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Chapter 1 Introduction

Humanity is faced with significant challenges with respect to its sources of energy.
These challenges include ever increasing demand for electrical power, rising energy
costs and the need to protect the environment. The available technologies each have
a unique mix of advantages and disadvantages. The technologies may be compared
in terms of cost, operating characteristics, effect on the environment, human safety
etc. One advantage of nuclear power is the lack of carbon dioxide emissions, and a
disadvantage is that the consequences of human error can be extremely severe.
Engineers in the nuclear industry constantly seek methods of enhancing the safety

of nuclear power plants.

The safety of a conventional nuclear power plant depends on the cooling of its
reactor. During normal operation, the energy conversion process removes decay
heat!, and hence cools the reactor. A pressurised water reactor (PWR) has two
steam cycles — the first cycle removes heat from the reactor and passes it onto the
steam that drives the turbine. In a CANDU reactor there is only one steam cycle.

The steam that removes heat from the reactor drives the turbine.

If the generator of a nuclear plant is disconnected from the power system the plant’s
control system releases control rods into the reactor. These rapidly reduce the rate
of nuclear fission and hence the heat produced. The steam flow to the turbine is
reduced and diverted to a condenser. Excess heat is dissipated to the atmosphere. It
1s vital that the plant’s cooling water system functions correctly to ensure the
continued cooling of the reactor. It is also vital that the steam flow though the
turbine reduces rapidly so as to prevent the shaft speed from exceeding its design

limits.

! Decay heat is the heat released as a result of radioactive decay. The energy of the alpha, beta and

gamma radiation is converted into thermal energy - the movement of atoms.
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A disconnection of the generator from the power system is initiated by the plant’s
protection equipment. A disturbance within the power system may be so severe that
power plants must be disconnected from the power system to prevent damage. The
protection system responds to both failures within the power plant and failures
within the power system. Some power plants have the capability of islanding, 1i.e.
reaching a new stable operating point following the disconnection from the power

system.

Inserting the control rods into the reactor has an important negative consequence:
It leads to a dramatic increase in the concentration of by-products within the
reactor, which absorb neutrons. The process is called “reactor poisoning”. Xenon 135
1s the most important by-product because of its large cross-section for absorbing
neutrons. Unless the reactor power can be raised significantly reactor poisoning will

lead to an extended shutdown period — possibly some days.

The Pebble Bed Modular Reactor (PBMR) is a nuclear power plant being developed
in South Africa. The main advantage of the PBMR over other nuclear plants is its
safety — there is no risk of a meltdown, even in the event of a total loss of reactor
cooling. It is foreseen that production units will deliver up to 180 MW to the power

system (the output of the prototype unit will be lower).

The PBMR thermodynamic cycle is known as the Brayton cycle. Helium gas is
heated in the reactor and drives the turbine. During normal operation, power
control is achieved through the operation of control valves, which divert the flow of

gas past the turbine.

Eskom, the public utility of South Africa and investor in the PBMR development
project, requires that the PBMR be capable of islanding. The designers had
difficulty in meeting this requirement. They showed that, if the plant was
disconnected from the power system, the plant would have to be shut down to
prevent the shaft speed from exceeding its maximum allowable limit. The designers

exhausted all possibilities to reduce the speed over-shoot (for instance by
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maximising the operating rates of the control valves). Despite this, the speed could
not be limited below 140 % through the action of the control valves. At such high
speeds the centrifugal forces within the rotating components could lead to
mechanical failure, i.e. the destruction of the plant and the release of contaminated
gas. The speed could only be limited to safe levels through the activation of the
shutdown valves. Operation would then be discontinued, i.e. the plant would not

island. The levels of Xenon 135 would rise, which would delay a re-start.

The PBMR designers investigated the inclusion of a high-energy resistor in the
plant’s control devices. When the plant is disconnected from the power system the
resistor, hereafter referred to as the stabilising resistor (SR), would be connected to
the generator terminals. As long as the SR remains in service the generator
develops a braking torque, which opposes an acceleration of the shaft. The author’s
task was to investigate the feasibility of such a SR. He investigated the
construction, layout and costs of high-energy resistors. In this document he
investigates the stability of the islanded PBMR plant. He considers the transition of
the PBMR plant from normal operation to islanded operation, as well as operation
during the islanded period. The investigation includes analyses in the frequency-

domain as well as the time-domain. Results obtained from the software package

DIgSILENT PowerFactory are verified using MATLAB SimPowerSystems.

The author shows that the SR limits the maximum shaft speed, as required.
However, depending on the rating of the SR and the turbine characteristics, the
plant may become unstable a few seconds after islanding. For these situations, the
author proposes that an additional controller is used in conjunction with the SR.

The controller is hereafter referred to as the stabilising controller (SC).

The thesis is motivated not only by the PBMR project. The concept of the SR could
be applied to conventional nuclear power plants, namely to reduce to risk of a shaft
over-speed, to improve the probability of successful islanding, and to reduce reactor

poisoning.
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Nuclear safety is determined, amongst many other criteria, by the number and
reliability of power sources available to supply the cooling water system. If the
plant has the capability of islanding then the generator can be counted as one such
power source. If the use of a SR improves the islanding performance of a nuclear

power plant then this will improve the plant’s nuclear safety.

1.1  History of high-temperature reactors?

In the 1960s German engineers researched and developed a high-temperature
nuclear reactor (HTR) at the Jiilich Research Centre in Germany. They
subsequently built a prototype reactor, which operated from 1966 to 1988. The
reactor generated 40 MW thermal power and 15 MW electrical power. The reactor
was decommissioned for political reasons in 1988. By that time all the planned
research experiments had been completed. The reactor was called the AVR

(Arbeitsgemeinschaft Versuchsreaktor - co-operation prototype reactor).

In conventional nuclear plants the maximum temperature of the reactor has to be
limited for safety reasons. If the temperature is too high the fuel produces
additional heat, which causes a further increase in temperature. This may lead to a
thermal instability, 1.e. a meltdown. During operation the energy conversion process
removes the decay heat from the reactor. If the reactor is shut down an alternative
cooling system removes the heat from the reactor. The failure of that cooling system

may lead to a catastrophic nuclear accident.

The main advantage of the AVR prototype reactor is that a core meltdown is not
possible. The decay heat produced by the fuel decreased with an increase in
temperature. This characteristic is known as the “negative temperature coefficient

of reactivity” and prevents the possibility of thermal instability. Achieving the

2 The information presented in this section is from the PBMR company.
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negative temperature characteristic requires that the fuel elements operate at
relatively high temperatures. The AVR used spherical fuel elements, which
contained the nuclear fuel particles. The nuclear fuel particles were coated with

ceramic and graphite.

The inherent nuclear safety of the AVR was demonstrated during a public safety
test, when the flow of coolant through the reactor core was stopped. There was no
need to insert the control rods to ensure that the reactor would remain in a safe

state.

The AVR was used to test different designs of fuel elements, fuel loading systems
and safety systems. In spite of the test programmes the AVR produced power for
70% of its life. During its 22 years of operation, the design proved the superior

behaviour of the coated particle fuel concept.

The German engineers continued with the construction of a 300 MWe (750 MWt)
Thorium High-Temperature Reactor (THTR), which operated between 1985 and
1988. The THTR was a first-of-its-kind production plant intended to demonstrate
that its subsystems could be maintained with a reasonable effort and had a high

availability. The THTR-300 was intended as the frontrunner of a commercial

design, namely the HTR-500.

Based on the experience gained from the AVR and the THTR, ABB (previously
Brown Boveri and ASEA) and Siemens developed further HTRs. These two groups

later combined to form Hochtemperatur Reaktorbau GmbH.

Prior to the fall of the Berlin wall in 1989 Siemens negotiated orders for several
reactors from the then East German government, the USSR and a large German
chemical company. After the reunification of East Germany with West Germany all
negotiations for the Siemens reactors were discontinued. Siemens subsequently
decided to stop further work. At the same time, the West German government came
under pressure to close existing nuclear plants. The HTR research reactors were the

first to be closed, since these had no significant impact on German power
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generation. In the years that followed, the collapse of the USSR and the

reunification of Germany placed constraints on the further development of reactors.

1.2 The Pebble Bed Modular Reactor (PBMR)3

In the 1990s Eskom, the electricity utility of South Africa, embarked on a project to
develop a HTR called the Pebble Bed Modular Reactor (PBMR). Eskom accelerated
the development by acquiring the right to access the Siemens HTR engineering

database.

The Pebble Bed Modular Reactor (PBMR) is based on the high-temperature reactor

technology developed in Germany.

The PBMR differs from previous HTRs in that it uses only one gas cycle. Previous
HTRs included a heat exchanger that transferred the energy from the coolant gas to
steam, which then powered the turbine. The PBMR eliminates the heat exchanger.

The turbine is driven by the reactor coolant gas.

The PBMR plant uses the inert gas helium as a reactor cooling gas. The helium is
heated to approximately 900°C in the reactor. The thermodynamic cycle is a closed
cycle, known as a Brayton cycle. The plant’s turbines operate at a higher
temperature than conventional turbines. The PBMR wuses turbine technology
advances that have been made since the 1980s, namely the increase in temperature
that the gas turbine materials can withstand. Eliminating the heat exchanger

brings about cost savings and an increase in efficiency.

The PBMR has many advantages compared to conventional power plants. The
design of the fuel particles limits the maximum temperature that the fuel can reach

so that a meltdown cannot occur. The PBMR plant does not have the emissions

3 The information presented in this section is from the PBMR company.
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problems of fossil fuel fired power plants. By constructing a “demonstration plant”
near Cape Town in South Africa, the PBMR investors intend to prove that the plant

offers a cost-competitive alternative to other power plants.

In the PBMR plant the flow of gas through the turbine is not controlled through in-
line valves, but through by-pass valves. This is due to the unavailability of suitable
in-line valves on the market. The control valves and emergency shutdown valves
are of the bypass type. The opening of these valves diverts the gas flow away from

the turbine.

The designers of the PBMR found that the response of power to a change in control
valve position is relatively slow. A sudden loss of electrical load leads to an increase
in turbine speed above the tripping value (130%). The turbine protection operates to
prevent mechanical damage. It activates emergency shutdown valves, which stops
the thermodynamic cycle. To ensure that the PBMR could sustain operation after a

disconnection from the power system, the PBMR designers proposed the SR.

The concept of the SR is depicted in Figure 1-1. In the event of a sudden
disconnection of the plant from the external power system, the SR is connected to
the generator terminals. The number of SR stages that are switched in depends on
the power that the generator initially delivered to the power system. The SR power
should be a little lower than the produced power, so that some reserve mechanical
power is available for speed regulation. For example, the SR rating could be 175
MW, so that 5 MW of reserve power is available if the plant initially delivered 180
MW. The power dissipated by the SR determines the maximum shaft speed. The
difference between the initial power and the SR power causes a change in the
reactor’s operating temperature. Therefore, the SR rating is determined either by

the gas temperature or by the maximum speed.

The turbine control system (governor) regulates the shaft speed (and therefore the

electrical frequency). The governor would, of course, also act if no SR were
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connected to the generator. However, the SR reduces the demand on the mechanical

system. The plant continues to operate until it is resynchronised to the network.

Generator Unit
transformer ...
G | @——L;} Power system

-

....... @ Auxiliary
SR circuit transformer :
breakers close Main circuit breaker

 J opens
SR having numerous House load
stages

Figure 1-1: Layout of the PBMR plant’s electrical system

Medium voltage resistors capable of dissipating hundreds of megawatts are
available commercially. PBMR liaised with the Italian company Microelettrica, who
proposed a resistor that is constructed of stainless steel elements. The resistor
would be cooled by natural airflow. The final rating had not yet been decided at the
time of the investigation. A resistor rated at 100 MW (continuous), cooled by
natural airflow and constructed of stainless steel elements, occupies a space of
approximately 30 m x 30 m x 2%2 m. The cost such a resistor, including busbars and

circuit breakers, amounts to approximately € 2.5 million.

1.3 Objectives

The goal of this thesis is to investigate the stability of the islanded PBMR power
plant. The investigation shall consider the transition to the islanded state as well as

operation within the islanded state for a period of up to 20 seconds.
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The main objectives of the thesis are as follows:

e to investigate, using both frequency-domain and time-domain techniques, the

stability of the islanded plant under small disturbances,

e to investigate, using time-domain techniques, the stability of the plant under

large disturbances.

1.4 Methodology

The author investigated the stability of the islanded PBMR plant under both small
disturbances and large disturbances. He decided to use both frequency-domain
analysis techniques and time-domain analysis techniques, in order to gain a
thorough understanding of the plant’s stability. He further decided to use two
software programmes for simulations to reduce the possibility of calculation errors.
Throughout the investigation he researched the topics of stability, control and
modelling. Based on this research and on the insight that he gained in the process

he modified his models and, where necessary, repeated earlier analyses.

A detailed description of the methodology follows. It refers to Figure 1-2, which
represents the structure of the PBMR plant model. The nuclear reactor is excluded
from the model, because the author assumes that the gas pressure from the reactor

does not vary over the time period investigated.
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Figure 1-2: Structure of the PBMR plant model

The description of the methodology also refers to Table 1-1, which lists the main

steps undertaken by the author. Analyses in the frequency-domain include

eigenvalues calculations and the construction of Bode plots. Analyses in the time-

domain include numerical integration of differential equations. The disturbances

considered in the time-domain analyses are listed in Table 1-2.




23

Table 1-1: Summary of analyses

Step Power System Analysis Notes on model Finding

No. Description Software

1 Response to small None Model 1, i.e. constant voltage source | -Unstable
disturbances; frequency- and shaft (1st order), and SR -Turbine type has significant
domain; neglecting effect on damping
governor and generator

2 Response to small None Model 2 - generator including shaft | -Unstable
disturbances; frequency- (2m order), SR, excitation system, -Turbine type has significant
domain and time-domain; but excluding governor and turbine effect on damping
considering generator and | DIgSILENT PowerFactory Generator including shaft (6t order), | -Software packages’ models use
excitation system, SR and excitation system saturated inductances, not
neglecting governor and MATLAB SimPowerSystems Generator including shaft (8t incremental inductances
turbine order), SR and excitation system

3 Response to small None As in Step 2, but including governor | -Stable, i.e. governor stabilises

disturbances; frequency-
domain and time-domain;
considering generator,
excitation system,
governor and turbine

DIgSILENT PowerFactory

MATLAB SimPowerSystems

and turbine

the plant

-Large phase lag due to
instability of ‘inner loop’
-Turbine type has significant
effect on damping

-Damper windings have no
significant effect on damping
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Step Power System Analysis Notes on model Finding
No. Description Software
4 Response to large DIgSILENT PowerFactory As in Step 2, but including -Unstable in case of torque
gistul.‘bances;' timg- MATLAB SimPowerSystems governor and turbine machine, stgble in case of
omain; considering power machine
generator and excitation -Important aspects are SR
system, governor and rating and valve operating
turbine rates
-Damper windings and initial
reactive power have
significant effect on stability
5 Response to small DIgSILENT PowerFactory As in Step 2, but including SC -SC significantly increases
disturbances, frequency- . damping
domain and time-domain, | MATLAB SimPowerSystems -SC and governor act in unison
cons1de].flng' generator None
and excitation system,
governor, turbine and SC
6 Response to large DIgSILENT PowerFactory As in Step 2, but including -Stable, even in case of torque

disturbances, time-
domain, considering
generator and excitation
system, governor, turbine

and SC

MATLAB SimPowerSystems

governor, turbine and SC

machine (due to SC)
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Table 1-2: List of simulated disturbances in the analyses of Table 1-1

Step Simulated disturbance in the time-domain
No. Description analyses
1 Response to small -Not applicable (no time-domain analyses)
disturbances, frequency-
domain , neglecting
governor and generator
2 Response to small -Temporary torque disturbance of 0.05 p.u., 0.10 s
disturbances; frequency- -Constant torque disturbance of 0.01 p.u.
domain and time-domain;
considering generator and
excitation system,
neglecting governor and
turbine
3 Response to small - Step changes in speed reference of 0.002 p.u.
disturbances, frequency- -Change in active power of 2 MW
domain and time-domain,
considering generator,
excitation system,
governor and turbine
4 Response to large -Short-circuit at the plant’s high-voltage terminals,
disturbances, time- followed after 120 ms by the disconnection of plant
domain, considering from power system and, after 80 ms, by the
generator and excitation connection of a 175 MW SR (the plant initially
system, governor and operates at 180 MW, 0.9 power factor leading)
turbine -The same initial conditions and fault, but the
connection of an 85 MW SR instead of an 175 MW
SR
5 Response to small -As in (3)
disturbances, frequency-
domain and time-domain,
considering generator and
excitation system,
governor, turbine and SC
6 Response to large -As in (4)
disturbances, time-
domain, considering
generator and excitation
system, governor, turbine
and SC

In Step 1 the author investigates the stability of the plant without governor under
small disturbances. This system may also be referred to as the ‘inner loop’. He used

the model structure shown in Figure 1-3. He excludes the characteristics of the
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excitation system and dynamics of the generator, i.e. he assumes that the generator

behaves as a constant voltage source. He models the SR as a constant resistance.

