = R. The larger
the resistance in the circuit, the broader and flatter is the curve, and vice versa, showing that

resistance plays a damping role (decrease in current magnitude).
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3.1.6.2 Parallel resonance

Parallel resonance is the root of most problems when harmonic distortion is present in a
power system (Dugan et al., 2003:203). When a network has a harmonic source, a shunt
capacitor (X¢) appears in parallel with the equivalent system inductance (Xr and Xsource) @s
shown in Figure 3.3 and 3.4 (Dugan et al., 1996:159). The parallel combination response of
inductive and capacitive reactance’s seen by the source of the harmonic current becomes
very large at a frequency where X; and the total reactance (X7 + Xsource) are equal. The effect
of variation in capacitor size on the impedance response (Z,) from the harmonic sources is
shown in Figure 3.5 and is compared to a case with no capacitor (Dugan et al., 1996:159).

| X Source

-

Xt

S

Xc—T1— Harmonic Source (/;)

Figure 3.3: System with potential for problem parallel resonance

Xt

(T I T Xc

Figure 3.4: Equivalent circuit of parallel resonance

X Source

35



50 7 10%
40

30
Zn
20 7

10 —

1 5 9 13 17 21
Harmonic Number h

Figure 3.5: System frequency response as capacitor sizes varies

As inductance and capacitance values are not readily available, power system analysts
prefer to compute the resonant harmonic frequency (h,) as follows (Dugan et al., 1996:159):

o [Xe _ [MVAs _ [ KVA,x100 539)
! Xso Mvar,, kvar,x Z,, (%)

where: X; = capacitor reactance, Xsc = system short-circuit reactance, MVAsc = system
short-circuit MVA, Mvarc,, = Mvar rating of capacitor bank, kVA, = kVA rating of step-down
transformer, Z = step-down transformer impedance and kvar.,, = kvar rating of capacitor
bank. It must be mentioned that when upstream capacitance is present in the network, then
equation (3.33) may give inaccurate results (Atkinson-Hope & Folly, 2004:1393). Therefore,
harmonic resonance studies are important and relevant to energy and efficiency studies, as

are solutions to mitigate resonance effects.

3.2 Summary

Harmonic distortion is one of the power quality problems found in distribution networks;
therefore, it is a major concern for engineers and researchers. Increase of power electronic-
controlled loads (non-linear loads) such as ASD’s and SMPS are common sources of
harmonics in power systems. The sum of pure sinusoidal waveforms is known as distorted
waveforms and is expressed as a Fourier Series, which is commonly comprised of
fundamental and characteristic harmonic (odd harmonics only) components. Traditional
formulae for average, apparent, reactive and complex power in non-sinusoidal conditions are
reviewed and extended to a new power concept called distortion power. Total harmonic
distortion of current and voltage as well as individual distortion formulae are also reviewed.
The background to the direction of harmonic power flows and their representation as positive
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and negative values is introduced as this is relevant to the energy and efficiency studies.
With harmonics, resonance is a concern; therefore, the theory on series and parallel
resonance is also reviewed. In this chapter a foundation is laid for the contribution of this

thesis to the field efficiency.
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CHAPTER 4: CONTRIBUTION TO FIELD OF EFFICIENCY

4.1 Efficiency

Many researchers and writers have discussed efficiency of individual machines or
components such as transformers, induction motors and cables, etc (Almeida et al,
2005:189; Casada et al., 2000:241; El-Ibiary, 2003:1205 and Holmoquist et al., 2004:242).

They use equation (1.2)to determine efficiency. This formula is the traditional approach, but

in the modern era, where harmonic sources are present, the formula no longer holds true.
Today, distribution networks contain harmonic distortion from non-linear loads. Therefore,
current and voltage waveforms are no longer sinusoidal, but are distorted (complex) (Mishra
et al, 2007:288). Thus there is a need for power system engineers to identify and
understand efficiency when harmonics are present in a network; and this is a shortcoming in
literature. No method is found on how to calculate individual component and overall
efficiency of a network when harmonic distortion is present, that is, with combined

frequencies: fundamental and harmonic frequencies.

To calculate the overall efficiency of a network it is essential to understand the direction of
power flow. Power direction at fundamental frequency is usually from source to load. Powers
at harmonic frequencies are injected from the load side of a network (e.g. drive) back
towards the fundamental frequency source via the other components within the network.
Along every path, each component will have individual efficiencies, but together the network
will have an overall efficiency. In this thesis, it is assumed that all networks are symmetrical
and balanced systems. The work can however be extended to include asymmetrical
unbalanced systems taking into account sequences of three-phase harmonic sets but this
will form the basis of future work (Atkinson-Hope, 2005: 545).

4.2 Energy usage

Utility companies always try to estimate daily, weekly, monthly and annual energy usages.
They traditionally calculate energy usage of a network by assuming that only fundamental
frequency is present, equation (1.1) (Grady et al, 2001:10). They ignore the impact of
harmonics when determining energy usage. Thus, besides energy usage at fundamental
frequency, harmonic energy usage needs also to be determined and combined to provide an

overall picture of the total energy usage in a network.
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4.3 Power with distorted waveforms

A non-linear load, draws a current at fundamental frequency (h=1) and injects in opposite
direction harmonics, see Figure 4.1(a), whereas linear loads absorb fundamental frequency
and harmonic powers, when a distorted voltage is applied to them, see Figure 4.1(b) (Dugan
et al., 2003:218).

M» I L |l | I etc

] I1 I3 I5 I7 etc

(a) Non-linear load (b) Linear load (applied voltage is
distorted)

Figure 4.1: Current direction of linear and nonlinear load

Thus, a non-linear load in Figure 4.1(a) absorbs a current (/;) and power (P;) at fundamental
frequency, while it injects into the network harmonic currents (e.g. k, Ik, I, etc) and powers
(Ps, Ps, P7, etc). This will result in a total power (Pr) where the harmonic powers are
subtracted from P; (Dugan et al., 2003:178):

Pr=P—-P,—P;—P,—.......... (4.1)

In contrast, in the case of a linear load, the total power is the summation of powers:

Pr=P +P,+P,+P, +......... (4.2)

The linear load thus absorbs P; and all the harmonic powers. Thus, when determining
individual and overall efficiencies when distortion is present the roles of non-linear and linear
loads needs to be taken into account.

4.4 The need of this project

The need for this project is that harmonic flows and their effect on efficiency and energy
usage should no longer be ignored. Therefore, there is a need to develop formulae and a
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methodology to assist power system engineers, planners and energy conservationists to be

able to calculate power losses and how they affect overall efficiency and energy usage when

distortion is present. There is also a further need to demonstrate how harmonics affect power

flows and thus efficiencies, using measurement and simulation investigations.

4.5 Contributions

The contributions of this work to the field of efficiency are:

a)

Measurements

A measurement based laboratory experiment to represent a simple radial distribution
network is developed for efficiency studies when distortion is present.

The development of indices (formulae) and a methodology for evaluating individual
and overall usage of energy and efficiency when waveforms are distorted.
Measurements of current, voltage and power at various points in a network and
demonstrate how these results and power flow directions are applied through the
application of the developed formulae and methodology for the calculation of
individual component efficiencies and for determining the overall efficiency of the
network.

Simulations

A simulation based case study of a simple radial distribution network is developed
that includes distortion so as to further support the effectiveness of the contribution
made by the measurement study. This work also contributes the effect of resonance
on efficiency when distortion is present. This includes the role of a capacitor bank and
filter for the mitigation of harmonic resonance and reduction of total harmonic
distortion.

This study includes a load flow analysis to obtain power results at fundamental
frequency. A harmonic penetration study with two harmonic source (a six-pulse drive)
is also conducted to obtain power results and their directions at harmonic
frequencies, from which individual and overall energy usage and efficiencies are
determined using newly developed formulae and methodology.

Analysis

Results are analysed and findings, conclusions and recommendations are made on

efficiency and energy usage when distortion is present.
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4.6 Software

Two software packages DIgSILENT and SuperHarm are used for the simulation
investigations and to demonstrate the effectiveness of the developed formulae for evaluating
overall efficiency and total energy usage when distortion is present.

4.6.1 DIgSILENT

DIgSILENT has an integrated graphical one-line interface. It includes network drawing
functions, modelling and features enabling power system analyses to be conducted. This
package has the capability to conduct load flow and harmonic analysis simulation studies
and generate power results at all frequencies. It is thus an ideal package for conducting
efficiency and energy usage when distortion is present (Atkinson-Hope & Stemmet,
2007:27).

4.6.2 SuperHarm

SuperHarm is a tool designed and dedicated for the evaluation of harmonic concerns in
electric power systems. The software requires a user to develop a computer model of the
system of interest and explore variations on system loads and configurations with resulting
impact on system frequency response and distortion levels. It can solve both balanced and
unbalanced three-phase systems and accomplishes this using phase domain nodal matrix
techniques, rather than sequence component solution methods. The solution engine reads a
text file created by the user that describes the network to be simulated. SuperHarm utilises
TOP, an output processor tool to visualise the simulation results. The programme takes
advantage of Microsoft Windows Graphical User Interface and clipboard to allow the user to
easily transfer data to a Windows programme (Atkinson-Hope & Stemmet, 2007, 28).

The usage of these software tools enables a contribution to be made to the field of efficiency

and energy usage when distortion exists in a power system.
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4.7 Measurement analyser

4.7.1 Fluke 435

The Fluke 435 is a modern three-phase harmonic power quality analyser, manufactured in
the Netherlands by Fluke Industrial B.V., a subdivision of the Fluke Corporation. The Fluke
435 can measure systems having distortion with accuracy to three decimal places. The Fluke
specifications and accuracy are given in Tables A.5 and A.6 in Appendix A.1 (Fluke
Corporation, 2007).

Figure 4.2: Fluke 435 harmonic analyzer

4.8 Development of formulae and methodology

Figure 4.3 illustrates the measurement based laboratory experiment set-up used to develop
the new methodology and formulae for investigating efficiency and energy usage.
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Figure 4.3: Measurement based laboratory experimental set-up

The developed network represents a simplified network of three-phase (3¢) radial

distribution network. Bus 1 was selected as the reference busbar with a voltage of 400£0° V
and a system frequency of 50 Hz. Between bus 1 and bus 2 there is a two—winding
transformer (TRF1), 400/400 V giving a ratio 1:1 and it is connected Star-Star (Yyn). Bus 2 is
taken as the point of common coupling (PCC). Two AC induction motors IDM1 and IDM2 are
fed and are mechanically coupled to DG Generators 1 and 2, respectively. These generators
supply resistor banks 1 and 2 and are the motor loadings. In this experiment, resistor banks
1 and 2 were varied so that maximum currents of 5 A and 6 A are drawn, respectively.
Transformer (TRF2) also has two windings, with the voltage rating of 380 / 220 V connected
in Yyn.

The induction motor (IDM1) is controlled by a drive ASD1 and is responsible for injecting
harmonics into the system as it is a non-linear load. Induction motor (IDM2), represents a
linear load. A number of compact fluorescent lamps (CFL’s), each with a rating at 230 V,
0.05 A and 11 W, respectively are added as extra loading and also to generate harmonics
into the system as they are also non-linear loads. In each phase, 20 CFL lamps were
connected in parallel giving a total of 60 CFL’'s making up a three-phase star load. The
ratings of the equipments are as shown in the following tables.
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Table 4.1: Non-linear load specifications

AC motor DG Generator Drive
Name IDMA1 Name DG1 Name ASD1
Output | 35 p Input 950 rpm Input 380/415 V
power speed voltage
Input 380 V AC Excitation 71/ 48 V DC Input 13 A
voltage voltage current
Input 4.95 A Output | 55 A Output 0-380 V
current current voltage
: . Output

Frequency | 50 Hz Rating continuous 16 A max

current
Speed 950 rpm (f)utput 1-50/87 Hz

requency
. . Power

Rating continuous rating 7.5 kKW

Pulse 6
Table 4.2: Linear load specifications
AC motor DG Generator
Name IDM2 Name DG2
Output power 75H.P Input speed 1150 rpm
Input power 380 VAC Excitation voltage 115V DC
Input current 11.8A Output power 3 kW
Frequency 50 Hz
Speed 965 rpm
Table 4.3: Transformer specifications
Transformer 1 Transformer 2
Name TRF1 Name TRF2
Primary voltage 400 V Primary voltage 380 V
Secondary voltage 400 V Secondary voltage | 220 V
Turns ratio 11 Turns ratio 1/0.8
Connection Yyn Connection Yyn

Table 4.4: Compact fluorescent lamp specifications

Compact fluorescent lamp

Name CFL’s
Power output 11W

Rating voltage 230V
Rating current 0.05A

Number per phase

20 CFL’s in parallel
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4.8.1 Fundamental frequency

The first step in the methodology was to develop an equivalent network for the experimental
set-up developed. This is shown in Figure 4.4. Symbols were allocated for each power and
these are shown in Table 4.5. This developed diagram is used for demonstrating the
relationships between power flows in the system, from which efficiency formulae are
developed at fundamental frequency. The arrows show the direction of power flow and the
positive symbol (+) means from source (Grid) towards loads.

Grid

¢ +P1(olecir(Grid)

Bus| ee——

¢ +Pi inyelectn( TRF1)
2> Pr(iosses TRF1 )@ TRFI %n(TRF1)

¢ +Poutyeiectn(TRF 1)

Bus2
+ P in)(etectn)(CF L’S)L i
R = ) +P(iny(electn TRF2)
N L +Pin)(etectn(Z1)— +Pi(outerecty(CFL’S) | %n(TRF2) TRF2
-, § 7 %n(Z1) ‘g—
D:‘: ) +P 1(oul)(electr)(TRF 2) # &
L +P1(outyetectn(Z1) CFL's = =
= +P4(iny(electr(IDM2) 7",8:
*+P(in)(etect)(ASD1) Compact fluorescent lamps g
BuS3 emt— Q
| #Pi(nyoea(ASD1) " Busé
ASD1 —%nN(ASD1)
L*’P 1(out)(electr) ASD1) +P1(in)(electr)(IDM2) *\
L +P1 (in)(electr) /DM1) %n(IDMZ) @ IDM2
ibmt \M —9%n(IDM1)
Shaft L+P1 out)(mech) (IDM1) - +Pt(outmeon)(IDM2) ¢ Shaft
@ DG Generator 1 DG Generator2 @
]
Lo ] P
Resistor bank 1 v
> f;= Fundamental Resistor bank 2

frequency
“Z»  Power losses

Figure 4.4: Developed equivalent network of experimental set-up
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Table 4.5: Explanation of the symbols used in developed equivalent circuit
P1( IDMA

out)(mech) Induction motor 1 mechanical output power

P inyetectr) IDM1 Induction motor 1 electrical input power

Pout)(etectry ASD1 Adjustable speed drive 1 electrical output power

P inyetectry ASD1 Adjustable speed drive 1 electrical input power
Pioutyetectr) £ impedance 1 electrical output power
P1(in)(elec:tr)Z‘I

Impedance 1 electrical input power

Piiny CFL's | Compact fluorescent lamps electrical input power to CFL branch

electr)

Pioutyeiecr CFL'S | Compact fluorescent electrical input power used for conversion to

light output
Ptoutymeor [DM2 Induction motor 2 mechanical output power
Py inyetectr) IDM2 Induction motor 2 electrical input power

Proutyetecr) TRF2 | Transformer 2 electrical output power

P 1(in)(electr) TRF2

Transformer 2 electrical input power

P1(out electr) TRF1

Py o 21+
2 Puinietar) Transformer 1 electrical output power

P (in)(electr) CFL'

P1 )(electr) TRF. 2]
Piiny etectry TRF1 Transformer 1 electrical input power
Pielecir) GRID Grid electrical input power
Pi(Losses) TRF Transformer 1 power losses
Pi(Losses) TRF2 Transformer 2 power losses
P Z1

1(Losses)

Impedance 1 power losses

where, the electrical (electr) powers at inputs (in) and output (ouf) are the three-phase
powers and (out)(mech) is the total mechanical output delivered by the three-phase motor.
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The next step in the methodology is the development of formulae for evaluating individual
and overall efficiency at (f;). The positive (+) symbol indicates that power flows from the
source (Grid) at (f;) towards the outputs. The following formulae are used to develop the
individual efficiency indices for the various components.

