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Protection relays are some of the necessary and fascinating components in power system. Pro-
tection relays play major role in maintaining normal operation, prevention of electrical failure,
and mitigation of the effects of electrical failure [1]. Many of the major blackouts recorded in the
world are caused, intensified, or prolonged due to issues related to failure of protection system.

The Technical Analysis of the August 14, 2003, Blackout reported an inconsistency in the ap-
plication of the available system protection technologies to optimize the ability to slow or stop an
uncontrolled cascading failure of the power system [6]. It has also lamented on poor operators
training.

Therefore, it is very essential for every power engineer to have a hands-on experience on
power system protection right from the academic institutions and early days at the utility compa-
nies. However, the education of power system protection in universities and technical institutions
has not been in pace with the current trend of power system advancement. In power system
protection class, laboratory sessions involving relays and relays’ design, software handling and
hands-on experience are highly recommended [7].

In another development, microgrid, as a key component of smart grid and a great player in the
penetration of renewable distribution energy resources suffers a great challenge in fault protection.
Differential relay has been identified as one of the better alternative to overcome those challenges
because its principle of operation does not concern much about the magnitude of current as it only
depends on the difference between primary (input) current and secondary (out) currents [27].

Based on the above overview, the main purpose of this research is to develop a module-based
educational platform for studies and conducting experiments on differential relays using Lab-
VIEW programs for control. First a mathematical formulation of a digital relay control algorithms
for differential relays were researched on. The algorithms are then validated by simulations in a
Simulink environment. Finally the LabVIEW program is coded with a special consideration on a
novel and understandable Human Machine Interface (HMI) also known as Graphical User Inter-
face (GUI). The thesis focused on two types of differential relay: transformer differential relay for
protecting power transformers and line differential relay that protects transmission lines.

In the second part of the study, a simulation studies to verify the effectiveness of line differ-
ential relay in islanding phenomenon on a micro grid system was carried out. A microgrid short
circuit currents level in both main grid connected mode, and in islanding modes were investigated
using SKM power tool software. The simulation results for the transformer differential relay from
both Simulink and LabVIEW were successful. The short circuit currents in main grid connected
mode is higher than when it is in islanding mode in all the nodes. However, the Line differential
relay program was able to respond in both cases effectively without changing the settings.

For the Laboratory scale hardware setup, Data Acquisition (DAQ) module was designed and
built by assembling transducers and data acquisition instruments into 300mm cube module. a
short circuit module which is just a set of switches wired in a way that it can create the main types
of faults (line to ground (L-G) and line to line (L-L)) was also made. A circuit breaker (contactor
relay) was also designed and its hardware was built.

Lastly, a new combined hardware-software approach that reflects the nature of a real system
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is developed and tested in real time based on a laboratory setup using module concept in Power
System Laboratory, Shibaura Institute of Technology. This experimental platform is readily set up
for conducting the hands- on experiments.

Several trial experiments conducted were able to detect faults and respond positively to differ-
ent faults conditions within the protected zone in both the transformer and line differential relay.
It can also send the tripping signals to the contactor relay that acts as the circuit breaker. This
platform is cheap, easy to store and safe. The modules can also be used for other experiments
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CHAPTER 1

Introduction

1.1 Background

1.1.1 Power system and power system protection

The Electric Utility Industry which is concern with every step in the process of generation,
transmission, distribution, utilization of electrical energy, is growing faster in both magnitude
and technologies. Due to introduction and increase of electric vehicles and trains, continues in-
dustrialization, and improvement of human life characterized by urbanization, power system will
probably become the largest and most complex industry in the world [1] [2].

The expansion of power system has couple with introduction of new technologies, which in-
cludes: introduction of distributed (disperse) generation, advancement in power electronics and
communication technologies and digitalization of many power system components.

This expansion and complexity will boost electrical power supply but in turn, will not only
make it vulnerable to natural disasters, human errors and faults but also renders challenging prob-
lems to electrical engineers and technicians to easily understand and adopt the new technologies
in order to deliver the increasing electrical energy in a safe, clean and economical manner. Re-
ports have already shown that complexity of the power system and protection failures played
greater role in most of the blackouts since 1965 [5]. The Technical Analysis of the August 14, 2003,
U.S Blackout strongly concluded that there was inadequate training of operators to recognize and
respond to system emergencies and inability of system operators to visualize events on the sys-
tem. It as well recommended provision of reliability tools, visualization tools and training to the
personals [6].

In another development, power system industry is facing a challenge of aging workforce and
outdated technological experts. The number of retirements, and the technological knocked out
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from the power system industry outweighs the number of engineering graduates and skilled
workers entering the workforce [34]

Therefore, there is need for increase in number of highly professional protection engineers,
through quality and attractive education in the technical institutions. Unfortunately, the edu-
cation of electrical engineers, has not kept pace with the technical developments, meanwhile,
students can be attracted and retained in power programs if they are exposed early to the joys of
creation through design, discovery through research, and invention through hands-on experimen-
tation using Laboratory experiments (practicals) and computer-based activities in the education
and training of power system protection [5], [7]- [9].

One convenient and powerful way for teaching protective relaying design and application is to
use modeling and simulation. A number of efforts have been made in this regard, these include the
emphasis on the design of full-blown operator training stimulator to powerful graphical interface,
and special packages for study of specific power system phenomena or topics. More emphasis was
placed on developing either customized packages or adopting conventional solution. However
most of the models are very expensive, not digitized (for the current trending digital relays) and
simulations cannot interact with real power system [10], [11], [13].

1.1.2 Philosophy and economic considerations of power system protection

The main systems that constitute electric power system includes: power plant systems, trans-
mission systems, distribution systems, supervisory control and data acquisition, power system
protection and power system stabilization control. This thesis is under the scope of power system
protection specifically, its education and/or training.

Power system protection deals with detection of abnormal and intolerable conditions and ini-
tiates appropriate corrective actions. The principal function of protective system is to cause the
prompt removal from service of any element of the power system when it starts to operate in an
abnormal manner or interferes with the effective operation of the rest of the system [1]-[3]

The following are some of the important aspects/ qualities of protection thoroughly consid-
ered while designing a protection system.

• Reliability: there are two aspects of reliable operation of protection systems, dependability
and security.

Dependability of protection systems is “The facet of reliability that relates to the degree of
certainty that a relay or relay system will operate correctly.” Dependability is a concern when
a fault occurs within the protected zone. A dependability-related failure raises concerns with
the consequence of a failure to operate when required or to operate at the designed speed.

Security of protection systems is “That facet of reliability that relates to the degree of
certainty that a relay or relay system will not operate incorrectly.” Security is a concern for
external faults and unfaulted operating conditions. A security related failure raises concerns
with the consequence of undesired operation, including operating faster than designed.
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• Selectivity (which also is sometimes referred to as timing coordination): is maximal continuity of
service with minimum disconnection system. it is therefore, refers to analysis to assure that
the relays intended to operate for a given condition will operate faster than other relays that
may provide backup protection for the condition

• Sensitivity: is the ability of the relay system to operate with low value of actuating quantity.
This assures that, no matter what the magnitude of the fault, or the location of the fault on
the protected power system element, the intended relays will “see” the fault more strongly.

• The speed of operation (Clearing Time): is minimum duration of the fault, damage to equipment
and system instability. that is to say, faults must be cleared within a time that minimizes
equipment damage and permits recovery of the power system to a stable operating state.

• Redundancy: is defined as “the existence of more than one means for performing a given
function.” Redundancy may be achieved locally through duplication of protection systems
or through remote backup protection.

• Simplicity: is minimum protective equipment and related circuits to achieve the objectives
of protection.

• Economy: is maximum protection with minimum cost. The protection system should also
be economically viable in respect to the system to be protected.

Apart from Protection System Design consideration, there are more other attributes that sup-
port protection system reliability. These other attributes includes:

• Maintenance: Protection systems continuously monitor the power system, but may be called
upon to operate infrequently. Properly maintained protection systems help to assure both
the dependability and security intended within the protection system design and applica-
tion.

• Availability: Protection system continuously monitor the system but occasionally operates,
thought such, it should be ever available. During maintenance other protection should be
set to include the zone.

• Settings: To promote protection system reliability, settings should be developed considering
a range of credible operating conditions.

Coordination; the protection system is set to a manner that, only the protection intended
for a specific zone operates in in the given time, before other protections trip.