Mechanical

Shaft |le&———
torque

Electromagnetic Speed
torque

Constant voltage source & SR

Figure 1-3: Structure of model used in Step 1

The author developed a transfer function for the relationship between shaft speed
and mechanical torque. The transfer function has a positive real pole, hence the
author concluded that the inner-loop is unstable — an increase in speed leads to a
decrease in electromagnetic torque, which causes a further increase in speed.
Likewise, a decrease in speed leads to an increase in electromagnetic torque. Unlike
the electrical system of a normal power system the electrical system investigated in
here does not have a self-regulating characteristic, i.e. the load power does not vary

with frequency. For a constant generator terminal voltage the power is constant.

In later analyses the author considers the variation of mechanical torque due to the
action of the governor. Before continuing with such analyses he questioned whether
the mechanical torque could vary in response to speed changes without any governor
action. The ‘natural’ relationship between a turbine’s mechanical torque and speed
refers to the relationship between torque and speed under constant gas pressure and
valve positions. It is not clear from the literature what the true characteristics of this
natural relationship are, especially with respect to speed excursions beyond +5 %.
Experts implicitly assume one of two characteristics: either the mechanical torque is
independent of speed or the mechanical power is independent of speed. The author

introduces the terms ‘torque machine’ and ‘power machine’ to distinguish between
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two characteristics. He considers both turbine types in his investigation. This topic 1s

discussed in more detail in Chapter 2.

The finding that the inner loop is unstable is based on the assumption that the
turbine is a torque machine. In Step 1 the author also considers the case of a power
machine. He finds that, if mechanical torque varies with speed as it does in a power
machine, the system is on the verge of instability. A power machine has a stabilising
characteristic: An increase (decrease) in shaft speed leads to a decrease (increase) in
mechanical torque. This characteristic could be termed a mechanical self-regulating

characteristic.

For subsequent analyses the author needed models of the generator, excitation
system, turbine and governor. He used the software packages DIgSILENT
PowerFactory and MATLAB SimPowerSystems, which both have built-in
synchronous machine models. He implemented models for the excitation system,

turbine and governor, and linked these to the built-in synchronous machine models.

The author used the same models for analyses in the time-domain and frequency-
domain. The two software packages include functions for the calculation of
eigenvalues. These functions use numerical techniques to linearise models. The
author also linearised the model of the PBMR plant analytically. He calls the
linearised model ‘Model 2’. Model 2 includes the equations for the generator,
excitation system, turbine and governor. The author used Model 2 for special
investigations described below, which cannot be done using the software packages’
generator models. Some additional comments on various models follow before

continuing the discussion of Step 2.

The built-in synchronous machine models of DIgSILENT PowerFactory and
MATLAB SimPowerSystems are of 8th order (one differential equation for the field

winding, one for the damper winding in the d-axis, two for the damper windings in
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the g-axis, two for the stator flux transients and two for the shaft4). In DIgSILENT
PowerFactory the model is reduced automatically to 6th-order (by neglecting the
stator flux transients) if the user performs eigenvalues calculations or if he executes
a time-domain simulation of the ‘RMS’ type. The generator model within Model 2 is
of 2nd-order — it includes the differential equations representing the shaft dynamics
and field-winding dynamics, but not those of the damper windings and transformer
voltage terms. The generator models of both software packages, as well as the
generator model developed by the author, include core saturation. The modelling
parameters were obtained from MITSUBISHI, the company that designed PBMR’s

generator.

The author derived a model of PBMR’s static excitation system using the
recommendations of IEEE [17]. He used typical parameters, as defined in the

literature [24], since the final parameters for the PBMR plant were not yet available.

At the time of investigating the SR the PBMR turbine model was at an early stage of
development and no proper documentation was available for it. The PBMR plant is
neither a conventional steam turbine nor a conventional gas turbine. The author
chose to use turbine and governor models of a conventional steam turbine and
governor. This decision is supported by the author’s view that the concept of the SR
may also be applied to a conventional nuclear plant. The turbine and governor
models are taken from IEEE [21]. The author obtained typical model parameters
from the literature [24].

The author did not model the house-load separately. The power consumed by the

house-load is only about 2 % of the generator rating.

In Step 2, the author continues the investigation into the stability of the plant

without governor (i.e. the inner loop) under small disturbances. He uses the model

4 The models of both software programmes include two states for the shaft, namely speed and load

angle.
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structure shown in Figure 1-4. The model includes the characteristics of the
generator, excitation system, turbine and governor, as described above. The author
confirms, by means of eigenvalue calculations, that the plant without governor is

unstable and that the turbine type has a significant effect on the damping.

Mechanical

Shaft |le&———
torque

Electromagnetic

torque Speed

Generator, excitation system
& SR

Figure 1-4: Structure of model used in Step 2

The eigenvalues of Model 2 (i.e. the analytically linearised model) differ significantly
from the eigenvalues of the models implemented in the software programmes (i.e.
the numerically linearised models). The author found the reason for the difference to
lie in the method of modelling the magnetising inductances. The linearised models
from the software packages are based on ‘saturated inductances’, whereas Model 2 is
based on ‘incremental inductances’ (these terms are explained in Chapter 2). The
method of modelling saturation may be important, since there is no significant
damping from the damper windings. The author confirmed the instability by means

of time-domain analyses.

In Step 3 the author investigates the stability of the plant (including governor) under
small disturbances. He uses the model structure shown in Figure 1-2. He does
analyses in the frequency-domain using the linearised models from the software
packages as well as Model 2. In addition, he does analyses in the time-domain using
the software packages — he simulates a change in the speed reference of 0.2 %. Such

a change in speed reference could occur prior to re-synchronisation. He also
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investigates the response of the plant to a 2 MW change in active power. Such a

change in power could be due to switching within the house-load.

There is close agreement between the results from the two software packages and
the hand-calculations. The results of all analyses show that the system is stable with
respect to small disturbances, irrespective of the turbine type (power machine or
torque machine). Therefore, the governor overcomes the instability of the inner loop.
The turbine type has a significant effect on the system’s damping. The method of
modelling magnetising inductances (saturated or incremental) has no significant
effect on the system’s damping. The damper windings decrease the damping, but the

decrease is not significant.

In Step 4 the author simulates a disturbance and the subsequent islanding of the
power plant. He selected the disturbance to be a three-phase fault at the high-
voltage side of the transformer. Such a fault represents a severe condition, since no

power 1s exported to the grid during the fault.

The author uses the two software packages to investigate the stability of the plant
under large disturbances. He uses the model structure shown in Figure 1-5. He
simulates the plant’s response to the following events: A short-circuit on the high-
voltage side of the transformer at time O s, the disconnection of the plant from the
power system at time 120 ms, and the connection of the SR at time 200 ms. The
author considers both a 175 MW SR and an 85 MW SR. He investigates the effect of
the level of reactive power prior to the disconnection from the power system, the

effect of the damper windings, and the effect of the valve opening rate.

The author finds that a SR rating of 175 MW limits the maximum speed to 112 %,
whereas a rating of 85 MW SR limits the maximum speed to 130 %. He concludes
that the SR rating should be in the range 85-175 MW, and considers both ratings in
all further analyses (he also returns to previous analyses and repeats them for both
SR ratings). The author also finds that the highest speed occurs if the generator is

initially under-excited.
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From the time-domain analyses the author finds that the plant with the 175 MW SR
1s unstable. He finds that the instability is due to the destabilising relationship

between electromagnetic torque and shaft speed (as observed in Steps 1 and 2).

Valve

i Mechanical
position
Speed ! Governor »| Turbine torque Shaft
reference
A A
Electromagnetic
torque
. Excitation voltage
Excitation » (Generator, (=
i SR &
power
system
Terminal voltage
Speed

Figure 1-5: Structure of model used in Step 4

The author proposes a stabilising controller (SC) to improve the plant’s stability,
especially the stability under large disturbances. The SC changes the excitation in
response to speed changes, similarly to a power system stabiliser (PSS). The change
in excitation causes a change in terminal voltage, which causes a change in power
and hence a change in electromagnetic torque. The change in torque is such as to
oppose the change in speed. The SC differs from a conventional PSS in its purpose. A
PSS improves the rotor-angle stability of a generator in a multi-machine power

system, and the SC improves the frequency stability of a single, islanded generator.

In Step 5 the author investigates the stability of the plant, including the SC, under
small disturbances. He uses the model structure shown in Figure 1-6. The author
shows, by means of analyses in the frequency-domain and the time-domain, that the

SC significantly improves the system’s damping.
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Figure 1-6: Structure of model used in Step 5

In Step 6 the author repeats the investigation into the stability of the complete

plant, including the SC, under large disturbances. He uses the model structure

shown in Figure 1-7. He finds that the PBMR plant remains stable, 1.e. the SC

supplements the SR and improves the plant’s stability.
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Figure 1-7: Structure of model used in Step 6
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1.5 Document overview

Chapter 2 provides on overview of the literature that is relevant to this thesis.

Models of the main components of the PBMR plant are discussed.

Chapter 3 discusses the implementation of the PBMR model in the software
packages DIgSILENT PowerFactory and MATLAB SimPowerSystems. The chapter
includes the derivation of Model 1, as well as a summary of the derivation of Model 2

(the full derivation of Model 2 is contained in an appendix).

Chapter 4 contains the stability analyses of the PBMR plant under small
disturbances, 1.e. Steps 1-3 and 5 in Table 1-1. The analyses are done in both the
frequency-domain and the time-domain. The author explains the instability of the
inner loop. He shows that the governor stabilises the plant. He also shows how the

plant’s stability improves due to the SC.

Chapter 5 contains the stability analyses of the PBMR plant under large
disturbances, i1.e. Steps 4 and 6 in Table 1-1. The analyses are done in the time-
domain. The author shows that the SR limits the shaft speed below the tripping
value, but that the plant may become unstable depending on certain factors (such as
the SR rating). He shows that additional control, in the form of the SC, ensures that

the plant remains stable following the connection of the SR.

Chapter 6 contains the conclusions of the thesis. It summarises the contributions

made by the author and makes recommendations about further research.

Appendix A contains the modelling parameters used in the calculations. Appendix B
contains the full derivation of Model 2. Appendix C and Appendix D contain the
block diagrams of the models used in MATLAB SimPowerSystems and DIgSILENT

PowerFactory. Brief descriptions of the block diagrams are included.

Appendix E and F contain simulation results, which are referenced in Chapters 4

and 5.
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Chapter 2 Literature review

This chapter includes a definition of power system stability, and its categorisation
into rotor-angle stability, frequency stability and voltage stability. Even though this
thesis is about frequency stability this chapter cites some references related to rotor-
angle stability. This is because the author applied techniques commonly used in the
assessment and enhancement of rotor-angle stability. Chapter 3 cites the literature
relevant to the modelling of power plant components. It covers the special modelling
topics of turbine type (torque machine and power machine) and generator

magnetising inductances (saturated and incremental).

2.1 Power system stability

The IEEE [12] defines power system stability as the ability of an electric power
system, for a given initial operating condition, to regain a state of equilibrium after
being subjected to physical disturbances, with most system variables bounded so
that practically the entire system remains intact. Classifying stability into categories
facilitates its understanding. The IEEE proposes a classification of power system

stability based on the following considerations:

a. the physical nature of the resulting mode of instability as indicated by the main

system variable in which instability can be observed;

b. the size of the disturbance considered, which influences the method of calculation

and prediction of stability; and

c. the devices, processes, and the time span that must be taken into consideration

in order to assess stability.

The categories (and subcategories) of power system stability are shown in Figure 2-1.
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Power System Stability

Rotor Angle Frequency Voltage
Stability Stability Stability
Small- Transient Large- Small-
Disturbance Stabilit Disturbance Disturbance
Angle Stability y Voltage Stability Voltage Stability
Short-Term Short-Term Long-Term
Short-Term Long-Term

Figure 2-1: Classification of power system stability

“Rotor Angle Stability” refers to the ability of synchronous machines of an
interconnected power system to remain in synchronism after being subjected to a
disturbance. It reflects the ability of each synchronous machine in the system to
maintain or restore equilibrium between electromagnetic torque and mechanical
torque. Instability occurs in the form of increasing angular swings of some

generators leading to their loss of synchronism with other generators.

The sub-category “Small-disturbance rotor angle stability” (or “small-signal rotor
angle stability”) is the ability of the power system to maintain synchronism under
small disturbances. The disturbances are sufficiently small so that linearising the
system equations is permissible for purposes of analysis. The time frame of interest

is usually in the order of 10 to 20 seconds following the disturbance.

The sub-category “Large-disturbance rotor angle stability” (or “transient stability”) is
the ability of the power system to remain in synchronism when subjected to a severe

disturbance. The resulting system response involves large excursions of generator
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rotor angles and is described by the non-linear power-angle relationship. The time
frame of interest is usually 3 to 5 seconds following the disturbance. For the
investigation of power system stability under large disturbances the non-linear

relationships between variables cannot be neglected - linearising is not acceptable.

“Frequency stability” refers to the ability of a power system to maintain steady
frequency following a severe system disturbance, which results in a significant
imbalance between generation and load. It reflects the power system’s ability to
maintain or restore equilibrium between system generation and load. Instability
occurs in the form of sustained frequency swings leading to tripping of generating
units and/or loads. The characteristic times of the processes and devices that are
activated during frequency excursions will range from fractions of seconds to several

minutes. Frequency stability may thus be a short-term or a long-term phenomenon.

“Voltage stability” refers to the ability of a power system to maintain steady voltages
at all buses in the system after being subjected to a disturbance. It reflects the power
system’s ability to maintain/restore equilibrium between reactive load demand and
supply in the power system. Instability occurs in the form of a progressive fall or rise

of voltages of some buses.

The sub-category “Large-disturbance voltage stability” refers to the system’s ability
to maintain steady voltages following large disturbances such as system faults, loss

of generation or circuit contingencies.

The sub-category “Small-disturbance voltage stability” refers to the system’s ability
to maintain steady voltages when subjected to small perturbations such as

incremental changes in system load.

In voltage stability of the study period of interest may extend from a few seconds to
tens of minutes. Therefore voltage stability may either be a short-term or a long-

term phenomenon.

The analyses in this thesis show that shaft speed is the main variable in which

instability can be observed. The author investigates the response of the PBMR plant
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to both small and large disturbances. He studies the plant’s stability for up to 20 s
after a disturbance. Therefore, this thesis is about the short-term frequency stability

of the islanded PBMR plant.

2.1.1  Rotor angle stability

The following sections cover the topic of rotor angle stability under small

disturbances and large disturbances.

2.1.1.1 Rotor angle stability under small disturbances

Stability with respect to small disturbances can be assessed from the roots of a
model’s characteristic equation, i.e. the eigenvalues of the models’ state matrix [1,
24]. The calculation of eigenvalues requires that the model be approximated by a set
of linear differential equations. Therefore, the equations of the power system are
linearised at a chosen operating point, i.e. the set of non-linear differential equations

1s approximated by a set of linear differential equations.
The stability of the system can be assessed from the following criteria:

e When the eigenvalues have negative real parts, the system is asymptotically
stable, 1.e. when subjected to a small disturbance about an equilibrium point it
remains within a small region surrounding the equilibrium point and returns

to the state as time increases.

e When at least one of the eigenvalues has a positive real part, the system is

unstable.

e When the eigenvalues have real parts equal to zero, it is not possible to say

whether the system is stable or unstable.

e Real eigenvalues indicate non-oscillatory modes of response. A positive real
eigenvalue indicates aperiodic instability, whilst a negative real eigenvalue
indicates decaying modes. Complex eigenvalues occur as conjugate pairs. Each

pair corresponds to an oscillatory mode [30].
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Engineers use linear power system models to calculate eigenvalues. They make use
of software packages, which derive linear models numerically. Before such software
packages were available engineers developed linear models analytically [7, 23, 24].
Kundur presents the derivation of a linear model of a single machine-infinite bus.
The author adapted and applied the procedure to derive a linear model of the PBMR
plant. He used the linear model not to assess rotor angle stability, but frequency

stability. He refers to the model as Model 2.

2.1.1.1.1 Power system stabiliser

A power system stabiliser (PSS) is an effective means of increasing the damping of
small-signal oscillations. It is an additional control loop that responds to rotor speed
oscillations and modulates the output of the excitation system [1, 24]. The inputs to
the stabiliser are normally rotor speed, generator output power, frequency, or a
combination of these signals. The output is normally added to the voltage reference
of the excitation system. A PSS typically responds to frequencies in the range 0.1 — 3
Hz. The result is a variation in the generator’s electrical torque, which dampens the

oscillation.

The author proposes SC, which is similar to a conventional PSS. The SC responds to
speed deviations. Its output is added to the voltage reference of the excitation
system. Whereas a PSS improves the rotor angle stability of a machine connected to
a multi-machine power system, the SC improves the frequency stability of a single
machine that is islanded from the power system. The SC responds to frequencies

lower than 0.1 Hz.

2.1.1.2 Rotor angle stability under large disturbances (transient stability)

Engineers typically use time-domain simulation in order to assess the transient
stability of a power system. In time-domain simulation, the non-linear system
equations are solved using numerical integration techniques. The models of the
power system elements include the non-linear characteristics that are relevant for

the analysis. Examples of such non-linear characteristics are generator saturation,
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the relationship between steam valve position and flow area, the limitation of signals

within control systems.

The author uses time-domain simulation to assess the frequency stability of the
islanded PBMR plant. His models include non-linear characteristics such as turbine

valves and saturation.

