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Abstract

The differential protection technique is very popular for protecting power transformers of
various ratings and configurations and is based on the differences between the primary
side and secondary side currents. The difference currents contain information when
adequately processed and provide a clear picture about the transformer operating

conditions. Among several appi ped to process di ial currents,

harmonic analysis is widely employed for several utilities, industrial, commercial and

residential applications.

The extraction of certain harmonic present in the di ial currents can be

critical in distinguishing between the izing inrush current and any internal fault

current. The discrete Fourier transform can be the preferred choice in the analysis that

leads to an impi in the ion of power The impl ion of a

digital filtering approach is usually accomplished using microprocessor platforms, which

offer accuracy, speed, reliability and simplicity for ion of distribution

This thesis implements, for the first time, harmonic analysis of differential currents for

of power in a mi The analysis is based on a discrete

Fourier transform and is realized using a c-code for testing the 3-phase laboratory

Per of the mi digital relay show simple

implementation, reliability, speed and accuracy for distribution type transformers.
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Chapter 1

Introduction

1.1 General

Digital protection has been an area of interest for the last three decades. In the early
1970°s the use of the computer was proposed for the protection of power systems.

Efforts are being made to increase the reliability, speed, economics and flexibility and to

reduce the size of the ion system. of the mi like
microcontroller, made it possible to achieve the objectives of the proposed protection of

a power distribution transformer.

The protection of the power transformer poses a challenge to protection engineers, such

as protection from magnetizing inrushes in power transformers made up of iron

during Itag itation. Simple and ordinary electro-mechanical
relays have failed to adequately fulfill these versatile requirements. These requirements

include protection that identifies izing inrush current, saturation and over-

excitation. Magnetizing inrush occurs at the instance of switching on the power
transformer, whereas over excitation is due to voltage surges at input or saturation of the

iron laminated core of the power Di ial current ion is the most

popular techni for the ion of the In the ideal case, these

differential currents are linear. However, the residual flux density and saturation of iron

lamination make the inrush current i and i i The

protection technique is used for digital protection of the power transformer. It requires



the sampling of the input current data and evaluation according to the algorithm used.
These input sample data are digitally filtered by the algorithm in the processor and

declares the fault or no fault like inrush.

1.2 Summary of Short Literature Review

The power transformer is one of the most essential components of a power system.
Power transformers are broadly classified as: (1) Generating transformer, (2)
Transmission transformer, (3) Distribution transformer, in terms of power and voltage
ratings. The generating transformer is connected to the generator directly and usually
located just outside the generating building. The generator and the generating

transformer are called the unit The i is a step up

power transformer having ratings of 13.8 kV/ 132KV (Line to Line), etc. Transmission

are located in These are step up transformers

having standard voltage ratings of 138kV/230kV/345kV/500kV/735kV. At the load

center (substation) the issi are step down types having standard

voltage ratings 132kV/66kV/33kV. The distribution transformers are typically low
voltage types having standard voltage ratings of 33kV/12.47kV/4.16kV/575V/208V (L-
L) and 110V (L-N).This thesis deals with the protection of distribution power

transformers.

There are two types of major over current abnormalities in power transformers. The first
one i the fault currents and the other one is magnetizing inrush currents. The objectives
of all types of distribution transformer protection include the art and science of

protecting against the faults in the transformer itself and against high magnetizing inrush



currents during the initial switching. The art of ion also lies on the i
decision to trip a circuit breaker against any fault, while restraining the trip of the circuit
breaker during the inrush conditions. The discriminating features involve isolating the
fault current but allowing the inrush currents for the first six cycles or hundred

milliseconds of the sixty hertz (60Hz) power system as per IEEE standard.

Many analog and digital circuits are employed for ion of power

There exist numerous papers and methods in the literature for power transformer
protection. The earlier art of power transformer protection is mechanical or analog types
over the years until the 1980s [1-18]. Systematic researches are being carried out at the
Memorial University’s Power Research Laboratory for developing and improving the
digital protection of power transformer, as a part of worldwide research and

of techniques for ing the power [19-64]. A brief review

of the literature would highlight the contribution of the researches to achieve these goals.
In 1979, MUN undergraduate student, Eric Downton had successfully implemented the
weighted least square algorithms for discriminating between inrush and fault currents in
power transformers [22]. Gangopandhy, a MUN graduate student, did complete digital
computer based simulation of the magnetizing inrush and fault currents in 1980 [30].

Rahman, Dash, Phadke, Jeyasurya and Yalla contributed significantly towards digital

of power by employing various i and methods for

performing harmonic analyses [16, 22, 24, 30, 33, 38, and 40].

Ivi Harmanto, another MUN graduate student, was the first to use the microprocessor
based protection of a power transformer in the late 1980s [21, 23 and 37]. In recent

years, intelligent high speed digital relays have been introduced; employing artificial



neural networks, fuzzy logics and wavelet techniques based protection of power

These newer intelli hni were i igated by many other MUN

graduate students like Zaman, Hoque, Darwash, So and Saleh on different aspects for

using computer relaying of power systems [47-50, 62]. The uses of microcontrollers are

not well hed for distribution type power fc . The mi ller based

digital relay is now considered as cheap and inexpensive for stand-alone p ion of
single and three phase power distribution transformers. These cost effective
microcontroller relays are connected in parallel with the standard HRC (high

interrupting capacity) English Electric fuses.

1.3 Pertinent and Brief Literature Review on Digital Protection

Earlier protection schemes of power ion are both el hanical

and analog electronic types. Since the 1960s research has moved towards computer

relaying. The computer relaying in power ion has been ing in

step with advances in high speed computing since the 1970s. The digital algorithms for
power transformer protection have been the focus of the research in computer relaying.
Rockfeller introduced a detailed digital scheme for fault protection in the joint Pacific
Gas & Electric (PG&E) and Westinghouse sub-station project [9]. Digital relays for
transformer protection are based on a harmonic restraint percentage differential current
principle. The harmonic analysis is carried out for digital processing of the differential
current samples. The primary design objective is to find a fast and accurate algorithm to
quickly calculate the fundamental, second and higher, (particularly the fifth) harmonic
components from the current samples. Sykes and Morrison attempted to extract the

fundamental (1*) and second harmonic (2") components of differential current samples



using two recursive filters [14]. The ratio of 2"/1* harmonics has been obtained to
distinguish between the magnetizing inrush and fault currents of a power transformer
using digital filters [12, 14]. Malik proposed the cross-correlation algorithm which
involves computation of odd and even functions of any harmonics from the differential
current samples [16]. The ratio of 2"/1°" harmonics has been used as a threshold value to
declare the inrush condition, if it is more than 17%. Schweitzer used the finite impulse
response (FIR) filter to estimate the harmonic components of the differential current of a
power transformer protection to declare the fault, if the ratio of 2"/1% harmonic
magnitudes is less than 17% [17]. Degens used the least square curve-fitting technique
to find the ratio of 2"/1% harmonic components for restraining an inrush trip in a power
transformer [20]. Rahman extended it to include the weighted least square algorithm for
better restraint of the inrush trip in an over-excited power distribution transformer [22].
Ramamoorty introduced the Fourier transform technique to extract the harmonic
components of current from one cycle of inrush or fault current samples [11]. In these
earlier digital protections of power transformers up to 16 current samples per cycle were

used for simulations and field tests.

The rectangular transform algorithm involving computation of Fourier sine and cosine
coefficients has been used by Rahman and Dash for fast but reliable protection of power
transformers [24]. The response of the algorithm was reasonably fast because the
calculation of the harmonic coefficients up to the 5" requires only a few additions and
subtractions. It was both simulated and experimentally tested using an Intel 8085
microprocessor. These protection schemes for power transformers were implemented

using 12 current samples per cycle [24]. Thorp and Phadke utilized a discrete Fourier



transform (DFT) algorithm for mi based ion of power

using also 12 current samples per cycle [23].

Many other digital algorithms have been used for power transformer protection. These
include the Kalman filtering technique [33, 38], spectral observer technique [31], Walsh

functions [29], Haar function [27], artificial neural networks [51], wavelet packet

transforms [S5, 57], wavelet filter banks [58], a multi signal d

technique [53] and electromagnetic transient models [44], etc.

In both simulation and experimental testing of modern digital protection of power
transformers following the IEEE standard of six cycles of the 60 Hz in North America.
The 16 current samples per cycle which cover 100 ms for 6 cycles, are used because of

the availability of high speed and large memory capabilities of modern computers.

A comparative analysis on various algorithms for differential protection of three phase
power transformers has been made by Habib and Martin [32]. Performance indices have
been calculated on the basis of computing time and sampling frequency using 16
samples per cycle. Rahman and Jeyasurya have systematically carried out another
comparative study of six algorithms, namely discrete Fourier transform, rectangular
transform, Walsh functions, Haar functions, finite impulse response and least square

curve fitting techniques for the digital fon of power using the same

mainframe computer. The common sampling frequency was 960 Hz and 16 current
samples per cycle were used. It has been established in both independent studies that the

Discrete Fourier transform is the most efficient algorithm in terms of speed, accuracy



and reliability for the harmonic restraint differential protection of power transformers. A

brief analysis of the popular DFT technique is presented in the next section.
1.3.1 Digital Algorithms for Power Transformer Protection

For power transformer protection, there exist many digital relay algorithms. Some of the
algorithms are discussed in the above paragraph. Most of these are based on the
harmonic restraint. Generally these are similar to cach other. But the only difference is
the method of calculating the harmonic components. It has been found that among these
algorithms the discrete Fourier transform (DFT) is the best one in terms of speed,
accuracy, memory requirements and reliability [11, 32 and 33]. A brief description of

this technique is discussed in the section below.
1.3.2 Discrete Fourier Transform (DFT)

Ramamoorthy was the first researcher who proposed that the fundamental component of
a current wave can be extracted form the fault transient by correlating the stored samples
of sine and cosine waves [11]. Fourier series were used to develop this theory. Fourier
series theory states that any periodic function f(t) having a finite number of

discontinuities in the interval of (0,T) can be modeled in the interval as:

(L)

£©) = 2+ Ty (Cecos(kwt) + Sy sin(kat))...

where

a3 Jy (Bt



Sc=2 [} F(Osin(kot)dt

C= 2 ) FOCOS KOO e (12)
g is the dc component or average value and Sy and Cy are the sine and cosine functions
of the Fourier coefficients, respectively. If the wave is sampled at equal time intervals
and time space AT then there is a total of N/AT samples per cycle, the Sy and Cy can be

represented as:

Si= 2302 x(n) sin (5)

N

Ci= 23023 x(m) cos(R™).

where x(n) is the sampled waveform at the nth instant.

A matrix presentation of the above equations is as follows:

where S, C are the vectors containing sine and cosine components of the sampled
waveforms, respectively. Cs and C. are system matrices containing sine anq cosine
coefficients, respectively. X is the vector containing the sampled waveform to be
analyzed. The dimension of the system matrices C; and C¢are NxN whereas vectors C, S
and X are of the length N. For the protection of the power transformer a data window of
16 sample per cycles (N=16) is selected to get the all the required harmonies [37]. The

cosine (C) and sine (Cy) system matrices are as following:



2xmxaxy axmxaxt 2xmx16x1
cos | ——— cos cos
1
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1 (1.7)
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COR | ==
16
- axmxaxy axmxaxt 2xmx16x1
Slﬂ(—) Sll’l( ) . Sln( )
16
sin (2xnx‘lx2) (2xnx16x2)
w ) ST e ST (1.8)

L (axmxixie) . (2xmx2x1s . anxlsxlﬁ
sin(——) sin(=F—) . sin

From the system matrices C and Ce, the amplitude of the nth harmonic can be computed

as: Fe=y/(SZ+CD)... . (19)

where Fy is the kth harmonic Fourier coefficient and k =1, 2, 3,.

1.3.3 Application of Discrete Fourier Transform (DFT) in Power

Distribution Transformer Protection

The DFT coefficients are of frequency selective filters and these coefficients are used to
extract the frequency components from time domain signals. In the power distribution
transformer protection, three such filters are used to extract the fundamental, second and
fifth harmonic components. From the equation (1.9), these harmonics can be calculated.

These are Fy, F; and Fs respectively.

In the case of magnetizing inrush current the ratio of Fo/F) is greater than 17.7% and it is
less than 17.7% for internal faults. For the magnetizing inrush current the magnitude is
quite high for the first few cycles but the ratio F/Fjremains higher than the threshold
level of 17.7% and thus the protection relay would restrain from operation for

magnetizing inrush conditions. For the internal faults the ratio Fo/F, is less than the



threshold level of 17.7% and thus operates the protection relay. In the over excitation
and saturation cases the ratio Fo/F, may fall below the threshold level of 17.7% and
there exists no fault, then the ratio Fs/F) is calculated and its threshold value is 6.5%. If
the ratio is above than this level, then there is no fault condition and a restraint signal is

given to the relay for not tripping.