Loadability protection system must be set to accommodate all the loading conditions
the system can manage and those bearable overload.

Modeling; modeling in a relay coordination can help to verify proper selectivity and
secure operations in stable swings.
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• Performance Verification: Reliable operation of the protection system is supported by;

Protection System Monitoring: continuous monitoring of protection systems allows iden-
tification of failures and prompt corrective actions to prevent a latent failure from resulting
in unreliable operation.

Analysis of Misoperations: allows corrective measures such as re-setting, design correc-
tions to be performed. It also provides information for the improvement of future design.

Analysis of Protection System Failure Rates: due to some factors such as age, envi-
ronmental (natural). Such that where the performance of such protection systems are sub-
stantially degraded (high failure rates, reach end-of-life, etc.), appropriate corrective action
should be initiated to maintain adequate reliability.

1.1.3 Trends in protection relays

Protective relays existed more than a century ago. The earlies used relays were the analog
electromechanical and static type.
The Numerical relays came into used around 1980s and dominated the market through 2000s
where digital relays picked up [12]. Figure 1.1 shows the trends of relays over the years.

Digital relays are more superior in fulfilling the aspects of protection system due to their in-
telligence and ability to easily communicate within themselves and with other elements of power
system.

FIGURE 1.1: The different eras of protective relays
Source: [12]
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1.2 Research Background and Motivation

Power System Protection is very essential in power system industry. All power system engi-
neers should at least have a basic understanding of the principles, operations and setting of protec-
tion relays during power system engineering professional courses in the institutions of learning.
In the recent years, power system protection, is hugely shifting from electromechanical relays to
solid state relays. Although these relays have the same philosophy, there are many design, func-
tional and setting differences. For example:

1. Design: many correction algorithms and compensation ratios are included in the relay soft-
ware in the numerical relays unlike in electromechanical counterparts.

2. Connections: in the electromechanical relays, CTs connections follow the transformer con-
nection, for instant a Y-D transformer will have a D-Y connected CTs while in solid state
transformers, the CTs are usually connected in Y in both sides.

3. Settings: electromechanical relays have limited range of operations and functional settings,
most being industrially specified while the numerical relays have several operator settings.

This educational module will serve as a good fundamental platform for practical experiments
during protection lessons for young engineers and even experienced engineers in other types of
relays to easily understand the trending digital relays.

1.3 Procedure and Outcome

First a differential digital relay was analyzed, that included the mathematical formulations.
Then it was simulated in Simulink environment. The signal waveforms from the current sensors
through the input of trip signals into the circuit breaker were visualized. This was not only done to
visualize the current waveforms but also to prove the functionality of the mathematical equations.

The relay was then programmed using LabVIEW, and the hardware components were de-
signed and built into modules. The main modules created for digital relays are data acquisition
module, short circuit module and a contactor relay. A laboratory-scale educational platform was
then developed for experimentation of differential relay in a power system laboratory.

The experiment manual was written in such away that students can conduct experiment with
less supervisions. This platform is readily available for use now.

1.4 Limitations

1. It requires the basic power system modules (Voltage regulator module, Metering (POWER
HITESTER), Transmission line module, Distribution line module and Load module), it may
be expensive if all this modules are built for only this one platform.
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2. The experiment involves creating short-circuit using the Short circuit module, this may trip
the main main breakers or my cause fire breakout if carelessly handle.

1.5 Thesis Contributions

Power System Protection is as essential as safety measures in power system industry. All
power system engineers should at least have a basics understanding of the principles, operations
and setting of protection relays. To achieve this, the teaching of power system protection courses
in universities and technical institutions need to be boosted by Laboratory sessions [37]. This
thesis will contribute in:

1. It enriches laboratory curriculum in power system protection courses in universities and
vocational institutions.

2. It can be good platform in the power utility companies for training of un-experience engi-
neers and technicians.

3. It can be used in the industry for the initial testing of digital differential relays.

4. The electromechanical relays oriented engineers/technicians can use this platform as a tran-
sition to the digital relays.

5. The software part can be use by researchers to grasp initial understanding of digital relays
and consequent development of new advance protective algorithms. The hardware as well
can be use for experimenting (testing) the digital relays during its development.

1.6 Organization of the Thesis

This thesis is organized into six chapters in a chronological order of the project to ease under-
standing and following of the thesis. These chapters are:

Chapter 1. Introduction

In this first chapter, a brief background of power system current development is introduced.
The motivation, research background, procedure and expected outcomes are explored in this
chapter.

Chapter 2. Fundamentals and Theories for Transformer Differential Relay

In this chapter, fundamentals and theories behind the success of differential relay are scruti-
nized. More emphasis was put on transformer percentage current differential relays.
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Chapter 3. Software modeling of Transformer Differential Relay and the Simulation
Results

This chapter discusses the simulations procedures and results. The mathematical equations
obtained in Chapter 2 were first verified in Simulink environment and the results for different
phenomena were analyzed until the accuracy target was reached. Thereafter, a LabVIEW program
was built from the verified parameters. This labVIEW program was later used as the control
(brain) of the experimental platform in Chapter 4.

Chapter 4. Laboratory Scale Experimental Setup of Transformer Differential Relay
using Modules

The building of the hardware part of this project is discussed in this chapter. It also talk about
the complete (combined software and hardware) platform. The results and discussion of this
platform are presented in the last subsection of this section.

Chapter 5. Application of Differential Relay in Microgrid Distribution Line Protection

In another development, due to dramatic variation of short circuit currents of a microgrid
during islanding conditions, protection system previously set for grid connected mode will mal-
function. However, many studies have pointed out the effectiveness of differential relays (line
differential relay). This chapter discusses an SKM power tool simulations to justify the short cir-
cuit current variation, Simulink simulations to test the tolerance of line differential relay during
islanding conditions and finally discusses a hands-on experiment of line differential relay on the
platform discribed in Chapter 4 above.

Chapter 6. Conclusion and Future viewpoints for research

A brief summary of the research conducted in this project, important conclusions and potential
future works drawn thereof are outlined in Chapter 6. This chapter is followed by appendices and
a list of references. In appendix A, is an operation manual for the transformer differential relay.
the steps for conducting the experiment using this platform is clearly articulated. In appendix B,
the manual for the line differential relay is presented.

1.7 Summary

From the beginning of 21st century, there has been great shift from electro-mechanical , static
relays and numerical relays to digital relays in power systems protection due to immense advan-
tages and technological availability for digital relays. It is important to attract, train inexperienced
and young electrical engineers how to simulate, design and set different digital relays. In this
chapter, the importance of protection system has been briefly discussed as well as the current
trends in protection relaying schemes. The motivation and research background of the thesis,
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followed by the procedures and expected outcomes have been outlined. The organization of the
thesis is described and the contributions that this research impacts have been highlighted.
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CHAPTER 2

Fundamentals and Theories for Transformer Differential Relay

2.1 Introduction

This chapter is concerned with the algorithms for differential relay with more emphasis on the
protection of power transformers. However, a bird’s eye into the general overview of protective
relaying is first being recapitulated. Then the differential relay is presented. Finally the mathe-
matical formulation in the functional units of the transformer digital differential relay are derived.
The chapter will be concluded with end of chapter discussion.

Transformers are considered as protection zones in power system protection, other zones in-
cludes: generator, bus, line, and motor zones. Figure 2.1 shows typical power system protection
zones.

2.2 Overview of Protective Relaying

The public view of the power system is only based on the eye-catching elements of the power
system such as the huge generation plants, the transformers in substations and more passion-
ately the abundant over head transmission line. Until they experience unusual and unexpected
occurrences, for example when electrical appliances get ablaze due to a lightening stroke on the
transmission system miles away, then they may understand that a lot need to be done to avoid
the transmition of dangerous electrical power. There are more fascinating and yet the most func-
tional supportive components of the power system. This includes: the control system, the com-
munication system and the protection system. The protective relays are the main elements of the
protection system [1], [3].

Protection relay is a smart device that receives data compares them with reference values, and
delivers results. The function of protective relaying is to cause the prompt removal from service
of any element of a power system when it suffers a short circuit, or when it starts to operate in any
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FIGURE 2.1: Typical relay primary protection zones in a power system.
Source: [1]- [3]

.

abnormal manner that might cause damage or otherwise interfere with the effective operation of
the rest of the system [15].