2.1.1.2.1 Turbine fast-valving

A severe fault in a power system may cause a generator, or a group of generators, to
accelerate with respect to the remaining power system. The increase in load angle of
the generator, or group of generators, may be such that the generator(s) become(s)
unstable. A fast reduction in the mechanical power reduces the acceleration of the
shaft. The fast reduction in mechanical power is achieved using the technique of fast-
valving. This technique refers to the activation of a special closing mechanism, which
leads to significantly shorter closing times than normal closing times. The
intermediate- and low-pressure turbine sections typically produce 70% of the total
turbine power. Hence fast-valving technology is normally applied to the intercept
valves, which control the steam flow to the intermediate- and low-pressure turbine
sections. Complete valve closure may be achieved in 0.08 to 0.4s. Compared to
generator-tripping (see paragraph 2.1.1.2.3), fast-valving has the advantage that the
generators remain connected to the power system. The literature reports on the

experience of turbine fast-valving [20, 25, 26, 27].

Fast-valving is not the topic of this thesis. The author studied the turbine models
used in fast-valving investigations. Kundur used turbine models having the
structure recommended by the IEEE [21], but differing in two respects: He used
higher valve closing rates and he considered the effects of valve choking®. In Chapter
3 the author shows how he included the effects of valve choking into the turbine

model used in his investigations.

5 Valve choking refers to a limitation in flow through a valve if a high pressure ratio exists across the

valve.
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2.1.1.2.2 Dynamic braking

Dynamic braking refers to the insertion of a load that dissipates active power during
a transient. The load replaces some of the load that has been ‘lost’ to the generators
as a result of the fault. Dynamic braking limits the acceleration of the generators.

Dynamic braking has to date been applied only to hydraulic machines [5, 10, 18, 32].

Reference [32] presents an application of dynamic braking at the Bonneville Power
Administration’s Chief Joseph Substation. A 1400 MW, 230 kV resistor is connected
to the transmission system. The paper presents the need for and the benefits of
dynamic braking. The control system and the resistor’s physical and electrical
properties are described. Phase-plane diagrams are used to derive a suitable
switching strategy for the case of a single-machine infinite-bus system. The resistor
switch 1s closed in the event of a sudden power decrease and a simultaneous decrease

in bus voltage. The resistor remains connected for a fixed time of half a second.

Ellis studied various means of improving the transient stability of the Peace River
500 kV transmission system [10]. The means included the application of series
compensation of transmission lines, reducing transformer reactances, increasing
machine inertias, reducing generator reactances, increasing exciter ceiling voltages,
and utilising dynamic braking. A dynamic brake, rated at 600 MW, 138kV offered
the most effective single means of improving transient stability. The authors

considered different loading conditions, resistor ratings and switching times.

Dynamic braking appears to be directly relevant to the topic of this thesis, since it is
about the connection of a high-power resistor to a power plant. However, the author
did not apply the knowledge of dynamic braking in his investigations. The control
systems used in dynamic braking are not applicable, since they are designed to
improve rotor angle stability and not frequency stability. The resistor technology is

not applicable, since dynamic braking resistors dissipate very little energy compared

to the SR.
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2.1.1.2.3 Generator disconnection

References [3] and [27] provide information on the experience of generator tripping
as a means of improving transient stability. The disconnection of generators
following a fault reduces the accelerating power. The reduction in accelerating power
limits the increase in load angle. Since generating units can be tripped rapidly,

generator disconnection is a very effective means of improving transient stability.

The disconnected generators may be shut down and restarted or, if they have the
capability, they may be tripped to house-load. As discussed in 2.2, full power is
restored more quickly if the machines are islanded (i.e. tripped to house-load) rather
than shut down. Both options cause thermal stress of the mechanical plant,

including shaft fatigue. Power plant islanding is discussed in section 2.2.

2.1.2 Frequency stability

Kundur discusses the theory of frequency stability [24]. He focuses on the
determination of steady-state frequency. The steady-state frequency is determined
by the characteristics of the load, the governors and the Automatic Generation

Control system (AGC).

Power system loads include a variety of electrical devices. The electrical power of
some loads, such as lighting and heating loads, does not vary with frequency. The
electrical power of motor loads does vary with frequency. The variation of the total
load with frequency gives the power system a self-regulating characteristic — the
electrical power of the load decreases (increases) with a decrease (increase) in
frequency. The load’s frequency-dependence dampens the response of frequency to
disturbances. Typical values are 1 — 2 %, 1.e. a 1 % change in frequency leads to a 1 —

2% change 1n load.

A power plant that supplies an isolated load may have an isochronous governor. This

governor controls the frequency to a reference value, e.g. nominal frequency.
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Kundur presents linear models of governors (first-order) and turbines (first-order
and second-order). He uses a first-order model for the remainder of the power

system. He represents the electrical system (generation and load) by a constant.

The author uses linear models to investigate the frequency stability of the islanded
PBMR plant. He includes detailed models of the electrical system. This allows him to
investigate the importance of saturation modelling, the effect of the damper

windings, the effect of the house-load and the interaction between the governor and

the SC.

Anderson [1] also uses linear models to investigate frequency stability. His models
include the generator (first-order) and excitation system (first-order) in addition to
the turbine and governor (together first-order). He does categorise stability into

frequency stability and rotor-angle stability.

2.2 Power plant islanding

Major power system disturbances can cause power systems to break up into islands.
A special case of islanding is ‘unit islanding’, also referred to as ‘trip to house-load’.
This refers to the continued operation of a power plant following its disconnection
from the power system. The disconnection from the power system is initiated by the
plant’s protection systems. It occurs to prevent a shutdown as a result of voltage and
frequency excursions. To be capable of unit islanding the power plant needs to reduce

its output power quickly and to sustain operation at the reduced output power [34].

The IEEE provides guidelines for enhancing the response of thermal power plants to

partial load rejections [19]. In summary, these guidelines comprise:
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1. the ability to quickly reduce turbine input power (using, for example, steam

bypass systems);

2. the ability to limit turbine speed below the trip level, and the ability of the
over-speed controls to discriminate between load rejections and transient

system disturbances such as transmission line faults; and

3. the ability of vital auxiliaries to continue operation in spite of voltage and

frequency variations experienced during partial load rejections.

The capability of unit islanding is specified as a requirement in many grid codes [6,
29, 33] and is sometimes categorised as an ancillary service. The grid codes typically
require that power plant be capable of islanding for up to 2 hours. The Czech Grid
Code emphasises the high demands that islanding has on a unit’s regulation
capabilities. Power plant designers pay special attention to ensure that power plants

can reduce active power output quickly and sustain operation thereafter.

2.3 High-power resistors

Section 1.2 provides some basic characteristics of the high-energy resistor designed

for the PBMR company by Microelettrica.

The company Avron® in the United States markets forced air-cooled resistors.
Resistors are used for dynamic braking of cranes and locomotives, to load emergency
diesel generators and uninterruptible power supplies etc. The resistor elements are
made from a Nickel Chrome alloy. Resistor banks are made up of modules, each
dissipating up to 7 MW. The banks do not include transformers — they are designed
to operate either at low voltage (e.g. 400 V) or medium voltage, (e.g. 11 kV or 13.8

6 The information about the company’s products was obtained from the internet,

http://www.avtron.com.
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kV). The banks can be constructed to dissipate hundreds of megawatts on a

continuous basis.

Section 2.1.1.2.2 discusses the application of a resistor to improve the transient
stability of a group of generators in a power system. In this example of dynamic
braking the resistor operates at high-voltage, i.e. the voltage of the transmission

system. The resistor is large (physically) due to insulation requirements.

EPRI studied the feasibility of a resistor as a means of damping shaft torsional
oscillations [11]. Such damping is especially important in series compensated
transmission systems, where subsynchronous resonance phenomena occur. EPRI’s
report studies braking resistors rated at up to 850 MW (and less than 30 kV). The
resistors are connected and disconnected using bang-bang control for a period of up
to 2 seconds. The report cites a resistor used in the “Magnetohydrodynamic High
Enthalpy Demonstration Experiment” by the Arnold Air Development Centre. The
resistor, which has been decommissioned due to the completion of the experiment,
was capable of dissipating 25 MW for up to 30 seconds. The brake occupied a space of
56 m2. It consisted of stainless electrodes immersed in untreated water to a depth of

0.90 m.

2.4 Modelling

This section presents the models of the following power plant components:

synchronous machine (or generator), excitation system, turbine, governor and shaft.

The section on the synchronous machine includes the topic of saturation modelling,
and specifically the difference between saturated inductances and incremental

inductances.

The section on the turbine defines the terms “torque machine” and “power machine”,

as mentioned in Chapter 1.
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241 Synchronous machine

The generator of the PBMR plant is a round rotor synchronous machine, rated at 180

MW, 13.2 kV.

The mathematical modelling of synchronous machines is discussed in an IEEE guide
[13] as well as numerous textbooks, e.g. [1, 23, 24]. The model equations contain
inductance terms that depend on the angle of the rotor with respect to the stationary
reference frame. Since the angle varies with time, these inductance terms vary with
time. The resulting set of equations is difficult to solve. To simplify the machine
equations, the stator equations are written in a rotating reference frame, called the
‘dq0 reference frame’. In this reference frame, the mathematical equations have

constant inductances.

A commonly used model includes equations representing the field winding, one
damper winding in the d-axis and one damper winding in the q-axis. The IEEE
labels a model “Model 2.1”. Such a model is represented by the following equations
(equations in the zero sequence are not shown, since these are only required in the

study of unbalanced operation):

ey =PV, —y,0-Ri,

. (2.1)
eq = pl//q +l//da)_Ralq
v, =—(L, +L)i, +Ladi_fd + Lyl
w,=—(L, +L)i,+L,i,+L,i,
v,=Lgi,+L. i,—L,i
I gt g 1at14 dla (2.2)

Vi = Lfldifd + Lyyiyy — Lyiy
Wy, = Lllqllq +Laq12q —Laqlq

Wy = Loby, + Lyp,is, — L1,
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1 dyy, L

E, =|——L+0oR, i, | —w

7 {wn dt nt st fa R,
0= py,, + R iy, (2.3
O:pl//1q+Riqilq
O:pWZq +R2qi2q
T; :Wad .iq _l//aq .id (24)
2H-C;—a)+KDw:Tm—Te (2.5)

t

where the symbols are defined in the section titled ‘List of Symbols’.

‘Standard parameters’ are defined in the literature, which describe the effective
reactances as seen from the terminals of the machine during sustained, transient
and subtransient conditions. The standard parameters also include time constants,
which describe the rate of decay of voltages and currents. Manufacturers typically
specify the characteristics of the machine in terms of the standard parameters

X,x,x",x,x,x" x.n,T7,7T,T", and R, The resistances and

qo?

inductances in (2.1) to (2.3) are calculated from these parameters.

The parameters L, and L, vary with the level of magnetic saturation in the

synchronous generator. Figure 2-2 shows the open-circuit saturation characteristic of

a synchronous generator.
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Figure 2-2: Saturation characteristic

The saturation characteristic consists of an (approximately) linear section I and a

non-linear section II. In section I L, is given by its unsaturated value L, . A variety

of equations can be used to represent L, in the non-linear section II. For example

L, can be calculated using the exponential function below, where 4 ,,B, K 6 and
K, are constants.
lIl/at = Laduifd - AsateBm Varvi)
Lad = st * Ladu (26)
— l//at

sd l//at +Asategsa/(|l/a/"l’m)
K, =K,

o (2.7)
L =K _*L
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For the purpose of ‘small signal analyses’ (i.e. analyses of stability under small
disturbances), the equations representing the synchronous machine model are

linearised. The transformer voltage terms py, and py,  in equations (2.1) are

neglected, to be consistent with the practice of neglecting power system network
transients. In addition, the effects of speed variations in the stator voltage equations
(2.1) are sometimes neglected, i.e. @ 1s set to 1.0 p.u. This is acceptable if the speed
is very close to the normal 50 Hz. In the study of isolated power systems the
frequency may deviate significantly from the normal 50 Hz, and it may not be

acceptable to neglect the effect of speed variations.

A distinction is made in the literature between saturated mutual inductances and
incremental mutual inductances. In the study of stability under small disturbances
(i.e. ‘small signal analyses’) the permeability of the generator iron can be considered
constant relative to changes in flux density. However, as a result of the hysteretic
nature of iron, the permeability for small disturbances is different from that for
steady-state operation. Therefore, the inductances differ from the steady-state

constants L, and L, . The inductances for small-signal analyses are approximated

using the slope of the saturation characteristic at the initial operating point. In

Figure 2-3 the ‘saturated inductance’ L, is the average slope of the saturation

characteristic, whereas the ‘incremental inductance’ L . is the slope at the operating

aqsi
point. The saturated inductances are used to calculate the initial voltages, currents,
flux linkages and angles. The incremental inductances are used to calculate the

variation of voltages, currents, flux linkages and angles.
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Figure 2-3: Saturated inductance L, and incremental inductance L
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According to the IEEE, the method of modelling magnetising inductances (saturated
or incremental) has a relatively minor effect on analyses of oscillating frequencies in
the range 0.5 Hz to 10 Hz. The parameters representing the characteristics of the
damper windings are the important factors in the study of such oscillating

frequencies.

In his investigation of the stability of the islanded PBMR plant under small
disturbances, the author found the oscillating frequency to be less than 0.5 Hz, and
the effect of the damper windings to be unimportant. Therefore he distinguishes

between saturated inductances and incremental inductances.

The coefficient K, in equation (2.8) represents mechanical damping due to, for

example, bearing friction. It excludes electromechanical damping, which is due to the
generator. Such damping is included in the calculation of electromechanical torque,

T,.

e
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2.4.2 Excitation system

The PBMR plant has a static excitation system, whose structure is shown in Figure

2-4.

Synchronous
ST machine .
Sliprings
i Main terminals
»i:”] > Armature >
Field
: winding Voltage and

current
measurement

Regulator [——— Excitation
transformer

Y -

Controlled
rectifier

Figure 2-4: Structure of a static excitation system

The IEEE recommends that the model ST1A 1is used to represent a static excitation
system [15, 16]. Figure 2-5 represents the model ST1A together with some
simplifications: Not shown are the inputs for the under-excitation limiter and over-
excitation limiter — the author did not include these in his investigation. Also, the
author used only one lag-lead circuit (the IEEE model allows for two such circuits as

well as a rate-feedback circuit).
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Figure 2-5: Excitation system model

243 Turbine

In the investigation into the stability of the islanded PBMR plant, the author used
the model of a steam turbine rated at 180 MW. He assumed a turbine having three

sections (high-pressure, intermediate-pressure and low-pressure), as shown in

Figure 2-6.
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LP Low-pressure turbine section
MSV Main stop valves
RSV Reheater stop valves

Figure 2-6: Structure of a single-reheat tandem-compound turbine

The control valves adjust the steam flow through the turbine. Fast output power
reductions are achieved by closing the intercept valves and/or control valves. The

main stop valves and the reheater stop valves are used for emergency tripping.

Each turbine section has a number of stages (or rows) of blades. The torque of each
section is the sum of the torques of each turbine stage. The torque of each stage is a

function of stage efficiency and pressure difference across that stage.
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The IEEE provides guidelines for the modelling of steam turbines [21]. Additional
information about the derivation of these models is given in [24]. The torque of each
turbine section is approximated as being proportional to the steam flow rate through
that section. The non-linear effect of the reheater safety valves is represented using

a saturation element. The following valve characteristics are represented:

1. For both the control and intercept valves, the non-linear relationship between

valve position and valve opening, or ‘flow area’, is represented.

2. For the intercept valve, the maximum flow rate, or ‘critical flow rate’, is

represented [4].

The maximum rates of valve opening and valve closing are included in the governor

model, and not in the turbine model (see section 2.4.4).

The critical flow rate of the intercept valve is modelled using the multiplier, A.
During normal operation the multiplier has a value of 1.0. Severe disturbances may
lead to the temporary closure, and the re-opening of the intercept valve. The
multiplier temporarily drops below 1.0. The following equations are used to calculate

the multiplier.

2/k k+1)/k
p2k (kD)

A= p 2tk _ (kD)1 if rr
1 i rer (2.8)
r:&(l_pdmp)

Pr
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where

P Pr are the pressures at the intermediate-pressure section and reheater

r 1s the pressure ratio

r. 1s the critical pressure ratio

k is a constant
Critical flow rate is considered in Chapter 5.

Figure 2-7 shows a model of the steam turbine having the configuration of Figure 2-6

[21, 24].

The output of the turbine model is a signal representing mechanical torque, i.e. at
constant valve positions and inlet conditions the turbine torque is independent of
speed. According to the literature the torque-speed relationship of unregulated
machines is not known with certainty. The IEEE [14] states that the power of the
steam turbine is likely to be independent of speed. To model such a machine, the

output torque 7, in Figure 2-7 should be replaced by power, P,. Kundur [24]

presents a derivation of the turbine model, which shows no relationship between the

torque (of the unregulated machine) and the speed.

The IEEE states that the torque-speed relationship of an unregulated combustion
turbine is not apparent. Reference [31] provides an equation for a gas turbine’s
torque as a function of speed. According to that equation the torque increases
(decreases) with a reduction (increase) in speed. However, the torque/ speed

dependence is not such that the power is independent of speed.
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Figure 2-7: Steam turbine model
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The IEEE [14] explains how the damping term in the swing equation should be
selected to represent different torque-speed relationships. It recommends that
analysts investigate how the swing equation is implemented in their software
packages. If the turbine is not modelled, then some software packages treat the
torque as constant, whereas others treat the power as constant. Reference [22]
investigates the effect of these two cases on the electromechanical modes of a

generator.