Py IDMHA
%en(IDM1) = —tmeeh) = 100% (4.3)
P1( (electr) IDM1
P, ASD1
%n(ASD1) = lj"“”(e’“’”Asm x100% (4.4)
1(in)(electr)
P, Z1
%n|(21) = —ee=_  100% (4.5)
1(in)(electr)
P, /IDM2
%n(IDM2) = I;“’“’ meCh/DMz x100% (4.6)
1(in)(electr)
P, TRF2
%n(TRF2) = /;(OUI)(QIQC”)TRFz x100% (4.7)
1(in)(electr)
P, TRF1
%n(TRF1) = —/; °“”<e’e°”>ml__1 x100% (4.8)
1(in)(electr)

The next step in the developed methodology is the development of a formula for the overall
efficiency of the network at f;. In order to define this formula the total output power (mech),
total losses (3¢) and total input power (3¢) needs to be defined. These are defined in Table
4.6. This network has only one source (Grid) but feeds into three loads (IDM1, IDM2 and
CFL’s), there are six components that cause losses in the network.
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Table 4.6: Power input, output and losses of a network

Piiny = .
total P1(electr)(Gr|d)
input at f;
P1(losses) = ° P1(losses)(TRF1) ZP1(losses losses (TRF1) +
losses ° P1(/osses)(Z1) (Z1) +
per ° P1(losses)(IDM1) = losses
compo- o P1 (/osses)(ASD1) total losses (IDM1) +
nent ZRWosses) - Z
®  Piosses)( TAF2) losses at P\ 1osses) (ASD1) +
e P IDM2 f
1(/osses)( ) 1 losses (TRF2) +
losses (IDMZ) i
P1(omr)] = *  Pioutmecr)(IDM1) Z’Dﬂout) P outy(meck) (IDM1) +
mecnani ° P1( ut)( h)(lDMZ) _
cal or ° P1(Zut)(Z;:Ztr)(CFL,S) _ ZP1(0ut) - Z P1(out mech) (IDM2)
electrical total P1(out electr) (CFL' )
per output at
output f
branch 1

Now, using (1.2) as a basis, the formula for overall efficiency is:

—Z Pitoun x100%

1(in)

%n,overall =

or

Z P1(out)
Z P1(0Uf) + z P1(/osses)

Yen,overall = x100% (4.10)

where, Py;,is the three-phase input to the network at f. Total electrical energy usage (3¢)

based on (1.1) at a fundamental frequency is defined as follows:

Total energy usage E e Grid = Py, Xt Joules (4.11)

where, E, is the total energy usage by the three-phase network at f;.

(electr)

4.8.2 Harmonic frequency

The following step in the methodology is to develop formulae for the network in question,
when harmonics are injected into the system. Figure 4.5 shows the developed network
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required for investigating individual efficiencies of components at harmonic

frequencies (h # f;). The arrows show the directions of harmonic power flows.

Grid

% Ph(electr)(Grid)
Bus| ee—

% Phioup(etectn(TRF1)

1’ Ph(Losses)( TRF1) TRF1 %r](TRF1 h)

% Ph(in)(electl)(TRF1)

Bus2
Prinyetectn(CFL’s)
- % Prouoecn(Z1) % Phinyetectn( TRF2) % .
N %n(TRF2h)
g § %n(Z1h) @
Z, 52 n
N

) Proutyetectn( TRF2) %
JAF Priny(etectr(Z1) CFL's -
- Prinyelectn(IDM2)

Phiny(etectn(ASD1) Compact fluorescent lamps

Ph(Losses)( TRFZ) ’\T

Bus3

Bus4
ASD1 @
M) IDM2
IDM1 ( M

shaft shaft
DG Generator 1 DG Generator2 ( DG
]
AW
Byv—e NS
Resistor bank 1

—+ h= harmonic frequency Resistor bank 2

"Zy»  Power losses

Figure 4.5: Power flows per harmonic frequency

When harmonics are present, the non-linear devices (ASD1 and CFL’s) are sources; this
means the non-linear devices (ASD1 and CFL’s) inject harmonics and are therefore, the
inputs to the network, whereas when f; is the only frequency in the network, the grid is the
source. Under harmonic power flow conditions, the grid infeed is treated as a short circuit as

it is usually treated as an ideal voltage source at f; (Electrotek Concepts, Inc, 2000:4-44).
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Table 4.7: Explanation of the symbols used in power flows for harmonic frequency

Poinyeloctr) ASD1

(electr)

Phiiny Z1

electr)

Adjustable speed drive 1 electrical input power at harmonic

Impedance 1 electrical input power at harmonic

Ph(out)(e/ectr)z1

Impedance 1 electrical output power at harmonic

Priiny CFL's

)(electr)

Compact fluorescent lamps electrical input power at harmonic

Poinyeioctr) TRF2

(electr)

Transformer 2 electrical input power at harmonic

P h(out)(electr) TRF2

Transformer 2 electrical output power at harmonic

h(Losses)

Phiinyetectr) 'PM2. | 1nduction motor 2 electrical input power at harmonic
Prinyetectry TRF1 | Transformer 1 electrical input power at harmonic
Phoutyerectry TRF1 | Transformer 1 electrical output power at harmonic
Pretectry GRID Grid electrical power at harmonic = P, erectr) TRF1
PiLosses) TRF1 Transformer 1 power losses at harmonic

PhiLosses) TRF2 Transformer 2 power losses at harmonic

P, Z1

Impedance 1 power losses at harmonic

The following formulae are developed for the individual efficiency of the various components,

now using three-phase values:

%n(Z1h) =

%n(TRF2h) =

%n(TRF1h) =

The next step in the developed methodology is the development of a formula for the overall
efficiency of the network at a harmonic frequency. In order to define this formula the total
output power, total losses and total input power needs to be defined. These are defined in
Table 4.8. This network has however two harmonic sources (ASD1 and CFL'’s) and they feed
into two linear loads (IDM2 and Grid (branch)).

h(out)(electr) V4

x100%
h(in)(elecz‘r)Z‘I
Ph(out electr) TRF2 «100%
Ph(in)(electr)TRFz
P1(out electr) TRF1 %100%
P, TRF1

(in)(electr)

components causing losses.
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Table 4.8: Power input and losses of a network

Phin) = Phiny(etecrn(ASD1) Z P, P, (ASD1)

. (in) h(in)(electr)

input per e P CFL’s Phiiny = .

non-linear st ) = tOtfl ‘h 2P Z|:Ph(/n olectr) (CFL'S )}

load input a

lF’h(/osses> = * Phiosses(TRFTH) | " Py o) (losses) (TRF1A)

osses per *  Phiosses)(Z1h) - B

component ° Ph(losses)(TRFQh) l—otszteaé at Z Ph(losses) - z h(losses) (Z£1h)
h(losses) (TRFZh)

Ph(out) = per ¢ Ph(m)(e/ecm(lDlwz) Z Ph(Out) (in)(electr) (IDMZ)

branch * Prinieeon(GA) | _yopa) % Puon = (el

ranc output at h

From this, formulae are developed for the overall efficiency (3¢) of the network at a

harmonic frequency (h#f,):

mxmo%

%n ,overall =

> P

h(in)
or
Z Ph(out)

Yo ,overall = x100%

Z Ph(out) + z Ph(Losses)

where, Pyiny s Prouy@nd Phosses) @re three-phase values.

(4.15)

(4.16)

The term harmonic energy is a new phenomenon in electrical power systems. It is important

for utility companies to know and understand the term. As harmonic energy influences total

energy usage, it requires research. As there are two harmonic sources (non-linear loads) in

the network (ASD1 and CFL'’s), their total energy usage (Er

is dependent on their combined power input Prp,

ET(,,) =

ET(h) = (Ph(m electr) (ASD1) P h(in)(

x t Joules

)(electr) (

(39), namely:

CFL' )) t  Joules

4.8.3 Combined fundamental and harmonic frequencies (H)

n (30) at a harmonic frequency

(4.17)

(4.18)

The next step in the methodology is the development of new formulae for investigating

individual and overall efficiencies and energy usage when distortion (H) is present in the
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network. That is, when distorted waveforms are decomposed into fundamental (f;) and
harmonic (h) frequency components. To evaluate the combined effect (H), this meant that

formulae for power flows at f; and h =+ f, needed to be shown separately in the network and

then their resultants combined into total power (P7) equations.

But, before this development is possible, it was found essential to know the direction of
power flow through each component as well as the direction at inputs and outputs. According
to Dugan et al (2003:178) the power flow directions for linear and non-linear loads are
different and these are shown on diagrams using arrows (Figures 4.1(a) and (b)) and in total
power (Pr) equations by using “+” and “-” signs ( 4.1) and (4.2).

To confirm and develop confidence in the establishment of the directions (arrows, as well as
“+” and “-” signs), it was found necessary to conduct a measurement based study on the

network (Figure 4.3) using the (30) harmonic analyser described in section 4.7. The details

of this investigation are described in a case study in the next chapter.

From this measurement based empirical investigation, it became possible to deduce the
directions of power flows. This enabled Figure 4.6 to be developed and from which new
formulae are devised for individual and overall efficiency and energy usage when f; and

h = f, are combined, called combined fundamental and harmonic frequencies (H).
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Figure 4.6: Power flows for combined frequencies

he network:
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Table 4.9: Explanation of the arrows and signs used

? Power directions at harmonic frequencies

Power directions at fundamental frequency

Power Losses

“+” means supplying power when acting as a source (Grid and TRF1)
or absorbing power when acting as a load (Z1, CFL’s and TRF2) (Table
3.1)

“-“ means absorbing power when acting as a source (Grid and TRF1) or

T
T
+

- supplying power when acting as a load (ASD1 and CFL’s)
(Table 3.1)

Mechanical power

Therefore, the total power Pty of the (30) linear, non-linear loads and grid branch are in

general as follows:

Linear load Pryyineary = (P + ZP,,)Linear (4.19)
Non-linear loads 1 and 2 Pr(ynon-inear) = (P = Y P, )Non — linear (4.20)
Grid branch Py, rirancny = (P = P, ) Grid branch (4.21)

The following formulae are developed to calculate the individual efficiency of the various

components.
P
°/oT](Z1H) 1(out electr Z h(in) electr) %x100% (4-22)
electr Z’D h(out) electr
Pou )(electr) TRF2+ P, (out)(electr TRF2
%n(TRF2H) = —Louereen) 2. Pty x100% (4.23)
P 1(in)(electr TRF2+ZP (in)( e/ectr)TRF2
P TRF1-Y"P, TRF1
°/0T](TRF1H) _ 1(out)(electr) Z h(in)(electr) %100% (4-24)

'D1(in)(electr)T"?":1 - Z Ph(out)(electr)TRF
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The next step in the developed methodology is the development of a formula for the overall

efficiency of the (3¢) network when distortion is present (%n,overall). The overall efficiency

when distortion is present is determined from the grid infeed (main supply point) towards the

output of loads.

In order to define this formula the total output power, total losses and total input power
needs to be defined. Using (4.19 to 4.21), these are defined in Table 4.10.

Table 4.10: Total power input, output and losses of a network

Prir i) * Pru(Grid branch) | Py, .. = (P~ P,)Grid branch
Prit(osses) ®  Priosses( TRF1H) Pr T (losses) (TRF1H)

®  Priosses(£1H) _

° PT(/Ziz:z)(TRFQH) PT(H)(Iosses) - Z PT losses) (Z1H)

P; T(losses) (TRF2H)
PT(Iosses) L4 PT(losses)(lDM1) PT losses) (/DM1)
(mech) b PT(losses)(/DM2) PT(Iosses)(mech) = Z PTI (/DMZ)
(losses)

Prou * Prioumeon (IDM1) Prtouty(mecn (IDM1) +

® PT(out)(mech)(/DMZ) _
*  Pru(Non-linear 2) Prioun = Z g T( out(:;ch)“/?Mz) .
) (Non — linear

Where, Pryand Priy ssesy@re three-phase values, Pr,umecn 8N Prjpsses)mecn) @re for the

three-phase motors.

Now using Table 4.10 new formulae are developed for the overall efficiency:

P T(out)
%N yoverall = ———x100% (4.25)
T(H)(in)

PT(out mech) (/DM1)

Z PT(out mech) (IDMZ)

Pryy(Non —linear 2)
or, %nyoverall = - x100% (4.26)
(P, = > P,)Grid branch

PT(H)(in) = PT(out) + PT(H)(Iosses) + PT(Iosses)(mech) (4-27)
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As harmonic energy influences total energy usage, a new formula (see figure 4.6) to
calculate total energy usage was derived as:

where, E and Pr . are three-phase values.

T(H)(in)

4.9 Summary

Efficiency of individual elements at the fundamental frequency has been discussed by many
researchers in power systems. When harmonics are present, to determine the individual and
overall efficiency the direction of power must be considered. Power from f; is usually from the
source to the load, whereas at harmonic frequency, harmonic currents are injected from the
non-linear loads towards the source of supply through the components in the network. In this
chapter, contributions to the field of efficiency are made. Developments of a methodology
and formulae for overall efficiency and total energy usage at f;, h and H are introduced.
Direction of power at each point in the network is established for f;, h and H. Symbols used
at each frequency (f;, h and H) are developed and explained. The use of arrows and signs is
essential when conducting efficiency and energy studies when distortion is present. In this
chapter the contributions are mainly the development of formulae and a methodology.
Although the formulae developed in this chapter are network (case) specific, they can easily
be adapted for general application and this will be shown in the simulation case study
conducted in the next chapter.

56



CHAPTER 5: MEASUREMENT AND CASE STUDIES

In this chapter two case studies are conducted to demonstrate how individual; and overall
efficiency and energy usage is determined, when a network contains one or more harmonic
sources causing waveform distortion. The first case study is measurement based and is a
laboratory experiment. The second case study is on a radial distribution network using

simulations.

5.1 Case study 1: Laboratory Environment

For this study, a laboratory set-up was undertaken. The network has been described in
Figure 4.3. It is a three-phase four-wire system and includes a linear load (IDM2), two
harmonic sources (ASD1 and CFL’s) and a supply branch (Grid). Measurements were taken

at the seven positions as marked in Figure 5.1 (Test 1 to Test 7).

Grid

Test 1
Bus1

TRF1

Test 2
Bus2

Jest5

Compact fluorescent lamps

zZ1
Bus4

Bus3

Resistor bank 2

@ DG Generator 1

| Resistor bank 1

Figure 5.1: One-line diagram of a laboratory environment
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Figure 5.2 is a photo of the laboratory set-up.

Figure 5.2: Laboratory environment set-up

5.1.1 Measurement results

For this investigation only the fundamental f; and two (hch) characteristic harmonic
frequencies, 5" and 7" harmonic orders, are reported on as the other harmonic magnitudes
were found to be small and would not influence the results greatly. Measurements of current
and phase voltage were taken at the seven test positions, as shown in Figures 5.3. The
results for current and phase voltage (red-phase) are shown in Figure 5.3. When conducting
measurements the phase angle spectra for a drive (or other device) is usually with respect to
the fundamental frequency component of voltage at the drive bus (or other component bus)

when monitoring voltage and current at a bus. Hence, the results at each test point are given
with respect to the fundamental frequency component of voltage (0°) at that position (see
Figure 5.3) (Electrotek Concepts, Inc. 2000:4-30). The power per phase (1¢) was also

measured and the results at each of the test points are recorded in Table 5.1. The three-
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phase (3¢) results were calculated assuming a balanced system. As can be seen from the

power results, in column 3 of Table 5.1, the powers are expressed as “” [see (4.1) and
(4.2) and Figure 4.1]. In order to have confidence in the measured results, the voltage and

+ or

current results (Figure 5.3) were used in hand calculations to determine power flow

+ or

magnitudes and directions (indicated by a sign), see Table 5.1. The powers are

hand calculated using (2.12) for f; and (3.24) for h#f,.

