A Summary of Student Projects and Teaching Examples Developed at the Real-Time Power System Studies
Centre in South Africa

This document summarises a range of projects that have been carried out at the Real Time Power Systems
Studies (RTPSS) Centre, located at the Durban University of Technology in KwaZulu-Natal, South Africa. The
RTPSS Centre is a facility that was established to foster collaborative study and research activity between
various participating universities and industrial partners in South Africa. Much of the activity summarised in
this document arose out of undergraduate and postgraduate project activity and teaching examples developed
at one of the participating institutions at the RTPSS Centre, namely the University of KwaZulu-Natal (formerly
University of Natal). This document has been prepared as a guide to the kind of student projects (at both
undergraduate and postgraduate level) that can be carried out at university simulator facilities.

One of the aims in founding the RTPSS Centre has been to stimulate interest amongst undergraduate students
in the area of power systems, in the face of competition from other sub-disciplines within electrical engineering
that, to young engineers, are often more appealing because of their seemingly closer links to modern computer
and information technology. Another aim in founding the RTPSS Centre has been to increase postgraduate
research activity in the area of power systems. On both these counts, our experience at the RTPSS Centre has
been extremely positive. There has been a noticeable pick-up in interest in power systems projects amongst
undergraduate students as a result of the modern, high-technology facilities that such students can now be
exposed to at the RTPSS Centre (both in the form of the simulators themselves, and in the modern protection
and control equipment available for testing using the simulators, and the advanced software tools used to
operate these devices). After one or two years of successful simulator-based projects, final-year undergraduate
students started to become far more willing to sign up for technically-demanding projects being offered on the
simulators, rather than choosing safer and easier projects on offer. In addition, exposure to the kind of
environment in the RTPSS Centre has definitely improved students’ confidence in their ability to master
complex equipment and systems such as numerical protection relays and programmable logic controllers.
Lastly, the retention rate of students into postgraduate study has been boosted as a result of the facilities now
available for research in the RTPSS Centre, as well as the close links to the South African power utility
established through this Centre, allowing us to offer research projects focussed on real-world utility problems.

Given the above background to the RTPSS Centre, in a number of cases a particular project (or project area)
summarised below has been tackled by students at both undergraduate and postgraduate level. This can be
because a student has graduated after completing a final year design project on the simulator, and
subsequently continued with postgraduate study in a similar area. Alternatively, currently-active or recently-
completed projects at postgraduate level have often been offered as undergraduate projects (in simplified
and/or alternative form) to stimulate interest in postgraduate study amongst students in the graduating final-
year class. The projects summarised in the document are grouped into two main areas, reflecting the area of
expertise and current activity of the principal staff member guiding the projects on the simulators, namely
power system stability and control, and power system protection. However, more recently, an effort has been
made to expand the use of the simulators into other technical areas, in particular the study of adjustable-speed
motor drive systems.



Simple Protective Relay Projects

Project 1: Design and Real-Time Simulator Testing of Overcurrent Relay Protection Schemes

Study system:
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Project Scope:

The student was required to develop a real-time model of the simple study system shown above and export
secondary currents from the current transformer within the real-time model, through an amplifier for injection
into an external hardware SEL 311 C relay. The student then had to connect suitable output contacts from the
relay in such a way as to allow their status to be read in by the simulator and used to operate the circuit
breaker at B in the real-time model. The student was required to configure the SEL 311 C to operate as an IDMT
overcurrent relay, and design suitable settings for operation at location B, based on the parameters of the
study system. Finally, the student was required to implement a simple reclosing scheme on the hardware-in-
loop connected relay.

Tests:

Three-phase short-circuit faults were applied successively at locations B, C, D & E in the real-time model from
which the student verified the closed-loop operation of the relay and its IDMT characteristic curve.

The student verified the operation of a simple reclosing scheme that initially tripped the breaker according to
the IDMT settings, then waited three seconds and reclosed the breaker; if the fault was still present the relay
tripped the breaker again and locked out.
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Results: Confirmation of reclosing action for permanent and non-permanent faults [2,3].



Project 2: Design and Real-Time Simulator Testing of Distance Relay Protection Schemes

Study system:

Project Scope:

The student was required to develop a real-time model of the simple study system shown above and export
secondary quantities from current and voltage transformers in the real-time model, through an amplifier for
injection into an external hardware SEL 311 C relay. The status of suitable output contacts from the relay was
to be read in by the simulator and used to operate the circuit breaker at A in the real-time model. The student
was required to configure the SEL 311 C to operate as a mho-distance relay with three forward-looking zones

as follows:
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Zone 1 —90% of the line (instantaneous tripping);
Zone 2 — 100% of the line + half transformer (trip after 10 cycles);

Zone 3 — 100% of the line + whole transformer (trip after 50 cycles);
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Results: Confirmation of zone settings for faults at B, Cand D [1,3].




Tests:

To confirm correct operation, faults were placed successively in the real-time model at locations:
B (Zone 1 fault);

C (Zone 2 fault);

D (fault beyond Zone 3).

Hardware connections for simple relay projects 1 & 2.

These first two protective relay projects were carried out in the first year of the establishment of the real-time
simulator laboratory, at which time the available facilities comprised only a single-rack simulator, one amplifier,
and two SEL 311C protection relays. In addition to there being limited equipment available at this early stage in
the development of the simulator laboratory, there was no prior experience from the academic staff member’s
side with supervising this kind of project (hardware-in-loop connection, setting and testing of protective
relays), and a considerable portion of the project time was dedicated to teaching the students to use the real-
time simulator. Over the years since these first projects were given out to students, we have been fortunate to
acquire many more racks, amplifiers and relays, as well as to develop much more experience in running and
supervising these kinds of projects at final-year design-project level. In addition, improvements in the
technology and capabilities of the simulators themselves have made them far more straightforward for
undergraduate students to use. All these factors have allowed the scope and depth of the final-year projects
given out in the protection area to be expanded considerably from these early beginnings. Nevertheless, these
two projects provide examples of how one can start from limited-scope protective-relay projects to gain
experience in this area, and subsequently develop over time towards much more challenging projects.