The author introduces the terms ‘torque machine’ and ‘power machine’ with
reference to Figure 2-8. In the case of a ‘torque machine’, the torque of the
unregulated machine does not vary in response to small speed changes. In a ‘power
machine’ the torque increases (decreases) in response to a small speed decrease
(increase), such that the power does not vary with changes in speed. Therefore, in a
power machine the torque responds such as to counteract a change in speed, even

without the action of the governor.

The action of the governor modifies the turbine’s torque/ speed relationship. Figure
2-9 shows that the turbine torque increases (decreases) in response to a small speed
decrease (increase). This is true for both the torque machine and the power machine.
The torque/ speed characteristic of the power machine has a higher slope than that of

the torque machine.

The two turbine types — torque machine and power machine — bound the turbine
characteristics mentioned by the IEEE. The author performs his investigations
assuming a torque machine, since this yields more conservative results. He repeats
some analyses assuming a power machine, and shows that the relationship between

the turbine’s torque and speed is important to the plant’s stability.
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Figure 2-8: Torque-speed relationship of unregulated turbine
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Figure 2-9: Torque-speed relationship of regulated turbine

2.4.4 Governor

The author selected a governor model that is compatible with the steam turbine

model.

The IEEE provides governor models [21], and Kundur discusses numerous governors

of different technologies [24]. The turbine control system measures the generator
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load and the shaft speed. Its outputs determine the positions of the control valves

and intercept valves.

Figure 2-10 shows the model of an electro-hydraulic governor. The governor has the

gain K, In steady-sate conditions the intercept valves are fully open due to the
valve opening bias, IVOB. During islanding conditions the integrator 7, is switched

on. It ensures that the steady-state speed equals the reference value, w ., even if the

ref ?
load reference does not exactly match the actual load. If the speed exceeds the

maximum @, then the valves are closed at their maximum rates.

The characteristics of the servomotors are included in the turbine control system
model. The valve opening and closing rates are determined by the parameters

Lo Le, L, and L,,. The effect of the non-linear feedback circuits is to compensate for

the non-linear relationship between valve position and valve opening.



60

@, Load reference

+ +

© — K, 3 >
0.02
L = LVG
sT,
_y 002 100
Opex i » 100 >
LCl 1.0
o 1tsT; 1 ol 1 .
1+s7T, + Tos s CVPOS
\ 4 Le,
K, 0
+
IVOB
+
Ly O
1+5T, + 1 » 1 1%
=\ g — - oS
1+sT, Ty s P
L, J
/- °

Figure 2-10: Governor model

245 Stabilising resistor

The author modelled the SR using Ohm’s law. The reactance and capacitance was
neglected — according to the resistor manufacturer AVITRON the inductive reactance
and the capacitive reactance each amount to less than 0.5 % of the resistance. The

author also neglected the change in resistance due to a change in temperature. The
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maximum operating temperature is reached several minutes after energising the SR,

whereas the stability studies cover only the first 20 s of operation.

The author represented the SR using the following equation:

p =2 (2.9)

where
P, is the electrical power supplied to the SR

e 1s the generator terminal voltage

R, 1s the SR resistance
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Chapter 3 Development of PBMR Plant
Models

The author uses a few different models in the investigation of the PBMR plant’s
stability. For the analyses in the time-domain he uses models that he developed in
the  software  programmes  DIgSILENT  PowerFactory and MATLAB
SimPowerSystems. For the analyses in the frequency-domain he uses the software
packages to derive linear models (the software packages use numerical techniques
for this). He also uses linear models that he developed by hand - Model 1 and Model
2.

This chapter discusses the models that were developed using the software packages,

as well as the models developed by hand.

3.1 Models developed by the author using software
packages

The author used the synchronous machine models included in the software packages
DIgSILENT PowerFactory and MATLAB SimPowerSystems. For the excitation
system, turbine and governor he constructed models using DIgSILENT Simulation

Language (DSL) and MATLAB Simulink.

Additional information on the models of the generator, excitation system, turbine
and governor is presented below.

3.1.1  Generator and stabilising resistor

The software packages’ generator models are in accordance with “Model 2.1” of the
IEEE [13]. The generator models of both software packages include the transformer

voltage terms py, and py, . However, these terms are omitted from the model of
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DIgSILENT PowerFactory if the user selects to perform a study of electromechanical
transients rather than electromagnetic transients. In this software package the
transformer voltage terms are always neglected if the user performs an eigenvalues
calculation. The model linearization functions of the two software packages do not fix

the speed at 1.0 p.u. in the stator voltage equations.

In both software packages the signal representing the input from the turbine
represents mechanical power. Therefore, if the turbine is a torque machine, as
discussed in Chapter 2, the output of the turbine model must be multiplied by

rotational speed before being passed to the generator model.

The generator model of DIgSILENT PowerFactory has a quadratic function to
represent core saturation, as shown in equation (3.1). The function is derived from

the constants S;, and S,,, which are entered by the user. The model in MATLAB

SimPowerSystems has a polynomial function, which is derived from an array of co-
ordinates of the saturation characteristic entered by the user. It is not clear from the
manuals of the two software packages whether their linearization functions make
any adjustments to the magnetising inductances, i.e. whether the linear models are
based on saturated inductances or incremental inductances. The author investigates

this further in Chapter 4.

v .
. ify,>A4,
K, ={V,*+B,(y,—4,) ‘ (3.1)

0 ify, <A,

with

W, =2+ 30, 4 (2 + )
x, =2rf,L
12-\12-8,,15,,
¢ 10-12-S,,/58,,

S.
B — 1.0
©o(1-4,)

(3.2)
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where

K, is a saturation coefficient

v, 1s the magnetizing flux linkage

v, are the flux linkages in the d- and g-axes
x, is the leakage reactance

L, is the leakage inductance

f, 1s the nominal frequency

4,,B, are constants

The author uses a per unit system in which 1.0 p.u. field voltage is that field voltage
required for rated stator voltage on the air-gap line. This is also the per unit system
of the generator model in DIgSILENT PowerFactory. However, the per unit system
of MATLAB SimPowerSystems differs from this — 1.0 p.u. field voltage is the field
voltage required for rated stator voltage on the non-linear saturation characteristic.
The author considered this difference in the development of the excitation system

model.

The author also chose a per unit system in which 1.0 per unit power is equal to the
generator’s rated apparent power. This is also the per unit system of MATLAB
SimPowerSystems. In DIgSILENT PowerFactory, however, different per unit
systems are used for electrical power and mechanical power — 1.0 per unit electrical
power equals the generator’s rated apparent power, but 1.0 per unit mechanical
power equals the generator’s rated active power, 1.e. rated apparent power multiplied
by rated power factor. The author considered this difference in the development of

the turbine model.
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Both software packages include models for resistor, in which the relationship

between voltage and current is represented by Ohm’s law.

3.1.2 Excitation system, turbine and governor

Chapter 2 presents the models of the excitation system, turbine and governor.
Appendix C and Appendix D show the implementation of these models in the two
software packages. The excitation system model in MATLAB includes a gain in the
output signal to compensate for the difference in the per unit systems of the two
software packages’ generator models, as discussed in section 3.1.1. Likewise, the
turbine model in MATLAB includes a gain in the output signal to compensate for the

difference in the software packages’ per unit systems, as discussed in section 3.1.1.

3.2 Models developed analytically by the author

The author developed two linear models for the analyses in the frequency-domain.
These are introduced with reference to Figure 3-1, which shows the structure of a

linear plant model. In Figure 3-1, ACVpos represents the change in control valve

position, and Aw, the change in speed-error.

ACVpos AT, 1
> > Aw
Aw, ACVpos 2Hs+K,,
AT,
Aw

Figure 3-1: Structure of linear plant model

Model 1 includes only the transfer function A%T . It is based on the assumption

that the generator terminal voltage is constant. The excitation system, turbine and
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governor are excluded. The author uses Model 1 in Chapter 4 for some analyses of
the open-loop system. It is useful to understand the instability of the ‘inner loop’

mentioned in section 1.4.

Model 2 is more detailed than Model 1. It includes the generator, excitation system,
turbine and governor. The author uses Model 2 in Chapter 4 for analyses of both the

open-loop and closed-loop system. He also uses it to develop Bode diagrams for the
. AT AT . .
transfer functions ~ '~ Ao and “ ¢ Ao (the latter cannot be obtained directly from

the software packages, because the speed signal may only be treated as an output).

The derivation of the two linear models follows.

3.21 Model 1

In Model 1 the generator is represented by a constant voltage source without any

internal impedance. The generator power is given by:
P =< (3.3)

where the generator terminal voltage e is constant. The SR resistance R, 1is

assumed to be constant, hence P,is also constant.

The electromagnetic torque is given be:

T :i (3.4)
1)

e

Differentiating (3.4) leads to:

dI, -P. 0P, -P,
dae) - a)ZE ’ aaE) - cof 3-5)

A linearized form of (3.4), at the initial operating point, is as follows:
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AT =t o (3.6)

Thus a small increase (decrease) in speed leads to a decrease (increase) in
electromagnetic torque.
The equation of motion is as follows:

T -T =2Hws+ K, (3.7

Differentiating this equation yields:

o1, L. =2Hs+K,
oo Ow (3.8)

A linearised form of (3.7), at the initial operating point, is as follows:

AT, —AT, =(2Hs+ K, ) Aw (3.9
Model 1 is obtained by developing the transfer function A%T using (3.6) and (3.9):

Ao o’ (P, — K, o)
AT, s-2Ho? (P, -K,07)-1

m

(3.10)

No reference frame is defined for Model 1, since it does not use the d-q axis theory of

synchronous machines.

3.2.2 Model 2

Model 2 consists of linear models of the generator, excitation system, turbine and

governor.

3.2.2.1 Generator and Stabilising Resistor

The generator is represented by a 2nd order model, based on the well-known d-q axis

theory of synchronous machines. According to that theory, the reference frame is
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defined by the position of the rotor relative to the magnetic field of the stator. The
IEEE labels such a generator representation “Model 1.0” [13]. The model includes an
equation representing the field winding. It excludes equations representing the

damper windings. The equations representing the generator follow:

e, =—oy, —Ri,
e, =+oy,— R, (3.11)

2_ 2, 2
e =e +e,

Wag = Loy (=i, + ifd) =y, +Li,
l1[/1141 = _Laqs .iq = l//q +Lliq (312)

V=V Lfdiﬁi

dy , R .

Tﬂ=wn L—”-Eﬁ —Ry 'l.fd} (3.13)
adu

T'e = l//owl ‘iq _l//aq .l‘d (314)

T -T =J-‘Z—j’+KD-w (3.15)

where the symbols are defined in the section ‘List of symbols’.
The SR is modelled using Ohm’s law:

“ =1 (3.16)

e, =R,

The author developed a linear model of the generator and SR. He followed a similar
process to the one used to develop a linear model of a single machine-infinite bus [7,
8, 24]. However, he does not assume the speed to be 1.0 p.u. within the stator voltage
equations — in the case of the islanded PBMR plant there is no external source that
holds the speed constant. The author included the effects of core saturation. He

distinguished between saturated inductances and incremental inductances. He
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assumed that the same saturation characteristic applies to both the d-axis and the g-

axis.

A summary of the derivation of the linear model of the generator and SR follows. The

complete derivation is given in 0.

The author developed a linear form of (3.14) by differentiating it with respect to

and y ,. He developed expressions for the partial derivatives, in terms of Aw and
Ay, , using equations (3.11), (3.12) and (3.16). Finally, he expressed the perturbed

electrical torque A7, as a function of Aw and Ay ,:
AT, =K, Ao+ K, Ay, (3.17)

where the constants K,, and K, depend on the initial operating point. Note that the

above equation excludes the (perturbed) load angle A5, since there is no
synchronising torque between the generator and the external network. The
generator rotor does not necessarily rotate at synchronous speed, and there is no

merit in comparing the angle of the rotor to the angle of an external source.

The author developed an expression for the perturbed field flux as a function of the

perturbed field voltage and perturbed shaft speed:

K,
Ay, =—2—|AE,-K, Ao| (3.18)

sTp, +1

where K ,,K,, and T, are constants, which depend on the initial operating point.

AE

. 1s obtained from G, (s)-Ae, where G,(s) 1s the transfer function of the

excitation system and Ae is the perturbed terminal voltage.
Ae 1s found by linearising equation (3.11):

(e, +Ae)* = (e, +Ae,) + (e, + Aeq)2 (3.19)
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The linearised equation is expanded and second-order terms are neglected:

2e,Ae=2e,Ae, +2¢, e, (3.20)
e
Ae= € Aed +ﬂAeq (3.21)
e() e(l
where

e, 1s the initial terminal voltage
e,,e, are the d- and g-axis initial terminal voltage

The author developed equations for Ae, and Ae, in terms of Aw and Ay, . From

these and equation (3.21), he developed an equation for Ae in terms of Aw and Ay, :
Ae=K,,Ao+K, Ay, (3.22)
where K,, and K, are constants, which depend on the initial operating point.
Finally, he used the same linearised form of the shaft equation as in Model 1:

AT, —AT, =(2Hs + K, ) Ao (3.23)
where AT, is the output of the linear turbine model.

Model 2 is shown in Figure 3-2. The figure shows the linear generator model its

connection to the linear models of the excitation system, turbine and governor.

The author also developed the transfer function Aw/AT, from Figure 3-2. He uses

this transfer function in Chapter 4 to investigate the stability of the PBMR plant

without the action of the governor.

Ao _ s*(T,T.)+s(T,+T)+K, K K,

3.24
AT, ps3+qs2+rs+t ( )
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where p,q,r and ¢ are constants, defined as follows:

p=2HT,T,

q=2H (T, +T)+T,T.-(K, +K,)

r=(K, +K¢w)'(de +Tr)+de -(ZHKWKA —KWwaTr)
t= K/HKQWKA (K, +K,) _szde -(wa +K ,K,,)

(3.25)
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2Hs+K,
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Figure 3-2: Model 2
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3.2.2.2 Excitation system

The author developed a linearised model of the excitation system from the model
presented in section 2.4.2. He assumed that the signals remain within their limits,
1.e. he neglected the signal limits. The linearised excitation system model is given by

the following transfer function:

G (s) = "o K, (T, +1)

= (3.26)
Ae  (sT.+1D-(sT.+1)-(sT,+12)

3.2.2.3 Turbine

The author developed a linear model of the turbine from the model presented in
section 2.4.3. He neglected the signal limits and the valve choking characteristic. He
developed the linear model for the conditions of 1.0 p.u. pressure from the steam

generator and fully open intercept valves.

The linearization of the valve characteristic is explained with reference to Figure 3-3.
The relationship between the valve’s flow area and its position, at the initial

operating point, is represented by the linear gain K ,.

Flow
Area A
1.0 | SlopeK
7 ) E———
0.5
0 p Valve
0 0.5 1.0 Position

Figure 3-3: Valve characteristic

The linearised turbine model is presented in Figure 3-4.
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In section 3.2.2.4 it is shown that the linear governor model contains the gain 1/ K

val ?

1.e. the inverse of the gain K , that appears in the linear turbine model. The non-

vnl
linearity in the turbine control system compensates the non-linearity in the turbine
valves. The linear models of the turbine and governor can thus be simplified by

omitting the gains K, and 1/K ,.

3.2.2.4 Governor

The author developed a linear model of the governor from the model presented in
section 2.4.4. He neglected the signal limits and the overspeed controls. As in the

development the turbine model, he assumed the intercept valves to be fully open.

Figure 3-5 shows the linear governor model. The term K, represents the feedback

that compensates for the non-linear characteristic of the turbine wvalves. An
alternative representation of the linear governor model is shown in Figure 3-6. That

representation shows the gain 1/ K _,, which was mentioned in section 3.2.2.3.

val ?
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Chapter 4 Stability of the power plant
under small disturbances

In this chapter the author investigates the stability of the PBMR plant (also referred
to as the “system”) under small disturbances. The investigation considers the plant
in the islanded state with the SR connected. The transition to the islanded state is

investigated in Chapter 5.

The author’s investigations include analyses in both the frequency- domain and the
time-domain. He investigates the stability of both the open-loop system (neglecting
the governor) and the closed-loop system (considering the governor). He uses the
software programmes DIgSILENT PowerFactory and MATLAB SimPowerSystems in
his analyses. For the analyses in the frequency-domain, he also uses hand-

calculations based on Model 1 and Model 2.

The author shows that, without the governor, the system 1is unstable. The
electromagnetic torque increases (decreases) in response to a speed decrease
(increase). The governor stabilises the system, i.e. it counteracts the relationship

between electromagnetic torque and speed.

In Chapter 5 the author shows that a large disturbance may lead to the instability of
the system, and the instability is due to the relationship between electromagnetic
torque and speed. The instability can be avoided through the addition of a SC. The
action of the SC causes the electromagnetic torque to decrease (increase) in response

to a speed increase (decrease), hence it improves the performance of the governor.

In this chapter the author describes the SC, and shows what effect it has on the
stability of the PBMR plant under small disturbances.

The author investigates whether the calculated damping is affected significantly by
the turbine type, the damper windings and the method of modelling the magnetising

inductances — saturated inductances or incremental inductances.
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4.1 Frequency-domain analysis neglecting the

governor

In this section of the thesis the author shows that the system without governor is
unstable. In section 4.1.1 he explains the instability using Model 1, in which the
voltage across the SR is assumed to be constant, i.e. the generator field winding and

excitation system are neglected.