1.4 Purpose of This Thesis

There are several techniques for realizing the mi based digital ion of
the power transformer. Each technique has offered some operational advantages like

speed, accuracy, reliability and size. The of some di ial p

techniques were investigated off-line while others were experimentally verified. Despite
testing different transformers, which caused some performance variations, performance

between various p i i are reported in the literature.

The purpose of this thesis is to realize the mi ller based digital

system for a laboratory power transformer to achieve reliable, accurate, flexible and cost
effective protection which is compact in size. The developed digital protective relay is
based on harmonic analysis, which is realized employing the discrete Fourier transform
(DFT). These current signals are passed through an anti-aliasing filter before being
digitized by the analog to digital converters (ADC) on the input side of the
microprocessor. The developed DFT-based harmonic analysis is designed to extract the
1%, 2", and 5™ harmonics, present in the differential currents. The distinction between
fault and magnetizing inrush currents is set based on the ratios of 2™ to 1* harmonics, as

well as the 5 to 1% ones.
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The hardware part consists of a current to voltage isolator as scaling circuits to acquire
the current signal from current transformers on the primary and secondary sides of the
tested power transformer in the MUN power research laboratory. Anti-aliasing filters are

used to eliminate the unwanted signals. Certain threshold levels are predefined

to the These levels are defined in the software. These
parameters are verified according to the speed of the processor. All analog to digital
conversions take place in the controller board. The Discrete Fourier Transform (DFT) is

used in this protection system.
1.5 Outline of the thesis
Chapter 1: It states the problem.

Chapter 2: It provides the non-linear behaviour of a power transformer through

the izing inrush along with the izi ion of

the core and current transformer. It also discusses over excitation in power transformers.

Chapter 3: It provides the details of hardware implementation. It includes scaling circuit

analog filter microcontroller, electronic control circuit and electronic switch.

Chapter 4: It gives the details of software execution for fault and no fault conditions

(inrush) by using harmonics ratios.

Chapter 5: Harmonics ratios are analyzed and tested for the no fault (inrush) and fault
conditions. It provides the real time testing of software and hardware designs. These

results are evaluated in MATLAB environment.

Chapter 6: It summarizes the conclusions and suggests future works.



Chapter 2

Power Transformer Protection Principles

Among the different protection techniques the differential protection method is the

most popular one. In the following sections this method is discussed.
2.1 Differential Protection Technique

The differential protection technique is based on extraction of information from
differential currents, which are determined as the differences between the primary and
secondary currents. In normal conditions the differential currents must have very small

values. Figure 2.1 shows the schematic diagram for a basic biased differential circuit,

where the net current flowing in the differential circuit is used for protection purposes.

The net current flow in the operating relay would operate the relay. Due to current

or izing inrush current, the unbiased protective system

may operate and thus cause the unnecessary tripping of the system. Therefore the

restraining coil is energised in the protection circuit to overcome this problem.
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Figure 2.1: Biased Transformer Differential Protection [61]
2.2 Tripping Characteristics of Differential Relay

The tripping actions of a di ial relay are ined based on the

current Iy.
I=lely @1

This current represents the difference between the primary current I and secondary

current Iy. The current I can also have a value due to:
1. Current transformers mismatch on primary and secondary side.
2. Saturation in the core of the main transformer or the current transformer.

3. Transient disturbances such as magnetizing inrush or fault currents, open

supply and over-excitation.

In general, diff i ion is used for ing various in power

systems. This differential protection provides, with high selectivity of the protection



differential relay, from internal fault and shunt faults. This protection principle is used

for the protection of generators, motors, power transformers and transmission lines.

For power transformers, we have to arrange special protection techniques, due to non
linear characteristics of the transformer. That is the reason, the ratios of the 2" and 5"

to the of the di ial current are applied for

restraining purposes [5]. Figure 2.2 shows the restraining and tripping area of the

differential current with respect to the bias current [61].

I

i Tripping I
B | Area I
s /

200—— o Restraining

Area

Bias Current [°5]
Figure 2.2: Differential Relay Tripping Characteristics [61]
2.3 Magnetizing Inrush Current

An internal fault causes significant current to operate the differential relay. But in the

same time, izing inrush, ion of current and over excitation of

current transformer may also energize the trip coil of the differential relay.



The response of the inrush current depends upon the switching angle of the input
voltage. Figure 2.3 shows the sample example of decreasing amplitude of the inrush
current with time when switching angle of the input voltage is zero.The other
responses, with the different switching angles of the input voltage are shown in the
appendix B. This single phase simulation result of inrush current is obtained using
Matlab. The residual flux in the lamination core ofa 3- phase transformeris not

considered.

Switching Angle (Lamda)= 0°and Saturating Angle (Theta)= 0 radian

200 T T 10.2
A Q Inrush
2 5
2 o0 Y | o ©
i ! , * F
£ \ el ‘ I 1V “ =
| |
200 02
0 002 004 006 008 01 012 014 016 018
Angle(radian)

Figure 2.3: Input Voltage and Inrush Current when Switching Angle = 0°

When the transformer is switched ON, the steady state flux enters in the core of
transformer. Here the secondary of the transformer is open. The flux is quadrature with

the input voltage, neglecting the resistance of the windings. The flux in the core has




the same shape but may have different in amplitude and phase shift. The starting point
of the steady flux is also dependent on residual flux, Figure 2.4. Total flux at any
instant would be the sum of steady state flux and residual flux. Transient flux at any
instant is equal to the magnitude of residual flux. It is analogous to the dc transient
component of asymmetrical faults currents. Inrush would be zero at point Y, as the
instantaneous flux is the same as the residual flux. Magnetizing inrush current occurs
when the polarity and magnitude of the residual flux do not agree with the polarity and

of the i flux [5]. The amplitude of the inrush varies depending

upon the switching angle and the residual flux. In the figure 2.4, the switch is closed at
0. The residual flux is in the positive direction. At point X the steady state flux is zero

and at point Y the steady state flux is equal to the residual flux.
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Figure 2.4: Voltage, flux and current during the magnetizing inrush current.

The transformer is energised at 0 degree of switching. If the transformer is energised at

point Y, there would not be any inrush as the residual flux is equal to the steady state



flux. There would not be any transient flux at this point. If the transformer is energized
at the 180° position, then the transient flux would be produced in the opposite
direction [5]. The amount of the residual flux is determined by the hysteresis curve of
the transformer. The excitation curve of figure 2.5 can be used to establish the inrush
curve. Assume that sections OS and SP are straight lines. By extending the points on
instantaneous flux at 90° degree, we get the point I and flux. Similarly extending other

points we get the entire curve for inrush current.
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Figure 2.5: Derivation of magnetizing inrush current from the excitation characteristic [5]

If the residual flux is equal to the saturation density, the inrush current would be a sine
wave while offsetting the negative cycle. Here the fault current cannot be distinguished
from the inrush current. But practically the residual flux is always less than the

saturation density. This inrush wave form is different from the fault current waveform.



In the figure 2.5 residual fluxes are taken to be 40% of the rated flux. In the modern

steel core transformer the residual flux is 90% of the maximum rated flux.
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Figure 2.6: Effect of residual flux on inrush current, at saturation density [5]

The damping effect due to the resistance of the source and winding of the transformer
would reduce the excitation voltage and thus reduce the inrush current. This damping
effect is taken as a safety factor against the false tripping of differential relays. This is
shown in figure 2.7. In modern steel the saturation density is fixed to 140% rated peak
flux. The width of the inrush has reduced to 330° as compared to the figure 2.5 due to
the damping effect. The harmonic contents of the inrush shown in the figure 2.6 are as

follows [3]:

Fundamental=100%

Second Harmonic= 17.1%



Third harmonic= 7.4%

The minimum possible second harmonic component is 16 to 17% of the fundamental.
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Figure 2.7: Effect of residual flux on inrush current, at 90% saturation density

Inrush current is licated in the three-ph: It can be in more than

one phase. These phases can also be affected by the connections and magnetic
coupling between the phases. The maximum amount of residual flux in each phase

would be 90% of the rated flux.

The magnetizing inrush current is significantly dependent upon the residual flux in the
core. As shown in figure 2.8 the transformer with the magnetic material, with a sharp
knee point, has a flat magnetizing curve above the knee point. Two different types of

the core materials are being used. The grain oriented electrical steel, (the newer type),



has a greater portion of the residual magnetization as compared to the non-oriented
electrical steel (older type). The gap of maximum residual flux is along the y-intercept

between the 1.4 Wb/m? and 1.8 Wb/m’”.

Newer type: grain oriented electrical steel

Older type: non-oriented electrical steel

Inducton (Whin')

Exciting RMS (A/m)

Figure 2.8: Magnetizing Curve for Steel Core Transformers [13]
2.4 Over —excitation

A common transformer with the standard iron lamination core is operated in the range
of 1.4 Wh/m® to 1.8 Wb/m®. When this flux goes beyond this limit then the transformer
is in an overexcited state and can cause transformer winding damage in a few seconds.
This over excitation may be due to high input voltage, low frequency, clearance of the

fault. Only the fuse can protect this type of fault. Under specification of the fuse may

cause this fault. The third and fifth ics may distinguish the itation and
fault or load current. The third harmonic can be filtered out by the three phase current

transformer with delta connection on Y-side. The 5" harmonic restraint is applied to



prevent the tripping from normal over excitation. 12 to 16 samples per cycle are

required for good measurement of the 5™ harmonic.
2.5 Current Transformer Saturation

Current transformers are used to take the sample current for the differential relays.
These transformers can be saturated when excessive current is conducted through
them. This saturation occurs due to slow decaying dc components of internal and
external faults. The dc component arises due to inductive behaviour of the coil of the
current transformer. Percentage biasing of the differential relay is applied to overcome

this problem [3].
2.6 Three Phase Transformer Protection

Three phase differential protection is more difficult than the single phase transformer
protection technique. Here, three phases are to be considered on both sides of the

transformer.
2.6.1 Current Transformers (CTs)

These are the sensing part of the test equipment. It takes the current from each phase
for data analysis. Three CTs are used at the primary side and three are used on the
secondary side of the transformer. In order to block the zero sequence current on
external ground fault and to compensate for the 30 degree phase shift by Y/A
connection of the main transformer, the three transformers on the delta (A) side of the
main transformer are connected in Y and Y side if the main transformer is connected

in delta (A).



Figure 2.9 shows when an external ground fault exists. If CTs are connected in delta
there would not be any zero sequence current and if these are in Y-configuration, it
would trip the relay. The current in delta (A) connected CTs would have current (1/V 3)
times the Y connected CTs. These CTs have to match the rated current of the
transformer (as these current of the main transformer inverse ratio of current as
comparing primary and secondary). If the transformer has tap changing then the

differential protection system must fulfill the requirements.

Circuit Current Current Circuit
Breaker  Transformer JaChces Ehase B om e Transformer  Breaker
[ Distribution Transformer [

l e s 2 ‘ |

"t
Trip Coil

Trip
Coil

Relay

Manual Switch

Figure 2.9  Differential Protection Scheme for Three Phase Power Transformer [4].

In this the power transformer is delta-star connected. On delta side the CTs are
connected in star and on the star side the CTs are connected in delta as shown in the
figure 2.9. Under normal working conditions the circulating currents caused by the

primary and secondary load current in the relay circuit will balance; but under fault



conditions the balance will no longer be there and the relay will be energized to trip the

circuit breakers on the primary and secondary side.

2.6.2 Harmonic Restraints for Differential Protection

Magnetic Inrush current appears as an internal fault current and it needs to be
addressed. Normal biasing in the differential protection is ineffective. Harmonic
restraint is required to prevent misoperation of relays. In the start, as shown in figure
2.10, harmonic restraint rectifies the inrush current and adds these in percentage
restraint, through inductor- capacitor filtering. This is a single-phase protection system

but it can be extended to a three-phase system. This relay is adjusted until the second

harmonic crosses the certain d limit. O t ion is also provided
as in the fault current, direct current offset and harmonics and fault current itself for

safety purposes [7]. Power Distribution
Transformer

T hrough bias

oF-coil

Figure 2.10: Basic circuit for harmonic restraint relay [7]



In figure 2.11, a separate blocking relay whose contacts are in series with differential
relay, so that blocking relay would operate if the second harmonic is below the

predefined limit [12].

Relay Circuit

Harmonic pass Fundamental pass

Transacty

Figure 2.11: Basic circuit for harmonic blocking relay [12]

In conclusion, the basic clements ~ of a modern power transformer relay are provided
in this chapter. Here the inductor and capacitor are included to provide the restraint for
the relay. In the next chapters, the harmonic ratios are used for the filtering of these
harmonics from the faults. The discrete Fourier transform is used as an algorithm for

the filtering.