Grid
Vy=2174L00V
ly=4.0L-19° A
Vs=31L-45°V |
s=08L11g0A | 1est]
Vy =250 1530V
l=09L-3%°A |
TRF1 —
Vy=212.0L.00V
ly=36L-17°A
Vs=35L-70°V | Test?
ls=0.9L 98° A
Vo= 2401740V
Bus2 l=08L-50°A_|
V,=212.21.00V _ — Vy=211.7L00V
: Vy=21250L.00V :
jresen | o G| ey
5= o AL 7 | Vs=27L60°V 5= 3.3 Test 6
5=04L160°A [~ 8 [ 7 (g ey [Test5] k=01L-120°A
sy | | i [ ey
7= 041 - I =0.6L-69° A 7=010
4 TRF2
Vy=2116L0°V
L=05L1°A | < Vy=109L 00V
Vs=431-48°V + Compact fluorescent lamps Iy =3.91-40° A
l5=03L150°A [ 2 Vs=1.1L-114°V
V; =350 1480V l5=01L-1420A [ Test7
I, = 0.4L -40° A V,=0.8L76°V
— /7=0.1|_86°A
Bus3 Bus4
<> AsD1
CM) IDM2
@ IDM1
shaft
shaft

@ DG Generator 1

DG ) DG Generator 2

S

ST .
iy wv—w{ Resistor bank 2
LA — v

Resistor bank 1

Figure 5.3: Current and voltage magnitude and angle results
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Table 5.1: Case study 1: Power results

P Measurement/ Hand calculation

position | &t |_Calculated (W) Equation W)
hen |10 (39) (19) (30) | (19) (39)
P, | +806.2 | +2418.6 | P, =V,/,cos(6,-38;) | 3 p, | +822.2 +2466.6
Test 1 Ps -2.3 -6.9 | B, =V,/;cos(8;—3;) 3P, 2.4 -7.2
P; -0.8 24 | B =Vl cos0;,-3;) | 3p, -0.9 2.7
Pi | +711.9 | +2135.7 | P =V/,cos(6;-8;) | gp, | +729.9 | +2189.7
Test 2 Ps -2.6 7.8 | By =Vlscos(6s —35) | 3P, 3.1 9.3
P 1.3 -39 | B =V, cos6,-3;) | 3p, 1.2 3.6
P, | +109.4 | +328.2 | P, =V,/,cos(8,-3§,) 3P, | +106.0 +318.0
Test 3 Ps -0.9 2.7 | B, =V,l;cos(8;—35) 3P, -0.8 2.4
P -0.7 21 | B =Vl cos(6,-3;) | 3p, -0.7 -2.1
P, | +105.6 | +316.8 | P, =V,/,cos(6, -3,) 3p, | +105.9 +317.7
Test4 | Ps -1.2 3.6 | B =Vlscos(0;-3;) | 3p, 1.2 3.6
P, -1.2 3.6 | B =V cos0;,-3;) | 3p, -1.4 4.2
P, | +222.4 | +667.2 | P, =V, ,cos(8,-9,) 3P, | +2235 +670.5
Test5 | FPs -1.7 5.1 | R=Vlscos(0;-8) | 3p, 47 5.1
P -0.3 -0.9 | B =V,/,cos(8,-3,) 3P, -04 -1.2
P; | +384.6 | +1183.8 | B =V, cos(®;-8;) | 3p | +388.9 | +1166.7
Test 6 Ps +0.1 +0.3 | B =Vil;cos(0;-8;) | 3P, +0.2 +0.6
P, +0.1 +0.3 | P, =V,l,cos(6,-5,) | 3p, +0.1 +0.3

Pi | +319.3 | +957.9 | P =Vi,cos(0,-5,) | 3p | +327.4 | +982.2
35)

Test7 Ps +0.1 +0.3 | R, =V,l5cos(®s — 3P, +0.1 +03

P +0.1 +0.3 | P, =Vl cos(6,-3,) 3P, +0.1 +0.3

These three-phase values are now shown on figure 5.4 where the directions of power flows

are easily seen:
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Grid

Bus1 ——

Power (W) | Measured | Calculated
P, 2418.6 2466.6
Ps 6.9 7.2
P; 2.4 2.7

Power (W) | Measured | Calculated
P 2135.7 2189.7
Ps -7.8 9.3
P; -3.9 -3.6
Bus2
PEJVV\\II;N Measured(Calculated| (5o er [MeasuredCaloulated] |[Power [MeasuredCalculated
(W) W)
Py |3282 |318.0 P, | 6672 |6705 Pi 111538 |1166.7
Ps | -27 2.4 P, | 5.1 5.1 Ps | 03 0.6
P; | -21 -2.1 P, | 09 12 P; 0.3 0.3
Z TRF2
CFL's
Power |MeasuredCalculated] Compact fluorescent lamps | [poyer TMeasuredCalculated
(W) (W)
P | 3168 | 317.7 Pi ] 9579 | 9822
Ps | -36 -36 Ps | 03 0.3
P; | -36 4.2 P 103 0.3
Bus3 ===
aE——— Bus4
(/\) asp1
\_/
(M) IDM2
m IDM1
shaft
shaft
DG ) DG Generator 2
DG Generator 1
HW—\W\H .
7] ) w—w|  Resistor bank 2
wi—w-|  Resistor bank 1 ]
—

Figure 5.4: Case study 1: Power results and directions

The results are similar; therefore, the measured results are used for the investigations.
Besides magnitudes, what is of importance for efficiency and energy studies are the
directions of power flows. Here the hand calculation directions agree with the measured
result directions thus (4.1) and (4.2) can be applied to find the total power (P7). The power
results show that the “hch” powers are subtractable from the f; power for the non-linear loads
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(ASD1 and CFL’s) but are added up for the linear load (IDM2). However, in the supply
branch the “hch” powers are subtractable. Using the measured results on Figure 5.4 the total
power flows for the seven test points are calculated using (4.19, 4.20 and 4.21) and given in
the following table:

Table 5.2: Total power (Pr)) results

Position Equation Hand Calculation
(W)
Test 1 Prwy(Grid branch) = P, — Py — P, 2409.3
Test 2 Py 1y (Grid branch) = P, — P; — P, 2124.0
Test 3 Prw(Non—linear) = P, - Py - P, 323.4
Test 4 Pryy(Non—linear) =P, - Py - P, 309.6
Test 5 Pryy(Non—linear) =P, - Py - P, 661.2
Test 6 Prwy(Linear) = P, + P5 + P, 1154.4
Test7 Pry(Linear) =P, + Ps + P, 958.5

The fluke instrument (section 4.7.1) is not capable of measuring the total power. It can
measure total harmonic distortion (% Vrup and %/myp). The value of total harmonic distortion
for current (%lmp) and voltage (% Vrwp) was also measured and is shown in Table 5.3
according to the test number as shown in Figure 5.1. The results at Test 2 point (% Vrup =
7.9%) demonstrates a level of distortion at the PCC that exceeds the recommended limits of
5% (IEEE 519-1992, 1993). It is important to measure THD as it gives an indication of the
level of distortion.

Table 5.3: Voltage and current total harmonic distortion results

Position % Vrup Y%ltHp
Test 1 5.1 29.4
Test 2 7.9 40.2
Test 3 7.5 75.6
Test 4 8.3 75.8
Test5 7.8 78.7
Test 6 2.3 3.8
Test 7 2.2 3.7
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The experiment clearly demonstrates the importance of the directions of power flows when
distortion is present as the powers at harmonic frequencies influences the total at any
position.

5.2 Simulated case study

One simulation case study (case study 2) was conducted. Both the DIgSILENT and
SuperHarm software packages were used to conduct this simulation case study for
comparative purpose.

5.2.1 Case study 2: Radial distribution network

Case study 2 is conducted to evaluate the effectiveness of the developed methodology for
practical applications. The formulae developed were case specific and refer to methodology
only. Formulae are adapted for this network configuration. A 40kV radial three-phase
distribution network is used (Figure 5.5). The Spase for the network is 20MVA.

éTRF1
J—CAP
Line2 I Line1
Bus3
TRF3 gg%E%TRFZ

] 7

Load2 Load3 Drive2 Drive1 Load1

Bus1

Bus2

Bus5

Bus4

Figure 5.5: One-line-diagram of a radial distribution network
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The network is supplied from a grid infeed through the transformer TRF1. At bus 2, the PCC,
two radial branches are connected (lines 1 and 2). Bus 4 and 6 are the load buses and each
has a harmonic source (Drive 1 and 2). The network also has a capacitor (CAP) at the PCC
bus. Tables 5.4 to 5.8 describe the network parameters that are used to develop simulation
models for DIGSILENT and SuperHarm.

Table 5.4: External grid data

Element Sh(z;}l\(l:x‘)c: uit Short circuit current (A) X/R ratio
External Grid 505.7346 7.29965 15

Table 5.5: Line and capacitor data

Element R(Q) X(Q)
Lined 0.000001 0.000001
Line2 0.000001 0.000001
CAP 0.000000 50.424229

Table 5.6: Load data

Element Voltage (kV) MVA Power factor (dpf)
Drive1 6 2.1 0.8
Drive2 0.4 0.25 0.8
Load1 6 2 0.5
Load?2 0.4 1 0.8
Load3 0.4 0.25 0.9

Table 5.7: Transformer data

Element Voltage MVA | %Rs (Q) | %Xs (Q) X/R Connection
(kV)
TRF1 40/12 20 1 15.1 15.1 YNyn
TRF2 12/6 5 0.9885 12 12.1 YNyn
TRF3 12/0.4 2 0.9861 7 7.1 YNyn

The non-linear loads are 6 pulse drives, Drive1 and 2 inject harmonics into the network.
Studies, like case study 1 are limited to the 5™ and 7" characteristic harmonic only. The
spectra for the drives are given in Table 5.8.
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Table 5.8: ASD harmonic current spectrum

Harmonic
order Current magnitude (%) Current angle ()
5" 17.9999 110.51
7" 11.9999 82.08

5.2.1.1 DIgSILENT

The network in Figure 5.5 was first modelled in DIgGSILENT. See Appendix B.1 for a
summary of the models used to conduct the simulation investigation. The distorted
waveforms of drives 1 and 2 are shown in figure 5.6. Figures 5.7 and 5.8 show distorted
waveforms of the current and voltage at the output of TRF1 and PCC (Bus 2).

a00.00

G00.00

300.00

0.oo

-300.00

-G00.00

-800.00 L
-0.00 0l

. [Oriwe1: Curment in A
e v Current in A

3 3l 0

Figure 5.6: Drives 1 and 2 distorted waveforms
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5.2.1.2 SuperHarm versus DIgSILENT

The network in Figure 5.5 was next modelled using SuperHarm. See Appendix B.2 for the
model used. The grid infeed was modelled as an ideal voltage source to obtain the same
DIgSILENT results for the voltages and currents. SuperHarm only generates voltage and
current results (at all frequencies), whereas DIgSILENT gives voltage, current and power
results at all frequencies. The results at Bus 2 (PCC), Bus 4 and Bus 6 where the loads are
connected are compared. The compared voltage and current results are as shown in Tables
B.1 and B.2 in Appendix B.3. The results of the two packages were found to be similar
confirming that the network modelling is correct.

5.2.1.3 Power results (Harmonic penetration study)

As DIgSILENT generates power results from the voltage and current values, they are used
and are recorded in Table 5.9 and shown on the one-line-diagram of the network in Figure
5.9.

Table 5.9: Case study 2: Total power results

Power (kW)

Element P1 P5 P7 PT(H)

External grid 3424.914 - - 3424.914
TRF1 input 3424.914 - - 3424.914
TRF1 output 3418.549 -0.282 -36.823 3381.444
Line1 input 2289.215 -0.252 -43.879 2245.084
Line1 output 2289.215 -0.252 -43.879 2245.084
TRF2 input 2289.215 -0.252 -43.879 2245.084
TRF2 output 2262.201 -0.452 -44.117 2217.632
Line2 input 1129.335 -0.029 +7.057 1122.249
Line2 output 1129.335 -0.029 +7.057 1122.249
TRF3 input 1129.335 -0.029 +7.057 1122.249
TRF3 output 1119.253 -0.034 +6.939 1112.280
Drive1 1418.096 -0.683 -48.405 1369.008
Drive2 182.735 -0.171 -4.474 178.090
Load1 844.105 0.232 4.288 848.625
Load2 730.940 0.093 7.569 738.602
Load3 205.577 0.045 3.845 209.467

The grid infeed is modelled as an ideal voltage source there are no harmonic simulation
results at the external grid at TRF1 input point in the network (see Sect 5.2.1.2). Also, it
should be pointed out that the power result for P; at Line2 and TRF2 input and output comes

out positive (+) compared to Ps.
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v A4 v
Load2 Load3 Drive2
A4 v
Drive1 Load1

Figure 5.9: Case study 2: Power results

5.2.1.4 Resonance (Harmonic scan studies)

For networks that have capacitor banks, it is wise to determine resonance (section 3.1.6).
Resonance causes amplification of voltage and/or current at the resonant frequency, which
can greatly influence the individual and overall efficiencies as well as energy usage. There
are two drives connected at different busbars, therefore, two impedance scans (Zscan) to

determine their resonant points at their injection buses (bus 4 and 6) are needed.
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Figure 5.10 shows the Zscan at Bus 4 where Drive 1 is connected and resonance occurs at

the 6.916™ frequency, having a “Z’ value of 121.192Q. Figure 5.11 shows the Zscan at Bus

6 where resonance occurs for Drive 2 at 6.916" frequency, but the “Z’ value is 0.520Q.

Resonance in both cases thus occurs close to the 7" characteristic harmonic.

Resonance often causes the total harmonic voltage and current distortion levels (3.15) and
(3.16) at the PCC to rise and may even exceed recommended limits provided by
international standards (IEEE 1992-512, 1993). When (3.15) and (3.16) were applied, using
results for voltage and current from tables B.1 and B.2 in Appendix B.3, the % Vrup and %/up

values are:

J196.302 +3142.372
6866.28

%oV = x100% = 45.85%

36.108542 + 412.885402
171.66201

x100% = 241.44%

Yolrup =

The recommended limits for a PCC voltage according to the IEEE 519-1992 standard are:

Table 5.10: Harmonic voltage distortion (%) of nominal f; voltage (V)

Bus voltage at Individual harmonic Total voltage
PCGC, V, (kV) voltage distortion (%) distortion, V(%)
V, <69 3.0 5.0
69 <V, <161 15 2.5
V, > 161 1.0 15

5.2.1.5 Filter design

Since the % Vrp, of the voltage exceeds the IEEE 519 limit of 5%, a passive notch harmonic
filter was designed to reduce harmonic distortion. The capacitor at the PCC is utilized for the
filter design. Even though resonance occurs close to the 7" harmonic, it is traditional when
resonance falls in the range that includes 5" and 7" harmonics, to design a harmonic filter
tuned to just below the 5" harmonic (e.g. 4.7") called the n' point, as it usually shifts
resonance points well below the lowest characteristic harmonic, thereby reducing distortion
adequately. Thus the following filter design procedure is followed (Wakileh, 2001:116).
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The Filter is designed for the 4.7" frequency. The following steps were followed:
Step 1: Ascertain Qg value of 2. 85577Mvar be the capacitor size in Mvars to be used in the

filter design.
2
Step 2: Determine, X, = KV (5.1)
Qc
Step 3: Determine the reactance of the reactor to trap n" frequency:
X
X, ==< (5.2)
n
Step 4: Determine the characteristic reactance value, X,, where,
L
X,=X, =X, =4 X X =\/g (5.3)
Then assume an appropriate quality factor Q to size of the resistor bank (R),
X
R=-1_ 5.4
Q (5.4)

Step 5: Determine the R, L and C elements of the filter

The details for the design of the filter are as shown in Appendix B.4, where the values of R, L
and C elements are determined. The network is updated to include the filter.

Table 5.11 shows the results of power when the filter is connected and Figure 5.12 shows
them on the one-line diagram.