Protective relays receive actuation quantities and settings as input and send tripping or wan-
ning signals as output quantities. Figure 2.1 shows the input and out put data of a relay. The
Protective Relays are aided in this task by a series of equipment . These equipment includes: input
devices; such as current transformers, voltage transformers, resistance temperature detectors, gas
detectors, pressure detectors and etc. Output devices such as visualization screen, speakers/light
indicators, circuit breakers, reclosers and etc.
circuit breakers are capable of disconnecting the faulty element when they are called upon to do so
by the relaying equipment. The circuit breakers are connected in such away that it can completely
isolate the protected device from the system during fault [1].

Figure 2.2. below shows the sequence of protection operation initiated by a fault and the
functional elements (blocks) of a protective device. The comparison element, the decision element,
and the threshold quantity are all programmed in to the digital relay.

The metered quantities are the inputs in Fig. 2.1 above. They include: current, voltage, phase,
harmonics, gases, temperature, and so on, while the compared characteristics of the above quan-
tities can be magnitude, frequency, phase angle, duration, rate of change, direction or order of
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FIGURE 2.2: Input and output quantities of a relay
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FIGURE 2.3: Protective device functional element

change, and harmonics or wave shape [1] - [3], [14], [40].

2.3 Differential Relay

Differential protective relay (power system device function numbers) is a protective relay that
functions on a percentage or phase angle or other quantitative difference of two currents or of
some other electrical quantities [15]

All devices such as generators, buses, and motors and even Lines can be protected with algo-
rithm based upon ideas of differential relay, provided measurements at the terminals can be made
available to the algorithm. However, each algorithm must deal with effects that tend to distort
the signals or confuse the differential characteristic. Figure 2.4 shows the general representation
of differential relay.

2.3.1 Transformer and its failures and causes

Transformers are electrical devices used for energy transfer by electromagnetic induction be-
tween two or more circuits. Transformers play the greatest role to avoid power loss I2R in the
transmission line, by stepping up the voltage and stepping down the currents during in the trans-
mission line and vice versa at the distribution end. Transformers are one of the most expensive
components in this network which makes it another reason for being very important. Any failure
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FIGURE 2.4: General representation of differential relay protection

of transformer can cause a wide area blackout. Transformers also pose increased risk of fires and
explosions due to failures as it contains large quantity of flammable oil in direct contact with high
voltage conductors. This is a threat to the substation and near by infrastructures. Some of the
common failures of Transformers includes: Winding failure, windings withstand dielectric, ther-
mal and mechanical stresses. Partial discharges may occur when insulation deteriorate due to the
stresses.

Other threatening failures are bushing failure, tap changer failure, core failure, tank failures,
protection system failure and cooling system failure. Following this brief introduction, a proper
protection of transformer is very essential and economical.

2.3.2 Algorithm for the proposed digital transformer differential relay

Figure 4.5 shows the algorithm proposed in this studies for the differential relay logical action.
The algorithm starts by the DAQ constantly measures the system current from both sides of the
protected device, say transformer for this matter and delivers the current to the LabVIEW program
in the PC/Labtop computer. The LabVIEW program then precesses the current signals, calculate
the differential and restraining currents and apply the relay logic in two decision blocks. First,
the differential current is compared by the threshold value. If the differential current is less than
half of threshold, the system will run normally. If not alarm shows and, or rings. Once again
the differential current is compared to the threshold. If the differential current is less than the
threshold, the system continue to run with the alarm on, if the differential current is more than the
threshold, it will indicate fault and send tripping signals instantaneously to the circuit breaker.

2.4 Mathematical Modeling of Digital Differential Relay

Basically, three characteristics provide means for detecting transformer internal faults. these
characteristics include; gas formation, increase in phase currents, and an increase in differential
currents. The latter characteristic and Kirchhoff’s nodal rule of electric networks as shown in
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FIGURE 2.5: Algorithm for the proposed digital transformer differential relay

Eq.(2.1) (The algebraic sum of the currents toward any point in a network is zero) are the principles
for the operation of the differential relay [3], [14].

n∑
K=1

Ik = 0 (2.1)

where n is the number of conductors at the node.
In transformer differential relay, the transformer itself is considered a node and input currents

(IA, IB, IC) is compared with output currents (Ia, Ib, Ic). The differential or operation current (ID)
and the restraining currents (IR) are then calculated for use in the tripping logic. Before compari-
son the raw CTs currents first undergo processing and matching.

Figure 2.6. shows basic currents processing, matching and comparison blocks for transformer
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FIGURE 2.6: Processing of current signals in the differential relay; Winding 1 and
Winding 2 - protected transformer windings; CT1 and CT2 - current transformers;

Unit 1, Unit 2, Unit 3, and Unit 4 - Current processing and matching units

digital relay. The raw currents from current transformers (CT1 and CT2) are first processed in
Unit 1, Unit 2, and Unit 3 before feeding into Unit 4 for ID and IR calculations, comparison and
tripping logic algorithm [16], [17]. In Unit 1; Zero sequence current due to the grounded winding
of the transformer may cause differential relay maloperation during an external ground fault[10].
Zero-sequence current symmetrical components I0 in each phase is eliminated. This is only done
on wye connected and solidly grounded side (winding1) of the transformer. Eq.(2.2), Eq.(2.3),
Eq.(2.4), and Eq.(2.5) are used in this unit. Zero sequence component I0 in a three phase system is
equal to:

I0 = (IA + IB + IC)/3 (2.2)

I∗A = IA − I0 = IA − (IA + IB + IC)= 2
3

IA − (IB + IC)/3 (2.3)

I∗B = IB − I0 = IB − (IA + IB + IC)= 2
3

IB − (IA + IC)/3 (2.4)

I∗C = IC − I0 = IC − (IA + IB + IC)= 2
3

IC − (IA + IB)/3 (2.5)

The matrix form of the Zero sequence component equations above is given by:

[I∗A ,B ,C]= T ∗ [IA ,B ,C] (2.6)
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T = 1
3


2 −1 −1

−1 2 −1

−1 −1 2

 (2.7)

Therefore, 
I∗A
I∗B
I∗C

= 1
3


2 −1 −1

−1 2 −1

−1 −1 2




IA

IB

IC

 (2.8)

where:
I0 is zero sequence currents
IA ,B ,C are measured currents by CT1

I∗A ,B ,C are Currents after zero sequence elimination
T is the transformation matrix for the zero sequence elimination

Unit 2 addresses the the input and out put current differences due to the transformer and
current transformers ratio. Here the reciprocal of the CTs and power transformer ratios are used
for matching the CT2 current. This will adjust the amplitude of CT1 current equal to CT2 currents.

In Unit 3, the phase shift between the power transformer primary and secondary currents due
to delta-wye or wye-delta connections is addressed by Vector grouping adaptation. In electrical
engineering, a vector group is the International Electrotechnical Commission (IEC) method of
categorizing the high voltage (HV) windings and low voltage (LV) winding configurations of
three-phase transformers. The vector group designation indicates the windings configurations
and the difference in phase angle between them. The common two windings’ power transformers
vector group notations are Yy0, Dd0, Yd1, Dy1, Yd5, Dy5, Yd11, Dy11.

The phase different is the angle shift in the secondary voltage or current of a three phase
transformer. It is measured in units of 30o and can be grouped into five: group 0. no phase
displacement, group 1. -30° phase displacement, group 5. (+150°) phase displacement, group 6.
(+ 180°) phase displacement, and group 11. (+30) phase displacement.
The general equation for this adaptation is given in Eq.(2.9) , where k is the vector group number.

I∗∗A
I∗∗B
I∗∗C

= 1p
3

(
T(

2
k)

)
I∗A
I∗B
I∗C

 (2.9)

Where:

T2
(k) is the transformation matrix

k is the vector group number
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I*
A,B,C is the amplitude of adjusted current (adjustment of current transformer mismatch and

tap changer mismatch)

I**
A,B,C is the phase angle adjusted current

The general matrix form for T2
(k) is given as in the Eq.(2.10).

(
T(

2
k)

)
= 2p

3


f (k) f (k−120o) f (k+120o)

f (k+120o) f (k) f (k−120o)

f (k−120o) f (k+120o) f (k)

 . (2.10)

Where:

f(k) Trigonometric transformation function.