Chapter 3

Hardware Design of Microcontroller—based

Protection of Three Phase Power Transformer

3.1 Introduction

Design of a hardware system is important for the power transformer protection. The

hanical and el i for the

design process involves both the elects

of a power trans! . In chapter 2 the principle of protection
against the inrush currents and the faults is explained. Figure 3.1 shows the electrical
schematics of the laboratory SkVA, 3-phase power transformer with tap changing
provisions. The system block diagram is shown in figure 3.2. Holding circuit,
multiplexing circuit, multiplexer and processor are included in the programmable

controller card. The pertinent details are given in the following sections.
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Figure 3.1: Experimental Set Up
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Figure 3.2: System Block Diagram



Three Phase 5kVA 230/550-575-600 V Power Distribution
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Figure 3.3: Experimental Set Up for Internal Faults Tests.

Itis noted that Sy= Primary-side-Phase to ground switch 1, Spg= Primary-side-Phase to
ground switch 2, Sye3= Primary-side-Phase to ground switch 3,5p51= Primary-side-Phase
to phase switch 1, Syp;= Primary-side-Phase to phase switch 2, Spy3= Primary-side-Phase
to phase switch 3, S,:= Secondary -Phase to ground switch 1, Si= Secondary -Phase to
ground switch 2, Sy3= Secondary -Phase to ground switch 3, Sy1= Secondary -Phase to
phase switch 1, Sy;= Secondary -Phase to phase switch 2 and Sq3= Secondary -Phase to

phase switch 3.




3.2 Laboratory 3-phase Power Transformer

The laboratory power transformer is provided by Siemens, Canada. It has the following

specifications:

Power = SkVA

Input Voltage = 230V

Output Voltages = 550V, 575V, 600V. 3 taps on the output side.
Input windings = Delta connected

Output windings = Y connected

Phase = 3 Phase

Type of cooling = Air cooling

3.3 Current Transformers

A total of six current transformers (CTs) are used to sense input and output currents. One
CT is connected in each phase for the primary and secondary sides, respectively. To
overcome the zero sequence current, the primary side three current transformers are
connected in a Wye configuration, whereas the secondary side of the laboratory test

transformer, the three current are d in a Delta ion. The

shunt resistances at the output of the current transformers are included at both sides of the
laboratory transformer. The values of the shunt resistances are 0.3 Q for all current

transformers, CTs.
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The rating of the current transformer is as follows:
Input =120 A

Output=5 A

Cooling = Air Cooled

Shunt resistance = 0.3 Q

3.4 Relay Control Circuit

The solid state relay is controlled through with the Darlington pair. Two NPN transistors
are connected together to get the high current gain. The circuit diagram is shown in figure
3.4. Output is given to each solid state relay. So, three control circuits are utilized for the
three phase power laboratory transformer protection system. Input for the control circuit

is taken from the processor.
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Figure 3.4: Relay Control Circuit

Design Parameters:

Darlington Pair of two NPN transistors

Model =2N2222A

Turn On Time = 35ns

Turn Off Time = 285 ns

Ve = Collector Voltage = 5 V (DC)

Ry, = Base resistance = 1 KQ

R¢= Collector resistance = 202



I =Veo/Re= 250mA.
Iy = Vin/Ry=5/1000= SmA

For

Vin =0V, Vou =5V or High

Vin =2-10V de, Vou = 0V or Low

3.5 Solid State Relay

Crydom solid state relay is used for the switching. Its specifications are:
Model No. D2425

Input Voltage = 3-32V (DC)

Output Voltage-y =240 V (AC)

Output Current-yia, = 25A

The equivalent circuit of the solid state relay is shown in figure 3.5. Two SCRs are
coupled together. Gates are triggered from the opto-coupler. Three relays are used, one
for each phase. Turn on time for this relay is .02 ms. It operates in less than half cycle of

the input current.
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Figure 3.5: Equivalent circuit of Solid State Relay
3.6 Scaling Circuit

The current from the current transformer needs to be sensed and to be converted in de
voltage level for further evaluation. For this purpose, LM324 fourteen pins chip is
selected. It has four Op-amps, each consists with the high gain and internally frequency
compensated. The circuit diagram for this Quad Operational Amplifier is shown in figure

3.6.
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Figure 3.6: Quad Operational Amplifier

The gain of this amplifier is calculated as following:

v, R
| Gain=-2=1+-"2
Vin Ry
where
Ra =0 to SkQ

Vee =32V (de)

Rp = 5kQ
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The circuit diagram for the scaling circuit is shown in figure 3.7. The response of the
scaling circuit with different variable resistances (R») is shown in figure 3.8, figure 3.9

and figure 3.10 respectively.

Vout

Figure 3.7: Sealing circuit
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Figure 3.8: Scaling circuit when Low gain, Ry =0
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Figure 3.9: Scaling circuit when medium gain, R5 = 2.5KQ
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Figure 3.10: Scaling circuit when high gain, R5 = 5KQ

The scaling circuit is tested for each phaseof the 3-phase laboratory power transformer,
both at primary side and secondary side. The output results are found to be perfect. A

total of six scaling circuits are required to get six inputs to be analyzed.
3.7 Filtering Circuit

Whenever the sampling frequency is less than the twice the cut off frequency the

| of the frequency ion occurs and it is called aliasing. Due

to this effect the data in the sampled frequency cannot be linearly related with an input
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continuous signal. To eliminate this error in the sampled frequency the input continuous

signal must be filtered out to get the required signal.

For the power transformer differential protection, the design must detect the magnetizing
inrush current by detecting the second harmonic component, and for over excitation the
5™ harmonic component. To avoid the aliasing effect and preserve the fundamental
component at 60Hz, second harmonic at 120Hz, and 5™ harmonic at 300Hz, a low pass
anti-aliasing filter is proposed. A cut off frequency (fc) of 350Hz and band stop frequency
(f;) of 450 Hz are found to be practical. To get all three frequency components and to
accommodate the differential protection algorithm, a sampling frequency of 960 Hz was

chosen.

The Chebyshev filter was used for the anti-aliasing filter. It has a steep roll off
characteristic near the cut off frequency. Referring to the filter specifications [46],
minimum attenuation in the pass band is 0.3dB and maximum attenuation in stop band is

20dB. The Chebyshev low pass filter specifications are shown in figure 3.11.
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Figure 3.11: Chebyshev low pass filter specifications [46]

amax= decibel attenuation in pass band

amin= decibel attenuation in stop band

= Frequency at which da occurs

fi= Frequency at which ami, occurs
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An anti- aliasing filter is required to overcome the aliasing effects, whenever the sampling
frequency is less than the twice the frequency of the cut off frequency. To overcome these
effects, the 6" order Chebyshev filter is proposed. Details of the design are given in the

appendix A. The circuit diagram for the 6" order Chebyshev filter is shown in figure 3.12.
Design parameters are as follows:

Wmin = 2048

Uimax =0.3 dB

Cut Off Frequency = 350 Hz

Fundamental Frequency = 60 Hz

2" Harmonic = 120 Hz

5" Harmonic = 300 Hz

Stop Band Frequency = 450 Hz

Order of Chebyshev filter (n) is given as:

1 s
cosh ‘(w—( @3.1)

The transfer function of the 6™ order Chebyshev filter is:



1.322+10"%
Ty(6) = 3.2
+(6) = oIS 0T T 2039+ 10 3257 10 L 3610 G2

Using this transfer function the frequency and phase response are found by simulation.
The results of the simulation are shown in figure 3.13. The filter response shows that the
cut off frequency is 2199 rad/sec (350 Hz), which ensures that all three harmonics pass
through the filter and higher frequency components will be eliminated. The phase
response is also linear for pass band. The program and detailed calculations are given in
the appendix A. Six LM324 chips for all the three phases at primary and secondary side,

respectively are used for the laboratory testing.

Stage 1 (3.3)
Wey = 9.4798 * 10%rad/s

Ci=Co-1pF

R, = R, = 10.55K0

Ray = 1k
Ry = 345k
Stage 2 G4

Wep = 1.7315 » 10%rad/s
C3=Cyl pF

R3 = Ry = 5.775KN2
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Raz = 1k

Ry, = 438Kk
Stage 3

Wy = 2.254 x 10%rad/s

Ce=1 uF

Rs = Re = 43KQ

Raz = 1k

Rg3 = 4.8k

(33)
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Figure 3.12: Circuit diagram for 6" order Chebyshev filter (anti-aliasing filter)
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Figure 3.13: Output of Chebyshev filter

3.8 Microcontroller

After filtering the analog signal, it needs to be analyzed for decision making for fault and
no fault conditions. The filtered analog signal is processed in the microcontroller. Itis a
28/40-Pin, 8 bits CMOS flash Microcontroller PIC 16F877, which has been used for the

experimental prototype digital relay. The scaled, filtered, sampled signal has to be

presented to the analog-to-digital converter for ion to form a number, which can
be read by the microprocessor. An 8-channel 10-bit A/D convertor is within the

microcontroller, making it ideal for real-time implementation in the experimental relay.
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Multiplexing of the large amount of information in single line is done in the multiplexer
in the controller. The microcontroller performs the power transformer differential
protection functions and other tasks defined in the software. Port A is used for three input
differential (filtered and scaled) currents and port B is used for the output. The same three
inputs are used to analyze the data at the oscilloscope. The pin diagram of the used
microcontroller is shown in figure. F 1.1 and the block diagram is shown in figure F.1.2

of the Appendix F. The main features of the microcontroller are as follows:
8K*14 Words Flash Program Memory
368*8 Bytes of data memory (RAM)
256*8 Bytes of EEPROM data memory

A Compagq Laptop with 2G RAM and 80 G hard drive is used for writing the programme
in the C language and it is downloaded to the processor via an RS232C cable through a
PIC down loader. At any instant after scaling and filtering the three differential current
signals are fed to the microcontroller where analog to digital conversion and then
multiplexing of the signals are done. The signal is analyzed according to the discrete
Fourier transform algorithm and a decision is taken for fault or no fault condition as

specified in in the software. This software operation will discuss in the next chapter.
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Chapter 4

Software Design of Microcontroller-based Three

Phase Power Transformer Protection

4.1 Introduction

In modern relays the use of analog and digital electronic circuit cards as well as
computers is common. For laboratory testing, a SkVA 230/550-575-600V, A-Y" connected

three phase power transformer is analyzed.

)=12554 @1

Irated,primary

4.2 Software Design

There are three input diff ial currents to the . These are Iga,
Iy, and Ise. The processor is doing the calculations for the fundamental, 2 and 5"
harmonic components. The discrete Fourier transform technique is used to get the
harmonics. Data format and scaling are required for laboratory SkVA power transformer
protection. A flow chart for the power transformer differential relay is shown in figure
4.1. A stop for loop is applicable whenever there is interrupt signal, applied externally to

the microcontroller.




Initalize General Variables f—
\J
Initailize Transformer Specification Data |
- Y
Close Solid State Relay |
v y
> Thre Input Differential Current Signals |
Y Yo
Ingtantaneous Tripping
) . Y n
Discrete Fourier Transform Signal
' Yes
Inrush?
Yes Y No
Over Excitation —+
| Sl Thrsdlowd | Dothe Nomal Opeation~— 4——4
|
Any fault J
No
Yes

Send a Signal to Trip the Relay

Reset the Software?

’ '

Stop

Figure 4.1: Flow Chart for Differential Relay Protection




4.2.1 DFT Method for Harmonics Calculation

Detailed calculations of the Fourier coefficients are given in the Appendix C.

S = Sine function

C= Cosine function

(e sn252)
(1 cs2525)

i

N=16
n=3.14...
j=1,2and5

k =a, band ¢ are differential phases
14 = Differential current

For Fundamental Component:

H} = Sty + Shy + S{+Cla + Chy + CEc
For Second Harmonic:
H? = S3, + S}, + S3.+C2, + C3 + C3.

For 5" Harmonic:

@.1)

4.2)

(43)

(4.4)

49



HE = S3q + S5, + S3:+C3 + C&, + C&; (4.5)

The flow chart of the subroutine for this algorithm is shown in the figure 4.2.

Start |

v
| Retrieve Three Differential Current |
| Signals for DFT | from Program
|

Memory }

v
1.Multiply Current Signal by DFT
Sine Coefficients
2.Multiply Current Signal by DFT
Cosine Coefficients

v

Calculate the Combined
Harmonic Components

Return

Figure 4.2: Flow Chart for Harmonic Calculations -Discrete Fourier Transform Method
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4.2.2 Criteria for Harmonic Calculations

For Magnetizing Inrush Current:

L>0a77 (4.6)
H

Then no fault

For over excitation:

2 > 0.065 “n
Hy

As the current to voltage isolator has a range from 0 to 10V dc, the reference voltage for
instantaneous tripping of the digital relay 5V dc is taken as reference to save the test
equipment. For Instantaneous tripping of the circuit breakers, voltage level setting for

cach phase is as follows:

Va2 5V (4.8)
Vp 25V 4.9)
V25V (4.10)
where

V, =Reference voltage for phase A,



V), =Reference voltage for phase B

and V. =Reference voltage for phase C

4.3 Protection Scheme

Differential current samples are taken and fed to the memory for reference. A DFT
scheme is applied for the calculation of Fourier coefficients. In normal operations the
digital relay is on and the transformer is in operation. The electronic relay gives the
tripping signal whenever there is short circuiting or an internal fault. Equations (4.7) and
(4.8) are used for inrush current conditions. The microcontroller is checking these

ly. If these conditions are not met, then it concludes that it is a fault

condition, and trips the relay. The input baud rate is 9600 samples per second and the
window size for calculating the harmonics is 16 per cycle. The code for the
microcontroller is given in appendix E. The system layout for analyzing the data in
MATLAB is shown in figure 3.1. A four channel oscilloscope is used to observe the
three input differential currents and the response of the electronic relay. Some sample

results are discussed in chapter 5.