Table 5.11: Total power results with passive filter

Power (kW)

Element P; Ps P; PT(H)

External grid 3438.288 - - 3438.288
TRF1 input 3438.288 - - 3438.288
TRF1 output 3432.001 -0.003 -0.008 3431.990
Line1 input 2293.829 -0.054 -0.001 2293.774
Line1 output 2293.829 -0.054 -0.001 2293.774
TRF2 input 2293.829 -0.054 -0.001 2293.774
TRF2 output 2266.761 -0.268 -0.094 2266.399
Line2 input 1131.611 -0.014 -0.017 1131.580
Line2 output 1131.611 -0.014 -0.017 1131.580
TRF3 input 1131.611 -0.014 -0.017 1131.580
TRF3 output 1121.509 -0.021 -0.020 1121.468
Drivet 1420.955 -0.361 -0.145 1420.449
Drive2 183.103 -0.032 -0.031 183.040
Load1 845.806 0.093 0.051 845.950
Load?2 732.414 0.008 0.007 732.429
Load3 205.991 0.004 0.004 205.999
Filter 6.561 0.065 0.009 6.635
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Figure 5.12: Case study 2: Power results with filter

The waveform of TRF1 (Figure 5.7) now changes to that as shown in Figure 5.13. On

comparison it can be seen that the current distortion is reduced, bringing it closer to a sine
wave. Bus 2 waveform (Figure 5.14) becomes virtually distortion free (sinusoidal) after the

filter is installed compared to Figure 5.8.
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To demonstrate that the filter shifts resonance away from the lowest characteristic harmonic
namely the 5", Zscans were re-conducted with the filter in operation. The scan for bus 4 and
6 are shown in Figures 5.15 and 5.16, respectively:

e T - I = g
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Figure 5.15: Zscan at Bus 4
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Figure 5.16: Zscan at Bus 6
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After a filter was added to the network, both Zscans shows resonance point shifted to 3.878"
and 3.882" frequency points, respectively (see Figures 5.15 and 5.16).

5.3 Summary

Two case studies were conducted; a measurement based laboratory experiment and
simulation case study. For case study 1, measurements of current, voltage and power are
taken with the harmonic power quality analyser Fluke 435 from various test positions in the
network. Voltage and current results were then used to hand calculate the power flows and
to establish directions in order to have confidence in measured power results. The formulae
used to determine power at each position are given. Case study 2 is simulated using
DIgSILENT and SuperHarm in order to compare the voltage and current results and confirm
the accuracy of network modelling. The results obtained were similar in magnitude and
angle. Power values at each frequency (f;, h and H) are recorded. The %Vryp exceeds the
recommended limit; therefore case study 2 was conducted again but with a filter to
demonstrate its function in reducing distortion. Waveforms and impedance scans are plotted
with and without the filter. The results of these two case studies will now be analysed in the
next chapter in terms of individual and overall efficiencies and energy usage when distortion

is present.
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CHAPTER 6: METHODOLOGY AND ANALYSIS

In this chapter, the developed formulae are used to demonstrate the methodology to analyse
the two case studies conducted to determine the individual and overall efficiencies and
energy usage when distortion is present in power systems.

6.1 Case study 1

The results for case study 1 are given in Table 5.1 and Figure 5.4. They are used to

demonstrate the methodology and for the analyses.

6.1.1 Efficiency methodology

The first step is to determine the individual and overall efficiencies for the network.

6.1.1.1 Fundamental frequency (f;)
Obtain the power input to the laboratory set-up at f;, namely:

Py(iny(etectr) (Grid) = 2418.6W

(electr) (

Now, calculate the efficiency of the individual element

TRF1
P(Losses (TRF1) = P )(electr) (TRF1) - P 1(out)(electr) (TRF1) =2418.6 —2135.7 =282.9W
P TRF1
%, (TRF1) = —eteret) TR s 100% = 21357 L 100% = 88.30%
P1(/n electr) (TRF1) 2418.6
Z1
P I(Losses) (£1) = (in)(electr) (£1)-F, 1(out)(electr) (£1)=328.2-316.8=11.4W
P z1
o/oT]1(Z1) — 1(out)(electr) ( ) 1000/0 316 8 X100°/° _ 96 530/0
P( (electr) (21) 2



TRF2
P1( TRF2) = P1(in)(electr)(TRF2)_ P1(
R(out)(e/ectr)(TRFz)
P1(in)(electr)(TRF2)

out)(electr) (TAF2) =1153.8 -957.9 =195.9W

_ 9579 L 100% = 83.02%
53.8

Losses) (

x100%

%, (TRF2) =

ASD1 and IDMA1

From, Figure 1.1, it is necessary to ascertain the efficiencies for the drive and motor

respectively and from these values determine the overall efficiency of the combination.

In order to establish the efficiency of ASD1 and IDM1, the nameplate data (Table 4.1) is
used. The nameplate for ASD1 gives a full load power rating of 7.5 kW (output) and input of
380 V, 13 A. As the displacement power factor (dpf) of drives are usually close to unity, the

three-phase input power at full load is+/3x380x13x1=8.556 kW , thus its efficiency
is(7.5/8.556)x100% = 87.6% .

Similarly, the nameplate for IDM1 (Table 4.1) gives a full load output power of 3 HP
(83x 746 =2.238 kW) and a three-phase input of 380 V, 4.95 A, thus input (\/§VLIL) = 3.258

kVA. If a displacement power factor (dpf) of 0.8 is assumed then input power is 2.606 kW.
Thus the full load efficiency for IDM1 is (2.238/2.606)x100% = 85.88% .

IDM2

The nameplate for IDM2 (Table 4.2) gives the full load rating power of 7.5 HP
(7.5x746 =5.595 kW) and a three-phase input of 380 V, 11.8 A, thus input (\/§VL/L) =

7.767 kKVA. If 0.8 dpf is assumed, then the input power is 6.214 kW. lts efficiency at full load
is(5.595/6.214)x100% = 90.04%.

Overall efficiency

Efficiency curves of motors (efficiency versus load) typically have a fairly flat profile. If we
assume that efficiencies ASD1 = 87.6%, IDM1 = 85.88% and IDM2 = 90.04% for the drive
and/or motors remains constant as the load varies then the overall efficiency can be obtained
at the load level (Figure 5.4) as follows:
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0.876 0.8588

Drive ‘ Motor
(ASD1) L i K
P1(in)etecty (ASD1) Pioutyelectn(ASD1) P (inyerectn(IDM1 P (outymecn)(IDM1)
316.8 W 277517 W 277517 W 238.332 W

Ptouty(mec) (ASD1+ IDMH) = Py ociry (ASD1) x 0.876 % 0.8588
= 316.8x0.876 x 0.8588 = 238.332 W

Prtoutymeen) (IDM2) = P ciecrr) (IDM2) x.0.9004 = 957.90.9004 = 862.493 W

P1(out) = Z(Puout mech) (/DM1)+P 1(out)(electr) (CFL S)+ P 1(out) mech)(/DMz))
=238.332+667.2 +862.493 =1768.025 W
P, Losses) = Piinyetectr) (GIid) = Py oy = 2418.6 —1768.025 = 650.58 W

P
h x100% = %xmo% =73.10%

%n,overall =
1(in) 8.

6.1.1.2 5" harmonic frequency (h = 5)

Now, calculate the efficiency of the individual element
TRF1

P TRF1)_ 5(in)(electr) (TRF1) P 5(out)(electr) (TRF1) (78_69) =0.9W

P TRF1
S(out)tear) ) %100% = 22 % 100% = 88.46%
P5( (electr) (TRF1) 7.8

5(Losses) (

%ns (TRF1) =

21

PS(Losses (21) )(electr) (21) P 5(out)(electr) (21) (3'6_2'7) =0.9W

P5 (out)(electr) (21) 2.7
(i

Yo (£1) = %x100% = ——x100% = 75.0%
P5 in)( Z1) 3 6

)(electr) (
TRF2

Py TRF2) = Py inyetectr) (TRF2) = P outyetectr) (TRF2) = (0.3 = 0.3) = OW
TRF2) 0.3

P
%ns (TRF2) = —teuieed) ( x100% = —>x100% =100% (losses negligibly small)
PS( (electr) (TRFZ) 0.3

5(Losses) (
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Overall efficiency at the 5" harmonic

P5(in) = Z(PS(/n electr) (ASD1) + P (in)( electr)(CFL‘ S)): (36 +51) =8.7W

'D5(out) = Z(PS(out electr) (Grld) + 'D 5(out) electr)(lDMz)) = (69 + 03) =7.2W
PS(Losses) = P5(in) - P 5(out) (8 7-17. 2) =15W

> Pstoun 7.2

%nsoverall = x100% = ——x100% = 82.76%
Z Pem 8.7

6.1.1.3 7" harmonic frequency (h=7)

Calculate the efficiency of the individual element

TRF1

Py tosses) (TRF) = Py ciearr) (TRF) = Prioyoysiearr) (TRF1) = (3.9 - 2.4) = 1.5 W
P TRF1

o/oT]7(TRF1)= 7(out)(electr) ( ) %«100% = ﬁX‘IOOO/o—G‘I 549,
P( (electr) (THF1) 3.9

Z1

P7(Losses)(Z1) = P )(electr) (21) P 7(out)(electr) (21) (3'6 _2'1) =1.5W

P Z1
%, (Z1) = M «100% = 21 %100% = 58.33%
P( (electr) (21) 3 6

TRF2
P7(Losses)(TRF2) = P 7(in)(electr) (TRFZ) P 7(out)(electr) (TRFZ) (03_03) = OW
P7 out)(electr) (TRFz) 0.3 ..
Y%n,(TRF2) = x100% =——x100% =100% (losses negligibly small)
P7( (electr) (TRFZ) 0.3

Overall efficiency at the 7" harmonic

P7(fn) = Z(PN (electr) (ASD1) + P )(electr) (CFL‘ S))= (36 + 09) =45 w

P7(out) = Z<P7(out electr) (Gr’d) + P 7(out) electr)(lDMz)) = (24 + 03) =2.7W
P7(Losses) = P7(in) - P 7(out) (4 5-2. 7) =1.8W
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ZP out)
°/on7overaI/=— x100% = 4—5><1OO% 60%

Z P7(m)

6.1.1.4 Combined frequency

When calculating efficiency for the combined frequency operation (H), one works from the

grid end towards the customer end of the network.
Now, calculating the individual efficiency for each element
TRF1 (Bus 1 towards Bus 2)

PT(H)(/n electr) (TRF1) P 1(in)(electr) (TRF1) P 5(out)(electr) (TRF1) P(
=(2418.6-6.9-2.4) =2409.3W (Bus1)
PT(H)(out electr) (TRF1) P 1(out)(electr) (TRF1) P )(electr) (TRF1) P7 )(electr) (TRF1)
=(2135.7-7.8-3.9) = 2124W (Bus?2)
PT(H Losses) (TRF1) PT )(electr) (TRF1) PT )(out)(electr) (THF1)
= 2409 3 -2124 =285.3W
PT(H)(out electr) (TRFY) 2124

Yn(TRF1H) = xX100% = x100% = 88.16%
Prnyinyetectr) (TRF1) 2409.3

(TRF)

7(out)(electr)

Z1 (Bus 2 towards Bus 3)

PT(H)(in)(eIectr)(Z1) = P1(/n electr) (21) P 5(out)(electr) (21) P 7(out)(electr) (21)
=(3 282 2.7-21)=323.4W (Bus2)

Pr(ryoutyetectr) (£1) = Pioutetectr) (£1) = Ps(inyetectr) (£1) = Pr(iny(etectr) (£1)
=(316.8-3.6-3.6) = 309 6W (Bus3)

Prhiywosses) (£1) = Priwyinyerectr) (£1) = Pritayoutyetectr) (£1) = 323.4 —309.6 = 13.8 W

PT(H)(out)(eIectr)(Z) 309.6

%n(Z1H) = x100% = - x100% = 95.73%

PT(H)(in)(electr) (21)
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TRF2 (Bus 2 towards Bus 4)

Pryinyetectr) (TRF2) = Pyinyetectry (TRF2) + Psinyetectr) (TRF2) + Pyin etectry (TRF2)
=(1153.8+0.3+0.3)=1154.4W (Bus 2)
Prinyoutyetectr) (TRF2) = Pyouryetectry (TRF2) + Psoutyetectry (TARF2) + Pr oty etectr) (TRF2)
=(957.9+0.3+0.3)=958.5W (Bus 4)
Prryosses) (TRF2) = Prmyinyetectr) (TRF2) = Prinyoutyetectr) (TAF2) = 1154.4 —958.5 =195.9 W

P TRF2
JHCRIE T x100% =220 100% = 88.03%
Pr(ty(in)(etectr) (TRF2) 1154.4

%n(TRF2H) =

Overall efficiency of network

The overall efficiency for combined frequencies (H) is determined from the following formula
(4.25) in section 4.8.3.
ZPT(H)(OUU
Yon yoverall = =————=x100%
T(H)(in)
Pruy(IDM1) + Pr,y (CFL'S) + Pryy (IDM2)
Gl’ld) P electr)(Grid) - P7(electr)(Grid)

x100%

electr (

where:
PT(H) (IDM1) = PT(H)(ASD1 + IDM1)x0.876 x0.8588
=(316.8-3.6-3.6)x0.876x0.8588

=232.915W
Prn(CFL's)=667.2-5.1-0.9 =661.2W

P () (IDM2) = Py, (IDM2) % 0.9004
= (957.9+0.3+0.3)x0.9004
=863.033 W

Priuyiny =2418.6-6.9-2.4 =2409.3W

Therefore:

232.915+661.2 +863.033
2409.3
_1757.148 100%
2409.3
=72.93%

x100%

%n yoverall =

and
Total losses = 2409.3 —1757.148=652.15W
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6.1.2 Analysis of efficiency

Tables 6.1 and 6.2 show the summary of results obtained. These results are used to derive
the comparative bar graphs shown in Figures 6.1, 6.2 and 6.3 thus comparing the results of
efficiency without distortion (only sinusoidal f;) to that with distortion (non-sinusoidal h and

H).

Table 6.1: Case study 1: Efficiency of the individual elements

Efficiency (%)
Element fi h=5 =7 H
TRF1 88.30 88.46 61.54 88.16
Z1 96.53 75.00 58.33 95.73
TRF2 83.02 100 100 88.03
ASD1 87.60 87.60 87.60 87.60
IDM1 85.88 85.88 85.88 85.88
IDM2 90.04 90.04 90.04 90.04
Table 6.2: Case study 1: Overall efficiency of the individual elements
Overall efficiency (%)
f1 h=5 h=7 H
73.10 82.76 60.00 72.93
Dfima=5 Ohk=F OH
120% = == wZ D
2 o m oM DI:I DI:I o =R - R - - HEEE
5% & ¢ b =99k EEEE sggp 33as
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Figure 6.1: Case study 1: Comparison of efficiencies of individual elements
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Figure 6.2: Case study 1: Comparison of overall efficiencies

O Crverall efficiency

T3%

T3.10%

T3% ~
Ta%
T3%

T293%

T3%

Efficiency (% )

T3%
T3%

T3% A

Frequency

Figure 6.3: Case study 1: Comparison of (f;) to (H) overall efficiencies

From this case study it was found that:

a. Efficiencies of TRF1 and Z1 are lower at h=7. Combined frequencies (H) efficiency of
TRF1 is less than that of f; while the H efficiency of Z1 and TRF2 are higher than that
of f; (Figure 6.1). It also shows that at h=5 & 7 that the efficiencies of TRF2 are equal
approaching a 100% rating.
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b. Figure 6.2 shows that the overall efficiency of a network with distortion (H) is less than
that without distortion (f;). This observation is shown more clearly in Figure 6.3. This
also shows that the overall efficiency at h=5 is higher than that of f;, h=7 and H.

According to these results, the overall efficiency of the network decreases with 0.17% as a
result of distortion. It must however be noted that the purpose of this case study is to
demonstrate the methodology and formulae developed. Also, in this case study the harmonic
powers injected by the non-linear loads are small compared to the power at fi. Thus in
networks, where the harmonic content is a much larger percentage compared to the

fundamental component, greater differences could be found.

6.1.3 Energy usage methodology

6.1.3.1 Fundamental frequency

The formula (1.1) is used to determine the fundamental frequency energy usage. E, = P, xt,

this formula is adapted to become case specific, namely:

E,(case study1) = P, electr) (Grid) X (6.1)

Pyinyetectry (Grid) = 2418.6 W and if it is assumed to operate continuously for 24 hours, the

energy usage for the day is:

E,(case study1) = P, x t = Py ejectr) (Grid) x 24 hrs = 2418.6 x 24 hrs = 58.046 kWh at f;.

6.1.3.2 5™ harmonic frequency

In the case of harmonic frequency, the input power is the power from the non-linear loads.