(
T(

2
k)

)
= 2p

3


cos[k.30o] cos[(k+4).30o] cos[(k−4).30o]

cos[(k−4).30o] cos[k.30o] cos[(k+4).30o]

cos[(k+4).30o] cos[(k−4).30o] cos[k.30o]

 . (2.11)


I∗∗A
I∗∗B
I∗∗C

= 1p
3

(
2p
3

.


cos[k.30o] cos[(k+4).30o] cos[(k−4).30o]

cos[(k−4).30o] cos[k.30o] cos[(k+4).30o]

cos[(k+4).30o] cos[(k−4).30o] cos[k.30o]

).


I∗A
I∗B
I∗C

 (2.12)

For example, substituting k in Eq. 2.12 with the vector group notation, the transformation ma-
trix for the phase shift correction of vector group 5 (Yd5) is given by;

(
T(

2
k)

)
= 1p

3


−1 0 1

1 −1 0

0 1 −1

 . (2.13)

In this study, a transformer of a vector group Yd11 with a phase shift of 30o on the delta side
is used. The transformation matrix for the phase shift correction for this group is:

(
T(

2
k)

)
= 1p

3


1 0 1

−1 1 0

0 −1 1

 . (2.14)

and Eq.(2.15), Eq.(2.16), and Eq.(2.17) are generated and used for the phase shift correction in
this unit.
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I∗a = 1p
3

(Ia − Ic) (2.15)

I∗b = 1p
3

(Ib − Ia) (2.16)

I∗c = 1p
3

(Ic − Ib) (2.17)

However, in the conventional relay, a phase shift transformer is used.

Unit 4 is the functional unit of the digital relay, here differential/operation and restraint/bias
/stabilized currents are computed by Eq.(2.18) and Eq.(2.19).

ID = |I∗A,B,C − I∗∗a,b,c| (2.18)

IR = (|I∗A,B,C|+ |I∗∗a,b,c|)/2 (2.19)

Where ID and IR are differential and restraining currents respectively.

Furthermore, relay decision is done in this block according to ID and IR . The relay issues
the trip command when one of the following conditions given in Eq.(2.20) which is used in a
differential relay with a single slope characteristic or in Eq.(2.21) which is used in differential
relay with a dual slope characteristic, is satisfied in any one of the phases A, B or C.

|IR | < IR1 and |ID | > K1 ×|IR |+ ID1 (2.20)

|IR | Ê IR1 and |ID | > K2 ×|IR |− (K2 −K1)IR1 + ID1 (2.21)

Where K ; is the slope of characteristic curve.

K = ID

IR
(2.22)

Figure 2.7 (A) shows the operating characteristics of a differential relay with a single slope and
Figure 2.7 (B) is for differential relay with double slope characteristic.
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FIGURE 2.7: Characteristic slopes of differential relay

When the transformer is in normal operating conditions, the differential current should be
zero. However, in practice it may not be zero due to winding heating, CT saturation, and inaccu-
racies in CT matching.

The minimum pickup differential current is obtained from the MATLAB/SIMULINK simula-
tion.

2.5 Summary

This section is very fundamental in this research, The theories for differential differential relays
were first researched. Then the mathematical and logical equations were formulated. These equa-
tions are later used in the software control algorithms. However, before implemented in LabVIEW
control program, they should first
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CHAPTER 3

Software Modeling of Transformer Differential Relay and the Simulation
Results

3.1 Introduction

This chapter discusses the parameters, steps and the outcomes of both the Simulink validation
of the mathematical formulations and LabVIEW programing. The LabVIEW program will be used
later on in Chapter 4 for conducting the experiment. In addition, the software modeling is also
part of the training package. It plays a vital role in improving the learning experience of students
and is very useful and long been used by academics, manufacturers, and consultants for designing
relays and checking their performance [31]. The IEEE Power System Relaying Committee (PSRC)
recommends that PSP courses should consist of standard lectures, laboratory sessions, software
sessions, and assignments [18]

3.2 Software Modeling Methodology

3.2.1 Simulations for validation of differential relay parameters and mathematical
operations in Simulink

The mathematical formulations described in chapter 2 were modeled in Simulink. Three simu-
lations, two on transformer differential digital relay and the other on line differential digital relay
were conducted. In this section, only a digital transformer differential relay is discussed [19].

First, high voltage (transmission line, and a step down transformer) parameters shown in TA-
BLE 3.1 were simulated and studied. Secondly, a series of Laboratory scaled low voltage simu-
lations were done for building up a platform in the power system laboratory, Shibaura Institute
of Technology for experimental teaching of differential relay based on modules. Figure 3.1 shows
the Simulink simulation layout
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TABLE 3.1: Transformer parameters.

Parameters Value
Nominal power 47 MVA

Nominal frequency 50 Hz
Ratio 4.8 : 1 (Step Down)

Magnetization resistance (pu) 500
Magnetization inductance (pu) 500.01

Winding1 Value Winding2 Value
Connection Yn D11

Voltage Ph-Ph (KVrms) 132 33
Resistance(PU) 0.002 0.002

Inductance (PU) 0.080001 0.080004

In this simulation layout (Fig.3.1), the protection zone is the Power Transformer (PT), in be-
tween current transformers (CT1 and CT2). Unit 1 to Unit 4 are the control units of the numerical
differential relay as describe in Chapter 2. F_S, F_W1, F_W2 and F_L are only used in this study to
represent faults at the source side, faults on winding 1, faults on winding 2, and faults on the line
respectively. These faults are simulated in such different locations of the power system to view the
characteristics of the faults and respond of the relay. The switching time for all the faults are 0.02
seconds, set to start at 0.04 seconds and end at 0.06 seconds in every 100 milliseconds simulation
time. The validity of the numerical equations and faults characteristics are observed systemati-
cally in meters M1 for raw waveforms, M2 processed (transformer ratio, phase shift, zero current
sequences all fixed) waveforms and M3 to observed the Differential and restraining currents. The
triggering signal for the action of the relay trip contact is observed in M4. This triggering signal
determine the action and general effectiveness of the relay.

3.2.2 LabVIEW Programing

Laboratory Virtual Instrument Engineering Workbench (LabVIEW) is a systems engineering
software with visual programming language from National Instrument. LabVIEW is commonly
used for data acquisition, instrument control, and industrial automation. In this research, Lab-
VEW program is used as the control engine of the digital differential relay. After the validation
results of the mathematical and logical computational equations and algorithms were successful
in simulink environment, The LabVIEW was programmed using the same equations and algo-
rithms. The programing follows the same sequence of the Simulink simulation [20].

First a program for simulation studies was done. The programming starts with creating a
twelve numeric control, six for the transformer primary current and six for secondary, in each case,
three for the magnitudes and other three for phase angles. Then the mathematical formulations are
programmed according to the current processing units of the simulink simulations. Last, a novel
Graphical User Interface (GUI) also known as Human Machine Interface (HMI) was designed. A
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subVI of relay decision logic (unit 4) with lower threshold value was programmed along side the
main program to ignite ar alarm at the earlier stage of the fault. Several simulations using the
LabVIEW program were perform to see the genuinity of the program. For connecting LabVIEW
to the physical world through NI USB-6210 for the experiment, the program was modified by
replacing the numeric control part with data acquisition (DAQ) system and modifying the GUI.
Data acquisition system consist of DAQ assistant, Write to Measurement File, Filter and Tone
Measurement blocks. Figure 3.2 shows the complete LabVIEW program structure used in the
experiment.
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FIGURE 3.1: Arrangement of the simulation layout
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FIGURE 3.2: LabVIEW program for the control of the differential digital relay
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3.3 Results and Discussion

3.3.1 Simulink Results

The simulation results give the in dept analysis of the relay theories and the effectiveness of
the mathematical equations used in the simulations. It also help unearth new characteristics of the
differential relay. The results were noted after every step of the simulation process and of different
fault location. Figure 3.2: shows M1 signals, obtained by CT1 and CT2 from the system before any
mathematical and computational algorithm application. A differential relay can not use these
signals in this form. However, for analysis and system validation reasons, it is visualized Part A
of the figure (Figure 3.2) shows the signals when the system is running normally while part B and
C is when a (L-L-G) fault between phase A and phase B is applied from 0.04 to 0.06 seconds.

In this figure, Figure 3.2: It can be observed that the transformer is a step down type, because
the magnitude of primary current is lower than that of the secondary. Therefore, this called for a
factor (the reciprocal of the transformer ratio) to equalize the current amplitudes before feeding
into the differential computational algorithm. The fault current due to short circuit between phase
A and Phase B, from 0.04 seconds to 0.06 seconds created at the primary side is about 22.5 times
the normal primary current.