Chapter 5

Experimental Testing For Digital Protection of

Power Transformer

5.1 Introduction

This chapter presents the experimental setup for testing a laboratory 3-phase power
transformer. The SkVA, three-phase power distribution transformer is used for the real
time testing. Electronic control circuit and solid state relay are implemented on one circuit
board. Three parallel light bulbs are also added with the electronic relays to see the
continuous operation of the transformer and the digital switching actions. Both the
circuits are tested separately, and give satisfactory results. No fault and fault conditions
are analyzed and tested on the basis of harmonics over fundamental ratio criteria. High
magnetizing inrush current is not a fault condition, and hence the digital protection
scheme treats it as no fault condition. This is done by taking the ratio of magnitude of the
2" harmonic component over fundamental, (2"/1*) greater than 17.7%. In the fault
conditions, it would be less than this ratio value. However, for the over excitation case, if
the ratio of 5™ harmonic over fundamental, (5"/1%) is less than 6.5%, then it would be

considered also as no fault condition. The mi ller checks both itions almost

instantaneously, and declares fault or no fault conditions, and initiates appropriate

protective actions. In the next sections of this chapter, these no fault and fault conditions




are

perimentally tested ina laboratory environment.The photograph of the experimental

set up is shown in figure 5.1.Some sample results are presented below. More detailed

4 Channels DC Power
Osci Supply

Light Bulbs

3-Phase Power
Distribution
Transformer

results are given in appendix D.

‘ Current to Voltage Isolators ‘

[ Variable Resistive ]_Uad'"‘ | Microcontroller || Electronie Switch

Secondary side Current Primary side Current
Transformers Transformers

Input 3-Phase Power
Supply

Figure 5.1: Photograph of Experimental Set up
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5.2 Magnetizing Inrush Current Tests

This test was carried out without load, fixed resistive load (600Q) and different resistive
load (600/1200/2400 ) and 120V is applied. An electronic circuit breaker with the triac
switch for the electronic relay for each phase of primary and secondary sides of the 3-
phase transformer was employed for testing. While continuously switching the input
power supply, the magnetizing inrush current phenomenon was observed. The differential
current (Igy) of phase A, its harmonics and the no tripping response of the electronic
switch are shown in figures 5.2, 5.3 and 5.4, respectively. The following results are
obtained during the inrush from the differential currents. The harmonic magnitudes and
their ratios over fundamental are obtained in MATLAB from the inrush waveform of
figure 5.3. The other two phases (phase B and phase C) with harmonics are given in
appendix D as shown in figures D.22 to D.36. The noise in the response of the electronic
switch is observed in fig.5.4 due to the interference of high frequency around the

microcontroller.
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Figure 5.2: Experimental inrush current response for phase A

lg=Differential current of phase A
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Harmonics Analysis: Magnetizing Inrush

Harmonics

05
Al
A
[R—= | ! ‘l\. L |
0 LUl m 0 an -1 m kol
SamplesH

Figure 5.3: Experimental current harmonics in phase A

H,= Fundamental Harmonic, Hy= 2" Harmonic and Hs = 5" harmonic



In figure 5.3, during the time scaled samples (500 to 2500) of the magnetizing inrush

currents, the following results are observed:

Hy > 0.177 « H,y 5.

H < 0.065 * H,

Itis to be noted that there is no trip signal for the magnetizing current even at 9 cycles.

Magnetizing Inrush Current at No Load (Secondary side)
i T T

Differential Current of Phase A, Harmonic and

Response of Electronic Switch

Time (s)

Figure 5.4: Experimental magnetizing inrush current and response of electronic switch

l4a = Differential Current of Phase A, S = Response of Electronic Switch




There i some noise at the bottom of the experimental response due to high frequency

5.3 Internal Fault Tests

Controlled internal faults were tested in the laboratory. These tests are as following:

Primary side:
Phase to Neutral fault

Phase to Phase fault
Phase to Ground fault

Secondary side:

Phase to Neutral fault

Phase to Phase fault

Phase to Ground fault

An electronic switch is connected in series of each phase on both sides of the transformer.
A short circuit was imposed for a short duration of time while the input to the transformer

was maintained at 50% of its rated value (60V).
5.3.1 Phase to Ground Fault (Primary side-secondary unloaded)

This fault was created by pressing switch spgi/Spea/spgs, as shown in figure 3.3. The switch
responded in 0.045 seconds. The following results were observed: The fault was initiated
at 0.1, the fault current in phase A is increased, and within 3 cycles the trip signal was

successfully activated to isolate the faulted phase A as shown in figure 5.5.




Phase A to Ground Fault at Primary side and Secondary side Open

Phase A |
NG " Response of |
Electronic Switch

Differential Current of Phase A and

Response of Electronic Switch

Time (s)

Figure 5.5: Experimental phase to ground fault and response of the electronic switch
In figure 5.6, during the fault in phase A, the following conditions were observed:
Hy < 0.177 + Hy (5.2)

Hy > 0.065 » Hy

The microcontroller gives the instruction to trip the circuit breaker switch, and isolate the
fault of the power transformer as shown in fig. 5.5. Differential current, harmonics and

ratios are given in figure 5.6.
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Phase A to Ground Fault at Primary side and Secondary side Open
—_— S ——
T

Fdametal Hamonc ]
\ e st it
L

Differential Current of Phase A, Harmonics and Response of

Electronic Switch

pl | | I | |
10 .l 140 W 150 160 m

Samples
Figure 5.6: Phase A to ground fault at no loadpower transformer, harmonics and response
of electronic switch.
Appendix D contains the fault results at no load of the phase B and phase C cases, as

shown in figures D.2-D.6.
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5.3.2 Phase to Ground Fault (Primary side-secondary at equal resistive load)

This fault was created by pressing switch Spei/spea/spes, as shown in figure 3.3. Equal
resistive loads of 600 Q are connected to each phase of the delta connected system.
The switch responds in 0.04 seconds. It is to be noted from figure 5.7 that at 0.12 sec, the
fault was applied, and it is cleared within 3 cycles (S0ms).

Phase A to ground Fault (Primary side at equal resistive load)
15,

Respanse of Electonic swich ~ex
10 |
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Figure 5.7: Phase A to ground fault at equal resistive load (600 £2), power transformer and

response of electronic switch.
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Phase A to Ground Fault at Primary side and Secondary side at
Equal Resistive Load

AR

Differential Current of Phase A, Harmonics

and Response of Electronic Switch

a1 T S H
[ m @ - - - (3 ]
Samples

Figure 5.8: Phase A to ground fault at equal resistive load (600 Q)-power transformer,

harmonics and response of electronic switch.

laa = Differential Current of Phase A, H,= Fundamental Harmonic, and

Hs = 5™ harmonic, S = Response of Electronic Switch

In figure 5.8.the harmonics, the ratios and Phase A to ground fault currents at 600 Q
resistive load are given.In figure 5.8, during the fault in phase A, the following conditions

were observed:
Hy < 0.177 x Hy (5.3)

Hs > 0.065 * Hy



Appendix D contains the fault results at 600 Q load of the phase B and phase C cases, as

shown in figures D.7-D.11.
5.3.3 Phase to Ground Fault (Primary side-secondary at different resistive load)

This fault was created by pressing switch $pgi/spg2/Spes, as shown in figure 3.3. Phase A

is connected to 600 , phase B is connected to 1200 2 and phase C is connected to
2400 Q. The switch responded quickly. It is to be noted from figure 5.9 that at 0.12 sec,
the fault was applied, and it is cleared within 3 cycles (50ms). A trip signal was issued.
For the other two phases B and C the responses are given in appendix D as shown in
figures D.12 to D.16.

Phase A to Ground Fault at Primary side and Secondary
side at Unequal Resistive Load (600/1200/2400€)

laa

and Response of Electronic

Differential Current of Phase A
Switch

Time (s)
Figure 5.9: Phase A to ground fault at unequal resistive load (600/1200/2400 £), power
transformer and response of electronic switch

I4a = Differential Current of Phase A, S = Response of Electronic Switch



Phase A to Ground Fault at Primary side and Secondary
side at Unequal Resistive Load (600/1200/24008)
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‘15|00 1200 1300 1400 1500 1600 1700 1800
Samples

Figure 5.10: Phase A to ground fault at unequal resistive load (600/1200/2400 (), power

and response of electronic switch.

lga = Differential Current of Phase A, H,= Fundamental Harmonic, and

™ harmonic, S = Response of Electronic Switch

Hs

In figure 5.10, the harmonics, the ratios and Phase A to ground fault currents at

600/1200/2400 Q resistive load are given.

65



The following conditions were established.

Results:

Hy <0.177 = H, (54
Hy > 0.065 + Hy

Current harmonics and ratios are given in figure 5.10.

5.3.4 Phase to Phase Fault (Primary side secondary at no load)

‘This fault was created by pressing switch Sppi/Spp2/Sppa, as shown in figure 3.3. The switch
responded quickly. The fault was initiated at 0.115s, the fault current in phase A
increased, and within 3 cycles the trip signal was successfully activated to isolate the
faulted phase A as shown in figure 5.11. For the phase B and phase C cases, the responses

are given in appendix D in figures D.17 to D21.




Phase to Phase Fault at Primary side and
Secondary side Open

Differential Current of Phase A and Response of Electronic
o
H

Switch

4
11 012 013 014 015 016 0
Time, ((s)

Figure 5.11: Phase A to Phase B fault primary side and secondary open and response of

electronic switch

14, = Differential Current of Phase A, S = Response of Electronic Switch
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Phase to Phase Fault at Primary side and
Secondary side Open
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Figure 5.12: Phase A to Phase B fault primary side and secondary open, harmonics and

response of electronic switch

lga = Differential Current of Phase A, H;= Fundamental Harmonic,

Hs = 5" harmonic, S = Response of Electronic Switch
Results:

H, <0177 + H,

Hy > 0.065 + Hy

Current harmonics and ratios are given in figure 5.12.
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5.3.5 Phase to Neutral Fault (Secondary side-secondary at equal resistive load)

This fault was created by pressing switch sy/sa/sgs, as shown in figure 3.3. Equal
resistive loads of 600 © were connected to each phase and in delta connection. The
switch responded quickly. The fault was initiated at 0.11s, the fault current in phase A
increased, and within 3 cycles the trip signal was successfully activated to isolate the
faulted phase A as shown in figure 5.13. For the phase B and phase C cases, the responses

are given in appendix D, figures D.44 to D.48.

Phase A to Neutral Fault Current at Secondary side when
Power Transformer at Equal Resistive Load
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Figure 5.13: Phase to neutral fault current (secondary side) in Phase A when secondary
side of power transformer at equal resistive load (600 ) and response of electronic

switch.

lgs = Differential Current of Phase A, S = Response of Electronic Switch
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Phase A to Neutral Fault Current at Secondary side
when Power Transformer at Equal Resistive Load
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Figure 5.14: Phase to neutral fault current (secondary side) in Phase A when secondary
side of power transformer at equal resistive load (6000), harmonics and response of

electronic switch.

lga = Differential Current of Phase A, H;= Fundamental Harmonic, and

Hs = 5™ harmonic, S = Response of Electronic Switch

The following conditions were established.

Results:

Hy <0177 » Hy (5.6)
Hyg > 0.065 » Hy

Current harmonics and ratios are given in figure 5.14.



5.3.6 Phase to Neutral Fault (Secondary side-secondary at different resistive load)

This fault was created by pressing switch syi/sy2/ssgs, as shown in figure 3.3. Phase A is
connected to 600 ©, phase B is connected to 1200 Q and phase C is connected to 2400
Q. The switch responded quickly. The fault was initiated at 0.113s, the fault current in
phase A increased, and within 3 cycles the trip signal was successfully activated to isolate
the faulted phase A as shown in figure 5.15. For the phase B and phase C, the responses

are given in appendix D as shown in figures D.49 to D.53.

Phase A to Neutral Fault Current at Secondary side when Power
Transformer at Unequal Resistive Load (600/1200/24009)
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Figure 5.15: Phase to neutral fault current (secondary side) in Phase A when secondary
side of power transformer at unequal resistive load (600/1200/2400 ) and response of
electronic switch.

14y = Differential Current of Phase A, S = Response of Electronic Switch



Differential Current of Phase A, Harmonics and Response

of Electronic Switch

E

Phase A to Neutral Fault Current at Secondary side when Power
Transformer at Unequal Resistive Load (600/1200/24001)
T

T T S E— T T

Sample

Figure 5.16: Phase to neutral fault current (secondary side) in Phase C when secondary

side of power transformer at unequal resistive load (600/1200/2400Q) and response of

electronic switch.