Es (case study1) = Py,

in)(electr)

(ASDY)+ Py,

in)(electr)

=(3.6+5.1)x24 =0.209 kWh

(CFL's))xt

6.1.3.3 7" harmonic frequency

E; (case study1) = (P, i, ciecr) (ASDN) + Py i sioa) (CFL' ) ) t = (3.6 +0.9) x 24 = 0.108 kWh
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6.1.3.4 Total energy usage

The total energy usage of a power system depends upon the total power consumption at the

input supply point to the network, therefore:

Er (case study1) = Pr i, (case study1)x t (6.2)

Therefore, total energy usage:

Er ) (case study1) = (2418.6 — 6.9 —2.4)x 24 = 57.823 kWh

6.1.4 Analysis of total energy usage

The 5 and 7" harmonic energy usage, although small, needs to be considered besides the

energy usage at f;.
Table 6.3 shows the summary of energy usage results obtained. These results are used to

derive the comparative bar graph, which compares the results without distortion (only

sinusoidal f;) and with distortion (non-sinusoidal H).

Table 6.3: Case study 1: Energy usage at different frequency

Energy usage (kWh)
fy h=5 h=7 H
58.046 0.209 0.108 57.823

Figure 6.4 shows the difference in energy usage between a network without distortion to the

network having distortion caused by 5" and 7" harmonic components.
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Figure 6.4: Case study 1: Comparison of total energy with and without distortion

From this case study it was found that:

a. The total energy usage without distortion (58.046 kWh) shown in Figure 6.4 is more
than that with distortion (57.823 kWh). The energy usages of h=5 and h=7 shown in
Table 6.3 are small compared to f; and H results.

According to these results, the total energy usage of the network decreases with 0.2% as a

result of distortion.

6.1.5 Losses

The measurement based case study proved the importance of establishing the direction of
harmonic power flow. It gives a clear understanding that power can either be negative or
positive. The power flow depends on whether the element is a linear or non-linear element.
Harmonics can cause additional heat losses to a transformer, increasing the total losses. The
results, however, indicate that not all transformers obtain additional losses as the harmonic
flows are sometimes in the opposite direction to the flow at fundamental frequency (see
Table 6.4).

Table 6.4 shows that the losses increase at TRF1 due to distortion, but at TRF2 that is
supplying the linear load branch, it remains the same. The power losses for the network are

shown in Table 6.5.
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Table 6.4: Case study 1: Power losses on transformers using measurement results

Power Losses(kW)
Element fi H
TRF1 282.9 285.3
TRF2 195.9 195.9

Table 6.5: Case study 1: Power losses of a network

Power losses (W)
fi h=5 h=7 H
650.58 1.5 1.8 652.15

Figure 6.5 shows that the losses increase by 1.6 W when distortion is present in the network

(H).
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Figure 6.5: Case study 1: Comparison of network power losses

6.2 Case study 2

The results for case study 2 are given in Figures 5.9 and 5.12. They are used to demonstrate
the methodology and for result analysis.
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6.2.1 Case study 2: Without filter

The results given on Figure 5.9 are used for the analysis.

6.2.1.1 Efficiency methodology

The first step is to determine the individual and overall efficiencies for the network.

6.2.1.1.1 Fundamental frequency (f;)
Obtain the power input to the network at f;, namely:

Pyiny(etectr) (Gridl) = 3429.914 kW

electr)

Now, calculate the efficiency of the individual element

TRF1
P, \(Losses) (TRF1) = P (in)electr) (TRF1)-P, \(out)(electr) (TRF1) =3424.914 —3418.549 = 6.37 kW
P TRF1
o (TRFY) = toieeen TRFD 400, 3418.549 400, _ 99 8194
P( (electr) (THF1) 3424.914
Line1
P](LOSSSS) (Line1) = P1(in)(electr) (Line1) - P‘(OU[)(B/GCU) (Line1) = 2289.21 5 - 2289.21 5 = 0 kW
P, Linet
%, (Linet) = —Leuitelect) A )x 9% = 2289215 1 60% = 100% (losses negligibly small)
Pmereat (Line) 2289.215

Drive1 and Motor1

The efficiency of Drive1 and Motor1 are assumed as 96% and 94.1%, respectively.

Drive2 and Motor2

Likewise, the efficiency of Drive2 and Motor2 are also assumed as 96% and 94.1%,

respectively.
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TRF2

P, Losses) (TRF2) = Py crectr) (TRF2) = P guryeteetr) (TRF2) = 2289.215 — 2262.201 = 27.01kW
P TRF2

%, (TRF2) = —Leuelect) ( ) «100% = 2262201 1609 = 98.82%
P(/n electr) (TRFZ) 2289215

Line2

Pitosses) (LM€2) = Pyinycroctr) (LIN€2) = Py oueyerectr) (LiN€2) = 1129.335 —1129.335 = 0 kW

P, Line2
%), (Line2) = —teleleat) ( ) «100% = 129335 _ 4009 = 100% (losses negligibly small)
P(inetectr) (L/ne2) 1129.335
TRF3
PyLosses) (TRF3) = Py sioctr) (TRF3) = Pyoutyetecr) (TRF3) = 1129.335 —1119.253 = 10.08 kW
P, TRF3
%, (TRF3) = —euelect) ( ) %100% = 119-288 _ 1550, — 99.11%
P( (electr) (THF?’) 1129-335

Overall efficiency

If we assume that efficiency for the drive and/or motor remain constant then the overall
efficiency can be obtained as follows:

First, for Drivel:

0.96 0.941
Drive Motor
T (Drive) L ¢ (Motor1)
P 1(in)(electr)SDr ivel) Pioutyetectn(Drive1)  Piinyerect(Motor1) Pioutymecn)(Motor1)
1418.096 kW 1361.;72 kW 1361.:;72 kW 1281.651 kW

Py outy(mecn) (Drivel+ Motor1) = Py eretry (Drivel) X 0.96 < 0.941
=1418.096x0.96 x0.941=1281.05 kW
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Now, for Drive 2,

0.96 0.941
Drive ‘ Motor
T (Drive2) L ¢ (Motor2)
Pi(inyetectn(Drive2) P(outyetectn(Drive2) - Pyinyetecty(Motor2) Poutymecr)(Motor2)
182.7_35 kW 175.4_26 kW 175.4_26 kW 165.0_76 kW

P outy(mecn) (Drive2 + Motor2) = Py ejectr) (Drive2) x 0.96 x 0.941
= 182.735><0.96><0.941 =165.076 kW

; P out)(mecn) (Drivel + Motor1) + Py gy meen) ( Drive2 + Motor2) +
1(out) ™ z P1( Load1) + P, 1(out)(electr) (Load?2) + P, 1(out)(electr) (Load3)

=1281.051+165.076 + 844.105 + 730.940 + 205.577 = 3226.749 kW

out)(electr) (

Piitosses) = Prinyetectr) (GId) = Pyoyyy = 3424.914 —3226.749 = 198.165 kW
%, overall = Z 1) o 100% = 5220749 1009 = 94.21%
Py 3424.914

6.2.1.1.2 5™ harmonic frequency (h = 5)
Now, calculate the efficiency of the individual element
TRF1

At h=5, there is no harmonic output as the grid infeed is an ideal voltage model, see Table

5.9. Thus, efficiency of TRF1 is not calculated at h=5.
Line1

Ps(LosseS)(Line1) = P in)(electr) (Llne1) P 5(out)(electr) (Llne1) (0.252 - 0.252) = OkW
P5 out)(electr)(L ne1) %100% = 0.252

%= (Linel) = x100% =100% (losses negligibly small
nS( ) P5(/n electr) (L 61) 2 ( g g y )
TRF2
Ps Losses) (TRF2) = Pstinyeicctr) (TRF2) = Prtoutyetecry (TRF2) = (0.452 - 0.252) = 0.2 kW
P. TRF2
O/ons(TRFZ) 5(out)(electr) ( ) %100% = 0.252 %100% = 55.75%
PS( (electr) (TRFZ) 0.452
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Line2

Py (Losses) (LIN€2) = Psiin) cioctr) (LINE2) = Psoupyeroctr) (Lin€2) = (0.029 — 0.029) = 0 kW
P, Line2
%ns (Line2) = —oeret) (Line2)  100% = 2922 . 100% = 100% (losses negligibly small)
PS(/n electr) (Lln62) 0.029
TRF3
P 5(Losses) (TRFS) — " 5(in)(electr) (TRFS) 5(out)(electr) (TRFS) - (0 034 0 029) 0005 kW
P ,(TRF3
%5 (TRF3) = —uitelect) ( ) «100% = 2929 . 100% = 85.29%
P5(/n electr) (TRFS) 0.034

Overall efficiency at the 5™ harmonic

Py = . (Pyimyetecir (Drive) + P inyerectr) (Drive2)) = (0.683 +0.171) = 0.854 kW

P _ Z PS(out electr) (Gr/d(branch))+ P 5(out) electr)(Load1)+
loun) P5(out electr) (Load2)+ P 5(out) electr)(Loads)
=(0.282 + 0.232 + 0.045 + 0.093) = 0.652 kW

= Pyiny — Psjoury = (0.854 —0.652) = 0.202 kW

in)

Py,

Losses)

P
%nsoverall = 2 Poan x100% = 8 zgi x100% = 76.35%

Z Ps(m)

6.2.1.1.3 7™ harmonic frequency (h = 7)

Calculate the efficiency of the individual elements

TRF1

At h=7, there is no harmonic output as the grid infeed is an ideal voltage model, see Table
5.9. Thus, efficiency of TRF1 is not calculated at h=7.

Linel
Py 0sses) (LIN€T) = Py cioctry (LINET) = Prousy eiectr (LineT) = (43.879 — 43.879) = 0 kW
P. Linet
%N, (Linet) = 7“’””(9’“”)( : ) 100% = 23879 100% = 100% (losses negligibly small)

P7(in)(electr) (Llne1)
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TRF2

P7(Losses)(TRF2) = P 7(in)(electr) (TRFZ) P 7(out)(electr) (TRF2) (44-117_43-879) =0.238 kW
P. TRF2

0/07]7(TRF2) _ 7(out)(electr) ( ) %«100% = 43.879 %100% = 99.46%
P7(/n electr) (TRFZ) 44 117

Line2

P, 7 (Losses) (L/ne2) \(electr) (Line2) - P, " (out)(electr) (Line2) = (7.057 —7.057) = 0 kW
P. Line2

%, (Line2) = —etereer) ( ) x100% = 2997 . 100% = 100% (losses negligibly small)
P7( (electr) (L/neZ) 57

TRF3

P, Losses) (TRF3) = Priinycicctr) (TRF3) = Prioutyetectr) (TRF3) = (7.057 — 6.939) = 0.118 kW
P. TRF3

%, (TRF3) = —Loekeet) ( ) «100% = 2939 . 100% = 98.33%
P7(/n electr) (TRF?’) 7.057

Overall efficiency at the 7" harmonic

P _ P7(out electr) (Grld(branCh))+ 'D 7(out) electr)(l-oad1) +
leun P7(out electr) (L03d2)+ P 7(out) e/ectr)(LoadS)
=(36.823 + 4.288 + 7.569 + 3.845) = 52.525 kW
P7(LOSSGS) = P7(I!7) - P 7(out) (52 879 52 525) 0-354 kW
P
% overall = 2 Pran «100% = 22 552 x100% = 99.33%

Z P7(/n)

6.2.1.1.4 Combined frequency

When calculating efficiency for the combined frequency operation (H), one works from the
grid end towards the customer end of the network.
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Now, calculating the individual efficiency for each element
TRF1 (Bus 1 towards Bus 2)

PT(H)( (electr) (TRF1)_ )(electr) (TRF1) P 5(out)(electr) (TRF1) P 7(out)(electr) (TRF1)
(3424 914-0-0)=3424.914kW (Bus1)
PT(H)(out electr) (TRF1) P 1(out)(electr) (TRF1) P )(electr) (TRF1) P )(electr) (TRF1)
=(3418. 549—0.282—36 823) 3381.444 kW (Bus?2)
PT(H Losses) (TRF1) PT )(electr) (TRF1) PT )(out)(electr) (TRF1)
=3424. 914 —3381.444 = 43.47 kW

P TRF1
Tiounaecr) ) 100% = 381444 1 00% = 98.73%

PT(H)(/n electr) (TRF1) 3424914

%n(TRF1H) =

Line1 (Bus 2 towards Bus 3)

PT(H)(in)(eIectr)(Line1) P( in)(electr) (L’ne1) P 5(out)(electr) (Llne1) P 7(out)(electr) (Lme1)
=(2289.215-0.252 — 43.879) = 2245.084 kW (Bus?2)

PT(H)(out) electr) (L’ne1) P 1(out)(electr) (L’ne1) P 5(in)(electr) (L’ne1) P 7(in)(electr) (L’ne1)
=(2289.215-0.252 - 43.879) = 2245.084 kW  (Bus3)

PT(H)(Losses)(Line1) = PT(H)([n)(electr)(Line1)_PT(H)(out electr) (Llne1)

=(2245.084 — 2245.084) = 0 kW
PT(H)(out)(eIectr)(L'ine1) 100% = 2245.084 %100%
PT( H)(in) electr) (Linet) 2245.084

=100% (losses negligibly small)

Yen(LinelH) =

TRF2 (Bus 3 towards Bus 4)

PT(H)( (electr) (TRFZ) P )(electr) (TRFZ) P 5(out)(electr) (TRFZ) 7(out)(electr) (THFZ)
(2289 215-0.252 - 43.879) = 2245. 084 KW (Bus3)
PT(H)(out electr) (TRFZ) P 1(out)(electr) (TRFZ) P 5(in)(electr) (TRFZ) 7(in)(electr) (TRFZ)
=(2262.201-0.452-44.117) =2217.632 kW (Bus 4)
PT(H) Losses) (TRFZ) P H)(in)(electr) (TRFZ) P H)(out)(electr) (TRFZ)
= (2245 084 —2217.632) = 27.452 kW

P TRF2
%n(TRF2H) = — (H)outi(electr) ( ) «100% = 2217632 1 009% = 98.78%

Prtyiny etecir) (TRF2) 2245.084
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Line2 (Bus 2 towards Bus 5)

Pryinyetectr) (LIN€2) = Pyiny crectr) (LINE2) = Ps oty etectr) (LINE2) + Py iny crectr) (LINE2)
=(1129.335-0.029 + 7.057) =1136.363 kW (Bus?2)

Pr iy outyetectr) (LIN€2) = Py oty etectr) (LINE2) = Py iy iectr) (LINE2) + Py oty etectr) (LINE2)
=(1129.335-0.029 + 7.057) =1136.363 kW (Bus5)

Pr(ty(Losses) (LIN€2) = Pr (1) (in)(etectr) (LIN€2) = Pr (1) out)(etectr) (LINE2)

=(1 136 363 -1136.363) = 0 kKW
Pr i outyeteatr) (LINE2 1136.
PTT(::;(,,: e,;c,: ((L/neZ)) x100% =1 122.222 x100%

=100% (losses negligibly small)

Yon(Line2H) =

TRF3 (Bus 5 towards Bus 6)

Pronyinyetectr) (TRF3) = Pyinyetectr) (TRF3) = P outy(etectr) (TRF3) + Prinyetectry (TARF3)
=(1129.335-0.029 + 7.057) = 1136.363 kW (Bus5)
PT(H)(out electr) (TRF3) =P, 1(out)(electr) (TRF3) - P 5(in)(electr) (TRF3)+ P, 7(out) electr)(TRFS)
=(1119.253 -0.034 + 6.939) = 1126.158 kW (Bus6)
Pr(ry(Losses) (TRF3) = Pryinyetectr) (TRF3) = Prw) out) etectr) (TRF3)
=(1 136 363 -1126.158) = 10.205 kW
Pr(tiyouty(etectr) (TARF3) 1126.158

x100% = ——————=%100% =99.10%

%n(TRF3H) =
PT(H)( (electr) (TRFS) 1136.363

Overall efficiency of network

The overall efficiency for combined frequencies (H) is based on formula (4.25) in section

4.8.3, and becomes the following for case study 2:

P
% overall = 2 Prosian x100%
T(H)(in)

P, (Drivel+ Motor) + Py, (Drive2 + Motor2) +

Prn(Load) + Pr, (Load?2) + Pr,, (Load3) 100
= - X oo
P 1(electr) (GI’ ’d) P 5(electr) (Gr ’d) P 7(electr) (Gl’ Id)

where (see Figure 5.9):
Py (Drivel+ Motor1) = Py, (Drivel+ Motor1)x 0.96 X 0.941
=(1418.096 —0.683 — 48.405)x 0.96 x 0.941
=1369.008 x0.96 x0.941
=1236.707 kW
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Pry)(Drive2 + Motor?2) = Pr,,, (Drive2 + Motor2) xx0.96 x 0.941

=(182.735-0.171-4.474)x0.96 x 0.941
=178.09x0.96 x0.941
=160.879 kW

Prs) (Load) = (844.105 + 0.232 + 4.288) = 848.625 kW
Py (Load2) = (730.940 +0.093 + 7.569) = 738.602 kW
Py ) (Load3) = (205.577 +0.045 + 3.845) = 209.467 kW

Priuyiny = (3424.914 -0 -0) = 3424.914 kW

Therefore:
%n, overall = 1236.707 +160.879 ;i:ig?i+ 738.602 +209.467 <100%
_ 3194.280 %100%
3424.914
=93.27%
and

Total losses = (3424.914 —3194.280) = 230.634 kW

6.2.1.2 Analysis of efficiency

Tables 6.6 and 6.7 show the summary of results obtained. These results are used to derive
the comparative bar graphs, shown in Figures 6.6, 6.7 and 6.8, that compare the results of
efficiency without distortion (only sinusoidal f;) and with distortion (non-sinusoidal h and H).