The primary raw currents is passed through Unit 1 to eliminate any possible zero sequence
current and the secondary is processed in Unit 2. There are two mathematical expressions in Unit
2, transformer ratio elimination and Phase shift correction.

Figure 3.3: shows the current waveform after the transformation ratio correction and before the
phase shift correction. It indicates clearly the phase shift, the primary current leads the secondary
by 30 deg. This is the characteristic of Yd11 vector group.

Unit 2 also contained a vector group adaptation mathematical algorithm which numerically
removes the phase shift. After it’s applications, both the primary and secondary current follows
in the same path. That is to say, have equal magnitude, phase angle and frequency as seen in Fig.
3.4 obtained from M2 meter. On this figure, the current signals appears to be three, however, they
are six signals in three sinusoidal wave path.

After this stage, the differential and restraining currents can now be calculated. Unit 4, does the
calculation of differential and restraining currents and is visualized through meter M3 as shown
in Figure 3.5

In Figure 3.5, only the restraining currents (275 A) is clearly visible, but the differential current
which theoretically should be 0 A in the normal operating system is around 1 A in this simulation
and is seen just as a single line on the horizontal 0 A axis.

The differential and the restraining currents are then fed into Unit 4 for the computational dif-
ferential relay logical algorithm for fault identification and subsequent sending of tripped signals
to the contactors or circuit breakers for clearance of the fault.

Figure 3.6 shows the trip signal stage. High(1) indicates trip and Low(0) indicates no trip
signals and hence the system is running normally.
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3.3.2 LabVIEW Results

(A) current signals in normal operation

(B) current signal in faulted condition

(C) zoomed current signals in faulted conditions

FIGURE 3.3: Differential and restraining waveforms
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(A) processed current signals in a normally running system

(B) zoomed processed current signals during a fault

FIGURE 3.4: Processed current signals

FIGURE 3.5: Phase shift between primary and secondary current
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(A) current signals in no fault conditions

(B) current signal in faulted condition

(C) zoomed current signals in faulted conditions

FIGURE 3.6: Current signals obtained from the system before any signal processing
(mathematical and computational) algorithm applied.

where: IA, IB, IC are transformer primary currents and Ia, Ib, Ic are secondary.
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(A) relay trip signal output in a normal operating system

(B) relay trip signal when a line to ground fault occurs

(C) relay trip signal when a line to Line to ground fault occurs

FIGURE 3.7: Relay trip signal output in normal operating conditions and with a
fault from 0.04 till 0.06 seconds

3.4 Summary

These Chapter serves two purposes, the first is to verify the mathematical and logical equations
obtained in Chapter 2. This was done by Simiulink, after the algorithm was proven to work as
required, then secondly the development of the relay control program in LabVIEW environment
commenced. The simulations results are in line with the theories and expected out come.
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CHAPTER 4

Experimental Setup of Transformer Differential Relay by Modularization
Method

4.1 Introduction

In this chapter, the physical setting of the platform, construction and wiring schematic dia-
grams for the modules which are specifically developed for this project are discussed. First a brief
description of a module is tackled. Then, the layout of the experimental platform on the real time
mode is analyzed. Finally, experimental procedures are elaborated.

4.2 Module Concept

A module is a 300mm cube aluminum packaged functional hardware unit designed for use
with other components [11]. The modules have five input and output points of connection (3-
phase lines, a neutral and ground) each fitted with screws. Electrical wires with ring terminals
are used to easily connect and disconnect modules. Figure 4.1 shows the general specification
of a module. However, the designed of the front panel is detected by the devices it contains. A
module can contain a single devise or many devices wired to give a specified function.The input
and output terminals are arranged in such a way, it can be simply connected to other modules.
A module weighs 3 - 20 kilograms and can be design and built in 1 week to 1 month, with a cost
ranging from 500 - 5000 US Dollars. All these depend on the devices being housed in the module.
Three phase 200 V is the standard voltage of the source and can hold to a maximum power of
3kw. Some modules contained devices that require to be powered from single phase 100 V. The
importances of modularization include: protect the device(s) from mechanical damage, safety of
personnels, and easiness to handle and use during experiment [5]
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FIGURE 4.1: Specification of a module

4.3 Modules Design

In this research work, two modules were designed and assembled, Data Acquisition (DAQ)
module and a short circuit module.(Figure 4.4). The DAQ module is responsible for measuring
the line current and supply a it’s proportional scaled down signal to the LabVIEW program for
execution and in turn pick the tripping signal (the output of the LabVIEW program) and deliver
it to the contactor relay. The DAQ module contains one current sensor (CT) unit (MWPE-IS-01);
inputoutput ratio ±50A/5V. Despite not being used for the current differential relay, the DAQ is
also fitted with two voltage sensor (VT) units (MWPE-VS-01); input/output ratio 400V/5V for
use in other relay analysis such as distance relay. Figure 4.2 (A) shows the schematic diagram for
internal wiring and connection of DAQ modules while Figure 4.2 (B) is the picture of its compo-
nents . USB-6210 from the national instrument is one of the essential devices in the DAQ modules.
The USB is a multifunction DAQ devise that offers analog input, digital input, digital output, and
two 32-bit counters, it also provides an on board amplifier. Figure 4.3 (A) shows the picture os NI
USB 6210 and Figure 4.3 (B) shows it’s pin array. The sensor units are powered by DC 5V or 15V
from 100V converter.

The short circuit module is a set of wired switches in such a way that it can cause a short
circuit to create an intended fault type. However, during experiment the fault point is changed
from one location to anther by changing the short circuit module location at a time on points 1 -
4 to generate different types of faults on different locations and the action of differential relay is
investigated in such cases. Figure 4.4 (A) shows the connection of wires and switches and Figure
4.4 (B) is the front specifications view of the short ciut current. As highlighted above, the DAQ
module is the fundamental module in this experiment as it housed the essentials devices.
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(A) Schematic diagram of the wiring (B) Interior view, showing the components

FIGURE 4.2: Data Acquisition(DAQ) module designed for this experiment

(A) NI USB 6210 and connecting cable

(B) USB-6210 pin array
(Source: NI USB-621x User

Manual - National
Instruments)

FIGURE 4.3: NI USB 6210
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(A) Schematic diagram of internal arrangement and
wiring

(B) The front view specifications

FIGURE 4.4: The structure of Short Circuit Module

The contactor relay is composed of an electronic switch circuit that consist of D526-Y 4A Semi-
conductor Bipolar Transistors- BJT, BYV26C Fast Recovery Diode, LED, and resistors and a LY4
DC24 OMRON contactor relay. Figure 4.5 (A) is the schematic connection diagram of the contac-
tor relay and Figure 4.5 (B) is a picture of the contactor relay. TABLE 4.1 is a partial data sheet of
this contactor relay. The tripping signals from the LabVIEW program is to control this contactor.

(A) Schematic diagram (B) Physical diagram
FIGURE 4.5: Contactor relay
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TABLE 4.1: LY4 DC24 OMRON Data sheet
Standard type, Single, Plug-in terminal, 24 VDC 10 A (Resistive load), 110 VAC 10

A (Resistive load), Output 4PDT (10 A 24 V)

Coil ratings 24 VDC 69 mA
Contact type 4PDT
Contact method Single
Contact material Ag alloy

Contact rated load

110 VAC 10 A (Resistive load)
110 VAC 7.5 A (Inductive load (cos φ = 0.4))
24 VDC 10 A (Resistive load)
24 VDC 5 A (Inductive load (L/R = 7 ms))

Maximum switching current AC: 10 A DC: 10 A
Terminal structure Plug-in terminal

4.4 Setting up the Experimental Platform

In the Power system Laboratory, Shibaura Institute of technology, there are already existing
modules of main power system components. For example: Voltage regulators, Meters, Trans-
formers, Transmission lines, distribution lines, loads(resistive, capacitive,and resistive), and more
others.

The modules are arranged as shown on the schematic diagram represented on Figure 4.6, and
Figure 4.7 shows the pictorial view of the arranged modules. Power source is connected to the
Voltage regulator module, then a meter module (POWER HITESTER), DAQ Module, Transformer
module, DAQ module, Distribution line, and the Load. The DAQ modules are also linked to the
LabVIEW program in a PC through a USB and to the contactor relay.