Further details about these projects can be found in two related papers [3,4] (included) which were presented
at the annual University Power Engineering Conference in South Africa.
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More-Challenging Protective Relay Projects — Background & Educational Perspective

Following the success of the simple protection projects described above, with time it became possible to
consider progressively more-challenging projects in this area, even at undergraduate level, for a number of
reasons. Firstly, more equipment became available in the facility over time (simulator racks, amplifiers and
relays donated by different manufacturers) allowing protection schemes comprising more than one relay to be
studied.

Secondly, after some experience had been gained in supervising these projects, it became possible to teach
students to use the real-time simulators more efficiently by means of a specially-developed training course and
accompanying manual. The key aspect of this training course is its tight focus on covering the fundamental
skills and knowledge required to compile and run real-time models, and on the generic skills required to
connect hardware devices in closed-loop with a real-time simulator, with the level of depth on protection
systems and protective relays themselves purposely kept to a minimum (since each student will develop in-
depth knowledge about a specific protection scheme, or other hardware controller, during the course of their
individual project work to follow). With the training course that has been developed, it typically requires a few
days to train five to ten students, with no prior knowledge of the real-time simulators, to the point where they
can connect up and test a very-simple protection relay on the simulators. This approach allows the students to
learn those simulator techniques that are common to all of their projects quickly and efficiently as a group,
thereby allowing them more time to focus individually, and in-depth on using the real-time simulators to study
the more advanced protection systems allocated to them as their individual topics of study (or to study other
types of non-protection type hardware connected to the simulator, as seen in later project examples). The
details of the introductory training course manual are contained in a separate document [6]. It is also worth
noting that, although students are given formalised training on the real-time simulator, no training or



instruction is given to them on the actual relays to be used as part of the projects described here — the students
are expected to demonstrate, as an examined outcome of the design project course, the ability to learn the
features and setting methods for the particular numerical relays allocated to their project via self-directed
study using the relay manufacturer’s manuals and any other information sources they can find; our experience
has been that final year students are more than capable of managing this level of self-directed study.

Finally, it was also possible to expand the scope of these student projects as, year by year, the supervisor’s own
understanding of protection systems increased, and more experience was gained in anticipating the particular
technical challenges and pitfalls encountered in these projects by a typical undergraduate student. As a result
of all these three factors, it has become possible to gauge quite effectively the scope and degree of difficulty
appropriate for a final year student in this area. Once such an understanding had been reached regarding the
scope and degree of difficulty appropriate for these projects, it then became possible to structure the projects
in creative ways to allow a balance to be struck between ease and efficiency of the academic management of
the projects on the one hand, whilst on the other hand maintaining the novelty and challenge of the projects to
the students from year to year. In order to strike this balance, the approach that has evolved over time is to
arrange the projects into two distinct and sequential phases: an initial, fairly-standard and structured learning
phase that is common to all projects within a particular themed area (such as distance protection), followed by
a more open-ended phase during which each project has one or more carefully-considered technical aspects
that are introduced to make its end objectives specific and unique so that, by the project’s end, the student will
also have had to work in a research, design and problem solving mode on a completely new and open-ended
assignment. One important educational advantage of this approach is that it ensures, despite the intentionally
open-ended nature of a design project course, that each student will, at the same time, properly cover and
learn the fundamental technical knowledge associated with the particular area of protection being considered,
without leaving any gaps, during the structured learning phase. Furthermore, it is worth noting that each
student’s project can be kept unique, even during this structured learning phase, simply by using different
relays and system parameters from project to project; in other words, it is the approach to learning the
foundational theory that the students are directed to follow during the early phase of the projects that is
structured and similar from project to project, but each student can still be given unique study-system
parameters, relays and settings calculations to consider. Some specific examples of this two-phased project
approach follow.
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Generic study-system topology for undergraduate distance protection projects on the RTDS.

Project Category: Distance Protection Schemes

Study system for structured learning phase of distance protection projects:

The diagram above shows the generic system topology now typically used for final-year undergraduate
distance protection projects on the real-time simulators during the structured learning phase of these projects.
The system comprises two parallel transmission lines fed from sources at either end, with the protection
scheme to be designed and studied comprising hardware-in-loop connected distance relays at each end of one
of the parallel lines. Although the parameters of this study system, as well as the particular distance relay being
tested, will vary for each student project, the topology of the system is kept the same to allow each student to
master important fundamental concepts of distance relay settings in a structured, step-by-step manner, based
on the experience obtained in previous such projects. This step-by-step approach commences with the student
connecting a single distance relay to the simulator, and reconfiguring the model of the study system into a
simple radial topology with a source at only one end of the line (behind the relay) as shown in part (a) of the
figure below. This simple radial topology allows the students to master the process of configuring and setting
multiple zones of distance protection within the relay, and verifying the reach and operating characteristics
(shapes and tripping times) of the relay’s zones in a simple manner on the simulator: the single-source radial
topology allows zone characteristics to be verified relatively easily, without yet having to consider the
additional complicating influences of load transfer and remote fault current in-feed on the relay characteristics,
particularly for non-zero fault resistances. The same testing approach is then repeated for the second relay in
the scheme as shown in part (b) of the figure.



