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on the voltage instability as it tries to restore the load unlike constant impedance and the
constant current loads.
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1 Introduction

1.1 Background and objective

Voltage instability is becoming one of the major issues in power system operation and
planning worldwide due to the increased power demand. Several voltage collapse incidents
have been reported at different corners of the world and few examples can be found in
CIGRE report [1]. The inability of the power system to meet the reactive power demand
in an electrical network is one of the cause of voltage instability. Generators are normally
the sources of reactive power support during voltage insecurities. So monitoring the
voltage profiles, voltage regulation and the reactive power output of generators is one of
the important countermeasures for voltage collapse.

In a recent Ph.D. study [2], utilization of the thermal capacity of a hydrogenerator to
enhance the voltage stability of the power system was studied. The available voltage con-
trol capability depends upon the temperature rise of the machine during contingencies [2].
Furthermore, the normal limits of operation of generators without exceeding their thermal
limitations is defined by the reactive capability curve. This thesis work will primarily ad-
dress the implementation of PQ capability diagram for online monitoring of generator’s
capability. In addition, long term voltage stability or the collapse phenomenon which
includes the dynamics of slow acting components such as load tap changers, generator
excitation limiters and thermostat controlled loads will be studied.

1.2 Scope of work

In this thesis work, a survey on the voltage stability including power voltage charac-
teristics of the network and the mechanisms of the voltage collapse phenomenon has to
be carried out including its time domain characteristics. The large disturbance voltage
stability shall be analyzed taking a standard 10-bus test system using time-domain sim-
ulations. Furthermore, an automatic visualization tool needs to be developed to monitor
the capability of the generator present in the same test system.

17



1 Introduction

The dynamic simulation of the test system will be carried out in MATLAB based power
system toolbox PSAT, a Free and Open Source Software (FOSS) which includes differ-
ent static and dynamic power system component models. Moreover, the PQ capability
diagram will be implemented in the MATLAB programming language.

1.3 Outline of the thesis

The overall thesis work is presented in mainly seven chapters. Chapter 1 includes the
introduction to the project. In Chapter 2, the background theories regarding the voltage
stability and collapse phenomenon are reviewed followed by the description of some of the
power system component models in Chapter 3.

Chapter 4 describes the simulation setup and description of the 10-bus test system, the
used PSAT models, MATLAB setup for capability diagram and the Simulink setup for
the thermal model of hydrogenerator described in Ph.D. thesis [3].

In Chapter 5, the results and discussions regarding the simulation are presented.

Chapter 6 gives the concluding remarks on the overall thesis work while in Chapter 7, the
possible future works are recommended.

18



2 Theory

In this section, the basic theory and concepts related to voltage stability, collapse phe-
nomenon and the synchronous generator PQ capability diagram has been described.

2.1 Voltage stability

The ability of a power system to maintain the steady acceptable voltage at all the buses
during normal operating conditions and after being subjected to the disturbance can be
termed as voltage stability [4]. Disturbances such as system faults, loss of generation or
lines, an increase in load demand or change in system condition cause an uncontrollable
drop in voltage and system enters into a state of voltage instability. The inability of the
power system to meet the reactive power demand is the main reason for instability [4].

Figure 2.1 shows the classification of power system stability according to IEEE/CIGRE
joint Task Force report [5]. This thesis work focuses on Long term voltage stability.

Power System Stability

| |
Rotor Angle Frequency -
Stabiliy Stability Voltage Stability

| | | |

Small- Transient Large - Small -
Disturbance Stabilit Disturbance Disturbance
Angle Stability ¥ Voltage Stability Voltage Stability
| | | |
[ [ [
Short term Short term Long term
1
Short term Long term

Figure 2.1: Classification of power system stability [5].
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2 Theory

According to CIGRE definition [1], “ Voltage instability is the absence of voltage stability,
and causes a progressive decrease (or increase).”

The voltage stability limit or the margin of the system can be defined by determining
the maximum amount of power that a system can supply to a load. The maximum
power transfer level can be described by considering the following two terminal network
of Figure 2.2.

2,20 \|’
|

Figure 2.2: Equivalent circuit of a simple two bus system [4].

The expression for the current [ for Figure 2.2 is given by

- E
ZIN+Zip
19
where I and E; are phasors, and
ZIN=ZiN/O, Zip=Z1p/$
The magnitude of current is given by
1= Zs
V/(Z1ncos 0 +Zipcosd)? + (ZiysinO + Zpsin )2
This can be expressed in the following form
1 E;
= — 2.2
VF ZIn (22)
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2.1 Voltage stability

where

2

Z Z

F=1+ <2) +2 (£> cos(0—¢)
ZiN ZiN

The magnitude of the receiving end voltage is given by

VF Zin

2
(le,jv) cos ¢ (2.4)

Vg =Zipl = (2.3)

The power supplied to the load is

Z
Pr=VgIcos ¢ = %

From basic circuit theory, it is evident that the power transfer to the load is maximum
when the value of source impedance equals to the value of load impedance, that is when
Ziny = Zrp. From equations 2.2 and 2.3, it can also be seen that the power-voltage charac-
teristics of the system (Pg and Vg) depends upon the load power factor cos¢. Figure 2.3
shows the power-voltage characteristics for different values of load power factor [4]. The
tip of this characteristic curve represents the maximum power transfer limit for a given
load power factor.