FIGURE 4.6: Schematic diagram of modules used in the transformer digital relay
experiment
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FIGURE 4.7: Laboratory setup of the modules for transformer digital relay studies

4.5 Digital Transformer Differential Relay’s Experimental Results

By following the operation manual (Appendix A) step by step, digital transformer differential
relay’s experimental can be conducted.

After a correct connect and running the LabVIEW program, the first interface shows as shown
in Figure 4.8. that also indicates that the experiment is well set and is the interface when the
system is in it normal state of operation, the scale shown on the meters is 1:1.
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FIGURE 4.8: LabVIEW interface for a normal (no fault) state. Meters’ ratio is 1:1.

The differential current is just around 0.02 A, due to some little power loss in the transformer
winding, otherwise in theory the differential current should be zero. This margin is covered in
deciding the threshold value.

When a short circuit is created by the use of the short circuit module, by shorting phase A and
C, the effects of the fault was clearly visualized, and a tripping signal from the LabVIEW program
successfully ignite the contactor relay to open its contacts. Figure 4.9 shows the LabVIEW interface
for this fault conditions. Figure 4.10 shows for phase B and Phase C faults and Figure 4.11 for three
phase faults (Phase A to Phase B and phase C shorted)
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FIGURE 4.9: LabVIEW interface for Phase A and Phase C shorted fault. Meters’
ratio is 1:500.

FIGURE 4.10: LabVIEW interface for Phase B and Phase C shorted fault. Meters’
ratio is 1:500.
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FIGURE 4.11: LabVIEW interface for three phase faults (Phase A, Phase B and
phase C shorted. Meters’ ratio is 1:500.

4.6 Consideration for possible Failure of the Relay

When dealing with relay experiments, close attention should be paid to among others, the follow-
ing possible causes of failures:

1. Current or voltage supply to the relays.

2. DC supply failure, all relays are powered by a DC power source.

3. Protective relays.

4. Failure of the relay software itself.

5. Failure of Circuit Breaker (tripping circuit or mechanism, or signal to trip the breaker) in this
experiment a contactor relay is used.

6. Failure of current or voltage signal to the relays due to CTs malfunction ( Data Acquisition
Module)

4.7 Summary

The experiment was successful, the main principles of the differential relay were visualized
and actualized. The experiment operation manual is well articulated and easy to follow, so un-
dergraduate student can be able to conduct this experiment by themselves. It has been tried for
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conducting experiments for third years electrical students admitted for research in power system
laboratory, Shibaura Institute of Technology. The software simulation can be copied and stored
in any form, though can only open in a simulink and in LabVIEW environments. Students who
intend to do research in differential relays can pick off from this experiment.

However, due to zero sequence current elimination and Phase shift correction algorithm com-
plications, faults on different phase can sometime be seen indicated on the others on the LabVIEW
interface.
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CHAPTER 5

The Effectiveness of Line Differential Relay in Microgrid Protection

5.1 Introduction

In the pass decade, especially after the United Nations Climate Change Paris Agreement
(COP21) amongst 196 countries, has triggered the rise in penetration of renewable distributed
energy resources (DER) in term of microgrid into AC interconnected power systems. Microgrid
therefore, has been identified as a key component of smart grids and as the best way to encourage
the use of sustainable, clean and renewable energy sources. Many researchers, power utilities and
governments embrace it.

A microgrid in its broader view is a localized group of interconnected loads and Distributed
Energy Resources (DERs) (in medium or low voltage) within clearly defined electrical boundaries
that act as a single controllable entity with respect to the grid. A microgrid normally operates
connected to and synchronous with the traditional centralized grid (grid mode) or can disconnect
and function autonomously (island mode) when physical and/ or economic conditions dictate
[23]. Figure 5.1 shows typical Microgrids of different scales.

The integration of this different technologies and varying scales of renewable generation across
interconnected transmission and distribution grids will accelerate resulting pressure on ensuring
safety and operational integrity of existing reliable power system operation. Microgrid as a com-
plement to the existing grid infrastructure, many papers have discussed the economical, losses
avoidance, operational, and Environmental (emissions reduction) benefits of microgrid and con-
cluded affirmatively [24]-[25].

However, some of the shortcomings of microgrids at distribution level are fault protection and
isolation difficulty. Renewable energy based DERs, connected to a microgrid through inverters can
only supply limited fault current during islanding mode. Many DERs in a microgrid such as solar
photo-voltaic, and wind generation are intermittent in nature. Therefore, different fault current
levels can be experience in the grid. The mesh configuration of the DERs within a microgrid makes
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power flow in bi-directional manner. These affect the use of over current and directional relays
in microgrid especially when it switched to islanding mode [27]. Line differential relay operates
on the bases of differential current. Its principle of operation does not concern much about the
magnitude of current and could be the best option for protection of microgrid lines [28].

FIGURE 5.1: Microgrid system (Source: Office of Electricity U.S. Department of
Energy)

This Chapter is divided into two parts: first it investigates the short circuit current levels of a
microgrid in grid-connected and in islanding mode using SKM Power Tools. Secondly, the ability
of the line differential relay to response to faults on microgrid’s distribution lines during grid
connected and islanding mode without changing the settings.

5.2 Investigation of Short Circuit Current Level during Grid Connected,
and in Islanding Mode

The SKM Power tools software was used to investigate the short circuit current levels. First,
a microgrid connected to a main grid with the system parameters as shown on TABLE 5.1 were
simulated and the short circuit levels were obtained at each node. Then the switch at the Point
of Common Coupling (PCC) was opened to signifies the condition of islanding phenomena and
the simulation ran again. The short circuit currents at each node were also noted and compared.
Figure 5.2 (A) shows the simulations when in grid connected mode as it can be seen that PCC (PD-
0004) switch is closed while Figure 5.2 (B) is when it is in islanding mode, as the PCC is open. After
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finding a significant difference in the short circuit current in this investigation, a simulation was
built to test the operation of line differential relay in both modes without changing the settings.

(A) Grid connected mode (B) Islanding mode

FIGURE 5.2: Simulated relay trip signals

TABLE 5.1: simulated system parameters.

Parameters Value
Main grid contribution 47 MVA / 120KV

System frequency 50 Hz
main grid transformer ratio 4.8 : 1 (Step Down)

Distribution Voltage 25000V
DGs transformers ratios 4.5 : 1(Step Up)

5.3 Simulink Analysis for the Effects of Short Circuit Currents Varia-
tion on Line Differential Relay

A Simulink module of a microgrid with similar parameters shown in TABLE 5.1 was simu-
lated. A line differential relay controlled algorithm as discussed in Section II was also moduled
and used to protect a 10 km distribution line. Several faults were created at different locations
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and during both grid connected and islanding modes as shown in Figure 5.3. The findings are
summerised in the results section.
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FIGURE 5.3: Simulink module for testing the functionality of the relay in grid and
in islanding modes



44 Chapter 5. The Effectiveness of Line Differential Relay in Microgrid Protection

5.4 Experimental Procedures

An experimental platform was also designed using modules and LabVIEW. As has been de-
scribe in the previous chapters, the same hardwares for the transformer differential relay: Data
acquisition modules, Short circuit module, Voltage regulator module, Transmission and Distribu-
tion Lines modules, and the variable resistive load were used. These modules were arranged as
in schematic diagram shown in Figure 5.4. Figure 5.5 show the picture of the arrange Modules. In
this figure the LabVIEW program in the PC was not connected

FIGURE 5.4: Arrangement of modules for line differential relay

FIGURE 5.5: Arrangement of modules for line differential relay

The control algorithm was implemented using LabVIEW software just as the transformer dif-
ferential relay. refer to chapter 3 of this thesis. However, in this case the LabVIEW algorithm units
were designed to reflect transmission parameters. For example, in line differential relay, the unit
for phase shift correction is not necessary.



5.4. Experimental Procedures 45

FIGURE 5.6: LabVIEW program for line differential relay
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5.5 Simulation Results

The available fault current on each node during grid connected were significantly higher com-
pared to during islanding mode as shown on Figure 5.7 (A)(B) and (C). Bus 1 and 2 has 120 kV
and 25 kV respectively and are on the main grid, that is why no fault current during islanding
mode. Bus 3 and 6 are 25 kV buses and are on the distribution line. While Bus 4, 5, 7, and 8 are 6.6

kV and are the DGs and Load buses.