The student then progresses to connecting two relays, each with the same settings verified during the first step
[parts (a) and (b)], at each end of the protected line, but without any communication signaling between the
relays. At this point, the student should be able to verify that the protection scheme is able to isolate faults
from both ends for any fault located on the protected line (at least for low-resistance faults), and be able to
show how the operating speed of the relays at each end depends on the fault location.

(a) Testing hardware-in-loop connections and settings: Relay 1
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Testing hardware-in-loop connections and relay settings during structured learning phase of projects.



The student is then required to implement some form of communication signaling scheme between the two
relays in order to ensure high-speed tripping of the fault from both ends of the line for all fault locations. This
requires that the student designs and implements the settings for the chosen communication scheme on the
relays themselves, and requires the use of the real-time simulator and its high-voltage logic interface panel as a
means of passing communication signals from the output contacts of each relay to the binary inputs of the
other relay at the required voltage levels for the particular relay. As part of the process of using the simulator
to pass communication signals between the relays in this manner, the student is also required to model
different communication delay times and possible loss of communications between the relays to study the
impact these effects have on the scheme. Thus far, our student projects have focused exclusively on
implementing permissive overreaching transfer tripping schemes (since these are commonly used in South
Africa) but a number of different communication schemes could be used to provide additional variations to
student projects on distance protection, even during this common, structured learning phase of the projects. In
addition, despite this phase being intentionally structured in the same way for each distance protection
project, it is still possible to keep each project unique by changing the make and model of protection relay for
different projects, and by changing the parameters of the study system from project to project, so that each
student’s settings design is unique to their project. However, a word of caution is due with regard to different
makes of industrial protection relays: some manufacturer’s relays are considerably more challenging than
others to novice users such as undergraduate students, and this is an important factor that has to be taken into
account when weighing the degree of difficulty of these projects for such students. It is also possible, now that
the RSCAD library of power system components includes detailed and representative models of most
protective relay types, to consider running such projects using real-time simulation models of the relays
themselves, rather than externally-connected relay hardware, if no such relay hardware is available.

Examples of specific project objectives following the structured learning phase of distance protection projects:

Once a student has successfully implemented and tested the settings of a communications-assisted distance
protection scheme using the real-time simulators in the structured learning phase described above, he / she
then starts investigating a particular issue that has been specified as the unique technical goal or objective
specific to that project. Some examples of these specific technical objectives are summarised below.

High-resistance faults and weak-end in-feed

In the case of this particular project, the unique protection challenge set for the student requires only some
minor parameter changes to the real-time model already used during the structured learning phase so as to
make one of the sources feeding the system significantly weaker than that feeding the other end. The student
is then required to use the real-time model to document and explain the performance of the permissive
overreaching protection scheme for high-resistance faults at various fault locations when one end of the
protected line is fed from a weak source. The project requires that the student understands the effects of
magnification of the fault resistance seen by each relay in multiple-infeed topologies, and how this
magnification of the fault resistance is greater for the relay at the weaker end of the line.
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Study-system for undergraduate distance protection projects considering weak-end in-feed effects.

This project has been successfully run twice in slightly different forms, once using ABB REL 511 distance
protection relays, and once using SEL 311 C relays. In one case [7] the student was required to design and
implement weak-end infeed logic settings on the protection relays to solve the problem. In the second case the
student was required to compare the extent of the problem for two different relay characteristics (mho-circle
and quadrilateral characteristics) [8] but was not expected to design a specific settings solution. In the case of
the project in [7], the details of the project and the results obtained are described in a paper [9] (included)
which was subsequently prepared for presentation at a university conference.

Final hardware-in-loop relay test set up for distance protection with weak-end in-feed project [7]



Auto-reclosing scheme and related supervisory logic

In this case, the extension of the project beyond the structured phase requires that the student design and
implement a reclosing scheme for the relays at both ends of the protected line. However, for this project
slightly more detail is required in the real-time model of the study system, over and above that used in the
structured learning phase, in order to reproduce some of the real-world phenomena that have to be catered
for in the design of a practical reclosing scheme at transmission (rather than distribution) level in a utility
environment. In particular, it is necessary for at least one of the AC voltage sources supplying the transmission
system to be a synchronous generator (rather than an ideal AC source) in order to recreate transient changes in
the frequency and phase of the voltages on either side of the open breakers prior to their reclosing. For this
particular category of student project, it is particularly important that the characteristics of the power system’s
electromechanical swing dynamics are realistic, so it is highly recommended that the system model used to
conduct the study be based on a well-known study system from the literature, and not a cobbled-together
system with arbitrarily-chosen parameters.

Line 1

(CB-oro)- -

Line 2

Relay - Relay

Study-system for undergraduate distance protection projects considering reclosing scheme design.

The diagram shows the actual system on which the student carried out the extended phase of this project
involving reclosing scheme design and implementation. The system is based on a well-known generator
transient stability example from a widely-used text on Power System Stability & Control [10]. This system has a
similar topology to that used in the structured learning phase of distance protection projects by all other
students and can be simplified for the purposes of this earlier phase of the project simply by replacing the
generator and its step-up transformer with an ideal AC source. With some simple assumptions, the parameters
of the transmission lines in this system can also be adapted to suit protection-type projects without
significantly altering the fundamental dynamic characteristics of the system from those documented in [10].
Thus, with appropriate project planning, the student can adapt this study system model from [10] to meet the
requirements of both the structured-learning, and advanced open-ended phases of the design project. The
student is also required to add additional voltage measurement inputs to one of the relays, to allow the voltage
on the line-side of the breaker to be used as part of the reclosing scheme implementation.