14 = Differential Current of Phase A, H;= Fundamental Harmonic, and

Hs = 5" harmonic, S = Response of Electronic Switch

The following conditions were established.

Results:
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Hy < 0.177 « H, 6.7

Hs > 0.065 * H,
Current harmonics and ratios are given in figure 5.16.
5.3.7 Phase to Phase Fault (Sccondary side-secondary-open)

This fault was created by pressing switch sy1/Sq2/Sq3, as shown in figure 3.3. The switch
responded quickly. The fault was initiated at 0.105s, the fault current in phase A
increased, and within 3 cycles the trip signal was successfully activated to isolate the
faulted phase A as shown in figure 5.17. For the phase B and phase C, the responses are

given in appendix D as shown in figures D.54 to D.58.



Phase to Phase Fault at Secondary side at No Load
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Figure 5.17: Phase to Phase fault current (secondary side) in Phase A when secondary

side of power transformer open and response of electronic switch.

Iga = Differential Current of Phase A, S = Response of Electronic Switch
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Figure 5.18: Phase to Phase fault current (secondary side) in Ph

side of power transformer open and response of electronic switch.

lga = Differential Current of Phase A, H,= Fundamental Harmonic,
Hs = 5" harmonic, S = Response of Electronic Switch
The following conditions were established.

Results:

H, < 0.177 * Hy

Hs > 0.065 * Hy

Current harmonics and ratios are given in figure 5.18.
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5.3.8 Phase to Phase Fault (Secondary side-secondary at equal resistive load)

‘This fault was created by pressing switch spi/Ss2/Ssps, as shown in figure 3.3.The switch
responded quickly. The fault was initiated at 0.14s, the fault current in phase A is
increased, and within 3 cycles the trip signal was successfully activated to isolate the
faulted phase A as shown in figure 5.19. For all three phases responses are given in the

appendix D figure D.59 to D.63.

Phase to Phase Fault at Secondary side at Equal
Resistive Load
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Figure 5.19: Phase to Phase fault current (secondary side) in Phase C when secondary
side of power transformer at equal resistive load (600 Q) and response of electronic

switch.

Ige = Differential Current of Phase C, S = Response of Electronic Switch.
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Phase to Phase Fault at Secondary side at
Equal Resistive Load
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Figure 5.20: Phase to Phase fault current (secondary side) in Phase C when secondary
side of power transformer at equal resistive load (600 Q) and response of electronic

switch.

14, = Differential Current of Phase A, H;= Fundamental Harmonic, and

Hs = 5" harmonic, S = Response of Electronic Switch

The following conditions were established.

Results:

H, <0177 + Hy (5.9)
Hs > 0.065 * Hy

Current harmonics and ratios are given in figure 5.20.
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5.3.9 Phase to Phase Fault (Secondary side-secondary at different resistive load)

This fault was created by pressing switch syi/Sya/sqps, as shown in figure 3.3. Phase A is
connected to 600 £, phase B is connected to 1200 © and phase C is connected to 2400.
Q. The switch responded quickly. The fault was initiated at 0.14s, the fault current in
phase A increased, and within 2 cycles (33.3ms), the trip signal was successfully
activated to isolate the faulted phase A as shown in figure 5.21. For the phase B and
phase C, the responses are given in appendix D as shown in figure D.64 to D.68.

Phase to Phase Fault at Secondary side at Unequal Resistive Load
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Figure 5.21: Phase to Phase fault current (secondary side) in Phase C when secondary
side of power transformer at different resistive load (600/1200/2400 Q) and response of

electronic switch.

14 = Differential Current of Phase C, S = Response of Electronic Switch




Phase to Phase Fault at Secondary side at Unequal Resistive Load
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Figure 5.22: Phase to Phase fault current (secondary side) in Phase C when secondary
side of power transformer at different resistive load (600/1200/2400 ) and response of

electronic switch.

lga = Differential Current of Phase A, H,= Fundamental Harmonic, and

" harmonic, S = Response of Electronic Switch

Hs=

The following conditions were established.

Results:

Hy <0177 * Hy (5.10)
Hg > 0.065 + H;

Current harmonics and ratios are given in figure 5.22.



5.4 Summary of Experimental Results

This chapter provided experimental test results of protection of a three phase laboratory
distribution transformer. The magnetising inrush current and faults have been
distinguished using the discrete Fourier transform algorithm. A discrete Fourier transform
(DFT) technique is used to filter out the harmonic ratios. The 2" to fundamental
harmonic ratio 17.7% is used to declare the fault and no fault condition. For no fault
conditions involving magnetising inrush currents and normal full load current including
switching transient condition, it remained higher than this ratio value of 17.7%. For
various fault conditions, it remained always lower than this ratio. This condition was
experimentally checked for different faults for the laboratory test power transformer and
the maximum response time for the triac switch for any fault was within 50ms ( 3 cycles).
Details of all the faults and their response times are given in table 5.1. For no fault
condition like magnetizing inrush current, it did not trip the circuit breaker and hence did
not interrupt the operation of the transformer. It is shown in the first row of table 5.1. The
precise values of these ratios were found appropriate for quick and appropriate decisions
for the switch to distinguish between the fault and inrush currents. It is evident from table
5.1 that in every case, the designed protective relay operated correctly. The details of
experimental inrush conditions in phase B and phase C are given in appendix D. The
details of the faults in phase B and phase C involving various operating conditions are

also given in appendix D.




S.No | Conditions Inrush / Fault Response Time Triac Switch
©)
1 Hy>0177+H, |No Fault: Magnetizing Inrush No tripping
urrent
H < 0.065 + H,
2. | H;<0177+H, |Phase to Ground Fault (Primary 0.045
side-secondary unloaded)
Hg > 0.065 + Hy Within 3 cycles
3. | H,<0177+H, |Phase to Ground Fault (Primary 0.04
side-secondary equal resistive load)
H > 0.065 + Hy Within 3 cycles
4| H;<0177+H, | Phase to Ground Fault (Primary 014
side-secondary-different  resistive
Hg > 0.065+Hy | load) Within 3 cycles
5. | H;<0177+H, | Phase to Phase Fault (Primary side- 003
secondary unloaded)
H > 0.065 + H, Within 3 cycles
6 H, <0.177+H; | Phase to Neutral Fault (Secondary 0.04
side-secondary equal resistive load)
Hg > 0.065 + H; Within 3 cycles
7. | H;<0177+H, | Phase to Neutral Fault (Secondary 0.025
side-secondary-different  resistive
Hg >0.065+Hy | load) Within 3 cycles
8. | H,<0177+H, | Phase to Phase Fault (Secondary 0.019
side-secondary-open)
Hg > 0.065 + Hy Within 3 cycles
9 H, <0.177+H, | Phase to Phase Fault (Secondary 0.025
side-secondary-open)
H > 0.065 + H, Within 3 cycles

Table 5.1: Inrushes and faults at various operating conditions and responses of Triac

Switch.




Chapter 6

Conclusions and Future Works

6.1 Conclusion

This thesis contains the experimental i igations of ion for a stand-alone power

distribution utilizing a A three phase SKVA power
transformer has been tested in the laboratory of Memorial University of Newfoundland.
Detailed derivation is provided to extract the harmonic contents of the differential current
for both inrushes and faults. Criteria for protection of power transformers are obtained for
both magnetizing inrush currents including over excitation and faults. The designed relay
differentiated the inrush currents from internal fault currents of the transformer. It
successfully protected the transformer against inrush currents without tripping the circuit
breaker. The faults are created for different conditions and observed on the four channels
digital scope. It is experimentally confirmed that the second harmonic is responsible for
magnetizing inrush current and the 5" harmonic is for over-excitation condition. If the
ratio of 2" harmonic over fundamental is greater than 0.177 and ratio of 5" harmonic
over fundamental is less than 0.065, then the transformer is experiencing inrush current
conditions. The designed relay protects the transformer from misoperation due to inrush
currents. If this criterion is not met, then the transformer has internal fault condition. The
relay will energize the operate coil and trip the circuit breaker after a delay time of 100

ms (6 cycles). Software is written in C language to give the predefined threshold for the




ratios. A i is used to execute these instructions.

The designed digital relay has been found acceptable for power distribution transformers.
Extensive tests are carried out in the laboratory for various operating conditions. In all
cases, the designed relay worked successfully. This set up can be used for protection of
power distribution transformers having standard and new core lamination materials. The
transformer specifications are given for the software design. This digital relay protection

system can be useful for single phase pole-mounted power distribution transformers.

6.2 Future Works

The present experimental relay set up was tested only for the Discrete Fourier Transform
algorithm. However, it can be tested for the other algorithms. For these cases, only the
coefficients in the software need to be changed. Due to the availability of inexpensive and
fast microcontroller, there would be no problem of data storage and processing time

requirements for any type of algorithm.

The remote protection with this type of digital relay can be applied for all types of power
network. Local Area Network (LANs) and Wide Area Network (WANS) can be utilized

to integrate with the proposed digital protection of power system in smart grid.
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Appendix A

Design of Chebyshev Filter for Anti-aliasing

For the analysis of three signals of frequency 60Hz, 120Hz and 300Hz, a chebyshev filter

is designed to filter out unwanted signal in the band 0-350Hz
Design parameters:

For fundamental frequency f= 60 Hz

o=2nf

® =2*3.14%60=376.8 rad/sec

2" harmonic w; = 2*3.14*60*2 = 753.6 rad/sec
5™ harmonic ms = 2*3.14*60*5 = 1885Hz

Let cut off frequency f.= 350 Hz

Therefore

o =214

@ = 2*3.14*350 = 2199 rad/sec

Let band stop frequency f, = 450Hz

95



Therefore

w0 =2%1*f,
0, = 2%3.14%450
o= 2827 rad/sec
ws

Normalized frequency = 2

® =2826/2198 = 1.29

Order of Chebyshev filters (n):

n=cosh™y | cosh™ (%) (A1)
10 ¢

Let attenuation for band stop filter (@) and band pass filter (@mayx) respectively for low

pass filter be as follows:

Apin = 20dB

Apax = 0.3dB

By substituting the values of @pin. @nax » ©sand o in equation (A.1)

n=5.78



Taking the next higher number
n=6

Ripple factor ( &):

E= 100 -1

£=027

(A2)

&= Ripple in dB

E= Zﬂlnglﬂ(ﬁ) (A3)

&=20Log10(0.96)
£=20(-0.017)
& -0.35dB

sinn1(2)

(A4)

n

= ﬂ (A5)

n



By substituting the values of n and & in equation (A.4).
2.02

a=22-034

By substituting the values of n and & in equation (A.5).

Cosh (b) = 1.06
Sinh( a) =0.35

For Poles Locations:

e (2 ) (i) v cos (2 ) com G o)

(A.6) |
where

(A7)
b= vash"%) (A.8)

MATLAB Program for Chebyshev 6" Order Filter |
clear all

close all

format short ¢;

[n,wn]=cheblord(2*pi*350,2*pi*450,.3,20,'s");




[num.den]=cheby1(n,.3,2*pi*350,'s");

sys=tf(num,den);

figure(1);

bode(sys),grid;

r=roots(den);

figure(2):
pzmap(num,den),sgrid;
fl=conv([1 -r(1,1)],[1 -r(2,1)]):
f2=conv([1 -r(3,1)],[1 -r(4,1)]);
f3=conv([1 -r(S,1)L[1 -r(6,1)]):

11=tf([8.9867e5],[1 1.4645¢3 8.9867¢5]);
12=t£([2.998¢6].,[1 1.0721e3 2.998e6]);
13=tf([5.0869¢6],[1 3.942¢2 5.0869¢6]):
figure(3);

bode(t1,12,13);

figure(4);

bode(t1*t2*13);

%Quality factors Q1, Q2 and Q3 where:Q1<Q2<Q3
Q1=sqrt(8.9867¢5)/1.4645¢3;
Q2=5qrt(2.998¢6)/1.0721¢3;
Q3=sqrt(5.0869¢6)/3.942¢2;

%Cut off frequency for first stage=wcl
wel=sqrt(8.9867e5);

Ylet C1=0.1uF

c1=0.1e-6;

Yowel=1/R1*C1;

RI=1/(wel*cl);

R2=R1;

%n-1/Q1=1+RB1/RA1

%RA1=Ikohms orle3

RAI=1e3;

RBI=RA1*((n-(1/Q1))-1);

%Cut off frequency for second stage=wc2

we2=sqrt(2.998¢6);
Yolet C 1uF
€3=0.1e-6;



Yon- I/Ql 1+RBI/RA1
kohm: orle3

RB2= RAZ"((n (1/Q2))-1);
%Cut off frequency for second stage=we3
We3=sqri(5.0869¢6);

%let C3=0.1uF

€5=0.1e-6;

Yon- l/QI 1+RBI/RA1
%RA2=Ikohms orle3

RA3=l1e3;
RB3=RA3*((n-(1/Q3))-1);

By MATLAB programme we have following complex roots for k=1,23... 6.