Table 6.6: Case study 2: Efficiency of the individual elements without filter

Efficiency (%)

Element fi h=5 h=7 H
TRF1 99.81 - - 98.73
Line1 100 100 100 100
TRF2 98.82 55.75 99.46 98.78
Line2 100 100 100 100
TRF3 99.10 85.29 98.33 99.10

Drivel 96.00 96.00 96.00 96.00

Motor1 94.10 94.10 94.10 94.10

Drive2 96.00 96.00 96.00 96.00
Motor2 94.10 94.10 94.10 94.10
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Table 6.7: Case study 2: Overall efficiency of the individual elements without filter

Overall efficiency (%)

fi h=5 h=7 H

94.21 76.35 99.33 93.27

Dfims=5 Oh=7 OH
\ = = e 2R 52 =
120% 7 & = m T e = e W o=
= = = 5 5 2 o83
100% o
s}
= B0%
oy
g 60%
o
£ 40% A
20% - g g
0o = =
[ T T 1
TRF1 TRF2 TRF3
Fraquency

Figure 6.6: Case study 2: Comparison of transformer efficiencies without filter
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Figure 6.7: Case study 2: Comparison of overall efficiencies without filter
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Figure 6.8: Case study 2: Comparison of f; to H overall efficiencies without filter

From this case study it was found that:

a. At h=5, the efficiency of TRF2 and TRF3 are in a lower range than f;, h=7 and H.
Efficiency of TRF3 at f; and H are equal at 99.10%, while for TRF1 there is a
difference.

b. The overall efficiency of a network with distortion (H) shown in Figure 6.7 is less than
that without distortion (f;). This observation is shown more clearly in Figure 6.8. Also
shown is that h=7 overall efficiency is higher than that of f;, h=5 and H.

According to these results, the overall efficiency of the network decreases with 0.94% as a
result of distortion.

6.2.1.3 Energy usage methodology

6.2.1.3.1 Fundamental frequency

The formula (1.1) is used to determine the fundamental frequency energy usage. The

Formula, E, = P, xt, is adapted to become case specific, namely:

E(case study 2) = Py ciectr) (Grid) x t (6.3)
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Pyinyelectr) (Grid) = 3414.914 kW and 24 hours is used as the time period to calculate the

energy usage for the day as:

E,(case study 2) = P, electr) (Grid) x 24 hrs = 3424.914 kW x 24 hrs = 82197.94 kWh at f;.

6.2.1.3.2 5™ harmonic frequency

In the case of harmonic frequency, the input power is the power from the non-linear loads.

Es(case study 2) = (Py 1 siar (DriveD) + Py iy ey (Drive2) Jx t
= (0.683 +0.171)x 24 = 20.50 kWWh
6.2.1.3.3 7™ harmonic frequency

E, (case study 2) = (P, . siear (Drivel) + Py Drive2))x t
= (48.405 + 4.474) x 24 = 1269.10kWh

electr) (

6.2.1.3.4 Total energy usage

The total energy usage of a power system depends upon the total power consumption at

fundamental and harmonic frequencies occurring at the input supply point to the network.

Er . (case study 2) = Pr ) (Case study 2)xt (6.4)

Therefore, total energy usage:

Er (case study 2) = (3424.914 — 0 0)x 24 = 82197.94kWh

6.2.1.4 Analysis of total energy usage

The 5" and 7" harmonic energy usage, although small, needs to be considered besides the

energy usage at f;.
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Table 6.8 shows the summary of energy usage results obtained. These results are used to
derive the comparative bar graph that is comparing the results without distortion (only
sinusoidal f;) and with distortion (non-sinusoidal H).

Table 6.8: Case study 2: Energy usage at different frequencies without filter

Energy usage (kWh)
fi h=5 h=7 H
82197.94 20.50 1269.10 82197.94

Figure 6.9 shows the difference in energy usage between a network without distortion to the
network having distortion caused by 5" and 7" harmonic components
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Figure 6.9: Case study 2: Comparison of total energy without filter

From this case study it was found that:

a. Total energy usage with and without distortion is equal to the power input at H and is
the same as the power at f; since the harmonic energy is very small. Harmonic
powers (h=5 and 7) at the grid are small.
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6.2.1.5 Losses

Table 6.9: Case study 2: Power losses of transformers without filter

Power Losses(kW)

Element fi H
TRF1 6.37 43.47
TRF2 27.01 27.45
TRF3 10.08 10.21

Table 6.9 shows that the transformer (TRF1, TRF2 and TRF3) power losses increase with
distortion. The power losses of the networks at various frequencies are shown in Table 6.10.

Table 6.10: Case study 2: Power losses of network without filter

Power losses (W)

h=5

h=7

198.17

0.202

0.354

230.64

Figure 6.10 shows that the losses increase with 32.47 kW when distortion is present in the

network (H).
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Figure 6.10: Case study 2: Comparison of power losses of a hetwork without filter
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6.2.2 Case study 2: With filter

The results given on Figure 5.12 are used for this analysis.

6.2.2.1 Efficiency methodology

The first step is to determine the individual and overall efficiencies for the network.

6.2.2.1.1 Fundamental frequency (f;)

Obtain the power input to the network at f;, namely:

Py iny(etectr) (Grid) = 3438.288 kW

Now, calculate the efficiency of the individual element

TRF1

Przosses) (TRF1) = Pinyeisarr) (TRF1) = Pyouryeiscrry (TRF1) = 3438.288 — 3432.001 = 6.29 kW

P TRF1
%, (TRF1) = Houyeteor ) 1 00% = 2432:001 4 009% = 99.82%
P1(/n electr) (TRF1) 3438.288
Line1
P Losses) (LIN€1) = Py wieetr) (LINE1) = P oty erociry (LiN€T) = 2293.829 — 2293.829 = 0 kW
P, Linet
%, (Linet) = —Loutelect) (LIne)  100% = 2293:829 1000, _ 100% (losses negligibly small)
P1(/n electr) (Llne1) 2293.829
TRF2
Pitosses) (TRF2) = Pyinyetectr) (TRF2) = Pyousysiearr) (TRF2) = 2293.829 — 2266.761 = 27.07 kW
P, TRF?2
%, (TRF2) = —eutelect) ( ) «100% = 2286-761 _ 100% = 98.82%
P( (electr) (TRFZ) 2293.829

Drive1 and Motor1

The efficiency of Drive1 and Motor1 are assumed as 96% and 94.1%, respectively.
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Drive2 and Motor2

Likewise, the efficiency of Drive2 and Motor2 are also assumed as 96% and 94.1%,
respectively.

Line2

P1(Losses)(LI.ne2) = P1 (in)(electr) (Line2) - P, (out)(electr) (Line2) =1131.611-1131.611=0kW
P Line2

e (Linez) = ( ! x100% = M><100% =100% (losses negligibly small)
P1( (electr) (Line2) 1131.611

TRF3

PyLosses) (TRF3) = Pyinyerectr) (TRF3) = Pyoury(etectr) (TRF3) =1131.611-1121.509 = 10.10 kW

P TRF3
1(out)(electr) ( ) x100% = Mx 100% =99.11%
P(/n electr) (TRF3) 1131.611

%n, (TRF3) =

Overall efficiency

If we assume that efficiency for the drive and/ or motor remain constant then the overall
efficiency can be obtained as follows:

First, for Drive1:

0.96 0.941
Drive ‘ Motor
T (Drive1) L ¢ (Motor1)
P (iny(etectn(Drive) Piouterectn(Drive1)  Piinyerectn(Motor1) P (outymecn)(Motor1)
1420.5;55 kW 1364.;17 kW 1364.1_17 kW 1283.6_34 kW
P outy(mecn) (Drivel+ Motor1) = Py, erectry (Drivel) X 0.96 X 0.941

=1420.955%x0.96x0.941=1283.634 kW
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Now, for Drive 2:

0.96 0.941
Drive ‘ Motor
T (Drive2) L ¢ (Motor2)
P inelectr(Drive2) P outyelocty(Drive2) P inyiectn(Motor2) P outmecn)(Motor2)
183103 kW 175.779 kKW 175.779 kW 165.408 kW

Pyouty(mecn) (Drive2 + Motor2) = Py ) erectr) (Drive2) x 0.96 x 0.941
=183.103x0.96x0.941=165.408 kW

Pi(out)(mecny (Drivel + Motor1) + Py, ereciry (LO@A) +
Pioury = z P (outy(mecn) (Drive2 + Motor 2) + +Py . eieetr) (LOAA2) +
P outy(etectr) (LOAA3) + Py oy etectr) (Filter)
=1283.634 + 845.806 + 165.408 + 723.414 + 205.991+ 6.561 =3230.814 kW

Pitosses) = Piiinyetectr) (GIid) = Py oy = 3438.288 —3230.814 = 207.474 kW

Z 1(out) x100% = wx 100% =93.97%

Yen,overall =
Pyiny 3438.288

6.2.2.1.2 5™ harmonic frequency (h = 5)

Now, calculate the efficiency of the individual element
TRF1

At h=5, there is no harmonic output as the grid infeed is an ideal voltage source. Thus,

efficiency of TRF1 is not calculated at h=5.

Linel

Ps Losses) (LIN€1) = Ps oy etectr) (LINET) = P oueyeiectr (Lin€) = (0.054 — 0.054) = 0 kW
P Linet

% (Linet) = —eueret) (LIeT) 1 00% = 2954 . 100% = 100% (losses negligibly small)
P5(/n electr) (Llne1) 0 054

103



TRF2

Ps Losses) (TRF2) = Pstinyeicctr) (TRF2) = Py oyt etecir) (TRF2) = (0.268 — 0.054) = 0.214 kW
P, TRF2

%5 (TRF2) = —utelect) ( ) «100% = 2994 . 100% = 20.15%
PS( (electr) (TRFZ) 0.268

Line2

P5(Losses)(LineZ) = \(electr) (Line2) - P 5 (out)(electr) (Line2) =(0.014-0.014) = 0 kW
P, Line2

% (Line2) = —outeteer) ( ) x100% = 291 . 1009% = 100% (losses negligibly small)
PS( (electr) (L/neZ) 4

TRF3

P5(Losses)(TRF3): 5(in)(electr) (TRFS) P 5(out)(electr) (TRFS) (0021_0014) :0007kW
P, TRF3

O/OnS(TRF?)) 5(out)(electr) ( ) 100% _ 0 014 1000/0 _ 66 67%
PS( (electr) (TRFS) 0.021

Overall efficiency at the 5" harmonic

Painy = . (Psjinyetectr) (Drivel) + P cieor) (Drive2)) = (0.361+0.032) = 0.393 kW

_v| Pa

(Grid (branch)) + Py oty etectry (LOAAT) +
PS(out) - P5(

(Load?2) + P; (Load3) + P;
=(0.003 +0.093 + 0.008 + 0.004 + 0.065) = 0.173 kKW

= Ps(iny = Ps(oury = (0.393 - 0.173) = 0.22 kW

out)(electr)

(Filter)

out)(electr) 5(out)(electr) 5(out)(electr)

P, 5(Losses) 5(out)

P
%nsoverall = 2 Poom «100% = 2173 100% = 44.02%
0.393

Z P5(m)

6.2.2.1.3 7™ harmonic frequency (h =7)

Calculate the efficiency of the individual element
TRF1

At h=7, there is no harmonic output as the grid infeed is an ideal voltage source. Thus,
efficiency of TRF1 is not calculated at h=7.
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Line1

Py Losses) (LIN€) = Prioy ooy (LINET) = Pyioupy crsctr) (Lin€T) = (0.001-0.001) = 0 kW
P. Linel
%, (Linet) = ”"”f“e’e“’)( : ) «100% = 2297 1009% = 100% (losses negligibly small)
P7(,n)(e,ec,,)(L/ne1) 0.001
TRF2
Py osses) (TAF2) = Pyt i) (TRF2) = Py ouryetectry (TAF2) = (0.094 — 0.001) = 0.093 kW
P. TRF2
%o, (TRE2) = 1outear (TRF2) 050 0001 4 60% = 1.06%
P( (electr) (TRFZ) 0. 094
Line2
Py Lossos) (LIN€2) = Pyiin) croctr) (LIN€2) = Pytoue crsctr) (LiN€2) = (0.017 = 0.017) = 0 kW
P ) (Line2
%, (Line2) = —Lteteleat) (Eine2)  100% = 2917 4 100% = 100% (losses negligibly small)
Py (iny(etectr) (Lme2) 0.017
TRF3
P7(Losses)(TRF3) = P 7(in)(electr) (TRF?’) P 7(out)(electr) (TRFS) = (0 020 -0. 017) 0-003 kW
P. TRF3
%, (TRF3) = —untelect) ( ) «100% = 2217 . 100% = 85.00%
P7(/n electr) (TRF3) 0.020

Overall efficiency at the 7" harmonic

Piiny = Z(P7(in)(electr)(Drive1) + P7(in)(electr)(DriV62)): (0.145+0.031) =0.176 kKW

P _ P7(out electr) (Grid (branch)) + P, 7(out)(electr) (Load1) +
7(out) Psoutyetectry (LOAA2) + Py 5y ctectr) (LOAA3) + Py 5y etectr) (FltET )
=(0.008 +0.051+0.007 + 0.004 + 0.009) = 0.079 KW
P, (Losses) = Prin) = Priouty = (0.176 —0.079) = 0.100 kW

P
%n,overall = h x100% = %mm% =44.13%

Z P7(/n)
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6.2.2.1.4 Combined frequency

When calculating efficiency for the combined frequency operation (H), one works from the

grid end towards the customer end of the network.
Now, calculating the individual efficiency for each element
TRF1 (Bus 1 towards Bus 2)

Priniyiinyetectr) (TRF) = Pujinyeiectr) (TRF1) = Psouryetectr) (TRF1) = Pr(ouryetecrr) (TRFY)
= (3438.288 -0 —0) =3438.288 kW (Bus1)
Pr(youtyetectr) (TRF1) = Pyouryetectr) (TRF) = Psiny erectr) (TRF1) = Prinyetecrr) (TRFY)
= (3432.001-0.003 - 0. 008) 3431.990 kW (Bus2)
Pr ity Losses) (TRF1) = Pripyinyetectr) (TRF1) = Pritayouryetecir) (TRF1)
=3438. 288 —3431.990 = 6.298 kW

P, TRF1
T(H)(out)(etectr) { )><‘IOO°/ ~3431.990

o=———x100% =99.82%
PT(H)( (electr) (TRF1) 3438.288

%n(TRF1H) =

Line1 (Bus 2 towards Bus 3)

Prtiyinyetectr) (LIN€1) = Py oy iactr) (LIN€1) = Pr ity teciry (LINE€1) = P oty etecr) (LINET)
— (2293.829 - 0.054 — 0.001) = 2293.774 kW  (Bus2)

Pr(ty(outyelectr) (LIN€T) = Py oty etecir) (LIN€T) = Psiny eiocir) (LIN€T) = Py i) erecir) (LiNET)
=(2293.829 - 0.054 — 0.001) =2293.774 kW  (Bus3)

Pr(t)(Losses) (LIN€1) = Pr(pyyiny(etectr) (LIN€1) = Pr 11y our) etectr) (LINET)

=(2293.774 —2293.774) = 0 kW

PT(H)(out)(eIectr (Linel) 100% = 2293.774

Pr vy inyeteer) (LiN€) 2293.774

=100% (losses negligibly small)