In this case, the student successfully implemented a permissive overreaching distance protection scheme on
Line 2 of this system using hardware-connected SEL 311 C relays. Following successful clearing of the fault by
opening the breakers at each end of Line 2, the student designed a reclosing scheme in which Relay 2 always
initiates the reclosing sequence by closing its breaker first in dead-end switching mode; once Relay 2 has closed



its breaker, and Relay 1 detects live voltage on the line-side of its breaker, it is then allowed to re-close its
breaker after satisfying the necessary synchronism checks to ensure that the magnitude, frequency and phase
differences between the voltages measured on either side of the open breaker are all within set tolerances.
After successfully implementing this scheme, the student then went further, and used the real-time simulator
model to compare the impact on the generator’s transient currents and torques of reclosing with and without
enabling the synchronism checks across the open breaker at Relay 1. In this way it was possible for the student
to learn, and to then demonstrate, why proper reclosing scheme design is essential on transmission lines near
power stations [11].

Generator swing blocking and out-of-step tripping logic

In this case, once the student had demonstrated a satisfactory settings design of a permissive overreaching
scheme, the extension of the project beyond the structured phase required that the student design and
implement suitable settings for the optional out-of-step logic provided on the particular relay hardware being
used for the project. The specific goals were for the student to correctly use these settings options to (i) block
the distance relays from tripping in response to impedances passing through their zones as a result of stable
generator swings initiated by faults outside the protected line (swing blocking); (ii) allow tripping of the relays
for unstable swings passing through their zones (out of step tripping). In addition the relays were required to
correctly respond to faults located on the protected line itself.

Although the protection settings required in this project are within the scope of what an undergraduate
student can cope with, the task of developing a study system model that is capable of producing the required
seen-impedance loci within the protection relays in response to stable and unstable generator transients is not
at all easy. The approach taken in the project was therefore to provide the student (for the purposes of the
second phase of the project work) with a working real-time model that was developed by the project
supervisor and carefully set up to demonstrate the required swing phenomena. The student then had to adapt
the working permissive overreaching protection scheme designed and implemented during the structured
phase of the project to the parameters of the new study system, and then add the necessary swing blocking
and tripping logic to this scheme.

The study system model provided to the student to use in the second phase of this project was arrived at after
careful experimentation with, and adaptation of, a well-known multi-generator study system from [10]
originally intended for the study of inter-area oscillations in power systems. The diagram above shows the
adapted version of this study system that is able to demonstrate both stable and unstable impedance loci
passing through the zones of the relays in the protected line (L78) for different faults external to the protected
line. The adaptation that was necessary was to change the relative lengths of the lines between buses 7 and 8,
and buses 8 and 9 without changing the overall line length, and hence impedance, between buses 7 and 9 from
the original study system. This adaptation ensures that the electrical centre of the inter-area oscillation is
deliberately forced to lie between the relays at each end of the protected line L78. Once the system
parameters were adapted in this way, careful experimentation was carried out to arrive at two external fault
conditions (temporary faults at bus 11 of different durations) to provoke either stable or unstable swings
passing through the zones of the relays at buses 7 and 8. The SEL 311 C relays used by the student in this
project do not allow the user to plot the loci of the impedances seen by the relay. However, sufficiently
accurate predictions of how these practical relays respond was possible using the real-time relay models
available in RSCAD, which were used in parallel with the actual hardware SEL 311C relays for visualisation of
the seen impedances. The real-time simulator results below show the impedances seen at bus 7 (prior to the



H 4y
-
5
[l
H an
Ife———

Flectrical
Centre

1 I * Fa
1 : T

Ry o

i 150 km 70 km :
G2 ' ' G4

Study-system adapted from [10] for distance protection project considering out of step tripping and blocking.

Q) X1vsR1 L78 21 72 BIR B2R (ii) X1vsR1 L78 Z1 72 BIR B2R
BiL B2L BIL B2L
130 130
105 105
80 80
7 5
£ £
§. 55 & 55
= x
30 30
5 5
-20 -20
90 -56.6667 -23.3333 10  43.3333 766667 110 90  -56.6667 -23.3333 10 433333 766667 110
R1 (Ohms) X1vsR1 L78 Z1 72 BIR B2R R1 (Ohms)
iii BiL B2L
(i) 450
105
80
7
g' 55
=
30
5
-20
90 566667 -23.3333 10 433333 766667 110
R1 (Ohms)

Seen impedances at bus 7 (using simplified impedance calculations within the real-time model) for: (i) stable
swings following a fault at bus 11; unstable swings following a fault at bus 11; an internal fault situated 50%

along the length of the protected line.



implementation of any protection) for: stable swings following a fault at bus 11; unstable swings following a
fault at bus 11; an internal fault situated 50% along the length of the protected line. The student successfully
implemented a permissive overreaching distance protection scheme for internal faults on this protected line
using hardware-connected SEL 311 C relays, and was able to design the optional supervisory logic provided on
these relays so as to block tripping of the scheme for impedance loci passing through the relays’ zones during
stable inter-area elecromechanical swings and force tripping of the scheme for unstable swing loci passing
through the relays’ zones [12].
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Project Category: Line Differential Protection Schemes

Study system:
REAL-TIME
MODEL
T é . % T é T
Pilot
Wires
7SD6001 7SD6001
EXTERNAL Relay 1 Relay 2
HARDWARE

Study-system for undergraduate line differential protection project.



Project Scope:

The student was required to develop a real-time model of the simple study system shown above and export
secondary currents and voltages from the real-time model through an amplifier to external Siemens 7SD 6001
Line Differential Protection Relays. The photograph of the final implementation below illustrates that the
student also had to connect up the output signals from the amplifier via the external summing transformers
that form part of the differential protection scheme, and provide a pilot wire between the two relays. The
student was able to demonstrate that the designed protection scheme correctly responded to faults at any
location along the protected line when the pilot wire was healthy, and also demonstrated the performance of
the scheme when the pilot wire was switched out, as well as the stability of the scheme for external faults.
Despite the student being very successful with the work, this category of project was run only once as an
undergraduate final year topic: from the experience gained during this student’s project, it was found that the
majority of the work and thinking involved in line differential protection projects such as this one lies in figuring
out how to wire up the relay; once the relay is connected, there is relatively little scope with this particular type
of relay for open-ended design work and different project variations from year to year.