In section 4.1.2 the author analyses the system using Model 2 as well as the models
implemented in the software programmes. Therefore, he considers the generator
field winding and the excitation system. He finds the system to be unstable. He

compares the results obtained from the different models.

The author designs the SC to eliminate the abovementioned instability. The benefit
of the SC is observed in the analyses of the closed-loop system — particularly under

large disturbances.

411 Neglecting the generator and excitation system

Model 1, which is derived in Chapter 3, is represented by the following transfer
function Aw/AT,:

Aw @ l(P,-K,0?f) @.1)
AT, s-2Hw? (P, —K ,07)-1 '
The model’s eigenvalue is found by setting the denominator in (4.1) to zero:

P, —K,w’
§=——=r2 4.2
2Ho? (42)

o

A typical value for K, is 1 - 2%, hence K,-w’ is significantly lower than the SR

rating. Equation (4.2) yields a positive real value for the system’s eigenvalue,

indicating that the system exhibits aperiodic instability. The plant could be
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described as having “negative damping”, since the electromagnetic torque is such

that it supports a change in speed, rather than oppose it.

The power plant’s instability is caused by the response of electromagnetic torque to
shaft speed. If the generator terminal voltage e is constant, the electromechanical
torque 1s inversely proportional to the rotational speed. An increase (decrease) in
speed results in a reduction (increase) in electromechanical torque, thereby causing a

further increase (decrease) in speed.

Table 4-1 shows the eigenvalue of the transfer function Aw/AT, at different levels of

electrical power. The plant’s stability deteriorates as the power level increases.

Table 4-1: Eigenvalue of Model 1

P, (p.u.)  Eigenvalue (s!)

0.850 0.1384
0.826 0.1345
0.400 0.06515

The above analysis 1s based on the assumption that the turbine is a ‘torque machine’

(as defined in section 2.4.3). In the case of a torque machine A7, does not vary in

response to speed changes (assuming no governor). If the turbine had been modelled

as a ‘power machine’, then AT, would be speed-dependent. The author investigated

the impact of the two different turbine types.

In the case of a ‘power machine’ the mechanical torque varies with mechanical power

according to equation (4.3):

T =im (4.3)

A linearised form of (4.3), at the initial speed ®,, is found from a Tailor series

expansion, considering only the first-order derivative with respect to speed:
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P
AT, =—"" Aw (4.4)

Therefore, an increase (decrease) in shaft speed would cause a reduction (increase) in
mechanical torque. The effect of using a ‘power machine’ model would have been to
increase the damping. This damping would counteract the negative damping due to

the electrical system.

The net variation in torque, as a result of a variation in speed, is derived using

equation (3.6) and equation (4.4):

AT, ~AT =—p, .22, p 22 (4.5)
w 0]

o o

The mechanical power is almost equal to the electrical power — the difference is only
the power dissipated in the generator stator resistance. Therefore, if the power loss

of the stator is neglected, then P, =P, and AT, —AT7,=0. The variation in
electromagnetic torque due to a speed variation is counteracted by a variation in
mechanical torque. The power plant having a power machine is on the verge of

instability — its only damping is mechanical damping, K, -®”.

The instability (or poor damping) described above occurs within the system’s “inner
loop”, 1.e. it occurs if the effect of the governor is neglected. According to [30],
unstable inner loops should be avoided. They cause system’s to have a relatively slow
response to disturbances, and they can cause a system to be of non-minimum phase

(which means that their initial response to a disturbance is in the wrong direction).

41.2 Considering the generator and excitation system
Model 2, which is derived in Chapter 3, includes the following transfer function:

Aw  s%(tqr,)+s(ty+7,) + KK K
AT, ps®+qs® s+t

(4.6)
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The author found the model’s eigenvalues by calculating the roots of the
denominator’ in equation (4.6). One of the eigenvalues was real and positive,
indicating that the system is unstable. Table 4-2 shows the value of this eigenvalue
for different levels of electrical power. The table also provides a comparison to the

results obtained from Model 1.

Table 4-2: Comparison of eigenvalues of Models 1 and 2 (excluding governor)

P, (p.u.) Eigenvalue (s'1)

Model 1 Model 2 = Difference
0.850 0.1384 0.1616 14%
0.826 0.1345 0.1569 14%
0.400 0.06515 0.07172 9%

The results obtained from Model 2 are marginally poorer (in terms of stability) than
the results obtained from Model 1, i.e. the system is marginally less stable than
predicted using Model 1. The author considers Model 2 to be more accurate than

Model 1, since it is based on fewer simplifying assumptions.

As discussed in Chapter 3, the author constructed a model of the power plant in both
DIgSILENT PowerFactory and MATLAB SimPowerSystems. He calculated the
eigenvalues of these models using the software packages. Before presenting the
results, some remarks on the calculation of eigenvalues using these two software

packages follow:

e PowerFactory calculates a numeric linear representation of the system using the
QR method. From this linear representation the software calculates the
eigenvalues. The calculation of eigenvalues is initiated from the program’s menu

[9]. It is not possible to view the matrices representing the linearised model. The

7 The denominator of the transfer function is known as the characteristic equation.
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details of the calculation processes are not disclosed to the user; hence the user

cannot assess the limitations that the calculation procedure may impose.

e In MATLAB, the function ‘linmod’ is used to calculate the linear state-space
model of the power system, which is represented graphically using the
SimPowerSystems [28]. The linmod’ function provides the state-space matrices A,
B, C and D. The function ‘eig’ is then used to calculate the eigenvalues of the
linearised model. As in the case of PowerFactory, the details of the calculation

processes are not disclosed to the user.

From the results the author confirmed the presence of a positive real eigenvalue. He
also confirmed that the plant’s damping deteriorates with an increase in power. The
value of positive eigenvalue, for different levels of SR power, is shown in Table 4-3.

Also included in the table are the results obtained using Model 2.

Table 4-3: Eigenvalues of Model 2 and the models in the software packages (excluding governor)

P, Eigenvalue (radian. s?)
(p.u) Model 2 Model in Model in
DIgSILENT MATLAB
PowerFactory SimPowerSystems
0.850 0.1616 0.1386 0.1348
0.826 0.1569 0.1311 0.1310
0.400 0.07172 0.06349 0.06388

The results obtained from the models implemented in DIgSILENT and in MATLAB
are in close agreement, but differ from the results obtained from Model 2. The author
investigated the cause of the difference, and concluded that the software packages
use ‘saturated inductances’ and not incremental inductances. He observed that, if
Model 2 is adapted to use saturated inductances, the eigenvalue closely matches the

results from the models of the software packages. This is shown in Table 4-4.
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Table 4-4: Effect of different mutual inductances on stability (excluding governor)

P, Eigenvalue (radian. s?)
Model 2
(p-u.) _ Model 2
(with _
. (with saturated
incremental .
. inductances)
iductances)
0.850 0.1616 0.1354
0.826 0.1569 0.1316
0.400 0.07172 0.0640

The eigenvalues of the models implemented in the two software packages are almost
identical to the eigenvalues of Model 1. This is despite the fact that the models
implemented in the software packages are significantly more detailed than Model 1.
The results obtained from Model 2 are more pessimistic than the ones obtained from
Model 1. If the linearization of the model’s equations considers the non-linearity of
the magnetising inductance, then the results are more pessimistic than if the non-
linearity is not considered. The non-linearity of the magnetising inductance has a

destabilising effect on the power plant, when it is subjected to small disturbances.

4.1.3 Introducing the stabilising controller

For the case where the turbine is a torque machine, the inner loop (i.e. the plant
without governor) is unstable. Therefore, for the plant to be stable the governor has
to oppose the instability of the inner loop. The governor can be tuned to dampen the
speed 1n response to many disturbances, but its effectiveness is limited by the
instability of the inner loop. The counteraction between the outer loop (i.e. governor
control) and the inner loop may lead to non-linear limit cycles. Also, the governor’s
output may saturate, in which case it no longer counteracts the unstable inner loop.
Considering the uncertainty in the turbine’s torque/ speed relationship, the author
proposes to modify the inner loop so as to ‘remove’ the instability. The author

proposes a stabilising controller (SC), which modifies the relationship between speed
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and electromagnetic torque, as explained below. The SC stabilises the inner loop,

thereby reducing the burden on the governor in controlling the speed.

The SC is introduced by revisiting the derivation of Model 1. As explained in Chapter

3, Model 1 was developed from the following simplified equation for electromagnetic

torque:
2
T =-° 4.7)
OR,

In the development of Model 1 it was assumed that the generator terminal voltage e
1s constant. The linear model was derived by differentiating equation (4.7) with

respect to o, and not with respect to e.

If equation (4.7) is differentiated with respect to both @ and e(i.e. regarding e as
variable), the result is as follows:
dI, 0I, de OI, 0w  2e Oe e’ Ow

=2, o0 _ <€ %% __‘aN? 4.8
do 0Oe 0w 0w dw R, 0w 'R, 0w (48

From this equation, the author obtained the linearised form of (4.7) at the initial

terminal voltage e, and speed o, :

2

- 2
AT, =—5 A +——2—Ae (4.9)
o R, o,R,

o

According to equation (4.9) either a change in shaft speed or a change in terminal
voltage will cause a change in electromagnetic torque. Hence the torque can be
changed by changing the generator terminal voltage. More specifically, the generator
voltage can be controlled in response to a speed change, so that the net change in

electromagnetic torque opposes the speed change.

The condition of AT, =0 is achieved if the two terms on the right of equation (4.9) are

equal in magnitude and opposite in sign. Such a counteraction of the two torque
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components occurs if the generator terminal voltage changes in response to speed

according to equation (4.10).

e()

20

o

Ae =

Aw (4.10)

If the voltage varies in response to a speed change according to (4.10) then
A]y _
Aa)_o'

The author proposes a SC, similar to a conventional power system stabiliser, which
causes the generator voltage to vary in response to a speed change. The SC, and its

interface to the excitation system, is depicted in Figure 4-1. The gain K, can be

adjusted so that an increase (decrease) in shaft speed causes an increase (decrease)
in electromagnetic torque, 1i.e. A%w >0. The output of the stabilising controller is

limited so that the controller does not cause the generator voltage to exceed design
limits (typically +5%). A high-pass filter ensures that, in a steady-state condition,
the output of the stabilising controller is zero. Therefore, the steady-state speed is
determined by the governor. The SC is active only whilst the generator is islanded

from the external network, otherwise it is disconnected.

G,(s) —> E,

Figure 4-1: Stabilising controller (SC)
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A linear model of the SC is shown in Figure 4-2. The author uses this model in the

frequency-domain analyses of this chapter.

Ae G,.(s) —> AE,

ex

Figure 4-2: Linear model of stabilising controller (SC)

The similarities and differences between the proposed SC and a conventional PSS

are as follows:

1. A PSS is used to improve rotor-angle stability, whereas the SC 1s used

to improve frequency stability. Therefore, the two differ in purpose.

2. A PSS is used in a multi-machine power system, whereas the

SC is applicable to a single-machine system.

The above derivation of the SC ignores the effects of the generator field winding, the
damper windings, saturation and the excitation system. Despite this, the SC
effectively increases the system’s damping, as subsequent sections of this chapter
will show. In Chapter 5, the author shows that the SC greatly improves the stability

of the plant under large disturbances.

Table 4-5 shows the effect on the damping if the plant includes a SC with a gain of
2.0 p.u. The SC increases the damping significantly. The damping is still marginally
negative despite the SC. This is due to the effect of the washout filter within the SC.
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Table 4-5: Effect of SC on stability (excluding governor)

P, Eigenvalue (radian. s?)
P Without SC With SC
0.826 0.1311 0.0144
0.600 0.0639 0.0126

An investigation into the torsional modes of the shaft, and the possibility of exciting
such modes through the SC, was not the scope of the thesis. Potential problems with
torsional modes can be addressed through careful selection of the location of the

speed measurement device along the shaft length and through the addition of notch

filters in the SC.

4.2 Frequency-domain analysis considering the

governor

In the following paragraphs the author considers the effect of the governor on the
stability of the plant under small disturbances. He uses Model 2 as well as the
models implemented in the software programmes. He compares the eigenvalues of

the different models.

In section 4.2.1 the author investigates the stability of the plant without the SC. He
shows that the governor stabilises the plant. He assesses the effect on damping of
the two different turbine types — torque machine and power machine. He also
assesses the importance of using incremental inductances as opposed to saturated

inductances in the equations describing the synchronous machine.

In section 4.2.2 the author investigates the stability of the plant with the SC. He
assesses the effectiveness of the SC using detailed models of the generator (recall
that the design of the SC is based on Model 1, which excludes the equations for the

describing the generator field winding and the excitation system).
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The analyses of section 4.2 are based on a SR rating of 175 MW (0.826 p.u.).

Additional analyses, in which a rating of 8 MW (0.4 p.u.) is considered, are

presented in section 4.5.

Excluding the stabilising controller

421

The author proposes a value for the governor gain that causes the system’s gain

margin to exceed 10 dB, and the phase margin to exceed 30 °.

dB and a phase margin of 32.7° are achieved using a gain of K, =25. Figure 4-3

shows the Bode diagrams of the open-loop transfer function Aw/Aw,.
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Figure 4-3: Bode diagrams of Aw/Aw, (excluding SC)

Even though the governor stabilises the power plant the Bode plots show an

undesirable characteristic, namely that the phase lag is very large (-270° to 180° at

low frequencies). The large phase lag is due to the poor damping of the “inner loop
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as discussed in section 4.1.1 (it is shown in section 4.1.3 that the SC significantly

reduces this phase lag).

Table 4-6 shows the results of the five ‘slowest modes’ that are observed in the state
Aw, as obtained from Model 2 and from the models implemented in the software
programmes, where ‘slow’ is a measure of the proximity of the eigenvalue to the
origin (a complete list of eigenvalues is included in Appendix E). All eigenvalues
have negative real parts, confirming that the system is stable. The two oscillatory
modes have the frequencies 0.12 Hz and 0.11 Hz. There is a close correlation
between the results obtained from the models implemented in the two software
packages.

Table 4-6: Eigenvalues of Model 2 and models in software packages (including governor,
excluding SC)

Eigenvalues (s!)
Model 2 Model implemented in Model implemented
No. DIgSILENT in MATLAB
PowerFactory SimPowerSystems
1,2 -0.4241 £j0.7657 -0.4506 +j0.7666 -0.4466 +j0.7677
3,4 -1.600 +j0.6916 -1.582 +30.7666 -1.574 £j0.6707
5 -5.262 -5.252 -5.235

Model 2 yields a lower damping of the eigenvalues 1 and 2 than the models
implemented in the software programmes (the difference is about 5 %). The author
found this difference to be related to saturation modelling. The difference is not due
to the fact that Model 2 excludes the equations of the damper windings, whereas
these equations are included in the models of the software programmes. Therefore,
the damper windings do not have a significant effect on the frequency stability of the

1islanded PBMR plant, subjected to small disturbances.

Table 4-7 shows the effect of using saturated inductances, as opposed to incremental

inductances, on the five slowest eigenvalues of Model 2. If saturated inductances are
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used then the calculated damping of the slowest modes is marginally better than if

incremental inductances are used.

Table 4-7: Effect of different inductances on damping (including governor)

Incremental inductances Saturated inductances Difference
Damping Damping Damping
No [Eigenvalues (s) . Eigenvalues (s 1) . .
' ratio ratio ratio
-0.4241 +
1,2 ) 0.485 -0.4513 +£3j0.7654 0.508 4.7%
j0.7657 .
-1.600 +
3,4 ) 0.918 -1.581 +30.6952 0.915 0.33%
j0.6916 .
5
5-262 - -5.272

4.2.2 Including the stabilising controller

The effect of the SC on the transfer function AT,/Aw is shown in Figure 4-5. Without

a SC the transfer function has a phase lag of 180° over a wide frequency range (up to
about 0.10 Hz). It is this phase lag that causes the instability of the inner loop, as
discussed in section 4.1. The SC reduces the phase lag between 0.001 Hz and 10 Hz
considerably. The phase lag of 180° at a frequency of 104 Hz is due to the high-pass
filter in the SC. The high-pass filter effectively disables the SC in steady-state
conditions. The steady-state speed is determined by the governor, and is not
influenced by the SC.
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The author analysed the transfer function Aw/Aw,, including the SC. He modified

, as shown in Figure 4-5.

Model 2 to include the SC

Figure 4-6 shows the Bode diagram of the transfer function Aw/Aw,, without and

with SC. The SC reduces the phase lag. The gain margin is 18.2 dB and the phase

margin is 64.7°. The SC increases the phase margin by 32.0°.
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Figure 4-5: Model 2 modified to include the SC
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74%

Difference
Damping

Damping
ratio

o, (including SC)

With stabilising controller
0.7360

Frequency (Hz)
Eigenvalues (s1)

Without stabilising controller
With stabilising controller

Damping
ratio
0.485

10

D)

Table 4-8: Effect of SC on damping (including governor)

Figure 4-6: Bode diagrams of Aw/A

Without stabilising controller

Eigenvalues (s-
-0.4241 £ 0.7657]j

Table 4-8 shows the eigenvalue with the lowest damping for the system without SC
system, 1.e. it causes the electromagnetic torque AT, to be in phase with the speed

and with SC. The SC increases the damping of the system in response to small
The purpose of the SC (which is derived in section 4.1.3) is to add damping to the

disturbances by 74 %.
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deviation Aw. The derivation of the SC is based on Model 1, which excludes the
equations for the field winding, damper windings, saturation and the excitation
system. The author checked whether the field winding, saturation and excitation

system have any significant affect the performance of the SC.