%n(LinelH) = x100%

TRF2 (Bus 3 towards Bus 4)

Pr(tay(inyetectr) (TRF2) = Pyiny etectry (TRF2) = Ps(outy etectry (TRF2) = Pr(outy eteciry (TRF2)
(2293 829 —0.054 —0.001) = 2293.774 kW (Bus3)
Pr iy outyetectr) (TAF2) = Py outyetectr) (TRF2) = Ps(iny stectr) (TRF2) = P iny etectry (TRF2)
=(2266.761—0.268 — 0. 094) 2266.399 kW (Bus 4)
Pr(nyLosses) (TRF2) = Pr ) (iny(etectr) (TRF2) = Pr iy outyetectr) (TRF2)
=(2293.774 — 2266.399) = 27.38 kW
Pr(t1youtyetectry (TARF2) 2266.399

x100% = ———-——-x100% = 98.81%

Y%n(TRF2H) =
i ) PT(H)( (electr) (TRF2) 2293.774
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Line2 (Bus 2 towards Bus 5)

PT(H)( (electr) (L/neZ) P )(electr) (L/ne2) P 5(out) electr)(LineZ) - P7(out electr) (L/neZ)
=(1131 611—0 014 -0.017)=1131.580 kW (Bus?2)

PT(H)(out electr) (L/ne2) P 1(out)(electr) (L/neZ) P )(electr) (L/neZ) P )(electr) (L/neZ)
=(1131.611-0.014 - 0. 017)—1131 580 kW (BusS)

PT(H )(Losses) (Lln62) PT(H)(/n)(e/ectr)(L/nez) PT )(out)(electr) (L/neZ)

=(1131.580 —1131.580) = 0 kW
P. Line2
T(H)out ) (LN€2) 1131580 oo
P (11yimelectr) (LIN€2) 1131.580

=100% (losses negligibly small)

Yen(Line2H) =

TRF3 (Bus 5 towards Bus 6)

Pr(tiy(inyetectr) (TRF3) = Pyiny etectr) (TRF3) = Ps(outy(etectr) (TRF3) = Pr(out) etectr) (TRF3)
—(1131 .611-0.014-0. 017)=1131 580kW(Bu35)
Pr(tiyoutyetectry (TARF3) = Pyoutyetecir) (TRF3) = Psinetectr) (TRF3) = Pr(inyetectry (TAF3)
=(1121.509 -0.021-0. 020) =1121.468 kW (Bus6)
Pr(y(Losses) (TRF3) = Pripiyiny(etectr) (TRF3) = Pr(wyoutyetectr) (TAF3)
—(1131 580—1121.468)—10.112kW
Pr(t1y0uty(etectr) (TARF3) 1121.468

x100% = —————x100% =99.11%

YN(TRF3H) =
i ) Prt)(inyetectr) (TRF3) 1131.580

Overall efficiency of network

The overall efficiency for combined frequencies (H) is based on formula (4.25) in section
4.8.3, and becomes the following for case study 2 when a filter is added to the network,

namely:

P
m %x100%
T(H)(in)
Pr(Drivel + Motor1) + Py, (Drive2 + Motor2) +
PT(H)(Load1) + Pryy(Load?2) + Pr ., (Load3) + P, (Filter)
B electr (G”d) electr)(Grid) - P7(electr) (Grld)

%n yoverall =

x100%

where (see Figure 5.12):
Pr)(Drivel+ Motor1) = Py, (Drivel + Motor1)x0.96 x 0.941
=(1420.955-0.361-0.145)x0.96 x 0.941
=1420.449x0.96 x 0.941
=1283.177 kW
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Pr)(Drive2 + Motor2) = P, (Drive2 + Motor2) x 0.96 x 0.941

= (183.103 — 0.032 — 0.031)x 0.96 x 0.941
=183.04x0.96 x 0.941
- 165.351 kW

Pry(Load1) = (845.806 + 0.093 +0.051) = 845.950 kW

Pryy(Load?2) = (723.414 - 0.008 - 0.007) = 723.429 kW

Pryy(Load3) = (205.991+ 0.004 + 0.004) = 205.999 kW
Pr ., (Filter) = (6.561+0.065 + 0.009) = 6.635 kW

Pripyiny = (3438.288 — 0 - 0) = 3438.288 kW

Therefore:
1283.177 +165.351+845.950 + 723.429 + 205.999 + 6.635
% yoverall = x100%
3438.288
_ 3230.541 <100%
3438.288
=93.96%
Total losses = (3438.288 — 3230.541) = 207.747 kW

6.2.2.2 Analysis of efficiency

Tables 6.11 and 6.12 show the summary of results obtained. These results are used to
derive the comparative bar graphs, shown in Figure 6.11, 6.12 and 6.13 and they compare
the results of efficiency without distortion (only sinusoidal f;) and with distortion (non-
sinusoidal h and H).

Table 6.11: Case study 2: Efficiency of the individual elements with filter

Efficiency (%)

Element fi h=5 h=7 H
TRF1 99.82 - - 99.82
Line1 100 100 100 100
TRF2 98.82 20.15 1.06 98.81
Line2 100 100 100 100
TRF3 99.11 66.67 85.00 99.11

Drivel 96.00 96.00 96.00 96.00

Motor1 94.10 94.10 94.10 94.10

Drive2 96.00 96.00 96.00 96.00
Motor2 94.10 94.10 94.10 94.10
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Table 6.12: Case study 2: Overall efficiency of the individual elements with filter

Overall efficiency (%)

fi h=5 h=7 H
93.97 44.02 4413 93.96
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Figure 6.11: Case study 2b: Comparison of transformer efficiencies with filter
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Figure 6.12: Case study 2: Comparison of overall efficiencies with filter
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Figure 6.13: Case study 2: Comparison of f; to H overall efficiencies with filter

From this case study it was found that:

a. When a filter is added, the efficiency of TRF1, TRF2 and TRF3 are similar at f; and H
(Figure 6.11).

b. The overall efficiency of a network with distortion (H) shown in Figure 6.12 is similar
to that without distortion (f;). This observation is shown more clearly in Figure 6.13.

According to these results, the overall efficiency of the network with filter is similar to that of
fi.

6.2.2.3 Energy usage methodology

6.2.2.3.1 Fundamental frequency

AS Pyin)eiectry (Grid) = 3438.288 kW and if 24 hours is used as the time period the energy

usage for the day is:

E,(case study 2) = Py eecr) (Grid) x 24 hrs = 3438.288 kW x 24hrs = 82518.91kWh at f,.
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6.2.2.3.2 5™ harmonic frequency

Es (case study 2) = (Py 1 siear) (DrVEN) + Py ) gioary (Drive2) Jx t
= (0.361+0.032)x 24 = 9.43 kWh

6.2.2.3.3 7™ harmonic frequency

E; (case study 2) = (P; i siear) (DVEN) + Py 1 cioey (Drive2) Jx t

=(0.145+0.031)x24 = 4.22 kWh

6.2.2.3.4 Total energy usage

Er . (case study 2) = 3438.288 kW x 24hrs = 82518.91kWh

6.2.2.4 Analysis of total energy usage

The 5™ and 7™ harmonic energy usage, although small needs to be considered besides the
energy usage at fi.

Table 6.13 shows the summary of energy usage results obtained. These results are used in
Figure 6.14 to show the difference in energy usage. The individual harmonic (h) usage is not
included in the bar graph because it is too small.

Table 6.13: Case study 2: Energy usage at different frequencies with filter

Energy usage (kWh)
fi h=5 h=7 H
82518.91 9.43 4.22 82518.91
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Figure 6.14: Case study 2: Comparison of total energy with filter

From this case study it was found that:

a. The Total energy usage with and without distortion is similar to the power input at H
and it is the same as the power at fi. Harmonic powers (h=5 and 7) at the grid are

small.

6.2.2.5 Losses

Table 6.14 shows that transformer (TRF1, TRF2 and TRF3) power losses slightly increase
with distortion. Table 6.15 shows the power losses of a network at various frequencies.

Table 6.14: Case study 2: Power losses of transformers with filter

Power Losses(kW)

Element f; H
TRF1 6.29 6.30
TRF2 27.07 27.38
TRF3 10.10 10.11

112



Table 6.15: Case study 2: Power losses of network with filter

Power losses (W)
fi h=5 h=7 H
207.47 0.22 0.10 207.75

Figure 6.15 shows that the losses increase with 0.28 kW with filter in the network when
distortion is present in the network (H).
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Figure 6.15: Case study 2: Comparison of power losses of network with filter

6.3 Summary

The newly developed methodology and formulae for efficiency and energy usage are used to
analyse both case studies. Tables and figures are used to compare the results of individual,
overall efficiency, transformer losses and total energy usage. Overall efficiency and energy
usage in both case studies decrease when distortion is present. This shows that harmonics
have a negative effect on overall efficiency and total energy usage of a network. With a filter
added in the network, overall efficiency and energy usage with and without harmonics comes
out similar in the two case studies. When harmonics are present in the network and a filter is
included the power losses are reduced, whereas without a filter for both case studies
conducted the power losses increase.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The objective of this research was to make a contribution to the field of efficiency and energy
usage when an electrical network contains distortion arising from the presence of one or

more harmonic sources in the system.

Traditionally, efficiency and energy usage in power networks are calculated only for power at
fundamental frequency (f;) while harmonics (h) and their distortion (% Vrup and %/mup) and
potential heating consequences (PLosses) are ignored. In the modern world, however, systems
contain levels of harmonics which can no longer be ignored. To overcome this shortcoming,
it was found necessary to investigate and develop a methodology that includes new formulae
for evaluating individual and overall efficiencies and energy usage when one or more
harmonic sources (non-linear loads) are present causing distortion and influencing power

magnitudes in distribution networks.

As efficiency is dependent upon real power magnitudes, on investigation it was found
essential to establish the direction of power flows in a network when harmonics are present.
It was found out, in general that at a non-linear load (harmonic source), harmonic powers
(Pn) are subtractable from fundamental frequency power (P;), whereas, at a linear load, the
harmonic powers (P) are added to the fundamental frequency power (P;). Thus, when
determining efficiency and energy usage it is concluded that the direction of power flows at
all frequencies present in a network must be established, namely at the fundamental
frequency (f;), individual harmonic frequencies (h) and combined frequencies (H) and this
was proven as one of the guidelines to be followed and it was thus further concluded that

direction of power flows must be included in the developed methodology.

Thus, a need arose to demonstrate how harmonics affect power flow magnitudes and
directions. Therefore, it was found necessary to evaluate efficiencies and energy usage
using measurement and simulation investigations. Two case studies were conducted; a

measurement based laboratory experiment and a simulation investigation.

For the measurement case study it was found essential to obtain a sound knowledge and
understanding of the capabilities and application of the Fluke 435 harmonic power quality
analyser. In particular, its ability to measure voltage and current of complex waveforms and
their decomposition into harmonic components (magnitude and phase angle), while at the
same time assessing its capability to measure real power magnitudes at all frequencies in
the network as well as its ability to give an indication to the direction of power flows. Further,
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to evaluate its ability for the measurement of total harmonic distortion levels. It was found
that the Fluke 435 is effective for providing the measurement results needed and it is
concluded that this instrument is suitable for efficiency and energy usage investigations when
distortion is present and must form part of the developed methodology to help with the new

formulae derived.

Two industrial grade software packages, DIgSILENT and SuperHarm were evaluated for
their capability and application to provide the required simulation results for conducting
efficiency and energy usage when distortion is present. They were also applied as a case
study to demonstrate the effectiveness of the developed methodology, including their
capability to give results for power magnitudes and directions of power flow at all individual
frequencies as well as under combined frequency (H) operations. Their modelling methods
were also evaluated. To further prove their capabilities, it was found that both packages gave
the same results as for voltage and current magnitudes and phase angles. SuperHarm,
however, does not generate power magnitudes nor give the directions of flow at any
frequency, whereas DIgSILENT has the capability to give results for powers at individual and
combined frequencies and give an indication of flow direction. DIgSILENT also gives three-
phase power results and total harmonic distortion levels. Thus, it was found that these
software tools enable a contribution to be made to the field of efficiency and energy usage
when distortion exists in a power system. It is further concluded that of the two software
packages, DIgSILENT is the one that provides accurate power results and is the preferred
package.

In case study 1, the measurement based laboratory experiment, measurements for current,
voltage, % Vrup, %lmp and power were taken at different test positions in the network.
Current and voltage results were used for hand calculations to prove the power flows and
directions. From this experiment a new methodology and formulae were developed and is
case specific. The network set-up is a typical type of configuration found in distribution
systems and includes two harmonic sources (Drive and CFL’s) besides a motor/transformer
linear load branch which are fed from a grid infeed branch. Although case specific, it was
found that the developed methodology and new formulae (Figures, 4.4 to 4.6 and Table 4.5
to 4.10) are easily adaptable to other network configurations, for instance, the one used for
simulation studies. Despite the results being small in magnitude compared to real industrial
set-ups, it can be concluded that the set-up was effective for assisting with the development

of the methodology and the many new formulae, in particular (4.26 and 4.28), namely:
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PT(out)(mech) (IDM1) +

Z PT(out)(mech) (IDM2) +
Pry(Non —linear 2)

(P, > P,)Grid branch

%n overall = x100%

Erinyiny = Primyny x t - Joules

In case study 2, the simulation based DIgSILENT study was used to evaluate the
effectiveness of the application of the developed methodology. The formulae developed in
case study 1 was adapted for use on the 40 kV radial three-phase distribution network
applied in case study 2. The configuration included two harmonic sources (Drives) and a
capacitor bank at the point of common coupling in the network as well as linear loads and a
grid infeed branch. The network also included transformers and lines. Similar to case study
1, a one-line-diagram was also developed for case study 2 on which is shown the power
magnitudes and direction of power flows, using a system of “+” and “* signs for all
frequencies (f;, h and H) in the system. It was found that the inclusion of this step in the
methodology greatly assists with the development of new formulae as it can easily be seen
which power flows are inputs and/or outputs from the directions indicated (Figure 5.4 and
5.9). It was also found that the % Vryp in this case study exceeded the recommended
distortion level of 5%. Thus, when investigating efficiency and energy usage when distortion
is present, it is essential to establish the distortion level, as in most cases, the unacceptable
level is due to harmonic resonance caused by inductive and capacitive elements in a
network. Therefore, impedance scan studies must be conducted to establish harmonic
resonant points. In this case, resonance was found to occur near the 7" harmonic,
(characteristic harmonic injected by six-pulse drives). It was thus found that it was necessary
to design a filter as the effects of resonance are voltage and/or current magnitude
amplifications and these will affect efficiency and energy usage. A filter was designed and
impedance scans (zscans) conducted demonstrated its effectiveness in shifting the
resonance point below the lowest characteristic harmonic injected by the drives in the
network, namely, below the 5™ harmonic. In both of these situations, without (Figure 5.9) and
with a filter (Figure 5.12), the methodology was applied to demonstrate its effectiveness for
studying efficiency and energy usage when distortion is present. Many new formulae were
developed (see Chapter 6), the most important being the following:

Pr . (Drivel + Motor1) + Py, (Drive2 + Motor2) +

% overall - Pr .y (Load) + Pr,, (Load2) + Pr,, (Load3) + Pr,, (Filter) <1009
! P1(electr) (Grld) - P5( elec[r) (Grld) - P7(electr) (Gfld)
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Both case studies were analysed for efficiencies and energy usage at all frequencies (f;, h
and H). Comparisons were drawn up using bar graphs. In case study 1, it was found that the
overall efficiency of the network decreased by a small amount as a result of distortion. It
must, however, be noted that the purpose of this case study is to demonstrate the
methodology and formulae developed. Also, the harmonic powers injected by the non-linear
loads are small compared to the power at fundamental frequency. Thus in networks where
the harmonic content is a much larger percentage compared to the fundamental component,
greater differences could be found. It was further found, in case study 1 that the total energy
usage without distortion is more than that at the grid infeed point with distortion. Thus it can
be concluded that the presence of harmonics, originating from harmonic sources in a
network lead to a decrease in total energy usage. Also, contrary to common belief losses in
the transformers (heat losses) do not always increase when harmonics are present. The
losses (heat losses) depend upon whether a transformer is in a branch that includes a non-
linear load or a linear load. In a linear load branch flowing towards the network output,
harmonics increase losses whereas in a branch where a non-linear load injects harmonics,
the losses decrease. This is also found to be the case with the grid infeed branch as
harmonic power flows are in the opposite direction to the power flow at fundamental
frequency. Similar results and findings to that of case study 1 were found in case study 2.