Final hardware-in-loop implementation of the undergraduate line differential protection project [13].
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Project Category: General Protection Schemes and Coordination (Power Station Protection Scheme)

Project Scope:

In a power station's internal reticulation system, protection relays are used to check for short circuit faults that
can damage equipment and for under-voltage conditions that could result in stalling of motor-driven pump
loads. In response to such conditions the relays need to take appropriate action to isolate faulty equipment and
switch over to an alternative supply in an appropriate manner.

This project required the student to develop a real-time simulation model of part of the reticulation system



from a power station, and then to design a suitable protection and coordination scheme for this plant using
physical relay hardware. The physical relays provided for the project (Schweitzer 311-C relays) are not purpose-
built for this application, so part of the design challenge was for the student to find ways to adapt the existing
functionality of the relays to suit a different-than-intended application. The physical relays, together with
appropriate settings and logic design, then had to be interfaced to the real-time simulation model of the power
station plant to allow the scheme to be tested thoroughly under closed-loop conditions.

This project is one of the most demanding protection projects that has been given to a final year student on
our real-time simulators, since it was very open-ended in nature, and required significant adaptation of relays
not purpose designed for the tasks. As such, it is not typically suited for giving out to regular undergraduate
students. In this particular case, the project was specifically put together to stretch a top student in the class
and is included as an example of what can be done by exceptional undergraduate students at final year level.

Study system:
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DRAFT schematic diagram of power station distribution system protection project [14].
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Tests:

The student successfully implemented hardware-in-loop connection of protective relays on the 11 kV side of
the main supply and on the 380V Unit Board (both on the main and standby supplies). The student then
designed appropriate settings and tested:

Over-current protection on the 380V Unit Board and coordination with the protection on the 11kV Unit Board
transformer. In particular, the overcurrent relay on the 380V Unit Board issued a transfer trip for overcurrent
faults so that such faults are preferentially isolated using the 11kV breaker which has to interrupt significantly
lower current; if the 11kV breaker failed to respond to this transfer trip (for example due to a communications
failure) the 380V breaker opened after a coordinated time.

Automatic chop-over from the main 11kV supply to the standby 11kV supply during undervoltage conditions
sensed by the relays.

Synchronisation checking and restoration of the main 11kV supply in response to an operator command once
the main supply has returned to healthy status.

References
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Power System Stability & Control Projects

The second main area in which undergraduate design projects have been successfully run on our simulators is
stability and control of power systems. Within this area there have been two principal focus areas within which
undergraduate student projects are regularly offered, namely excitation control systems and voltage control in
transmission and distribution systems.

Project 1: Microcontroller-Based Digital Excitation Controller

Study system:
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Diagram of study system for microcontroller-based digital excitation controller design project.
Project Scope:

This project required the student to develop a simple hardware platform for investigating digital excitation
control algorithms in a Machines Research Laboratory. The platform was to be based on the Atmel range of
micro-controllers [15] and had to be capable of interfacing directly to the existing exciter and terminal voltage
transducer in a Machines Research Laboratory (pictured below) in place of the analogue AVR built into the
laboratory control panel.

A simple proportional gain excitation controller was to be implemented on the developed platform as a test
example and then used to regulate the terminal voltage of one of the micro-alternators in the Laboratory. The
student was then required to investigate the effect of this excitation controller’'s gain on the transient
behaviour of the micro-alternator following short-circuit faults. Although it was not initially intended as a hard
requirement of the project, the student was asked, should time permit, also to test the digital excitation
control scheme on a real-time model of a synchronous generator for comparison, since our first RTDS rack had
just recently been obtained at the time of this project.



EXCITATION
CONTROLLER
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Final implementation of microcontroller-based digital excitation control project: schematic of RTDS testing and
photo of laboratory micro-machine testing [16,17].

Project Results:

The student successfully designed and implemented a programmable digital control platform using an Atmel
Atmega 163 microcontroller [15], and programmed a simple proportional-gain generator AVR system in the C
programming language on this platform. The platform comprised analogue inputs for the AVR reference slider
(potentiometer) voltage and terminal voltage transducer signals, and both analogue and digital outputs to
allow connection either to a physical micro-alternator in the laboratory (analogue AVR output) or to a real-time
model of a generator (digital AVR output). Although it is also possible to connect an external controller with
analogue output signals to the RTDS simulators, at the time this project was run our simulator rack was not yet
equipped with an analogue to digital input card. The student therefore used the digital input port of a 3PC
processor to read the output signal from his AVR into the simulator to control the real-time simulator model of
the generator’s field voltage.

The student was able to show the expected changes in the transient response of the generator terminal
voltage with increasing AVR gain by applying temporary short-circuit faults near the generator on both the real-
time simulator model of the plant and on the actual plant in the Machines Research Laboratory, as shown in
the sample measured results below. (In conducting these comparisons, the laboratory system and the real-time
simulator model were set up to have the same topology, but the parameters of the two systems were not
exactly the same).

Response measured for three scenarios:
e noAVR;

e AVR proportional gain = 16 pu;
e AVR proportional gain =32 pu;
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Sample results of AVR responses: hardware-in-loop RTDS testing versus laboratory micro-alternator testing
[16,17].
Project 2: DSP-Based Synthesis and Real-Time Simulator Testing of Signals for Power Oscillation Damping

Study system:
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Diagram of study system for DSP-based speed deviation observer design project.