Figure 4-7 shows the Bode diagram of the following transfer function, as defined by
Model 2:
AT

TFl1=—¢ (4.11)
Aw

At very low frequencies, e.g. 10-¢ Hz, the phase of TF1lis approximately 180°. This is
due to the high-pass filter of the SC. At frequencies beyond 10-2 Hz the phase is
close to 0°. At a frequencies in the range 3 - 5 Hz the phase is approximately -45 °.
Therefore, the performance of the SC at such frequencies is not optimal. At A phase-
lead compensator could be added to the SC to improve its performance in the

frequency range 3 — 5 Hz. This is not investigated further in this thesis.

The author checked whether the SC and governor act in unison, or whether the

counteract each other. Figure 4-7 shows the Bode diagrams of the transfer function:

TF2:—AT’” _ AT,
Ao Aw

¢ 1A®,, =0

(4.12)

At frequencies lower than 10-2 Hz, there is a phase difference of more than 90°
between TF1 and7F2. Therefore, at low frequencies the SC counteracts the
governor. The counteraction is insignificant, since at such low frequencies the gain

of TF1 is negligible compared to the gain of TF2.

At frequencies in the range 102 Hz — 1.0 Hz, TF1 and TF2 differ in phase by less

than 90°, 1.e. the SC and governor act in unison.

At frequencies larger than approximately 1 Hz the difference in the phase of TF1
and TF2exceeds 90°, i.e. the SC and governor counteract each other. At higher

frequencies the phase difference exceeds 90°, but the gain of 7F21is much lower than
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Figure 4-7: Bode diagrams of TF1 and TF2

*

that of TF1. At 4 Hz the gain of TF2is 10 times lower than the gain ofTF1.

Therefore, the author considers the counteraction between the SC and the governor,

at frequencies beyond 1 Hz, to be insignificant.
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4.3 Time-domain analysis neglecting the governor

In section 4.3.1 of the thesis the author confirms, by means of time-domain

simulation, that the plant without governor is unstable. He compares the (negative)

damping that he estimated from the time-domain analysis with the result from the

frequency-domain analysis. In section 4.4.2 he confirms that the SC stabilises the

plant.
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4.3.1 Excluding the stabilising controller

Figure 4-8 shows the speed response of the generator connected to a 175 MW SR
(0.826 p.u.), subjected to a step torque disturbance of 0.05 p.u. for 0.1 s. The
acceleration increases as the speed increases. This confirms that the power plant

without governor is unstable, and that the instability is aperiodic.

1.0030

1.0025 -

1.0020 -

1.0015 -

Speed (p.u.)

1.0010 -

1.0005 -

1.0000

Time (s)

Figure 4-8: Response of plant to a small, temporary torque disturbance (excluding
governor and SC)

Figure 4-9 shows the speed response of the generator connected to a 175 MW SR
(0.826 p.u.), subjected to a constant torque disturbance of 0.01 p.u. In Appendix E
the author calculates the negative damping from this figure. He obtains a result of
0.1339 s1, which is in close agreement with the figure of 0.1311s! obtained in
section 4.1 (Table 4-3, DIgSILENT PowerFactory, P, =0.826p.u.).
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Figure 4-9: Response of plant to a small, permanent torque disturbance (excluding
governor)

4.3.2 Including the stabilising controller

In section 4.1 the author calculated the damping of the plant without governor, but
with SC. The result was 0.0144 s! (see Table 4-5). The author verified the
magnitude of the positive damping using a time-domain simulation in DIgSILENT

PowerFactory.

The response of the plant to a 0.01 p.u. disturbance torque, is shown in Figure 4-9.

The plant is on the verge of instability, which corresponds to a damping of 0 s-1.

4.4 Time-domain analysis considering the governor

The author investigates, by means of time-domain simulations, the stability of the
plant (including governor) under small disturbances. He investigates the response
of the plant to a temporary change in speed reference. In section 4.4.1 he excludes

the SC from the models, whereas in section 4.4.2 he includes the SC.

In Appendix E the author simulates the response of the plant to a 5 MW change in
power — he simulates the disconnection of the generator from the power system

(initially operating at 180 MW, 0 MVAr), and the connection, without delay, of a
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175 MW SR. In practice there would be a delay between the disconnection from the

power system and the connection of the SR. This is considered in Chapter 5.

441 Excluding the stabilising controller

Figure 4-10 shows the response of the islanded plant (with an 175 MW SR), when
its speed reference is decreased by 0.2 %. The disturbance was limited in magnitude
and duration to ensure that the control valve would not reach its maximum output.
The governor counteracts the decrease in electromagnetic torque, which results

from the increase in speed. The response is well-damped.

Figure 4-11 shows the response of the islanded plant (with an 85 MW SR), when its

speed reference is increased by 0.2 %. Again, the plant is well-damped.

In Figure 4-10 and Figure 4-11 there is a good agreement between the results from
DIgSILENT PowerFactory and MATLAB SimPowerSystems. Minor differences in
the results are attributed to different methods used to initialise the models:
DIgSILENT PowerFactory calculates the initial conditions prior to the start of the
simulation using equations. MATLAB SimPowerSystems uses a state-vector to
initialise the model. The vector is obtained by running a simulation without any

disturbance until a steady-state is achieved.
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4.4.2 Including the stabilising controller

Figure 4-12 and Figure 4-13 show the response of the plant (including SC) when it
1s subjected to a change in speed reference. The disturbances are in section 4.4.1.

The SC has the effect of increasing the damping.

There is a good agreement between the results from DIgSILENT PowerFactory and
MATLAB SimPowerSystems.
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4.5 Additional investigations

In the following paragraphs the author investigates the importance of the turbine
type and the damper windings on the stability of the islanded plant under small
disturbances. He also investigates the response of the plant to a 2 MW increase in

power.

4.51 Turbine type

In section 4.2, the author presented the eigenvalues of the plant, including the
governor and excluding the SC. The analysis was based on the assumption that the
turbine 1s a ‘torque machine’ (as defined in section 2.4.3). The author now calculates
the eigenvalues of Model 2’s assuming a power machine instead of a torque

machine. For this purpose, he modified Model 2 as explained below.

Equation (4.11) shows a linear form of the relationship P, =7, - (at the initial

speed of @, =1.0p.u., and the initial torque of 7, ):

AL, AR 7 (4.13)

Ao Ao ™

Therefore, the initial mechanical torque 7. needs to be added to the transfer

mo

function of the turbine model to yield the transfer function AT, /Aw® of the power

machine.

Table 4-9 lists the eigenvalues of Model 2 (based on incremental inductances). The
difference in the two different turbine models is observed predominantly in the
damping of the two slowest eigenvalues. The author considers the two different
methods of modelling the turbine to be important in assessing the stability of the

power plant.
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Table 4-9: Effect of turbine type on damping

Torque machine Power machine Difference
Damping Damping ,
No.  Eigenvalues (s) _ Eigenvalues (s'!) _ Damping
: ratio ratio ;
ratio
-0.4241 + 0.485 0.5573 + a5
1,2 0 7657 : | 0.656
e j0.7339
3,4  -1.600+j0.6916 0918 | 1 594 +70.7195 0.904 1.5%
5 -5.262 5.26 5.278 5.28 0.38%

The author compared the response of the two alternative plants (having either a
torque machine or a power machine) by simulating a small disturbance in the time-

domain.

Figure 4-14 shows the response of the two plants, to a 0.2 % decrease in speed
reference. The plant with the power machine exhibits significantly better damping
than the plant with the torque machine. This is in agreement with the eigenvalue

analysis.
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4.5.2 Damper windings

From the analyses in the frequency-domain (section 4.2.1) the author deduced that
the damper windings had no significant effect on the stability of the plant under

small disturbances. This is now verified using time-domain analyses.

The author temporarily modified the generator model to remove the effects of the
damper windings, and simulated the response of the plant to a small disturbance (a

change in power of 5 MW). He modified the generator model by setting X", =X",,

and X", = X', =X,.

Figure 4-15 compares the response of a plant without damper windings to the
response of the plant with damper windings. The effect of the damper windings on
the plant’s stability (under small disturbances) is significant - the maximum
difference between the speeds is less than 0.1 %. The plant with damper windings

has a slightly higher speed overshoot than the plant without damper windings.
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Figure 4-15: Response of the plant to a small disturbance (without and with damper
windings)
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4.5.3 Step change in power

Figure 4-16 shows the response of the plant (with a 175 MW SR), to a 2 MW
increase in active power. If the plant has no SC there is a 6 s period during which
the control valve is at its maximum. During this period the governor does not
counteract the increasing electromagnetic torque effectively. The inclusion of the SC
increases the damping significantly. The responses of additional variables are

shown in Figure E-1.

In the case of the 85 MW SR there 1s no saturation of the control valve position. The
response to a 2 MW increase in active power is shown in Figure E-2. As in the case

of 175 MW SR, the SC increases the damping.
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Figure 4-16: Response of plant to 2 MW increase in power (175 MW SR)
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4.6 Main findings

The author investigates the stability of the islanded PBMR plant with respect to
small disturbances. The SR introduces a destabilising effect, i.e. “negative
damping”. The generator terminal voltage is approximately constant due to the
action of the excitation system, hence the load power is approximately constant. The
generator’s electromagnetic torque increases (decreases) in response to a frequency
decrease (increase). The governor overcomes the destabilising effect, i.e. the plant
(with governor) is stable under small disturbances. However, the destabilising effect
1s undesirable, since it opposes the action of the governor. The author introduces a
SC to modify the relationship between electromagnetic torque and speed. The SC
causes the generator terminal voltage to increase (decrease) in response to a speed
increase (decrease). The inclusion of the SC improves the damping of the plant

under small disturbances.

The stability of the plant is affected by turbine type. In the case of the power
machine the damping is significantly greater than in the case of the torque
machine. The power machine has a self-regulating characteristic, which is lacking

in the torque machine.

The author uses models derived by hand, as well as models implemented in two
software programmes. He finds that the software packages use saturated mutual
inductances and not incremental mutual inductances. However, the results of
eigenvalue analyses are not affected significantly by the method of modelling the

mutual inductances.

The generator’s damper windings do not affect the plant’s stability under small

disturbances significantly.
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Chapter 5 Stability of the power plant
under large disturbances

In this chapter the author investigates the stability of the PBMR plant (also
referred to as the “system”) under large disturbances. The investigation is about the
transition to the islanded state. His analyses are done in the time-domain, using
the software programmes  DIgSILENT  PowerFactory and MATLAB

SimPowerSystems.

The author first investigates the islanding of the plant without connecting the SR.
He shows that the shaft speed exceeds the maximum allowable level, leading to a

plant shutdown.

Subsequent analyses consider the connection of the SR. The author shows that the
SR prevents the speed from exceeding the tripping level. However, depending on
the SR power and the turbine type, the plant may be unstable despite the
connection of the SR (and despite the action of the governor). The author
investigates the cause of the instability and proposes to use the SC, as discussed in
Chapter 4. He shows that the combination of the SR and the SC ensures that the

plant remains stable following its disconnection from the power system.

The author also investigates whether the plant’s stability is affected significantly by
the turbine type, by the damper windings, the reactive power prior to the
disconnection from the power system, the rate at which the turbine valves can be

re-opened and the valve critical flow rate.
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5.1 Excluding the SR

If the PBMR plant excludes a SR, it needs to be tripped after being disconnected
from the power system. If it is not tripped, the shaft speed may (depending on the
initial power) increase beyond the design limit of 130 % - 140 %. This may lead to

mechanical failure - the disintegration of rotating components.

The author simulated the response of the plant, initially delivering 180 MW, after
being disconnected from the power system. The results, which are shown in Figure

5-1, show that the shaft speed increases beyond 140 % if the plant is not tripped.

If it were possible to increase the valve closing rate, then the shaft speed could be
limited below the design limit. Figure 5-2 shows the relationship between the valve
closing rate and the maximum shaft speed. For the shaft speed to be limited to
120% the wvalve closing rate would have to be increased from 0.2 p.u./s to

approximately 0.7 p.u./s.

In the case of the PBMR, increasing the valve closing rate could not be achieved.
Instead, a SR is connected to the generator terminals. The author investigates the

effect of the SR on the plant’s stability in section 5.2.
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Figure 5-2: Relationship between valve closing rate and maximum shaft speed
5.2 Including the SR

The author investigates the stability of the PBMR plant (including a SR), when it is
disconnected from the power system. Prior to the disconnection of the generator
from the power system, its power is 180 MW, 0.9 power factor leading, i.e. under-
excited. The author chose under-excited operation because it leads to more
pessimistic results than over-excited operation — this is investigated further in
section 5.3. The author initially assumes a SR rating of 175 MW, and subsequently
investigates the effect of lower SR ratings. A 175 MW SR leaves 5 MW available for

speed regulation.

The author assumes a three-phase fault, at the high-voltage windings of the
transformer. The main breaker is tripped 120 ms after fault inception. After a
further 80 ms, 1.e. 200 ms after fault inception, the SR is connected. The delay of 80
ms allows for the processing time (i.e. the generation of the closing signal) and the

switching time of the SR breakers.
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5.21 Excluding the SC

Figure 5-3 shows the response of the plant (excluding SC) after being disconnected
from the power system. The sudden reduction in electromagnetic torque causes an
acceleration of the shaft. The governor responds to the speed increase by closing the
valves, causing a reduction in mechanical torque. The connection of a 175 MW
(0.826 p.u.) SR causes a sudden increase in electromagnetic torque, which prevents
a further speed increase. The speed reaches a maximum of 112 %. The speed
declines below the reference of 1.0 p.u. The generator voltage quickly settles at an
approximately constant value due to the action of the excitation system. Therefore,
the power dissipated by the SR is approximately constant. A decrease in speed
causes an increase in electromagnetic torque, which causes a further shaft
deceleration. The governor responds to the low speed by opening the valves. The
mechanical torque increases to its maximum, but this is insufficient to accelerate
the shaft. In summary, the SR has a stabilising effect, since it prevents the shaft
speed from exceeding the design limit. However, the SR also has a destabilising

effect — the plant becomes unstable after the speed has reached its maximum value.
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An SR rating lower than 175 MW is advantageous, since it results in a reduction in
physical space and cost. However, a reduction in SR rating leads to higher
maximum speeds. Figure 5-4 shows the relationship between the SR rating and the
maximum speed. To limit the speed below 130 % the SR rating needs to be about 80
MW.

A reduction in SR rating also increases the burden on the mechanical plant - the
power that is not dissipated by the SR leads to an increase in the gas temperature.

The study of this effect is beyond the scope of the thesis.

155
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Figure 5-4: Relationship between SR rating and maximum speed

The author also considers the stability of the plant equipped with an 85 MW (0.40
p.u.) SR. He simulates the islanding of the plant, assuming an initial generator
power of 180 MW, 0.9 power factor leading. The speed response is shown in Figure
5-5. The plant is on the verge of instability, i.e. it is very poorly damped. The
mechanical torque exhibits cycles, having amplitude of approximately 70 % and
duration of 10 s. Oscillations in the electromagnetic torque approximately coincide
with those in mechanical torque, i.e. the electromagnetic torque counteracts the

effect of the governor.
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It is noted that the analyses in Chapter 4 showed the islanded plant (with an 85
MW SR) to be stable and well damped under small disturbances. Therefore, the
poor damping only applies to large disturbances. In section 5.3.1 the author shows
that poor stability occurs also if the turbine is a power machine. The destabilising
effect between electromagnetic torque and speed is not the primary cause of the

poor damping, but it contributes to the poor damping.
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5.2.2 Including the SC

As explained in the previous section, the SR limits the maximum speed to a safe
value, but it also introduces a destabilising effect. The stabilising effect of the
governor is limited by the rate at which mechanical power can be increased, the
turbine type (power machine or torque machine) and by the maximum turbine
torque. The author proposes a SC, which “removes” the destabilising relationship

between electromagnetic torque and speed, and improves the plant’s stability.

Figure 5-6 shows the response of the plant (including a 175 MW SR and a SC) after
islanding from the power system. As in the analyses of section 5.2.1, the author
assumes a fault at the high-voltage side of the transformer, the opening of the main
breaker after 120 ms, and the connection of the SR after a further 80 ms. The plant
1s stable due to the combined action of the governor and the SC. The maximum
speed is 112 %, and the speed response is well damped. The SR limits the maximum
speed, whereas the SC ensures the plant remains stable after being disconnected

from the power system.

Figure 5-7 shows the response of a similar analysis, but based on an 85 MW SR.
The plant with the SC no longer exhibits the limit cycles observed in Figure 5-5. It
may be possible to improve the plant’s response further using phase-lead

compensation in the governor. This could be considered in the final design.

There is a good correlation between the results from DIgSILENT PowerFactory and
MATLAB SimPowerSystems.
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5.3 Additional investigations

In this section the author continues the investigation into the stability of the PBMR

plant, when it islands from the power system. He investigates the following:

e The effect of the turbine type (power machine versus torque machine).

The impact that the damper windings have on the plant’s response.

The effect of the reactive power prior to disconnecting the plant from the

power system.

The effect of increasing the valve opening rate.

The effect of valve critical flow rate (i.e. valve choking).

The author performed all analyses using the software DIgSILENT PowerFactory.

The following sections summarise the analyses corresponding to the above.