(A) 3 phase fault currents (B) Line to ground faults currents

(C) Combine 3 Phase and line to ground

FIGURE 5.7: Variation of fault currents in grid, and islanding modes of microgrid

The line differential relay set for internal faults during Grid connected mode was able to posi-
tively response to a similar fault during islanding conditions.
Figure 5.8 shows the relay trip signals in both grid connected and islanding mode.
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(A) Grid connected mode (B) Islanding mode

FIGURE 5.8: Simulated relay trip signals

5.6 Experimental Results

The experiment was successfully conducted. However we only use three phase 200V source
and about 0.1 A. The short circuit current was up to 0.5A to avoid any hazardous effects on the
electrical system in the laboratory or tripping of the main circuit breaker. Nonetheless the experi-
mental results were as expected in the theory. Figure 5.9 shows the LabVIEW interface when the
system is running normally, it can be seen that both the incoming current to the protected zone and
the current leaving the zone are balanced (same magnitude and phase). In this normal operation
the differential current theoretically should be equal to zero, but due to some current losses in the
transmission line, the differential current in this experiment is 0.072 A. Therefore, the threshold
was set slightly above this value, at 0.25 A. The properties of the alarm were also investigated by
increasing the line current by increasing the load. The differential current also increased and the
alarms perfectly responded as observed on Figure 5.10.

The faults were then created, by short circuiting, using the short circuit module. First, Line A
and Line B were short circuited and the interface is Figure 5.11. Then line A and Line C (Figure
5.12), Line B and Line C (Figure 5.13) and finally Line A to Line B to Line C as presented in Figure
5.14.

The last case was a short circuit done out of the zone, see Figure 5.15, the results is also in line
with the principle of differential relay. The fault disturbance can be seen on the current signal, but
the relay do not send trip signals.

This is because the external fault affects all the primary and secondary current equally and in
the same direction, hence the different is approximately zero.
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FIGURE 5.9: LabVIEW HMI for line differential relay experiment during a no fault
(Normal) operation

FIGURE 5.10: LabVIEW HMI for line differential relay experiment when the line
current was raised
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FIGURE 5.11: LabVIEW HMI for line differential relay experiment when a (L-L)
between A-B fault is created

FIGURE 5.12: LabVIEW HMI for line differential relay experiment when a (L-L)
between A-C fault is created



50 Chapter 5. The Effectiveness of Line Differential Relay in Microgrid Protection

FIGURE 5.13: LabVIEW HMI for line differential relay experiment when a (L-L)
between B-C fault is created

FIGURE 5.14: LabVIEW HMI for line differential relay experiment when a (L-L-L)
between A-B-C fault occurs
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FIGURE 5.15: LabVIEW HMI for line differential relay experiment the faults is out
of protection zone of the relay.

5.7 Summary

Simulation using SKM Power Tools (software) shows that during islanding mode of microgrid,
the fault current decreases. Many relays, including over current relays set and or coordinated dur-
ing the grid connected mode will malfunction in islanding mode. Therefore it requires re-settings.
Furthermore, due to the mesh configuration of DERs, microgrids may experience bidirectional
current flow, this will limit the used of directional relays Nonetheless, Line differential relay, base
on the the facts that, it uses differential current for detecting the faults is proposed and being in-
vestigated on this study. Simulations shows that, indeed there is a current decrease in islanding
mode. However, a differential relay set for microgrid lines during grid connected mode was able
to operate on fault in the islanding mode. More studies are needed on CTs ratios and saturation,
and communication channel delay and distortion.

One of the challenges in line differential relay is signals transmission. The protected zone
which in this matter is a line, is so long, hence it requires a transmission media that does not
distort the signals otherwise, it will malfunction.
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CHAPTER 6

Conclusion and future works

6.1 Conclusion

Power system as a whole and power system protection in particular is on the rise in term of
volume and technologies. The advancement is due to the continues invention of modern technolo-
gies especially in power electronics and semi conductors, sensors and communication(Internet).
The dependent of life and economy on electricity is increasingly fastening. That is to say "no elec-
tricity no life". Due to this dependent, any blackout is a catastrophe of highest order. The economic
cost of the August 2003 U.S blackout that resulted in the loss of 61,800 MW of electric load was
approximated at 7−10 billion and idling over 100,000 workers. In another development, electrical
and lighting equipment ranked second in the most common causes of fires in both commercial
and residential building. The first being cooking equipment which in turn is indirectly electricity
if not gas fueled.

In addition to proper design, sizing and many other aspects of electrical equipment, the power
system protection is the most important attribute to prevent the development of faults or spread of
its effects to other equipments. Therefore, there is a continues effort to improve protection system
over the years. The protection relays have been shifted from Electromagnetic to Numerical and
now trending in digital technology (digital relays). A lot of success have been registered in that
regard.

The challenge remains in the teaching of power system in general and especially in power
system protection, Many researches have pointed out that, for better understanding of protection
courses, Lab sessions play greater roles. However, the type of the experimental platforms differ
from industrial commercial model, to On-demand Model and to self-made model. As good and
they are in some specific occasions, there are a handsome of disadvantages. For example, Com-
mercial and on-demand models are expensive, difficult to update and repair, difficult to learn
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the internal design and the Self-made model are uneasy to arrange, exposure to electric shock,
inconvenient interface, not flexible.

In the researches that were done to produce this thesis, emphases was put on the development
of a suitable laboratory platform in the context of modularization of the devises and the controlling
algorithm in form of software for teaching digital differential relay. This platform as discussed
throughout the thesis incorporates both the software and hardware design of the platform. Other
advantages of this platform are easiness to follow and understand the digital differential relay
concept, easy to set up experiments, safe, cheap and flexible in term of usages (can be used for
doing different types of experiments). It also takes a small space to keep and conduct experiment.
The software design is accessible to learners and the GUI provides a user-friendly environment
which allows a better interaction with trainees.

The module-based projects are suitable for power system engineering learning as Students are
involved during the design and testing processes, which is good for Project Based Learning. In
this era where digital relays are being widely deployed in power systems, it’s important to train
inexperienced and young electrical engineers as well, how to adjust and set different schemes of
protection equipment. This platform offers a good opportunity in industry to train protection
engineers and enrich them with new skills in power system protection in an efficient way and
with minimum cost.

The developed model is able to execute the algorithm successfully and identify fault condition
in the protection zone. It can also sent signals to the alarms and contactor relay to trigger them to
actions.

6.2 Future works

For future work, the following points need to be research upon:

• Highly effective algorithm in the LabVIEW program that takes care of: CT saturation, inrush
current, and harmonics.

• For complete package of power system protection, LabVIEW programs with algorithms for
other types of relays need to be developed. Note: distance (MHO) relay is already developed
in this laboratory.

• For line differential relay, a suitable compensation algorithms is needed to compensate the
loses due to the long distance for current signals transmission.
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APPENDIX A

Experiment Manual for Transformer Differential Relay

A.1 Transformer differential relay experiment manual

A.1.1 Purpose of experiment

The power transformer is one of the most important classes of hardware in the electric power
system, and transformer protection is an essential part of the overall system protection strategy.
Transformers suffer different types of stresses, due to both external hazards such as over load,
overvoltage, and under frequency and internal faults such as overheating, over fluxing, overpres-
sure, windings short circuit, and core and tank faults.

The most common form of the transformer protection is differential relay, which treats the
transformer as a unit and only detects internal faults (faults in and around the transformer i.e
within the CTs) Its tripping logic is based on Kirchhoff’s current law. In this experiment, we shall
investigate the tripping logic, faults contribution, and settings by using LabVIEW simulation of
transformer differential relay and power system modules. The aim of this experiment is to de-
tects, visualize the fault location, and provide tripping algorithm of differential relay by using
LabVIEW. It can also be used to detect transformer ratio and vector group notation

A.1.2 Basic circuit

Refer to Figure 2.4 for general over view of differential relay, Figure 4.6 to show the schematic di-
gram of the modules used in this experiment and finally Figure 4.7 to show the picture of arranged
experiment.
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A.1.3 Modules

The modules used are listed below. 1) Voltage regulator (T1) 2) Power HiTester (G05) 3) Transmis-
sion Line (G02) 4) Data acquisition module (G12) 5) Short-circuit module(G11) 6) Data acquisition
module (G1) 7) Three-phase distribution line (T09) 8) 3 phase load (KMR-303) 9) LabVIEW pro-
gram (PC) 10) Contactor relay Important pointIn the transmission line and three-phase distribu-
tion line, since the maximum current of the reactor is 2 A, a current exceeding it is not allowed to
flow for a long time.