Project Scope:

In this project the student was required to make use of a digital signal processing (DSP) platform to synthesise a
signal proportional to generator speed deviation using measurements of electrical variables made in the
transmission system fed by the generator. Such an observer is useful when implementing a power system
stabiliser (PSS) for damping inter-area modes or as an alternative to a speed-based PSS where generator shaft
torsional issues are a concern. The student was provided with a Texas Instruments C 67 DSP platform [18].

Project Results:

The student successfully designed and implemented a discrete-time observer on the DSP platform in C-
language code and tested the observer by feeding it with on-line measurements of transmission line currents
and voltages from a real-time simulation model of the study system. The output of the observer (signal A)
showed good agreement with the actual speed deviation signal from the real-time model (signal B) under
small-signal conditions, but showed some saturation during the initial disturbance period (i.e. while a short-
circuit fault was being applied in the transmission system to provoke generator oscillations).

4« Coupling Vernier 4D Probe
[~ Cuiggen ) BVt | emier | Wt [0 )

Left — photograph of open-loop evaluation of DSP-based speed-deviation observer: Aw gynn from DSP-based
observer versus Aw g from real-time simulation compared on oscilloscope. Right — oscilloscope traces from
photo: A = Aw syne, from DSP-based observer; B = AW qcruq from real-time simulation [17,19].

Further details about these projects [16,19] can be found in a paper [17] (included) presented at the annual
universities power engineering conference in South Africa.
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Project 3: PLC-Based Automatic Voltage Regulator & Power System Stabiliser

Study system:
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Diagram of study system for PLC-based excitation controller design project.
Project Scope:

The student was required to design and implement an excitation control system for a synchronous generator
using a programmable logic controller (PLC) as the hardware implementation platform for the controls. The
primary focus of the project was not to examine the influence of the excitation controller design on the
stability of the system, but rather to investigate the feasibility of implementing such controls in discrete time
format (i.e. using difference equations) on a standard industrial PLC. The student therefore focused on a
standard study system from the literature [20] for which an existing AVR and PSS design was available, and was
required to implement this excitation control design in the form of difference equations on the PLC and
demonstrate the controls on a real-time simulator model of the study system plant.



Project Results:

The student successfully designed and implemented a discrete-time version of the AVR and PSS from the study
system on a Siemens PLC equipped with an add-on input/output module. The PLC-based controller used two
analogue inputs (one for the generator terminal voltage input, and the other for the speed deviation input to
the PSS) and one analogue output (output of the AVR control loop). The student connected the PLC-based
excitation control scheme in closed-loop with a real-time model of the study system and compared the
response of this system to that of an all-simulation version of the same system to prove the correctness of the
hardware controller (the study system can be switched on-line from real-time simulation of its AVR and PSS
controls to the PLC-based AVR and PSS controller using a switch provided on the RTDS Runtime Interface). The
PLC-based excitation control scheme has since gone on to be used as a demonstration example for hardware-

in-loop tests on our portable RTDS simulator rack (see photo below).

Comparison of RTDS and PLC field voltage when PSS is OFF
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Comparison of simulated versus hardware-in-loop excitation controls: Power system stabiliser turned off [21].
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Comparison of simulated versus hardware-in-loop excitation controls: Power system stabiliser turned on [21].

Hardware-in-loop connection of the PLC-based excitation control scheme to a portable RTDS simulator.
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Project 4: Real-time modelling of a transformer tap-changing relay algorithm

Project Scope:

On-load tap-changing transformers are commonly used in distribution systems to regulate customer voltages
under changing load conditions. However, when one or more such transformers are connected in parallel, or at
different points in a meshed distribution network, significant circulating reactive current can flow between the
transformers if some form of parallel regulation algorithm is not used for controlling their tap positions. The
main power utility in South Africa makes use of a particular voltage regulating relay, the Eberle REG-D, that
offers the facility to regulate both secondary voltage and circulating current at on-load tap changing
transformers in a distribution network. The Real Time Power System Studies Centre has been involved in
carrying out a number of research projects to study and properly understand the performance and limitations
of this relay under practical network operating conditions [22]. However, this research involvement has also
allowed us to come up with some interesting undergraduate design projects on the real-time simulators. This is
the first example of two such projects in which scaled-down versions of the research studies have been used as
the basis for final year design projects.

In this project the student was required to analyse the phenomenon of circulating reactive current between
parallel transformers using a real-time power system simulator. The student was tasked with developing a real-
time simulation model of very a simple distribution network to illustrate the problem of circulating reactive
current and its solution using a particular parallel regulation algorithm on the relays that does not require any
communication between the relays while operating.

Study System And Project Results:

The student developed a simplified model of one particular parallel voltage and circulating current regulation
algorithm available on the REG-D relay using standard RSCAD control blocks, and used this to demonstrate the
performance of the two tap-changing transformers in the study system with and without circulating current
control. This very-simple representation of the REG-D’s algorithm developed in RSCAD went on to form the
platform for further, more in-depth work by another student at Masters level in which a detailed real-time
model of the relay’s algorithm was developed and tested on the real-time simulators against the real relay
hardware as described in [22].
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Schematic representation of the approach taken in undergraduate design project in [23]: real-time model of
REG-D voltage and circulating current regulation algorithms used on a simple, two-transformer network study

system.