5.3.1  Turbine type

In section 5.2 the author assumes that the turbine is a torque machine. In Chapter
4 the author showed the plant would be better damped if the turbine was a power
machine rather than a torque machine. In a power machine, mechanical torque
increases (decreases) in response to a speed decrease (increase), even without
governor action. This effect counteracts speed deviations, and it counteracts the

destabilising response of the electromagnetic torque.

Figure 5-8 and Figure 5-9 show the effect that the turbine type has on the plant’s
stability (the responses of additional variables are shown in Figure F-1 and Figure
F-2). As in the case of the analyses in sections 5.1land 5.2, the initial operating
power is 180 MW, 0.9 power factor leading. In the case of the 175 MW SR the
turbine type is very important - the plant having a power machine is stable;

whereas the plant with the torque machine is unstable. In the case of the 856 MW
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SR the turbine type is less important — the plant exhibits significant oscillations

regardless of the turbine type.

It is interesting to note that the response of the plant with the power machine and

no SC 1s worse than the response of the plant with a torque machine and SC.
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Figure 5-8: Plant response after islanding, and effect of turbine type (175 MW SR,
excluding SC)
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Figure 5-9: Plant response after islanding, and effect of turbine type (85 MW SR,
excluding SC)

5.3.2 Damper windings

The author investigated the effect of the damper windings by comparing the
response of the plant without damper windings to a plant with damper windings.

The model of the plan without damper windings is obtained by setting X", =X",,

and X"q:X'quq.

Figure 5-10 shows the response of speed and electromagnetic torque (the responses

of additional variables are shown in Figure F-3). As before, the disturbance is
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defined by a short circuit at the high-voltage terminals of the unit transformer at
time O s, the tripping of the main breaker after 120 ms, and the closure of the SR
breaker at time 200 ms. The generator initially delivers 180 MW, 0.9 power factor
leading.

The damper windings do not affect the magnitude of the maximum speed
significantly. The effect of the damper windings is to lower the minimum speed. The
damper windings retard changes in the electromagnetic torque, and reduce the

stability of the islanded plant under large disturbances.

1.1500

T
| — No Dampers
1.1000 1 ;

1.0500 +

1.0000 -

Shaft speed

0.9500 -

T
I

I

I
-
I

|

I
r
I

I

I
-
I

|
-
I

|

T
7

0.9000 T T T T
10 1" 12 13 Time(s)

1.2000

T T
I I
I I

1.0000 - - - - :,,,,,‘F ,,,,,,,,,,,,,,,,,,,,,,,,
I
1

08000 f———F----L-ff > ——

0.4000 4 - - - - R .

‘

|

L

|

|

‘

|
06000 4---——f -~ oo [

l

-

|

|

|

Electromagnetic torque

0.2000 + -~ -~ | i ™y L L ___r

0.0000

_.
o
4w =
N
w
S
3]
o J---
T
o J---
© 4---
-
)
=
N
N
N
=)

Time(s)

Figure 5-10: Plant response after islanding, and effect of damper windings
(including 175 MW SR and SC)

5.3.3 Reactive power prior to islanding

The level of reactive power prior to islanding affects the speed response after
islanding. This is because the excitation current affects the electromagnetic torque,
and the excitation current cannot change instantly when the plan is disconnected

from the power system.
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Figure 5-11 shows the plant’s response assuming three different initial levels of
reactive power (corresponding to power factors of 0.90 under-excited, 1.00, and 0.90
over-excited). The disturbance is as in section 0. The responses of additional

variables are shown in Figure F-4.

The reactive power prior to islanding has a significant effect on the plant’s stability
under large disturbances. The low level of excitation current corresponding in the
case of under-excited operation leads to a significant drop in voltage when the SR is

connected, and hence a relatively low level of electromagnetic torque.
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Figure 5-11: Plant response after islanding, and effect of reactive power
(including 175 MW SR and SC)

5.3.4 Valve opening rate

The author investigates the effect of the rate of increase in mechanical torque. More
specifically, he investigates the effect of an increase in the maximum valve opening
rate (from 0.2 p.u./s to 1.2 p.u./s). He considers two SR ratings — 175 MW (0.826
p.u.) and 85 MW (0.40 p.u.).
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The speed responses are shown in Figure 5-12 (175 MW SR) and Figure 5-13 (85
MW SR). The responses of additional variables are shown in Figure F-5 and Figure
F-6. In the case of the 175 MW SR, the author found that no rate of increase in the
valve opening rate would stabilise the plant, i.e. the SC is essential in ensuring the
plant’s stability. In the case of the 8 MW SR, an increase in the valve opening

significantly improves the plant’s stability.
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Figure 5-12: Plant response after islanding (175 MW SR, no SC, fast valves)
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Figure 5-13: Plant response after islanding (85 MW SR, no SC, fast valves)

5.3.5 Valve critical flow rate

The author repeated the analyses of section 5.2.2, i.e. including SR and SC, also
considering the critical flow rate. He found that, in the case of the 175 MW SR there
was no significant valve choking — the variable A remained above 0.999 throughout

the simulation. In the case of the 85 MW SR valve choking has a significant impact
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on the plant’s response — see Figure 5-14 (the responses of additional variables are
shown in Figure F-7). However, considering valve choking in the simulation does

not change the conclusions of section 5.2.2.
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Figure 5-14: Plant response after islanding (85 MW SR, SC, considering valve
critical flow rate)

5.4 Main findings

The author studies the stability of the plant under large disturbances. He simulates
the disconnection of the plant, initially operating at 180 MW, from the power
system, followed by the connection of the SR. The connection of a SR limits the
maximum speed below 130 %. For example, a 1756 MW SR limits the speed below
115 %, and an 85 MW SR limits the speed below 130 %.

In the case of the 175 MW the plant is unstable despite the connection of the SR.
This is because of the destabilising effect of the electromagnetic torque in response
to speed changes. The governor counteracts the destabilising effect, but it fails to

stabilise the plant due to saturation of its output. The author shows that the plant
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remains stable if the plant has a SC, i.e. the plant remains stable under the

combined action of the SR, governor and SC.

In the case of an 85 MW SR the plant is on the verge of instability — the
counteraction of electromagnetic torque and mechanical torque contributes to the

poor stability. The inclusion of the SC stabilises the plant.

The stability is affected significantly by the turbine type — a plant with a power
machine, a 175 MW SR and no SC is stable, whereas the plant with a torque

machine is unstable.

The level of reactive power prior to islanding has a significant effect on the speed
response. The highest speed overshoot occurs if the plant initially operates at its

maximum leading power factor (under-excited).

The author showed that the generator damper windings have a moderate effect on

the speed response.
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Chapter 6 Conclusions and
recommendations

The development of the Pebble Bed Modular Reactor (PBMR) — a new generation
nuclear power plant — brought about many new challenges. The designers selected a
particularly high gas temperature (in excess of 900°C) in order to achieve high plant
efficiency. This places severe constraints on the design of the turbine valves, and
hence on the control of mechanical power. A sudden loss of electrical load required
the plant to be tripped through the operation of shutdown valves. If the plant is not
tripped the shaft speed increases above the design limit of 140 %, which can lead to

mechanical failure.

The PBMR plant’s investors require the plant to be capable of islanding, 1i.e.
continuing operation following its disconnection from the power system. To achieve
this requirement, the designers proposed that a high-energy resistor — the
stabilising resistor (SR) — should be connected to the generator terminals during
islanded operation. The SR should limit the shaft speed below the design limit, even
without shutting down the plant.

The author investigates whether the SR does indeed stabilise the generator. He
prepares models of the PBMR plant and implements these in two software
programmes. He investigates the plant’s stability under large disturbances, namely
transitions from normal operation to islanded operation. He also investigates the

stability of the islanded plant under small disturbances.

The author finds that the SR limits the shaft speed below the design limit, as
expected. The SR rating should be between 85 MW and 175 MW. If the initial
generator power is 180 MW then an 85 MW SR limits the speed to 127 %, leaving
95 MW reserve power. A 175 MW SR limits the speed to 112 %, leaving 5 MW of

reserve power. A designer would prefer a relatively low SR rating to limit the cost
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and physical size. On the other hand, the margin between the maximum speed and

the allowable speed decreases as the SR rating is decreased.

The SR stabilises the plant in that it prevents the shaft speed from exceeding the
design limit. However, the SR also introduces a destabilising effect: This is due to
the fact that the SR acts (approximately) as a constant power load, since the
excitation system maintains (approximately) a constant voltage at the generator
terminals, and the resistance does not vary with frequency. Therefore, the SR power
1s independent of speed. A decrease (increase) in speed leads to an increase
(decrease) in electromagnetic torque, which tends to cause a further decrease
(increase) in speed. The SR could be said to introduce “negative damping”. This is in
contrast to the load of a typical power system, in which electrical power decreases

(increases) with a decrease (increase) in frequency.

In the case of small disturbances the governor counteracts the destabilising effect
described above. However, this is not necessarily the case in large disturbances. The
author found that the plant may become unstable within a few seconds after the SR
1s connected. The governor initially closes the valves, causing a reduction in
mechanical torque. When the speed drops below 100 % the governor opens the
valves. The mechanical torque does not increase fast enough to counteract the

electromagnetic torque, 1.e. the deceleration is not stopped.

Some basic design parameters, such as the inertia, will have a profound effect on
the plant’s stability. The author investigated the effect of the following
characteristics on the plant’s stability in detail: (1) the turbine’s ‘natural’ torque-
speed characteristic; (2) the rate at which mechanical power can be increased, and
(3) the SR rating. The effects of these characteristics on the plant’s stability are

explained below.

1. The turbine’s natural torque-speed characteristic refers to the variation in
mechanical torque due to variations in speed, at constant inlet gas conditions
and constant valve positions, i.e. excluding the effects of the governor. The

author deduced from the literature that power system analysts are uncertain
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about the torque-speed characteristics of turbines. The author introduces the
terms ‘torque machine’ and ‘power machine’ to distinguish between turbines
having very different torque-speed characteristics. The torque of a ‘torque
machine’ 1s independent of speed, whereas the torque of a ‘power machine’
varies with speed such that power is independent of speed. The power
machine has a self-regulating characteristic not present in the torque
machine — a decrease (increase) in speed leads to an increase (decrease) in
torque. He author considers both types of turbines in his analyses. The
turbine’s torque-speed characteristic is important to the stability of the

1slanded plant due to the negative damping described above.

2. The importance of the rate at which mechanical torque can be decreased is
easily understood — it determines the maximum speed of the plant after being
disconnected from the power system. The rate at which mechanical power
can be increased is also important: The shaft can only accelerate if the
mechanical torque exceeds the electromagnetic torque. To prevent instability
at speeds below 100 %, the mechanical torque needs to increase fast enough
to counteract the electromagnetic torque; and the electromagnetic torque
varies with speed. The author considers the rate of change of mechanical

torque by studying the effect of different valve opening rates.

3. The higher the SR rating the larger the change in electromagnetic torque for
any given change in speed. Therefore, the destabilising effect (or negative

damping) described above is more prominent at high SR ratings.

In the case of the 175 MW SR, the characteristics (1) and (3) are particularly
important. The plant with the torque machine is unstable. The negative damping
due to SR 1is so high that the electromagnetic torque increases above the maximum
mechanical torque, i.e. the turbine (and governor) cannot stabilise the plant.
Regarding characteristic (2), the author found that a six-fold increase in the valve
opening rate did not circumvent the instability. The plant with the power machine

1s stable.
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In the case of the 85 MW SR, the characteristic (2) are particularly important. At
relatively slow valve opening rates the plant is on the verge of instability. If the
valve opening rate is increased the plant is stable. Characteristics (1) and (3) do

affect the stability, but not as severely as in the case of the 175 MW SR.

The author concluded that the turbine’s torque-speed characteristic is important to

the stability of the plant.

The author finds a simple way of circumventing the destabilising effect described in
(1) above. He designs a stabilising controller (SC), which responds to speed changes
and acts on the excitation system. As the speed decreases (increases) the SC causes
a reduction (increase) in generator terminal voltage, which leads to a decrease
(increase) in electromagnetic torque. The change in generator voltage due to the SC
1s limited to +5 %. Therefore, the SC can cause changes in the electrical power by up
to £10 % of the SR rating. The SC has a structure similar to a conventional power
system stabiliser (PSS). The main difference between the SC and PSS is that SC
improves frequency stability whereas the PSS improves rotor angle stability. The
author shows that the SC prevents the stability problems described above. The
plant with the 175 MW SR and a SC is stable, regardless of the turbine type. The
plant with the 85 MW SR and SC is stable even at the lowest valve opening rate.

The author investigates the stability of the plant under small disturbances. He
finds that the plant is stable, regardless of the turbine type, the rate at which power
can be increased and the SR rating. The investigations include analyses in both the
frequency-domain and the time-domain. For most analyses he uses the software
package DIgSILENT PowerFactory. He verifies many of the results using MATLAB
SimPowerSystems. He wuses the software packages’ numerical linearisation
functions for the eigenvalue calculations. He develops a linear model of the plant
analytically. The analytical model allows the author the construct Bode diagrams of
mechanical torque and electromagnetic torque against speed. The author uses these
diagrams to verify that the SC and governor act in unison over a wide frequency

range.
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The level of reactive power, prior to the disconnection of the plant from the power
system, 1s important. If the plant is initially under-excited, then the voltage
recovers slowly after the SR is connected (compared to the case where the generator
is initially over-excited). Therefore, it takes relatively long before full breaking

torque 1s achieved.

In conclusion, the SR stabilises the PBMR plant when it islands from the power
system — it limits the maximum shaft speed to a safe value. After the speed reaches
a maximum the plant may become unstable, depending on the turbine type, the rate
at which mechanical torque can be increased and the SR rating. The instability is
prevented by the SC. After the islanded plant reaches steady-state operation it is
stable with respect to small disturbances, regardless of the turbine type and the SR
rating. The plant may be reconnected to the power system as soon as the fault has

been cleared.

6.1 Recommendations for further work

Additional research should be done on the modelling of turbines. Specifically, the
relationship between mechanical torque and shaft speed should be investigated.
The research should consider both small and large speed deviations. This research
could be complemented by practical tests, in which the generator supplies a purely
resistive load. The detailed research into turbines’ torque-speed characteristics is

outside the scope of the thesis.
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Appendix A Power Plant Parameters

Al: Synchronous generator parameters

Table A-1: Parameters of the generator model

Symbol Value* Description

S, 211.76 MVA | Rated apparent power

P 180 MW Rated active power

of. 0.85 Rated power factor (lagging)

H *x 3.07 s | Inertia constant

X, 2.01 Unsaturated direct-axis synchronous reactance

X, 1.96 Unsaturated quadrature-axis synchronous
reactance

X, 0.24 Unsaturated direct-axis transient reactance

X q 0.41 Unsaturated quadrature-axis transient reactance

X, 0.17  Direct-axis subsynchronous reactance

X q 0.17  Quadrature-axis subsynchronous reactance

X, 0.14 Leakage reactance

T, 11 s Direct axis open-circuit transient time constant

T, 0.044 s Direct axis open-circuit subtransient time constant

T, 12s . . o
Quadrature axis open-circuit transient time constant

T 0.076 s

Quadrature axis open-circuit

constant

* In per unit, based on generator rating, unless otherwise indicated

** Applies to total inertia, i.e. generator and turbine

subtransient time
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A2: Excitation system parameters

Table A-2: Parameters of the excitation system

Symbol @ Value Description

T 0.01 s Voltage measurement transducer time constant

T,,T, 5s, 3s  Time constants of lag-lead compensator

K, 200 Excitation system gain

T, 0.02 s Excitation system time constant

K. 0.0 Commutation loss constant

V e 5.5 Maximum output of excitation system, at rated generator
terminal voltage

4 -3.0 Minimum output of excitation system

rmin

The author tested the excitation system model by simulating the response of the

generator to a step change in the reference voltage usefp. The simulation was done

in DIgSILENT PowerFactory. The results are shown in Figure A- 1. The excitation

system responded to the step increase in reference voltage by increasing the

excitation voltage. The excitation current increased, causing the generator voltage

to increase. The generator voltage settled at a steady-state value equal to the

reference voltage (1.02 p.u.).
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A3: Turbine parameters

Table A- 3: Parameters of the turbine model

Symbol Value Description

T, 0.3 s  Inlet chest time constant

T, 0.5 s Crossover time constant

T, 0.01 s Intermediate pressure stage time constant
T, 7.0 s Reheater time constant

r, 0.547 Valve choking parameter®

k 1.3  Valve choking parameter

o 0.02  Pressure drop across valve

Con 1 Conversion factor for DIgSILENT PowerFactory and Matlab

SimPowerSystems models

0.3 High-pressure turbine torque factor

0.3 Intermediate-pressure turbine torque factor

F, 0.4 Low-pressure turbine torque factor
P 0 | Minimum reheater pressure
P 1.05 Maximum reheater pressure (limited by safety valves)

* r, 1s set to 0.0 in all analyses except those presented in section 5.3.5.

The non-linear relationship between valve position and valve opening was

estimated using a diagram in [26]. It is represented with the following equations:

1.490- Pos +0.000 if Pos =0.35
1.440- Pos +0.017 if Pos =0.35

Area = - lf - (A.1)
0.545- Pos +0.491 if Pos =0.35

0.400- Pos +0.600 if Pos =0.35

where Area 1s the valve opening area, and Pos is the valve position.