Thus, it was found that overall efficiency and energy usage in both case studies decrease
when distortion is present contrary to common belief that an increase is anticipated. In pure
linear load circuits when the incoming supply voltage is non-sinusoidal then energy usage
would increase due to harmonic flows. However, when non-linear loads are present it has

been shown the contrary is true.

Thus, it can be concluded that harmonics affect the overall efficiency of a network as the
power losses at combined frequencies (H) affect the system losses. From the investigations,
the results obtained, the power flow directions and the analyses conducted, it can be
concluded that the methodology and formulae developed for individual and overall
efficiencies and energy usage when distortion is present in a power system is effective and is
highly recommended for industrial use.

7.2 Future work

As modern power systems are no longer purely linear networks operating only at
fundamental frequency, but are asymmetrical unbalanced systems with distortion due to the
proliferation of non-linear devices, there is a need to conduct further work on efficiency and

energy usage of such systems. The work will thus extend the harmonic domain studies to the
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symmetrical component (sequence) domain. This is essential as systems in today’s world are
often utilised, especially distribution networks under contingency conditions, due to power
delivery shortages and/or outages. How to conserve energy under such contingency
conditions is important so as to sustain supply to as many customers as possible.
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APPENDICES

Appendix A: Waveforms results and Fluke 435 accuracy tables
Appendix A.1: Table of results used to draw waveforms

This results were used to draw the current, voltage and power waveform in excel, for both

sinusoidal and non sinusoidal conditions.

Table A.1: Numerical results for pure resistor

Degree Current Voltage Power
0 0 0 0
45 14.14 35.36 500

90 20 50 1000
135 14.14 35.36 500
180 0 0 0
225 -14.14 -35.36 500
270 -20 -50 1000
315 -14.14 -35.36 500
360 0 0 0
Table A.2: Numerical results for pure inductor
Degree Current Voltage Power
0 -20 0 0
45 -14.14 35.36 -500
90 0 50 0
135 14.14 35.36 500.00
180 20 0 0
225 14.14 -35.36 -500
270 0 -50 0
315 -14.14 -35.36 500.00
360 -20 0 0
Table A.3: Numerical results for pure capacitor
Degree Current Voltage Power
0 20 0 0
45 14.14 35.36 499.99
90 0 50 0
135 -14.14 35.36 -500
180 -20 0 0
225 -14.14 -35.36 499.99
270 0 -50 0
315 14.14 -35.36 -500
360 20 0 0
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Table A.4: Numerical results for currents

Degree Iy Is Iz Itot
0 0 0 0 0
45 70.71 -14.14 -10.10 46.47
90 100 20 -14.29 105.71
135 70.71 -14.14 -10.10 46.47
180 0 0 0 0
225 -70.71 14.14 10.10 -46.47
270 -100 -20 14.29 -105.71
315 -70.71 14.14 10.10 -46.46
360 0 0 0 0

Appendix 1.2: Accuracy of Fluke 435

Table A.5: Fluke voltage, current and power accuracy

Accuracy
RMS Voltage +-0.1%
Voltage and Current RMS Current +-0.5%
Frequency (at 50 Hz Nominal) +-0.01 HZ
Real Power +-1%
Reactive Power +-1%
Power Apparent Power +-1%
Real Power Factor +-0.03%
Displacement Power Factor +-0.03%
Table A.6: Fluke harmonic measurement accuracy
Accuracy
Vrms Absolute +-0.05% if <1%o0f Vnom;
+-5% if >1% of Vnom
Arms Absolute +-5%
Voltage THD +-2.5%
Current THD +-2.5%
Frequency +-1HZ
Phase angle +nx1°

Where nis the harmonic order and Vnom is the nominal voltage of the supply in Table 2
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Appendix B: Case study 2

Appendix B.1: modelling element in DIgSILENT

Components were modelled differently, as shown in figures B.1 to B.8

AC Yoltage Source - Grid\WSC. ElmYac @h—d

RikS-Simulation ] EMT-Simulation ] Harmonics ] Optimization ] State Eslimatu:ur1 Fieliability ] Description ]
BasicData | LoadFlow | WDE/ECShowCircut | FullShonCircut |  ANSI Shor Cicuit |

Hars ]‘m Cancel
Teminal  w|= | GridBus14Cub_3 Bus Fiaiess

[~ Out of Service Jumpta .
[5 =]

Mo, of Phazes

— Mominal Volkage

Line-Line 40, ke
Line-Ground 2209407 kN
Type IVDItage Source :_1

Figure B.1: Ideal voltage source

Full Short-Circuit | ANSI ShotCirewit | AMS-Simulation | EMT-Simulstion | Harmorics |

o . g o ok,
O ptimization ] State E stimatar ] R eliability ] Dezcription ]

Bazic Data l Load Flow ] WDEAEC Short-Circuit ]
M ame m

Type hd
> Cubicles
ane -

[ Outof Service

Cancel

Jumpto

PEE

System Type A - |lzage Bushar Lj
Phasze Technology | ABC -
-~ Marminal Yaoltage T

Line-Line a0 v

Line-Ground 23.03407 kv

Figure B.2: Busbar modelling
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2-Winding Transformer, Type - LibraryA\TRF1. TypTr2

R S-Simulation ] ET-Simulation ] Harmonics ] Optirmization ] State Estimatur] Reliability ] Dezcnption

Basic Dats LosdFlow | WDE/IEC ShotCicut | Full ShomCicut | ANSI Short-Circuit
Marme THF1
Technology J Three Phaze Transfarmer _:j
Fated Power (20 Mua
Morminal Frequency lfﬂi Hz
- Ratedoltage ~Wector Group -
Hy-Gide M0 kv Hy-Gide YN
Li-Side M2 k¢ L-Side YN
- Pozitive Sequence Impedance - _ﬁ Rhos it g e
Shart-Circuit Woltage uk, W 7 Marne Yurll
Ratio %R 151
-Zern Sequ. Impedance, Short-Circuit Woltage
Abzolute k0 3 i
Resistive Part ukrd .z

Figure B.3: Transformer modelling

Common Impedance - Grid\Line1.ElmZpu

B
|

Cancel

Full ShortCireuit | &MSI ShortCirewit | RMS-Simulation | EMTSimulation | Hamonics |

Dptimization
Bazic Data

1 State E stimatar |
Load Flow

¥ Use equal Impedances [zi| = zji)

i~ Pozitive-Sequence Impedance i

Real Part

Imaginary Part

0000000714 pou

000000014 pou. magiriary

—Zero-Sequence Impedance 14| -

Feal Part

Imaginary Part

0. P,
0. P,

v UszeImpedance 22 = 21

Relisbiity |

Dezcription
VDEAEC Short-Circuit

Figure B.4: Line modelling
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General Load - Grid\L.oad1.ElmLod

Full Short-Circuit | ANSI Shart-Circuit | RMS-Simulation | EMT-Simulation | Hamorics | -—DK
Optimization l State Estimator ] Reliability ] Dezcription ]
Basic Data Load Flow l WDEAEC Short-Circuit 1 Earial ]

Input Made | 5. casiphi] -l 0 ]
B alanced/nbalanced j Balanced _vJ iJ L]
i~ Operating Point “Actual Walues

Apparent Power [2— PAvis 2. M, dump to ...

Pawer Factar 0.5 lind. | 0.4939933

Woltage |17 pLLL

Scaling Factor l'li 1.

[ Adjusted by Feeder Load Scaling Zone Scaling Factor: 1.

Figure B.5: Load modelling

The load modelling in Figure B.5 can be for linear loads or non-linear loads. The voltage
dependence P and Q for both linear and non linear load is 2. The only difference is the full

short circuit, which must be impedance for a linear load and a current source for a non-linear
load.

Harmonic Sources - LibrarylHarmonic Sources2. TypHmeccur
M arme H armotic Sources?
i~ Balanced/Unbalanced Sources — Faceal
f* Balanced

" Unbalanced

Harrmanics:
|kl 1 phi_h-phi_1
_ % deg
Pfn=5 110.51 -
ffn=7 11.9999 a2.08

Figure B.6: Non-linear load spectrum

To be able to compare the DIgSILENT and SuperHarm results the voltage dependence P
and Q for capacitor must be 2.
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General Load - Grid\CAP. ElmlLod

Reliability ] Dezcriphion ]

1 WDE/IEC Short-Circuit ]

Operating Point-

Apparent Power  [2.85577  MA 2. B5R77 My,
Paweer Factor 1EI. ] cap. :J 0,

Yoltage ]17 pLLL

Scaling Factor ]17 2k

I Adjusted by Feeder Load Scaling Zone Scaling Factor: 1.

O ptimization ] State E ztimatar ]
Full Short Circuit | AMSI Shart Circuit | RMS-Simulation | EMT-Simulation | Harmonics |
Baszic Data Load Flaw
Input Mode T - |
Balanced/lUnbalanced 1 Balanced l.'

Actual Values

Figure B.7: Capacitor modelling

ShuntfFilter - Grid\Shunt/Filter. ElmShnt

|~
s

FliEE

(]
Cancel
Figure »»

Jumnpto .

Fit5-Simulation ] Er T-Simulation ] Harmonics ] Optimization ] State E stimator ] Fi eliability ] Description ]

Basic Data LoadFlow | WDE/EC ShortCicuit | Full ShotCicut | ANS| Short-Circuit
Name  [EIEREIEN
Terminal W)= | GrdWBus2%Cub_8 Bus2
[ Out of Service
Syztem Type ac ow Technology ABC- -
Hominal Voltage 12, ki
Shunt Type R-L-C = I:IRB -L |B|—
Input Mode Lapout Parameter = _J
i~ Controller
Max. Mo, of Stepz 11 Max. Rated Reactive Power 2991163 Muwar
At Mo, of Step 1 : Actual Reactive Power 2991163 Muwar
- Design Parameter [per Ste ~— ~ Layout Parameter [per Ste -
g lp pl > iy I pl »|
ted Heactve Power, | Capacitance B3126 uF
72661
- Terminal to Ground Capacitance (per Step]- Bt i
Resistance 010723 Ohm

]D. nS

Suzceptance to Ground

Figure B.8: Shunt/Filter modelling
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Appendix B.2: SuperHarm notepad file

TITLE TITLE1="40 kV End-User network"

TiTle2="PF Capacitor banks at Bus 2"

Title3="Harmonic Penetration"

!

!

ICase: Harmonic Penetration case, single-phase representation

! of a three-phase network

VSOURCE NAME=VSC BUS=BUS1 MAG=23094
!

ITransformer at SOURCE

!

TRANSFORMER NAME=TRF1 MVA=20
H.1=BUS1 X.1=BUS2

kV.H=40.0 kV.X=12.0

%R.HX=1.0 %X.HX=15.1

%Imag=0 XRCONSTANT=NO
!

112kV distribution line

INote: Line capacitance is not included due to short length
|

BRANCH NAME=IINE1 FROM=BUS2 TO=BUS3 R=0.000001 x=0.000001

| Transformer at entrance to Consumer 1
|

TRANSFORMER NAME=TRF2 MVA=5
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H.1=BUS3 X.1=BUS4

kV.H=12.0 kV.X=6.0

%R.HX=0.9885 %X.HX=12.0

%lmag=0 XRCONSTANT=NO

!

ILinear load=100% Three-phase motor load

!

LINEARLOAD NAME=LOAD1 FROM=BUS4 KVA=2000.0 KV=6.0 DF=0.5
%Parallel=0.0 %Series=100

!

I Three-phase harmonic source 1

!

12.1 mVA Drive, 6Pulse, 6.0 kV

!

NONLINEARLOAD NAME=DRIVE1 BUS=BUS4 KVA=2100.0 KV=6.0 DF=0.8

TABLE=

{

{1, 202.0726, 0}.,//

{5, 36.3706, 110.51},

{7, 24.2487, 82.08}//

}

!
BRANCH NAME=IINE2 FROM=BUS2 TO=BUS5 R=0.000001 x=0.000001

[Transformer at entrance to Consumer 2

!

TRANSFORMER NAME=TRF3 MVA=2

H.1=BUS5  X.1=BUS6

kV.H=12.0 kV.X=0.4

%R.HX=0.9861 %X.HX=7.0

%lmag=0 XRCONSTANT=NO

!

ILinear load=100% Three-phase motor load

!

LINEARLOAD NAME=LOAD2 FROM=BUS6 KVA=1000.0 KV=0.4 DF=0.8
%Parallel=0.0 %Series=100
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!

ILinear load=100% Three-phase motor load

!

LINEARLOAD NAME=LOAD3 FROM=BUS6 KVA=250.0 KV=0.4 DF=0.9
%Parallel=0.0 %Series=100

!

IThree-phase harmonic source 2

!

10.25 mVA Drive, 6Pulse, 0.4 kV

!

NONLINEARLOAD NAME=DRIVE2 BUS=BUS6 KVA=250.0 KV=0.4 DF=0.8

TABLE=

{

{1, 360.8439, 0},//

{5, 64.9516, 110.51},

{7, 43.3011, 82.08}//

RETAIN VOLTAGEs=yes
RETAIN CURRENTS=yes

IEnd of Input File
!
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Appendix B.3: DIgSILENT versus SuperHarm

Table B.1: Comparison of voltage and angle in DIgSILENT and SuperHarm

Bus name Harmonic DIgSILENT SuperHarm
order
Voltage Voltage
maghnitude Angle (°) maghnitude Angle (°)
V) V)
1 6866.28 -1.46618 6866.27 -1.46616
Bus 2 5t 196.30 171.23776 196.29 171.23300
7" 3142.37 -88.76508 3142.57 -88.77070
1 3182.65 -4.56879 3182.69 -4.56991
Bus 4 5t 229.92 171.61763 229.91 171.61400
7" 1379.88 -86.33190 1379.97 -86.33770
1 220.75 -3.60200 220.75 -3.60193
Bus 6 5t 7.72 171.30314 7.72 171.29900
7" 96.60 -89.18595 96.60 -89.19170
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Table B.2: Comparison of current and angle in DIgSILENT and SuperHarm

Load Harmonic
hame order DIgSILENT SuperHarm
Magnitude Magnitude
Angle (°) Angle (°)
(A) (A)

1 176.81390 -64.56879 176.81600 -64.56990

Load 1 5t 2.93039 88.20440 2.93027 88.20070
7" 12.60283 | -171.61689 12.60360 | -171.62300

1 1379.67048 -40.47190 | 1379.67000 -40.47180

Load 2 5t 15.53603 96.23455 15.53540 96.23060
7" 140.39260 | -168.40165 140.40200 | -168.40700

1 34491762 -29.44394 344.91700 -29.44390

Load 3 5t 5.11424 103.74123 5.11403 103.73700
7" 4717175 | -162.75184 4717480 | -162.75800

TRE 1 171.66201 163.72280 171.66200 163.72100

(BUS2) 5t 36.10854 81.99659 36.10700 81.99200
7" 412.88542 | -178.22306 412.91200 | -178.22900

1 185.65457 -41.43868 185.65700 -41.43980

Drive 1 50 33.41764 -96.68340 33.41600 -96.68900

7" 22.27836 152.00923 22.27880 152.00100

1 34491762 -40.47189 344.91700 -40.47180

Drive 2 50 62.08483 -91.84944 62.08480 -91.84910
7" 41.38977 158.77679 41.38990 158.77700
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Appendix B.4: Filter design

For example: A 12 kV capacitor bank of 2.85577Mvars is to be used in the design of passive
shunt filter tuned to 4.7.

The Q is the filter’s quality factor, 30<Q<100 (Wakileh, 2001:116)

Step 1: Q¢ = 2.85577 Mvars
122

Step 2: X, =—————=50.4242Q
2.85577
Step 3: X, = 504472242 =2.28270Q

Step4: X, = \/50.4242x2.2827 =10.7286Q

Assuming Q= 100, R= 10.7286 =0.10729Q
Step 5: If f; = 50 Hz L= 2.2827 =7.2661 mH
21 x50

C- 1
2nx50x50.4242

Therefore, R=0.10729Q, L = 7.2661mH, C = 63.126 uF
Subject to: Q=100

= 63.126uF

134