Project 5: Voltage Regulation for Closely-Paralleled Tap-Changing Transformers
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Diagram of study system for hardware-in-loop transformer tap-changing regulator project.
Project Scope:

This is the second example of a final year design project that was derived from research work being carried out
into the Eberle REG-D relays [24]. Although our main research focus on the REG-D relays has been their use in
distributed control applications, where no communication between the relays is available, in this particular
project the student was required to study the performance of alternative methods provided by these relays for
cases where the parallel-connected tap-changing transformers are in the same substation. The project entailed
the design and testing of suitable settings for voltage regulating relays used on multiple parallel transformers in
a single substation, so as to ensure both voltage regulation and suitable reactive load sharing. The settings
were to be implemented on practical relays which were to be interfaced to a real-time simulator model of the
substation plant for testing.
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Final hardware-in-loop implementation of the undergraduate tap-changing transformer control project. Photo
Left: HV Logic interface used to supply transformer tap positions from the real-time model (via three sets of 5-
bit BCD logic outputs) to each regulating relay; Omicron amplifier used to supply a single-phase voltage and
current from three real-time transformer models to each requlating relay; RTDS front-panel digital inputs used
to read in status of tap-up and tap-down contacts from each requlating relay for input to the real-time models
of the three tap-changing transformers. Photo Top Right: front view of the three regulating relays. Photo
Bottom Right: rear view of the three regulating relays showing wiring of input/output connections for current,
voltage, tap position, tap-up & tap-down contacts and inter-relay communications [25].

Project Results:

The student developed a real-time simulator model of the study system, comprising three parallel connected
tap-changing transformers bussed together at the same substation, and then interfaced three hardware REG-D
relays in closed loop with the real-time simulator model of the plant so that the actual relays carried out the
tap-changing on the transformers in the real-time model in response to load changes and transformers being
switched in and out. The student also set up a simple communications link between the three hardware relays
to allow the relays’ master slave algorithms to be studied by means of hardware-in-loop tests.
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Sample results from the undergraduate tap-changing transformer control project: response of the study system
following reconnection of transformer T3 with Alsine parallel regulation algorithm enabled on REG-Ds to ensure
voltage regulation and proper sharing of reactive power by each parallel transformer [25].
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Project 6: Automated System for Run-Up and Synchronisation of Generators
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Real-time model for the initial phase of the project: design, implementation and testing of the automatic run-up
and synchronisation controls for a single-generator infinite bus study system.

Project Scope:

In this project the student was required to design a system to ramp up the speed of a synchronous generator
from stand-still, and to bring up its excitation in preparation for synchronisation onto a transmission grid. Once
the control scheme had brought the generator up to rated speed and the correct excitation, it was required to
check the frequency and phase mismatches, and the voltage magnitude mismatch between the generator and
the grid voltages, and bring all of these mismatches below set threshold values before automatically closing the
generator onto the grid. The student was required to model the generator plant, and the added control
scheme required to automatically run up and synchronise the generator, on the real-time simulator.

Project Results:

The student successfully developed a working real-time simulator model that runs up and automatically
synchronises the generator in the single generator study system shown above, or allows manual
synchronisation by an operator once all the mismatches are within set tolerances (as indicated by display-panel
indicator lights on the Runtime Interface for the real-time model). The student also included a simple real-time
representation of three synchronising lamps to graphically illustrate the voltages across the poles of the open
breaker as the required conditions for synchronisation are reached.
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Graphs of synchronising lamp voltages, generator speed and terminal voltage magnitude at the point of
automated synchronisation [26].

Since the student managed to achieve the original objectives of the project well within the allotted time, he
went further and considered the use of the system in a more-challenging, multi-generator study case. The
student was provided with a working real-time model of the well-known four-generator system below [27] and
was tasked with determining a strategy to get this system running at its normal, steady-state operating
condition from a black start (all generators at standstill). In order to achieve this goal, the student first
considered an operator-controlled black start of the system, in which he manually controlled each of the
machines and loads in this system in order to devise a strategy to run up each generator in turn, synchronise it
to those already running, and gradually increase the load on the system as more generation was brought on
line. The student then used his designed ramp-up and synchronisation scheme on all four of the generators in
the system to show that, once a macro-strategy for black-starting the system had been determined manually,
the same strategy could be achieved with automated local controls (using his designed system) for each of the
generators.
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Four-generator, two-area study system used in the final stages of the student project in [26] to study black start
strategies on the RTDS real-time simulators in combination with an automated run-up and synchronisation
system for each generator.
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Examples of Well-Known Study Cases Developed for Teaching Demonstrations and Research Studies

This section briefly outlines some real-time simulator models that have been developed as case studies and
classroom teaching demonstrations, primarily for use in a final-year elective course on Power System Stability.
However, as seen previously, these examples can also be adapted for use in a variety of final-year design
projects, as well as by graduate students in their research studies. The discussion that follows provides a very
brief summary of the cases and some sample results, but all the files required to run these cases on an RTDS
simulator have been provided separately. The DRAFT worksheet for each of the cases has detailed comments
to guide users as to how the cases were put together and what to watch out for when using them. Each case is
an implementation of a particular example from Prabha Kundur’s well known textbook, Power System Stability

and Control.

Single Generator — Infinite Bus Angle Stability Case Study (Kundur Example 13.2)
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This case study is a real-time model implementation of Example 13.2, page 864, Power System Stability and
Control by Prabha Kundur. The example illustrates the impact of different excitation control options on the
rotor angle stability of a single-generator system. The real-time model has been configured to allow the
particular type and duration of fault described in the text book example to be applied for three different
excitation control options: automatic voltage regulator and power system stabiliser; automatic voltage
regulator with no power system stabiliser; manual excitation control. Sample results for each of these three
conditions are shown below.