Py =-1.9621¢+002 +2.2469¢+0031
Py =-1.9621¢+002 -2.2469¢+0031
P3=-5.3606e+002 +1.6448¢+003i
Py =-5.3606¢+002 -1.6448¢+0031
Ps = -7.3227e+002 +6.0204¢+002i
Pg = -7.3227¢+002 -6.0204¢+002i

Since all the roots are the left side of the vertical axis (jo), therefore the filter is stable.
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Figure A.1: Poles location for the 6" order Chebyshev filter

For the transfer functions following formula is used [64] :

Wi

(=1 (s-c1) (s-¢2) (5= ¢3).

Ts(n) =

=Cn)

By MATLAB programme, there are three transfer functions as follows:

898670
(D) = Fragssvowmero
T,2) = 29984100
& 5741072542.998+10°
5.087+10°
Ts®) = Fmmasrsomraos

°

(A.9)

(A.10)

(A.11)

(A.12)



The magnitude and phase responses of these three transfer functions are shown in figure

A2

Phase (deg)
]

180 , |
10' 10° 10° 10 10°
Frequency (radisec)

Figure A.2: Magnitude and phase response of three transfer functions separately for the 6" order

Chebyshev filter
T5(6) = T5(1) * T5(2) * T5(3) (A13)

1.322+10"°
% = .
5(6) $642925055+1.1540107+5%4+2.039¢1010+53+3.257+1013+52 41.36810% @ 14)

‘The magnitude and phase response of the 6 order Chebyshevfilteris given in figure A.3.




Bode Diagram
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Figure A.3: Magnitude and phase response of the 6" order Chebyshev filter.
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Hardware Design of 6™ Order Chebyshev Filter

Basic RC low pass filter circuit is proposed with LM324 quad amplifier. Same is shown
in figure A 4. There are three stages for 6" order Chebyshev filter. Each stage contains

two capacitors and four resistors.

e
—

I—-—e

NT
Figure A.4: Filter circuit
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Stage 1

Wy = /Numerator of Ty (s)

Wy = 9.4798 * 102

We = e,

Let C=Ca-1 pF

Ry = R, = 10.55KQ
1148

A= 1t

where Q is quality factor of stage 1

Numerator o, )

Q1 = GoeFficient of § in demominator o T,
0, =0.642
Let Ryy = 1kQ

By equation A.17

Ry = 345kQ

105

(A15)

(A.16)

(A17)

(A18)



In the circuit diagram A.5, at node A, By Kirchhoff's current law, we have:

((vout = Va)IRz + Voue * 5¢2) = 0 (A7)

At node B, by Kirchhoff’s current Law:

(9= Vour) g+ €2 (0 = Vour)s + Wa = Vi) 3 = 0 [o%)
S 3 =g (X
(R‘ tota 5)va uy (R2 +615) Vin (A9)
Equation A.7 is rearranged as follows:

1 1
(;Z) V= ((N_z) + €28) Vour (A.10)

Substituting value of v, from equation A.10 to equation A.9, to get

.

- s
B = e (A1)
S matma)  hkaa

Ty(s) = (A12)

1
RiRacrcas*+(Ry +Ry)C; 5+1



Similarly for stages 2 and stage 3 respectively for 6" order Chebyshev filter transfer

functions are as follows:

Ty(s) = ————— (A13)

7 R3RyC3Cys2+(Ry+Ry)Cy S+1

Ty(s) = (A.14)

1
RsReCsces? +(Rs+Rg)cq S+1

To make the 6" order chebyshev filter three, second order filters need to be cascaded as

shown in figure A.6.
T(s) = (Ta(s) * To(s) * T5(s)) (A.14)

Substituting the values of T} (s), T;(s) and T5(s)

' 1
T(s) = L * *
RyRzC1Cos2 +(Ry+R2)C; S+1 RyRaCyces?+(Ry+Ry)Cy S+1 - RsReCsCes?+(Rs+Re)Cq S+13

(A.15)
LetRy =R, = Ry =Ry = Rs = Ry = 2KQ (A.16)

The values of ¢y, ¢, ¢3, ¢4, ¢s and ¢4 can be calculated by iteration method. These values

are also given in [46] for 6" order Chebyshev filter. These values are un-
scaled and are as follows:

Crunscatea = 2.5530

Counscatea = 1.7760

C3unscatea = 34870



Caunscatea = 04917
Csunscatea = 9-5310
Ceunscatea = 0.1110

Scale factor = (A.17)

1
20meR e

Substituting values of R=2 K22 and f; = 350Hz in equation A.17
Scale factor = 2.27 x 1077

By multiplying the un-scaled capacitance values with the scale factors we have required

values for the capacitors. These are as follows:

¢ = 0.579uF
¢, = 0.4031uF
¢; = 0.792uF
¢y = 0.112uF
s = 2.1uF

¢ = 0.0251uF

Due to unavailability of the exact values as designed above, for actual hardware
implementation nearest values of the capacitances are used. Transfer functions Ty (s).

Ty(s) and T(s), are cascaded and simulated in MATLAB. Cascaded transfer function is
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shown in figure A6, its pole locations is shown in figure A.7, its magnitude and phase

response is shown in figure A.8 and figure A.9 respectively.

Stage 2

g

Stage 3

e,

Figure A.5: Anti-aliasing filter-6"order Chebyshev Filter
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Figure A.6: Cascaded transfer functions for 6" order Chebyshev

Output
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Figure A.7: Location of poles for cascaded transfer functions for 6" order Chebyshev

filter
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Figure A.8: Magnitude response of 6" order Chebyshev filter
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Figure A.9: Phase response of 6" order Chebyshev filter
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Appendix B

MATLAB Program for Inrush Analysis

clear all
close all
clc

:T/200:10+T) ;
#Programme=Inrush_Analysis.m
nput Voltage=e

10;
yl=sqrt (2) * (E*sin(wrt)) ;

X=30*R;
#X=wl=2*pi*f*l
Z=sqrt (R*2+X*2) ;

%y2=Inrush current=Im

$lamda= Switching angle

lamda=0;

y2=(((sqrt(2)) *E) /z) * ((sin(wrt-phi)) - (exp ( (- (w*t) +theta-
lamda) *R/X) . *sin(theta+lamda-phi))) ;

[At,H1,H2] =plotyy (t,y1,t,y2, 'plot') ;

set (get (At (1), 'Ylabel'), 'String', 'Input Voltage');

set (get (At (2), 'Ylabel'), 'String', 'Inrush Current');
xLabel ('Angle (radian) ') ;

title ('Switching(Lamda)=0 & Saturating Angle(Thetta)= 0 radian');



Switching Angle (Lamda)= 0 and Saturating Angle (Theta)= 0 radian
200 0.2

/ Input Voltage Inrush Current
S o 0
g !
-200 -0.2
0 002 004 006 0.08 0.1 012 014 0.16 0.18

Angle(radian)

Figure B.1: Input Voltage and Inrush Current when Switching Angle = 0°

Inrush Current



Switching Angle (Lamda)= 45 and Saturating Angle (Theta)= 0 radian
200 0.2

/‘““‘ VO g Curent

Input Voltage
°
°

-200 02
0 002 004 006 008 01 012 014 016 018

Angle(radian)

Figure B.2: Input Voltage and Inrush Current when Switching Angle = 45°

Inrush Current



Input Voltage

Switching Angle (Lamda)=90° and Saturating Angle (Theta)= 0 radian

20— T T ——————y——r——alk

‘/In;u; \;o\lnge jnrush Current
il i \“\‘\ /\ I

10.05

200 L L L
0 0.02 004 006 008 0.1 012 014 016 0.18

Angle(radian)

FigureB.3: Input Voltage and Inrush Current when Switching Angle = 90"
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Input Voltage

Switching Angle (Lamda)= 135° and Saturating Angle (Theta)= 0 radian
200 1006

1.:1;.: Voltage /nm(h Current
b 0.04

100 ! \ 0.02
50 0
0 -0.02
-50 0.04
EL | | |-0.08
-150 0.08
200 01

°
@,

0 002 004 006 008 01 012 014 016
Angle(radian)

Figure B.4: Input Voltage and Inrush Current when Switching Angle = 135°
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Input Voltage

Switching Angle (Lamda)= 180° and Saturating Angle (Theta)= 0 radian

200

Input Yoltage:
150 =
100

50

-100
-150

-200
0 002 004 006 008

Angle(radian)

Inrush Current

0.1

0.12

0.14

0.16

0.06

S

3

5
Inrush Current

Figure B.5: Input Voltage and Inrush Current when Switching Angle = 180°
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Switching Angle (Lamda)=225° and Saturating Angle (Theta)= 0 radian

200, 0.06
Input Voltage Infush Current
150 A / A 0.04
100 | { 1 0.02
50 0
I3
8 |
S o 0.02
5
g
= 50 0.04
-100 -0.06
150 -0.08
-200 0.1
0 002 004 006 008 01 012 014 016 018
Angle(radian)

Figure B.6: Input Voltage and Inrush Current when Switching Angle = 225°
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Input Voltage

Switching Angle (Lamda)= 270° and Saturating Angle (Theta)= 0 radian

200 0.1
Input Voliage  Tnnush Carrent
100 | \ 0.05
o 0
100 [ | -0.05
|
-200 0.1
0 002 004 006 008 01 012 014 016 018
Angle(radian)

Figure B.7: Input Voltage and Inrush Current when Switching Angle =270°
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Input Voltage

Switching Angle (Lamda)= 315° and Saturating Angle (Theta)= 0 radian

200 102
Input Voltage Inrush Current
|
off |\ | 0
| |
| | |
| | | |
| | | ( |
I\ | |
| | [
| |
-200 - L - 02
0 002 004 006 008 01 012 014 016 018
Angle(radian)

Figure B.8: Input Voltage and Inrush Current when Switching Angle = 315°
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Input Voltage

Switching Angle (Lamda)= 360° and Saturating Angle (Theta)= 0 radian

| Input Voltage

102
Inrush Current

o
Inrush Current

008 01 o012 014 016 0.8
Angle(radian)

Figure B.9: Input Voltage and Inrush Current when Switching Angle = 360°
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Appendix C

Discrete Fourier Transform (DFT) Algorithm

A continuous signal of an interval can be checked through Fourier series. Let g(t) be any

continuous function for an interval (0,T), Then we have

: g(t):%“+z cjxcos(jxwxt) +5;*sinGxw*t) cn

| Byl

|

! where

‘ a, :%xj:g(t) «dt (€2)

=24 [T g(t) » siny(w * £) dt (€3)

7o d :

=2+ [7g(0) cos;(w ) dt (C4)
where

a, = Average value or DC Component
s; = Sine component for Fourier Series
¢ = Cosine component for Fourier Series

If t; is the sampling time and At is the time separation of two sampling signals, then total

number of samples is:



t -
N=g (C.5)

Equation C.3 applies:

N
5 =ZW'Z‘=,Q(“) « sin (2T1) (€6)

2 . 2emojoi
G _F‘Z,:i‘q(t') * oS (T) €
For our case analysis:

9 =1(t) c3)

Equations (C.6) and (C.7) become:
5 =2_xz" 1(g) +sin (2222) ©9
N i=j N

(C.10)

) N
G=y5* zi:] 1(t;) * cos

Each sample makes an array of 16*1. So, a total of two 16*16 matrices for both sine and

cosine functions are developed.
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MATLAB Programme for the values of Cj and Sz

>>j=[1:1:16];

>>j*L;

>>N=16;
>>5=2/N*(sin(2*pi*j*i));
>>¢=2/N*(sin(2*pi*j*i));

For harmonic analysis of single phase system:

Hi= [(s?+ (C.11)

The fundamental (H,), second (H,) and 5" (Hs) harmonics of single phase differential

currents are as follows:

j=1,2and5

Hy =(sf+¢) (C.12)
Hy=(s3+¢}) (C.13)
Hy = JGZ+cD) (C.14)
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The fundamental (H,), second (H,) and 5™ (H5) harmonics of three phase differential

currents are as follows:

Hy=(sfy + sy + sk + el +ly +cd)
Hy = \J(s3a + sy + 3, + cha +cdy + €50
Hs = (s3q + 53 + 53+ G +cy + 5

where a, b and ¢ are three phases of the system.

For magnetizing inrush condition (No fault condition):

%> 0177
Hy
For over-excitation condition (No fault condition):

Hs
n =>0.065

(€.15)

(C.16)

(€17

(C.18)

(C.19)



Appendix D

Real Time Testing
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Figure D.1: MATLAB Model for Harmonics Analysis
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Differential currents & Response

of electronic switch
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CH1 o CH2 500% M 25.0ms CH3 /-
CH3 500%  CH4 1.00Y  14-dug-112302  <10Hz

Time (ms) _

Figure D.2: Phase A to ground fault at Primary side. responses of the three phases of

differential current at no load power transformer and response of electronic switch
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Figure D.3: Phase B to ground fault at no load power transformer and response of

electronic switch



Phase B to Ground Fault at Primary side and Secondary side Open

Pt amors Fasgorssof cone St

Ot O 8] |

Differential Current of Phase B, Harmonics

and Response of Electronic Switch

Samples

Figure D.4: Phase B to ground fault at no load power transformer, harmonics and

response of electronic switch

1 = Differential current of phase B.H;= Fundamental Harmonic, 2
Hs = 5" harmonic and S= Response of Electronic Switch.