The same characteristic was used for the control valve and the intercept valve.
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A4: Governor parameters

Table A- 4: Parameters of the governor model

Symbol Value Description
K, 25 Gain (with load reference offset and without
load reference offset respectively)
K1 2.5  Intercept valve control gain
e e 0s,0s Control valve compensator
. 0.1 s Control valve servomotor time constant
L, L, 1.2,-0.2 Control valve maximum opening rate, closing
rate
CVR,CVP, 1,0 Control valve maximum opening, closing
position
T,T, 0s, 0s Intercept valve compensator
T, 0.1 s Intercept valve servomotor time constant
L, L, 0.2, -0.2 Intercept valve maximum opening rate, closing
rate
IVE,IVP, 1,0 Intercept valve maximum opening, closing

position
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Appendix B Derivation of Model 2

B1 : Derivation of Model 2

Equations (B.1) to (B.9) represent the model of a synchronous generator, neglecting

the damper windings:

v, =—Li, +v, (B.1)
l//ad = Ladx (_ld + lfd) )
l//q = _Lliq +l//aq (B 2)
l//aq = _Laqsiq
Vi =V T Luly (B.3)
L L
ads = A (B4)
Lads +Lfd
7:? = l//dl.q _l//qid (B'5)
e,=-Rji,-oy, (B.6)
e,=—Rji, toy, B.7)

e:,/e§+e§ (B.8)

oOR )
Y= L—defd —oR i, (B.9)

adu
The following equations apply to the electrical circuit connected to the generator:

e, =R,i, (B.10)
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e, = Ry, (B.11)

The total resistance R, and the initial speed @, are used in the derivation of Model

2. These terms are defined as follows:

R, =R +R (B.12)
T a E
o, =1 (B.13)

Equations are required for the currents i, and i in terms of @ and y,. These

equations will later be differentiated with respect to @ and v ,.

From (B.6) and (B.10) an equation for i, is obtained in terms of @ and v, .

. oy,

- B.14
ly R ( )
Using (B.2),

. (N
iy =, (L,+L,,) (B.15)

T

Equation (B.15) is required in the derivation of i, (in terms of @ and y ,) which

follows:

From (B.7), (B.11) and (B.12):

; =Y (B.16)

and from (B.3):

g =Yt (B.17)

L,

and from (B.1):



155

L L, .
W, = -(—id +"’i} (B.18)
This equation is rewritten as follows:

L.L
l.q:Rg {—id(L, o Lal ] o L u/ﬁ} (B.19)

T Lads + Lfd Lads + Lﬁi

Substituting (B.15) into (B.19) yields an equation for i in terms of @ and y ,:

. OR, L,

i = : i : B.20
! D (Lads + Lfd ] l//fd ( )
where

D=R}+o*(L,+L,,)(L,+L,,) (B.21)

Substituting (B.20) into (B.15) yields an equation for i,in terms of @ and vy ,,:

2 La s
A
i = - o A (B.22)

Equations (B.20) and (B.22) are linearised as follows: expressions for the derivatives

of i, and i, at the initial operating speed @, are found. In these expressions the
derivative operator d is replaced with A. @, is replaced with 1.0, as defined in

(B.13). The following linear equations result for Ai, and Ai, in terms of Aw and

Ay,

Ai, =alow +bAy , (B.23)
Ai, =cAw+dAy , '

where:
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, _ X, X
a=2X, Yo | Lage | Jq_ Anflm (B.24)
D \L, + L, D
X 4
b — Tq . Ladsz (B25)
D Ladsi + Lﬁi
. 2X, X
¢=R Yo L. ]'{1_ 14X 1y } (B.26)
D \Ly+Ly D
d=2r | Lu (B.27)
D adsi + Lfd
XTq = a)o ’ (Ll + Laqs )
Xy =0, (L+L,,) (B.28)

D=RI+X, X,
An equation for A7, is now obtained in terms of Aw and Ay, .

Equations (B.18) and (B.2) provide expressions for v, and v, in terms of i, and i,.
Substituting (B.20) and (B.22) yields expressions for v, and v, in terms of @ and
v, - These expressions are linearised (by differentiation with respect to  and vy )

to yield the following:

All/ad = (_a.l"ads)Aw +L‘ads (Li_b]AWfd (B29)
fd

Ay, =(-c L, )Ao—(d L, )Ay, (B.30)

An equation for electromagnetic torque is developed from (B.1), (B.2) and (B.5):

7:3 = l//adiq _l//aqid (B31)
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Equation (B.31) is linearised (by differentiation with respect to @ and vy ,), and

equations (B.23), (B.29) and (B.30) are used to write:

AT, =K, Ao+K, Ay, (B.32)
where:

Ktw =—da (Lads ’ iqo + l//aqo ) ’ iqo +c (l//ado + Laqs ’ ido )

C : L. . (B.33)
Ktl// = _b (Lads ’ lqn + l//aqo ) + d (l//ado + Laqs ’ ldo ) + LLdS lqo
1d
Equation (B.33) is simplified using (B.1), (B.2) and (B.7):
K, =a-i,(X,-X,)+c(e,+R, i,+X,i,)
‘ ' (B.34)
K, =b-i,(X,-X,)+d(e,+R, i,+X, -id0)+%iqo
1d
where:
X = L
d 0" ads (B35)
Xq = oLaqS

An equation for Ay, in terms of A®w and AE, is required. Equation (B.17) is

written in terms of perturbed variables:

i, =—2 el (B.36)

Equation (B.36) is written in terms of Aw and Ay, using (B.29):

L . L
Aiﬁi = Li(l_ﬂ“r‘b 'LadsjAl//ﬁj + aL ads Aw (B37)

'fd fd fd

Equation (B.9) is written in terms of perturbed variables, and the operator p is

replaced by the operator s:
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K
Ay, =—"|AE,-K Ao (B.38)
©osT,+1 ‘
where
, -1
T, = - 1—ﬁ+b-ﬂm
Lfd Lfd
R
_ s
Ky =", (B.39)
adu
-1 EjduRjd : Rfd '
wa :K_{ L _Rjd.ljdu_r.a.Lads
fd adu 'fd

The variation in field voltage AE, is obtained from the excitation system model.

The input to the excitation system model is the variation in terminal voltage. An

equation is derived for the variation in generator voltage Ae in terms of Aw and

Ay,

From (B.8):

F=eitd (B.40)
Equation (B.40) is expanded to include a perturbation voltage:

(e, +Ae)* = (e, +Ae,) + (e, + Aeq)2 (B.41)

An approximate expression for Ae is found by expanding equation (B.41) and

neglecting second-order terms:

2e,Ae=2¢,Ae, +2¢, Ae,

e B.42
Ae:eﬂAed+ﬂAeq ( )
e() eU
e €.,
Ae=—"Ae, +—"Ae, (B.43)

e e

o o
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Ae, and Ae, are written as functions of A® and Ay, using (B.6) and (B.7):

Ae, =Ao(-aR, v, +cX, )+ Ay, (-bR, +dX,, )

L
Ae, = Aa)(—cRa +v,, —aXTd)+A1//ﬁ, (—dRa -bX,, + Q%J

Equations (B.44) and (B.45) are substituted into (B.43):

Ae=K Ao+K, Ay,

where:

_ edo eqo L‘a /s
K, _E—(—bRa +dX,, )+ - (—dRa —bX,, + %dj

to to

K, =% (-aR, ~y, +cXTq)+Z£(—cRa +y, —aXy,)

to to

(B.44)

(B.45)

(B.46)

(B.47)

(B.48)
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B2 : Calculation of parameters for Model 2

The parameters for Model 2 in Chapter 3 are calculated using the following

equations:
=K ,-L
ads sd adu (B49)
aqs = sq ’ Laqu
K, =—Ya (B.50)
llllatu + l//l

v, =0 iy, <y,

(B.51)

y, =4V iy, >y,

l//ato = ea +ia (Ra +]Xl)| (B52)
i X C0S¢ —i R SIn

5, = tant— e 9050, R, SN, (B.53)

e, +i,R, COS¢, +i,X  Sing,

edo = eo g-ngio (B 54)

e, =e,CoSs, '

i,, =1,008(5, +9¢) '

e, +Ri +L,i

i, = T Lala (B.56)
Lads

l//ada = Lads (_ido +ifd0) (B 57)

l//aqo = _Lads : iqo

L. =K -L

adsi } sdi adu (B58)
L =K .-L

aqsi sqi aqu
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1
1+B-A-e
sti :1 l‘](l//ato < ltyT[

sdi =

— ZXqu .l//fd(’ Ladw *
D Lyi+Ly

adsi
1_ Xle XTqi
D

b:XTqi Ladsz
D \ L +Ly

adsi

RT Ladsz *
c=—| —&
D (L +L, }W”"’

adsi

1_ Xsz Xqu
D

d:& Ladsz
D\ L, +Lg,

adsi

-1

Ladsi = I:Ladsi_l + Lﬁi_l]

qu (L +L )

aqsi

Tdt (Ladw + Ll)

R, =R, +R,
D=R}+X, X,,

Tqi

K, =bi, (L, +L—L,,)+
d(e,, +R, i, +L,; i, )+L—"z

qo
fd

_oRy
M= s

adu

~

BW oY1) lfl//”m = Y

(B.59)

(B.60)

(B.61)

(B.62)

(B.63)

(B.64)

(B.65)

(B.66)

(B.67)

(B.68)
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K,, =% (-bR, +dX,, )+

Y ooe

? ‘ (B.69)
€0 L.
eq (—dRa -bX,, + a%ﬁj
Kta) =a- iqo (Ll + Laqsi - Ladsi) (B 70)
+c(eq0+Ra Iyt Ly -ido) .
wa — Ladu .Ladsi a (B71)
' Ly
K, ==2(-aR, -y, +cX;, )+
“ (B.72)
ﬂ(_C‘Ra +l//do _aXTdi)
e(}
R -1
o, . 1
T, = H {1—%@- {L——bﬂ (B.73)
fi 1
Table B- 1: Parameters for Model 2
Parameter Active operating power (p.u.)
0.100 0.400 0.600 0.826 1.00
de 6.231 5.399 4.651 3.893  3.423
K, 0.182 0.750 1.168 1.680 . 2.087
Ku 0.598 0.519  0.447 0.374 0.329
Kev/ 0.908 0.937 0.973 1.016  1.042
K, 0.098 0.459 0.730 1.003 . 1.167
Ky, 0.037 0.474 0.871 1.300 1.589
K., 1.014 1.139 1.199 1.212 1.193




163

Appendix C Implementation of plant
model in DIgSILENT
PowerFactory

The model that was implemented in DIgSILENT PowerFactory is presented below.
An overview of the model is provided followed by the single-line diagram and

controller block diagrams. The model was implemented in the per unit system.

Figure D-1 shows a single-line diagram of the generator, the connection to the
external grid (via a transformer and transmission lines), and the SR. The SR
consists of numerous stages that can be switched separately. Note that the
modelling details of the transformer, lines and grid are important for the analyses

presented in this thesis.

Figure D-2 shows the interconnection of the models for the generator, turbine,
governor (or turbine control system), excitation system and SC. In DIgSILENT
PowerFactory this figure is referred to as a ‘frame’. The inputs to the generator are
field voltage and mechanical power. The signal representing field voltage is
calculated in the model for the excitation system. The signal representing
mechanical power comes from the turbine model. The governor model calculates
signals representing the valve positions, CVP and IVP. The SC model acts on the

actual speeed wact. Its output is connected to the model of the excitation system.

The turbine model is shown in Figure D-3. It includes the non-linear characteristics
of the turbine valves and the dynamics of the inlet chest, reheater and cross-over
piping. Furthermore, it includes the modelling of critical flow through the intercept

valve. The critical flow (or valve choking) is considered only in section 5.3.5.

Figure D-4 shows the model of the governor. This model includes the control gain,

integration time constant, over-speed limitation and valve linearization. It also
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includes the models of the valve motors — their minimum and maximum positions

and rate limits.

Figure D-5 shows the excitation system model. The control error is developed from
the difference between the set-point, the measured generator terminal voltage and

the output of the stabilising controller.

Figure D-6 shows the stabilising controller model. It includes the washout function,

the gain and the output limits.
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Appendix D Implementation of plant
model in MATLAB

SimPowerSystems

The model that was implemented in MATLAB SimPowerSystems is shown in
Figure C-1. It is implemented in a per unit system. An overview of the model

follows:

The output of the generator is connected to the SR. The inputs to the generator are

field voltage Vf and mechanical power Pm.

The signal for field voltage comes from the excitation system. The gain Con converts
the output of the excitation system to the per unit system of the generator- in
MATLAB SimPowerSystems 1.0 p.u. field voltage is the voltage required for 1.0 p.u.

generator terminal voltage on the saturation characteristic.

The stabiliser is represented by the transfer function ‘Washout’, the gain Ke and the

output limits ‘Stab lim’.

The signal representing mechanical power is obtained from the multiplication of the
turbine output torque by the shaft speed, wm. The turbine model is contained in the
block ‘Turbine’, which is shown in Figure C-2. The inputs to the turbine model are
control valve position CVP, and intercept valve position IVP. These signals are

obtained from the governor model shown in Figure C-3.

The turbine model includes the non-linear valve characteristics, and the dynamics
of the inlet chest, reheater and cross-over piping. The total torque is sum of the
contributions of the three high-pressure section, intermediate-pressure section and
low-pressure section. The gain ‘Per Unit’ is used for the conversion from the
turbine’s per unit system to the generator’s per unit system. In the former, 1.0 p.u.

corresponds to 180 MW, but in the latter 1.0 p.u. power corresponds to 211.7 MW.
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The governor model includes the control gain ‘Gain’, the integration time constant
‘TT and the intercept valve bias IVOB. Models of the valves and their motors are
included in the governor model. These take into consideration the minimum and

maximum valve positions and the limitations of the opening and closing rates.
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Appendix E Annexure to Chapter 4

This appendix provides a complete list of eigenvalues of Model 2, for the case where
the governor is included and the SC is excluded. Secondly, it includes a calculation
of the damping from a time-domain analysis. Thirdly, it shows the response of the

plant to a 2 MW change in active power.
E1: List of eigenvalues of Model 2

The following table shows the complete list of eigenvalues of Model 2. The
eigenvalues apply to the analysis of islanded operation, a 175 MW SR, including the
governor, bit excluding the SC (as in section 4.2.1). The table also shows the zeros of

the transfer function Aw/Aw,, .

Table E-1: Eigenvalues of Model 2 (including governor, excluding SC)

No. Eigenvalues (s'1) Zeros (s-1)
(Poles)

1,2 -0.4241 +30.7657 -1.661
3,4 -1.600 +30.6916 -0.5791
5 -5.262 -0.004
6 -109.1 -109.1
7 -100.0 -100.0
8 -50.00 -50.00
9 -20.67 +£311.40 -20.515 +311.02
10 -10.00 -9.903
11 -0.3338 -0.3342
12 -0.2569 -0.2569
13 -0.2000 -0.200
14 -0.0012
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E2: Calculation of eigenvalue from time-domain

analysis

The author checked whether the plant could be described by the transfer function in
equation (E.1) in which r = 1/0.1316 s. He calculated the time constant 7 using

four points on the curve in Figure 4-9, as explained below.

Ao _ K (E.1)
AT, st-1
where

AT, 1s a disturbance torque
K is a gain
7 1s a time constant

The response of a system described by equation (E.1) to a step disturbance is given

by:

IA7,| &
s st-1

Ao = (E.2)

The speed response Aw, in the time domain, is given by the inverse Laplace

transform of equation (E.2):
Ao =K|AT,|-(1-€"") (E.3)
If (1,,Am,) and (¢,,Aw,) are two points on the curve of Figure 4-9, then:

sz _ (1_ et2/1)

Ao, (@1-eV7) (549

If the two points are chosen such that ¢, =2-7, then equation (E.4) may be written

as follows:
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sz _ (1_62tl/1) ~ (1_x2)
Ao, (@1-"7) (1-x)

where x=¢"".

Rearranging gives:

X = (Aw, Aw) - x+(Aw, | Ao, -1) =0

(E.5)

(E.6)

The above equation has the form ax®+bx+c =0, from which x and hence the time

constant ¢ may be calculated.

Table E- 1 shows the coordinates of the four points (two sets of points) on the curve

of Figure 4-9, which the author used to calculate the damping. Both sets of points

result in a 7 of close to 1/0.1311 s1. Hence plant can be described by the transfer

function in equation (E.1), and has a negative damping of approximately 0.133 s-1.

Table E- 1: Coordinates of speed response used in calculating

() @pPu) 2(s) @ pu) LUr(sh
1.000 1.00144 2.000 1.00309  0.1339
1500 1.00224 3.000 1.00497  0.1328
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E3: Response of plant to a 2 MW change in power

Figure E-1 shows the response of the plant, connected to a 175 MW SR, to a 2 MW
increase 1n active power. In the case where the SC 1s excluded there i1s a period in
which the control valves temporarily reach their maximum position. In this period
the governor does not counteract the increasing electromagnetic torque effectively.

The inclusion of the SC increases the damping significantly.

Figure E-2 shows the response of the plant, connected to a 175 MW SR, to a 2 MW
increase in active power. In this case there is no saturation of the control valve. The

SC increases the damping.
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Appendix F Annexure to Chapter 5

Section 5.3 discusses the influence of the plant’s stability of the turbine type,
damper windings, reactive power prior to islanding, valve speed and valve choking.
It refers to the following figures, which shows the response of the plant to the

following events:
-A short-circuit on the high-voltage side of the transformer at time 0.00 s.
-The opening of the main breaker at the time 0.12 s.

-The closing of the SR breaker at the time 0.20 s.
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Figure F-7