• Voltage regulator (T1 )

• Power HiTester (G05)

• Transmission Line (G02)

• Data acquisition module (G12)

• Transformer Y D (T12)

• Short-circuit module(G11)

• Data acquisition module (G1)

• Three-phase distribution line (T09)

• 3 phase load (KMR-303)

• LabVIEW program (PC)

Important pointIn the transmission line and three-phase distribution line, since the maximum
current of the reactor is 2 A, a current exceeding it is not allowed to flow for a long time.

A.1.4 Experimental procedures

• Connect the red, yellow, and blue wires on the voltage regulator to the main power.

• Next, connect the data acquisition module, transmission line, short-circuit module and the
load bank from the left as shown on Fig.3. Be careful when wiring the modules (For example,
red�red, blue�blue, yellow�yellow, etc). Be careful to not entangle wires since there are
many. To prevent any accident or problem, ensure that the black wire is connected to the
body-grounding terminal.

• After connecting, set the LabVIEW program

Open “TXdiffDAQLabscale”.

Click “Window”� “Show Block Diagram. A block diagram is displayed (Fig. A 4)

Connect the G12DAQ module to the PC with a USB cable. When the screen as shown in
Figure 5 pop up, delete it on x symbol.
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Click “DAQ Assistant ” . Change all (Voltage 0 Voltage 2) “Terminal Configuration” to
“RSE”. After making changes, click “OK”. “Building VI” is set, and the setting is completed

Connect the G13DAQ module to the PC with a USB cable

Click “DAQ Assistant ” .Change all “Terminal Configuration” to “RSE”. After making
changes, click “OK”. At this time, note that selecting“DAQ Assistant” different from the
previous one. “Building VI” is set, and the setting is completed.

Display the front panel. Click Run in the figure to confirm that it operates

• If nothing abnormal happen, increase the sending voltage to 20V for connection checking.
Confirm if there is no noise or smell

• Increase the voltage up to 150V by adjusting the voltage regulator. Turn the load knob to
the 0 step. Create the short circuit between phase A and phase B using short circuit module.
For safety, the short circuit time shall be a maximum of 5 seconds. Confirm that it looks like
Figure 10

• If you can confirm the above, LabVIEW is operating normally. If it does not work properly,
set LabVIEW program according to (Fig. 11).

• Turn the load knob to the 2 step. Confirm that the current value has changed. After that,
turn the load knob to the 3 step. Confirm that ALARM lights up

• Turn the load knob to the 1 step. Create the short circuit between phase A and phase B. At
this time, confirm that CB 1 and CB 2 operate

• Decrease the voltage to 0V and disconnect the voltage regulator from the main source. Do
not save the LabVIEW program.

• Set the LabVIEW program program (PC)

Open “TXdiffDAQLabscale”

Click “Window”� “Show Block Diagram. A block diagram is displayed

First of all, connect the G12 module to the PC. Delete “DAQ Assistant” in the block
diagram on the screen

Connect the G12DAQ module to the PC with a USB cable. The following is how to
connect a module to LabVIEW

Select “View”� “Functions Palette”� “DAQ Assistant[Input]”. “DAQ Assistant [In-
put]” can be selected by “Express”� “Input”� “DAQ Assist”.

Place “DAQ Assistant [Input]” back to its original position

Select “Acquire Signals”�“Analog Input”�“Voltage”�“ai1,ai2,ai3” of “Dev1(USB-6210)”
and click “Finish”
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Change all (Voltage 0 Voltage 2) “Terminal Configuration” to “RSE”. After making
changes, click “OK”

Connect the wiring of “DAQ Assistant [Input]”.

Next, connect the module of G13 and the PC. Delete “DAQ Assistant” in the block dia-
gram at the bottom of the screen

Connect the G13DAQ module to the PC with a USB cable. The following is how to
connect a module to LabVIEW

Select “View”� “Functions Palette”� “DAQ Assistant[Input]”. “DAQ Assistant [In-
put]” can be selected by “Express”� “Input”� “DAQ Assist”.

Place “DAQ Assistant [Input]” back to its original position

Select ““Acquire Signals”�“Analog Input”�“Voltage”�“ai1,ai2,ai3” of “Dev3 (USB -
6210)” and click “Finish”

Change all “Terminal Configuration” to “RSE”. After making changes, click “OK”

Click Run in the figure to confirm that it operates

A.1.5 Discussion content

• About faults in substations,

[A] What are the causes of faults in the transformer.

[B] What are the types of Transformer faults.

[C] What are the effects (results) of faults in the transformer.

[D] Examine the remedy.

• Please let’s discuss.

Find out the differences, merits, and demerits from other relays.
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APPENDIX B

Experiment Manual for Line Differential Relay

B.1 Line differential relay experiment manual

B.1.1 Introduction

With the development of modern power system and the goal for combating climate change,
usage of renewable resources as Distributed Energy resources (DERs) for Micro Grids is trending.
For safe transmission High performance protection is becoming increasingly important. The cur-
rent differential principle is considered superior in selectivity, sensitivity and speed of operation
as compared with over current, directional comparison, phase comparison and stepped distance
schemes. Therefore, the current differential scheme is widely used in power system protection,
especially for transformers, busbars, and transmission lines.
Laboratory experiments for line differential relays in universities could help students to concretely
understand line differential relay.

B.1.2 Basic circuit

Refer to Figures 2.6 to show the basic circuit and Figure 5.4 to show the experimental schematic
circuit for differential relay. Figure 5.5 shows the state of the experiment.

B.1.3 Modules used in the experiments

The modules used are listed below.
1) Voltage regulator (T13)
2) Power HiTester (G05)
3) Data acquisition module (G12)
4) Transmission Line (G02)
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5) Short-circuit module(G11)
6) Three-phase distribution line (T09)
7) Data acquisition module (G13)
8) 3 phase load (KMR-303)
9) LabVIEW program (PC)
Important point In the transmission line and three-phase distribution line, since the maximum
current of the reactor is 2 A, a current exceeding it is not allowed to flow for a long time.

B.1.4 Experimental procedures

1) Connect the red, yellow, and blue wires on the voltage regulator to the main power.

2) Next, connect modules from the left as shown on Fig.3. Be careful when wiring the modules
(For example, red�red, blue�blue, yellow�yellow, etc). Be careful to not entangle wires since
there are many. To prevent any accident or problem, ensure that the black wire is connected to the
body-grounding terminal.

3) After connecting, set the LabVIEW program in the PC.

3-1) Open the program folder “LINEdiffDAQLabscaled”.
3-2) Click “Window”� “Show Block Diagram. A block diagram is displayed.

3-3) Connect the G12DAQ module to the PC with a USB cable.

3-4) Click “DAQ Assistant ” . Change all (Voltage_0Voltage_2) “Terminal Configuration” to
“RSE”. After making changes, click “OK”. “Building VI” is set, and the setting is completed.

3-5) Connect the G13DAQ module to the PC with a USB cable.
3-6) Click “DAQ Assistant ” .Change all “Terminal Configuration” to “RSE”. After making

changes, click “OK”. At this time, note that selecting“DAQ Assistant” different from the previous
one. “Building VI” is set, and the setting is completed.

3-7) Display the front panel. Click Run in the figure to confirm that it operates.

4) If nothing abnormal happen, increase the sending voltage to 20V for connection checking.
Confirm if there is no noise or smell.

5) Increase the voltage up to 150V by adjusting the voltage regulator. Turn the load knob to
the 1 step. Create the short circuit between phase A and phase B using short circuit module. For
safety, the short circuit time shall be a maximum of 5 seconds.
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B.1.5 Result and discussion

Results

TABLE B.1: Table for filling in experiment results.

Fault Location Fault Type
Id Fault indicate Alarm Circuit Breaker

IdA IdB IdC A B C CB1 CB 2

No Fault -

In zone fault AB

In zone fault AC

In zone fault BC

In zone fault ABC

Out of Zone fault AB

Discussion

About faults in substations,
(A) What are the causes of line faults.
(B) What is the cause that make it occurred.
(C) Examine the remedy.
Please let’s discuss.
Find out the differences, merits, and demerits from other relays.
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