Results:

Hy <0177 + H, (D.1)

Hs > 0.065 * Hy
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Phase C to Ground Faul- Pimary side & Secondary side Open
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Figure D.5: Phase C to ground fault at no load power transformer and response of

electronic switch




Phase C to Ground Fault at Primary side and Secondary side Open
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Figure D.6: Phase C to ground faultat no loadpower transformer, harmonics and response

of electronic switch

I4e = Differential current of phase C, H,= Fundamental Harmonic, 2
Hs = 5™ harmonicandS= Response of Electronic Switch.

Results:

H, < 0.177 % H, (D2)

Hg > 0.065 * H,
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Differential Currents & Response

of Electronic Switch
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Figure D.7: Phase A to ground fault primary side.responses of the three phases of
differential current at equal resistive load (600Q). power transformer and response of

electronic switch.
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Differential Current of Phase B, Harmonic & Response of Electronic switch

Figure D.8: Phase B to ground fault at equal resistive load (600 ) power transformer and

response of electronic switch
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side at Equal Resistive Load
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Phase B to Ground Fault at Primary side and Secondary
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Figure D.9: Phase B to ground fault at equal resistive load (600@) power transformer,

harmonics and response of electronic switch.

Iy = Differential current of phase B, H;= Fundamental Harmonic, 1
Hs = 5™ harmonic and $= Response of Electronic Switch.

Results:

H, <0177 % H, (D3)

Hy > 0.065 + Hy
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Phase C to Ground Faul- Primary side & Secondary side Equal resistie load (600 ohms)
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Figure D.10: Phase C to ground fault at equal resistive load (600Q) power transformer

and response of electronic switch
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Phase C to Ground Fault at Primary side and Secondary
side at Equal Resistive Load
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Figure D.11: Phase C to ground fault at equal resistive load (6002) power transformer,

harmonics and response of electronic switch.

lg = Differential current of phase C, H;= Fundamental Harmonic, B
Hs = 5" harmonic and S= Response of Electronic Switch.

Results:

H, <0177 = H, (D.4)

Hs > 0.065 * Hy
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Figure D.12: Response of the three phases of differential currents at unequal resistive load

(600/1200/2400@)power transformer and response of electronic switch
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Phase B to Ground Fault- Primary side & Secondary side Un-equal
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Figure D.13: Phase B to ground fault at unequal resistive load (600/1200/2400 Q), power

transformer and response of electronic switch

Igp = Differential Current of Phase B, S = Response of Electronic Switch
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Phase B to Ground Fault at Primary side and Secondary side
at Unequal Resistive Load (600/1200/2400Q)
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Figure D.14: Phase B to ground fault at unequal resistive load (600/1200/2400 ), power

1 and response of electronic switch

Igp = Differential current of phase B, H;= Fundamental Harmonic, 3

™" harmonic and $= Response of Electronic Switch.

Results:

H, <0.177 * Hy (D.5)

Hy > 0.065 + Hy
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1 Prinay side & Secondary side Unequal

Differential Current of Phase C & Response of Electronic switch
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Time, 1)

Figure D.15: Phase C to ground fault at unequal resistive load (600/1200/2400 ), power

transformer and response of electronic switch

I = Differential Current of Phase C, S = Response of Electronic Switch




Phase C to Ground Fault at Primary side and Secondary side at
Unequal Resistive Load (600/1200/2400%)
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Figure D.16: Phase C to ground fault at unequal resistive load (600/1200/2400 @), power

and response of el ic switch
Ige = Differential current of phase C, H,= Fundamental Harmonic,

5" harmonic and $= Response of Electronic Switch.

Results: :
H, < 0177 * Hy (D.6)

Hy > 0.065 + Hy




Differential currents & Response of

electronic switch
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Time (ms) ="

Figure D.17: Responses of the three phases of differential currents for phase to phase

fault, secondaryside open, power transformer and response of electronic switch
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Figure D.18: Phase A to Phase B fault at primary side when secondary open and response

of electronic switch

14y = Differential Current of Phase B, S = Response of Electronic Switch
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Phase to Phase Fault at Primary side and Secondary side Open
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Figure D.19: Phase A to Phase B fault at primary side when secondary side open,

harmonics and response of electronic switch.

Igp = Differential current of phase B, H,= Fundamental Harmonic, s

h

Hs = 5" harmonic and S= Response of Electronic Switch.
Results:
H, < 0177 + H, D.7)

Hy > 0.065 + Hy
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Figure D.20: Phase A to Phase B fault at primary side when secondary side open and

response of electronic switch

I4c = Differential Current of Phase C, S = Response of Electronic Switch

147



Phase to Phase Fault at Primary side and Secondary side Open
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Figure D.21: Phase A to Phase B fault at primary side and secondary open, harmonics and

response of electronic switch.

Igc = Differential current of phase C, H;= Fundamental Harmonic, X

Hs = 5™ harmonic and $= Response of Electronic Switch.
Results:

H, <0.177 + Hy (D.8)

Hs > 0.065 * H,
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Figure D.22: Response of the three phases of differential currents for inrush magnetizing
inrush current when power transformer secondary side open and response of electronic

switch
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Figure D.23: Magnetizing Inrush Current in Phase B when secondary side of power

transformer open and response of electronic switch.

Igy = Differential Current of Phase B, S = Response of Electronic Switch




Magnetizing Inrush Current when Secondary side Open

3 — —

omH

]
g
2
£
g
: J
-] ! \
o | | \
i 1 I L
g5 ¢ {
2200 | Y
iy
S g & |
ES |
S5
UQ_
= ©
£ g 4
2 2
52
S8 |
£ g 4
A
- | =
£l w 0
Samples

Figure D.24: Magnetizing Inrush Current in Phase B when secondary side

transformer open, harmonics and response of electronic switch

I = Differential current of phase B, H;= Fundamental Harmonic,
Hs = 5" harmonic and S= Response of Electronic Switch.

Results:
Hy > 0177 + Hy

Hy < 0.065 * Hy

of power

D.9)



Differential currents & Response of
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Figure D.25: Response of the three phases of differential currents for magnetizing inrush

current when power transformer secondary side at equal resistive load (600Q) and

response of electronic switch
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Figure D.26: Magnetizing Inrush Current in Phase B when secondary side of power

transformer at equal resistive load (600 Q) and response of electronic switch.

vitch

14 = Differential Current of Phase B, S = Response of Electronic

153



Magnetizing Inrush Current when Secondary side
at Equal Resistive Load .
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Figure D.27: Magnetizing Inrush Current in Phase B when secondary side of power

transformer at equal resistive load (6002) . harmonics and response of electronic switch
Ig» = Differential current of phase B, H,= Fundamental Harmonic,

Hs = 5" harmonic and $= Response of Electronic Switch.

Results:

Hy > 0.177 x H, (D.10)

Hy < 0.065 * Hy

154




Magnetizing Innush Curent-Secondary side equal resistive load 600 ohms

ldc

Differential Current of Phase C & Response of Electronic switch

~

2
007 0075 006 0085 009  00% ot 0105 011 0115
Time, {(s)

Figure D.28: Magnetizing Inrush Current in Phase C when secondary side of power

transformer at equal resistive load (6000) and response of electronic switch.

Ige = Differential Current of Phase C, S = Response of Electronic Switch
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Figure D.29: Magnetizing Inrush Current in Phase C when secondary side of power

transformer at equal resistive load (600€), harmonics and response of electronic switch
Igc = Differential current of phase C, H;= Fundamental Harmonic, s

Hs = 5" harmonic and $= Response of Electronic Switch.

Results:

Hy > 0.177 * Hy (D.11)

Hy < 0.065 + Hy
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Differential currents & Response of

electronic switch
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Figure D.30:Response of the three phases of differential currents for magnetizing inrush
current when power transformer secondary sideat variable resistive load (600/1200/2400

) and response of electronic switch
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Figure D.31: Magnetizing Inrush Current in Phase A when secondary side of power
transformer at variable resistive load (600/1200/2400 Q) and response of electronic

switch

I4a = Differential Current of Phase A, S = Response of Electronic Switch
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Magnetizing Inrush Current when Secondary side at

Variable Resistive Load (600/1200/2400 Q)
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Figure D.32: Magnetizing Inrush Current in Phase A when secondary side of power

transformer at variable resistive load (600/1200/2400 (), harmonics and response of

electronic switch

142 = Differential current of phase A, H;= Fundamental Harmonic,
Hs = 5™ harmonic and S= Response of Electronic Switch.
Results:

Hy > 0.177 + Hy

Hy < 0.065 * Hy
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Differential Current of Phase B & Response of Electronic switch
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Figure D.33: Magnetizing Inrush Current in Phase B when secondary side of power

transformer at variable resistive load (600/1200/2400 ) and response of electronic

Ig» = Differential Current of Phase B, S = Response of Electronic Switch
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Figure D.34: Magnetizing Inrush Current in Phase B when secondary side of power
transformer at variable resistive load (600/1200/2400€), harmonics and response of

electronic switch

Ig» = Differential current of phase B, H;= Fundamental Harmonic, s
Hs = 5" harmonic and S= Response of Electronic Switch.

Results:

Hy > 0.177 « H, (D.13)

Hy < 0.065 + Hy




Magnetizing Inrush Current when Secondary side at
Variable Resistive Load (600/1200/2400 0)
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Figure D.35: Magnetizing Inrush Current in Phase C when secondary side of power
transformer at variable resistive load (600/1200/2400 Q) and response of electronic

switch.

14 = Differential Current of Phase C, S = Response of Electronic Switch
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Magnetizing Inrush Current when Secondary side
at Variable Resistive Load (600/1200/2400 Q)
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Figure D.36: Magnetizing Inrush Current in Phase C when secondary side of power
transformer at variable resistive load (600/1200/24000), harmonics and response of

electronic switch

I = Differential current of phase B, H,= Fundamental Harmonic, h

Hs = 5" harmonic and S= Response of Electronic Switch.

Results:

Hy > 0177 + H, (D.14)

Hs < 0.065 + Hy
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Differential currents & Response of

electronic switch
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Figure D.37: Response of the three phases of differential currents for phase to neutral

fault when power transformer secondary side open and response of electronic switch
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Figure D.38: Phase to neutral fault current (secondary side) in Phase A when secondary

side of power transformer open and response of electronic switch.

I4s = Differential Current of Phase A, S = Response of Electronic Switch
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Phase to Neutral Fault at Secondary sidewith No Load
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Figure D.39: Phase to neutral fault current (secondary side) in Phase A when secondary

side of power transformer open, harmonics and response of electronic switch.

lga = Differential current of phase A, H;= Fundamental Harmonic,

Hs = 5" harmonic and S= Response of Electronic Switch.

(D.15)
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Phase to Neutral Fault at secondary side with no load
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Figure D.40: Phase to neutral fault current (secondary side) in Phase B when secondary

side of power transformer open and response of electronic switch.

Ia» = Differential Current of Phase B, S = Response of Electronic Switch
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Figure D.41: Phase to neutral fault current (secondary side) in Phase B when secondary

side of power transformer open, harmonics and response of electronic switch.

Igy = Differential current of phase B, H;= Fundamental Harmonic,

5™ harmonic and $= Response of Electronic Switch.

Results:

Hy <0177 * Hy (D.16)

Hg > 0.065 * H,
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Phase to Neutral Fault at secondary side with no load
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Figure D.42: Phase to neutral fault current (secondary side) in Phase C when secondary

side of power transformer open and response of electronic switch.

Ige = Differential Current of Phase C, S = Response of Electronic Switch
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Figure D.43: Phase to neutral fault current (secondary side) in Phase C when secondary

side of power transformer open, harmonics and response of electronic switch.

Ig = Differential current of phase C, H;= Fundamental Harmonic,

Hs = 5™ harmonic and $= Response of Electronic Switch.

Results:

H, <0.177 « H,y (D.17)

Hs > 0.065 + H,
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Differential currents & Response of

electronic switch
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Figure D.44: Response of the three phases of differential currents for phase to neutral
fault when power transformer secondary side at equal resistive load (600 2) and response

of electronic switch.
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Figure D.45: Phase to neutral fault current (secondary side) in Phase B when secondary
side of power transformer at equal resistive load (600€2) and response of electronic

switch.

Iy = Differential Current of Phase B, S = Response of Electronic Switch
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Phase to Neutral Fault at Secondary side with Equal
Resistive Load (6000)
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Figure D.46: Phase to neutral fault current (secondary side) in Phase B when secondary
side of power transformer at equal resistive load, harmonics and response of electronic

switch.