Pmac Qmac

: 3,000
Z 2,000 M’_____‘ ~—
% 1,000 V— T — — —————————
s 0
-1,000
Vi pu
1
v’ \ J_
> 08 [\_‘/
T 06
0.4
0.2
Delta
140
(2]
o 120 G =
o
° 80 \/ \“'
./
60
Jeltaw
4
. ™\
w
- -2 1
[}
o 4
0 0.83333 1.66667 25 3.33333 4.16667 5

Time (seconds)

Response of the system in Example 13.2 when the generator is on manual excitation control (constant field
voltage): the system is at the limit of first swing (transient) stability for the particular disturbance being
considered but, after surviving the first swing, the generator rotor angle oscillations are positively damped (i.e.
the system thereafter exhibits small-signal rotor angle stability).
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Response of the system in Example 13.2 when the generator is on automatic voltage regulator (AVR) control,
but without a power system stabiliser: the transient stability of the system has been improved by the action of
the high-gain AVR, as evidenced by the reduction in the magnitude of the first swing in the generator rotor
angle (compared with the same disturbance on manual excitation control); however, this improvement in the
transient stability has come at the expense of introducing negative damping into the system — the second swing
of the rotor is of greater amplitude than the first, following which the system loses synchronism.
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Response of the system in Example 13.2 when the generator is on automatic voltage regulator (AVR) control,
with supplementary excitation control via a power system stabiliser (PSS): the addition of the PSS has improved
the damping of the post-fault oscillations without affecting the improvement in the transient stability of the
system (reduced first swing) obtained from the action of the high-gain AVR.
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Example 12.6: Runtime Interface

This case study is a real-time model implementation of Example 12.6, page 813, Power System Stability and
Control by Prabha Kundur. The example illustrates the impact of different excitation control options on the
small-signal rotor angle stability of a multi-generator system, in particular on the phenomenon of inter-area
mode oscillations. The real-time model has been configured to allow the particular type and duration of fault
described in the text book example to be applied either with or without the power system stabilisers on each
of the four generators enabled. Sample results for each of these three conditions are shown below.
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Response of the system in Example 12.6 to a small disturbance when all four generators have their power
system stabilisers disabled.

The disturbance excites both the local mode oscillations of generators G1 and G2, as well as the inter-area
mode oscillation of the system such that, initially, the response is multi-modal in nature. However, each
generator’s local mode oscillation is positively damped and decays relatively rapidly, whereas the inter-area
mode is negatively damped. Thus, after several seconds, the system’s response consists purely of the inter-area
mode of oscillation. Inspection of the responses in the graphs shows that the frequency of this inter-area mode
oscillation is 0.6 Hz, consistent with the known properties of this study system. The mode shape of the inter-
area mode can also be deduced by inspecting the speed responses of the generators in the time responses:
generators G1 and G2 oscillate almost exactly in phase with one another (with G1 exhibiting a larger amplitude
of oscillation); generators G3 and G4 likewise oscillate almost exactly in phase with one another (with G3
exhibiting a larger amplitude of oscillation); finally, the oscillations of generators G1 and G2 are approximately
180° out of phase with those of generators G3 and G4. This inter-area mode shape is also consistent with the
known behaviour of this study system.
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Response of the system in Example 12.6 to a small disturbance when all four generators have their power
system stabilisers enabled.

The response shows that with the power system stabilisers enabled, the inter-area mode has significant positive
damping such that the oscillations in each generator’s speed, and in the intertie power transfer, decay within a
few seconds.
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Example 14.2: Runtime Interface

This case study is a real-time model implementation of Example 14.2, page 979, Power System Stability and
Control by Prabha Kundur. The example illustrates the impact of different load levels on the voltage stability of
a system. The real-time model has been configured to allow the particular disturbance (switching out one of
the high-voltage transmission lines between bus 6 and 7) to be applied with the power system set at any one of
the three system load levels described in the text book using a single DRAFT dial component from the Runtime
Interface. Sample results for each of these three conditions are shown below.
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Response of the system in Example 14.2 to the loss of one 500 kV transmission line at Load Level 1.

Following the loss of one transmission line, and the resulting drop in the system voltages, the on-load tap
changer at transformer T6 begins to tap up to increase the voltage at Bus 11, returning it to within the set
tolerance level of the voltage controller. Each increase in tap position at T6 reduces the voltage in the higher-
voltage parts of the transmission and distribution network (Buses 7 and 10), and requires increased reactive
power from the generator G3 (as evidenced by the increase in the field current of G3). However, the field
current at G3 remains below its maximum limit and the system remains stable.
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Response of the system in Example 14.2 to the loss of one 500 kV transmission line at Load Level 2.

Following the loss of one transmission line, and the resulting drop in the system voltages, the on-load tap
changer at transformer T6 again begins to tap up to increase the voltage at Bus 11, returning it, at least
initially, to within the set tolerance level of the voltage controller. However, at this increased system load level,
the increase in tap position at T6 required to restore the Bus 11 voltage is such that the reactive power demand
on generator G3 becomes too high, and the field current of generator G3 exceeds its limit. However, because
the extent of this generator field overcurrent is relatively small at this load level, the overexcitation limiter on
generator G3 allows the condition to persist for over two minutes before forcing the field current to return to its
continuously-allowable maximum value (at approximately 250 seconds in the graph). At this point, the
generator G3 can no longer supply as much reactive power, or control its own terminal voltage, and this
triggers a voltage collapse.
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Response of the system in Example 14.2 to the loss of one 500 kV transmission line at Load Level 3.

Following the loss of one transmission line, and the resulting drop in the system voltages, the on-load tap
changer at transformer T6 again begins to tap up to increase the voltage at Bus 11, returning it towards the set-
point of the voltage controller. However, at this increased system load level, the demand for reactive power is
so high that the field current of generator G3 is forced into limit far more quickly, and the size of this field
overcurrent is also considerably larger, than is the case at Load Level 2. The overexcitation limiter on generator
G3 therefore responds much more rapidly to force the field current back down to its continuously-allowable
maximum value, and a voltage collapse ensues much sooner after the loss of the line at Load Level 3 than is the
case at Load Level 2.