I = Differential current of phase B, H;= Fundamental Harmonic, 2
Hs = 5™ harmonic and $= Response of Electronic Switch.

Results:

Hy <0177 + Hy (D.18)

Hs > 0.065 + H,
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Phase to Neutral Fault at Secondary side with Equal

Resistive Load (6000)
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Figure D.47: Phase to neutral fault current (secondary side) in Phase C when secondary
side of power transformer at equal resistive load (600 ) and response of electronic

switch.

1yc = Differential Current of Phase C, S = Response of Electronic Switch
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Phase to Neutral Fault at Secondary side with Equal
Resistive Load (600Q)
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Figure D.48: Phase to neutral fault current (secondary side) in Phase C when secondary
side of power transformer at equal resistive load (600%2), harmonics and response of

electronic switch.

‘undamental Harmonic,

I = Differential current of phase C. H=
Hs = 5" harmonic and S= Response of Electronic Switch.

Results:

H, <0177 + H, (D.19)

Hs > 0.065 * Hy




Differential currents & Response of

electronic switch
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Figure D.49: Response of the three phases of differential currents for phase to neutral

fault when power transformer secondary side at unequal resistive load (600/1200/2400 )

and response of electronic switch S.



Phase to Neutral Fault at Secondary side with Unequal
Resistive Load (600/1200/24009)
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Figure D.50: Phase to neutral fault current (secondary side) in Phase B when secondary

side of power transformer at un-equal resistive load (600/1200/2400 £2) and response of

electronic switch S.

177



Phase to Neutral Fault at Secondary side with Unequal
Resistive Load (600/1200/24009)
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Figure D.51: Phase to neutral fault current (secondary side) in Phase B when secondary
side of power transformer at un-equal resistive load (600/1200/2400 ) and response of

electronic switch S.

Igy = Differential current of phase B, H;= Fundamental Harmonic, .

™ harmonic and S= Response of Electronic Switch.
Results:
Hy < 0177  Hy (D.20)

Hg > 0.065 * H,




Phase to Neutral Fault at Secondary side with Unequal Resistive
Load (600/1200/24009)
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Figure D.52: Phase to neutral fault current (secondary side) in Phase C when secondary
side of power transformer at un-equal resistive load (600/1200/2400 ) and response of

electronic switch S.

Ige = Differential Current of Phase C, S = Response of Electronic Switch
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Phase to Neutral Fault at Secondary side with Unequal
Resistive Load (600/1200/2400 )
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Figure D.53: Phase to neutral fault current (secondary side) in Phase C when secondary

side of power transformer at un-equal resistive load (600/1200/2400 Q) and response of

electronic switch.

lge = Differential current of phase C, H,= Fundamental Harmonic, 3
Hs = 5" harmonic and = Response of Electronic Switch.

Results:

Hy, < 0.177 + Hy (D21

H > 0.065 « Hy




Differential currents & Response of

electronic switch
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Figure D.54: Responses of the three phases of differential currents for phase to phase

fault when power transformer secondary side open and response of electronic switch.
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Figure D.55: Phase to Phase fault current (secondary side) in Phase B when secondary

side of power transformer open and response of electronic switch .

Ig» = Differential Current of Phase B, S = Response of Electronic Switch

182
\



Phase to Phase Fault at Secondary side with No Load

Differential Current of Phase B. Harmonics and

Response of Electronic Switch

W w owm om W ow oW m W e m
Samples

Figure D.56: Phase to Phase fault current (secondary side) in Phase B when secondary
side of power transformer open and response of electronic switch S.

gy = Differential current of phase B, H;= Fundamental Harmonic, 1

Hs = 5" harmonic and S= Response of Electronic Switch.

Results:

H, < 0.177 + H, (D22)

Hg > 0.065 * Hy
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Figure D.57: Phase to Phase fault current (secondary side) in Phase C when secondary

side of power transformer open and response of electronic switch S.

Ig = Differential Current of Phase C, S = Response of Electronic Switch
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Phase to Phase Fault at Secondary side with No Load
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Figure D.58: Phase to Phase fault current (secondary side) in Phase C when secondary

side of power transformer open and response of electronic switch.

I = Differential current of phase C, H,= Fundamental Harmonic, 3
Hs = 5" harmonic and S= Response of Electronic Switch.

Results:

Hy <0177 + Hy (D23)

Hg > 0.065 + H,
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Differential currents & Response of

electronic switch
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Figure D.59: Responses of the three phases of differential currents for phase to phase
fault when power transformer secondary side at equal resistive load (600 Q) and response

of electronic switch.
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Phase to Phase Fault at Secondary side with Equal
Resistive Load (600£)

Differential Current of Phase B and Response of Electronic Switch

5 | | |
u W W s ww

Time, t(s)

Figure D.60: Phase to Phase fault current (secondary side) in Phase B when secondary
side of power transformer at equal resistive load (600€2) and response of electronic switch

S.

Igp = Differential Current of Phase B, S = Response of Electronic Switch
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Figure D.61: Phase to Phase fault current (secondary side) in Phase B when secondary
side of power transformer at equal resistive load (600 Q) and response of electronic

switch S.
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Ig = Differential current of phase B, H;= Fundamental Harmonic,

Hs = 5™ harmonic and S= Response of Electronic Switch.

Results:

Hy < 0.177 « Hy

Hs > 0.065  Hy
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Resistive Load (6009)
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Figure D.62: Phase to Phase fault current (secondary side) in Phase C when secondary
side of power transformer at equal resistive load (600 ©) and response of electronic

switch S.

Ige = Differential Current of Phase C, S = Response of Electronic Switch
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Figure D.63: Phase to Phase fault current (secondary side) in Phase C when secondary
side of power transformer at equal resistive load (600 Q) and response of electronic

switch.
I = Differential current of phase C, H,= Fundamental Harmonic, 5

" harmonic and S= Response of Electronic Switch.

Results:

Hy <0177 + H, (D.25)

Hg > 0.065 + Hy
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Differential currents & Response of

electronic switch
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Figure D.64: Responses of the three phases of differential currents for phase to phase

fault when power transformer secondary side different atresistive load (600/1200/2400 Q)

and response of electronic switch.
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Figure D.65: Phase to Phase fault current (secondary side) in Phase B when secondary
side of power transformer at different resistive load (600/1200/2400 Q) and response of

electronic switch S.

Iay = Differential Current of Phase B, S = Response of Electronic Switch
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Phase to Phase Fault at Secondary side with Different Resistive
Load (600/1200/2400 )
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Figure D.66: Phase to Phase fault current (secondary side) in Phase B when secondary

side of power transformer at different resistive load (600/1200/2400 Q) and response of

electronic switch S.

Ig» = Differential current of phase B, H,= Fundamental Harmonic, h

Hs = 5" harmonic and S= Response of Electronic Switch.

Results:

H, <0177 * Hy (D.26)

Hy > 0.065 + Hy
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Figure D.67: Phase to Phase fault current (secondary side) in Phase C when secondary
side of power transformer at different resistive load (600/1200/2400 ) and response of

electronic switch S.

14c = Differential Current of Phase C, S = Response of Electronic Switch
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Phase to Phase Fault at Secondary side with Different
Resistive Load (600/1200/2400 )
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Figure D.68: Phase to Phase fault current (secondary side) in Phase C when secondary
side of power transformer at different resistive load (600/1200/2400€) and response of

electronic switch S.

Iq = Differential current of phase C, H,= Fundamental Harmonic, A

harmonic and S= Response of Electronic Switch.

Results:

Hy < 0.177 + Hy (D.27)

Hg > 0.065 * Hy
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Appendix E

Program for Microcontroller

The code for ing ics and i ions to the ic control relay are

given for execution of the electronic switch.

// Program for the Digital Protection of the Power Transformer
#if defined (_ PCB_ )

#fuses HS, NOWDT, NOPROTECT

#use delay(clock=20000000)

#use rs232(baud=9600, xmit=PIN_A3, rev=PIN_A2)
#elif defined(_ PCM_)

#include <16F§77.h>

#fuses HS NOWDT, NOPROTECT,NOLVP

#use delay(clock=20000000)

#use rs232(baud=9600, xmit=PIN_C6, rev=PIN_C7)
#endif

#include <ltc1298.c>

#include <math.h>

float currentl,current2,current3;

float sa[3],sb[3],sc[3],ca[3].cb[3].cc[3]:

float h1,h2,h5;
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int INST_TRIP=0;

int OVER_EXCITE=0;

int N=16;

int wait=0;

void measure_current()

{ set_adc_channel( 0 );
current] = Read_ADC();
if(current1>130)

{ printf("phase a");
INST_TRIP=1; }
set_adc_channel(1);
current2 = Read_ADC();
if(current2 > 130)
{ printf("phase b");
INST_TRIP=1:}
set_ade_channel( 2 );
current3 = Read_ADC();
if(current3 > 130)
{ printf("phase ¢");
INST_TRIP=1; }}
void measure_coeff(int sample,int c,int j)
{ sa[c]=sa[c]+(2/16)* current] *sin(2*j*3.1416*(sample/N));

sb[c]=sb[c]+(2/16)*current2*sin(2*j*3.1416* (sample/N));
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sefc]=sc[c]+(2/16)*current3*sin(2*]*3.1416*(sample/N));
cafc]=ca[c]+(2/16)*current] *cos(2*j*3.1416%(sample/N));
cb[c]=cb[c]+(2/16)*current2*cos(2*j*3.1416* (sample/N));
cefc]=ce[c]+(2/16)*current3*cos(2*j*3.1416*(sample/N)); }

void input_samples()

{ int i; for(i=0;i<N;i++)

{measure_current();

if(INST_TRIP==1)

{ break;}

else

{ measure_coeff(i+1,0,1);
measure_coeff(i+1,1,2);
measure_coeff(i+1,2,5);
// delay_ms(1); }}}

void measure_harmonics()

{ h1=sa[0]*sa[0]+sb[0]*sb[0]+sc[0]*sc[0];
h1=h1+ca[0]*ca[0]+cb[0]*cb[0]+cc[0]*cc[0];
h2=sa[1]*sa[1]+sb[1]*sb[1]+sc[1]*sc[1];
h2=h2+ca[1]*ca[1]+cb[1]*cb[1]+cc[1]*cc[1];
hS=sa[2]*sa[2]+sb[2]*sb[2]+sc[2]*sc[2];
h5=h5+ca[2]*ca[2]+cb[2]*cb[2]+cc[2]*ce[2]:}

void main()

{ wait=0;
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INST_TRIP=0;
setup_port_a( ALL_ANALOG );
setup_ade( ADC_CLOCK_INTERNAL );
output_low(PIN_B3);
output_low(PIN_B4);

output_low(PIN_B5);

[110;

do{sa[0]=sa[1]=sb[0]=sb[1]=sc[0]=sc[1]
sa[2]=sb[2]=sc[2]=ca[2]=cb[2]=cc[2]=0;
h1=h2=h5=0;
input_samples();
if(INST_TRIP==1)
{ output_high(PIN_B3);
break:}
measure_harmonics();
printf("h1=");
printf("%f",h1);

printf("\n");

printf("h2=");
printf("%f",h2);
printf("\n");
printf("h5=");
printf("%f",h5);

printf("\n");
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if(h5<(0.065*h1))

{OVER_EXCITE=1;
output_high(PIN_B4);
break:}

if(h2<(0.177*h1))

(/] ifiwait==1)

// {output_high(PIN_BS);

OVER_EXCITE=0;
/] wait=0;
break; // }
1 else
/ {// delay_ms(15);
/I wait=1;// } }}

while(TRUE): }
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Appendix F

Diagrams for Microcontroller

RAS/AN4/SS
REO/RD/ANS
RE1WR/ANE =— [ 9

- -
-—
-
RA4/TOCKI -—
-
- -

RE2/CSIAN7 -—[] 10

Voo — [ 11

Vss — [ 12

OSCU/CLKIN —[] 13
OSC2CLKOUT =[] 14
RCOTI0SOMICKI =[] 15
RC1/T10SICCP2 =[] 16
RC2/CCP1 «—»[] 17
RC3/SCKISCL =—»[] 18
RDO/PSPO =[] 19
RD1/PSP1 =—[] 20

PIC16F877/874

U 40 [] =— RB7/PGD

39 [] =—= RBEIPGC
38 []-—= RB5

37 []=— RB4

36 [] =—= RB3PGM
35 []=— RB2

34[] <—= RBI

33 [] =—= RBO/NT
32 []<— Voo

31 [ -~— Vss

30 [1 =—= RD7/PSP7
29 [] =—= RD6/PSP6
28 [] =— RD5/PSP5
27 [] <—» RD4/PSP4
26 [] =—= RCTRXDT
25 [] <—= RCBTXICK
24 []=—« RCE/SDO
23 [] <—» RC4/SDUSDA
22 []=—« RD3PSP3
21 []=—= RD2PSP2

Figure F.1.1: Pin Diagram for Microcontroller-16F877
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Figure F.1.2: Block Diagram of Programmable Controller (PIC 16F877)

‘ Timer
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