Ve lE, 09lag 0951ag 1.0 0.951ead 0.9 lead power factor
1.0
0.8 } _
e Locus of critical points

0.6 | N
04 f

Note: P,y is the maximum power
0.2} transfer at unity power factor
0.0 Pr [Pryax

00 02 04 06 08 10 12 14 1.6

Figure 2.3: Power voltage characteristics of the system [4].

2.1.1 Study of voltage collapse phenomenon in time domain

The dynamics of voltage collapse could range from a few seconds to tens of minutes. So,
depending upon the duration of dynamics, there are mainly two-time frames for voltage

21



2 Theory

stability namely transient and the long term [1]. Figure 2.4 shows a time response chart
which includes different system components and their time responses that characterize
the difference between transient and the long-term phenomena.

Transient Voltage Stability

Longer-Term Voltage Stability

Generator/Excitation Dynamics

Prime Mover Control

LTCs

Load Diversity/ Thermostat

Induction Motor Dynamics

Mechanically Switched Capacitors

Maximum Excitation Limiter Gas Turbines

Powerplant Operator Intervention

SVC Generation Change/AGC
Inertial Dynamics Boiler Dynamics Line/Transf. Overload
DC DC Converter LTCs System Operator Intervention
Protective Relaying including Overload Protection
1 Milnute 10 Milnutes 1 H'our
0.1 I1 1'0 10'00 10000

Time-seconds

Figure 2.4: Voltage stability phenomena and time frames [6].

The two important definitions are as follows:

« Transient voltage collapse includes the dynamics of fast acting loads such as induc-
tion motor or HVDC converters and the time period is one to several seconds.

+ Long term voltage collapse involves slow acting load components such as LTC!
transformers, thermostat-controlled loads and generator excitation limiters. The
time frame ranges from 0.5 to 30 minutes [1].

!The Load tap changing (LTC) is also sometimes referred by other names such as On-load tap changing
(OLTC) and Under-load tap changing (ULTC).
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2.1 Voltage stability

2.1.2 Mechanism of voltage collapse

Different network components are responsible for the long-term voltage collapse phe-
nomenon. Following are some components which play an important role in the reactive
power balance process in the network.

Generators

During normal operating conditions, the generator’s AVRs maintains the terminal voltage
constant. Following the disturbances in the network, the system voltages falls and during
such conditions, the reactive power demand on generators might exceed field current
limits. The overexcitation limiters (OXL) limits the generator’s field current automatically
according to its characteristics [4]. The generator terminal voltage decreases when it
reaches its reactive power output limit. Now the other generators in the network try to
meet the increased reactive power demand and this might lead to cascading overloading
of generators. Only a few generators remain which can help in controlling the voltage
and are situated far away from the load center. The effectiveness of the shunt capacitors
is also reduced at reduced transmission voltage. In such situation, the system is likely to
undergo voltage instability and is prone to voltage collapse [7].

Transformer On-load tap changers

The automatic load tap changers normally keep the distribution voltage at a constant
value by adjusting its taps. The loads are restored to a pre-fault level following a disturb-
ance and after some time delay [1]. This resulting increment in load causes increases in
MWs, Mvar’s, losses in the EHV lines which would ultimately cause high voltage drops
in the line. Therefore, the reactive power output from all the generators would increase
with each tap-changing operation and when the generators reache their reactive power
capability limits, the system is on the verge of voltage instability [8].

Loads

Normally the voltage dependency of loads helps to stabilize the system after an event of
disturbance or a fault in a system [1]. With the drop-in voltage, residential active and
reactive loads decreases and this will helps to reduce line loading and reactive power losses.
But the industrial loads with a large share of induction motors causes a net increase in

the reactive load as the reactive output of capacitors decreases with a decrease in voltage
[4].
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2 Theory

Thyristor controlled loads try to restore the load at the event of low voltage and act as a
constant power load. That means loads try to restore the consumed power to the prefault
level when voltage drops at the buses. This results in the increased load current and in
turn, decreases the load bus voltage further [9].

Asynchronous motors, on the other hand, draw high reactive current when the voltage
goes down to 85 to 90 % of the rated value [4]. The simultaneous acceleration of all
the motors after the fault clearance would increase the reactive loads significantly in the

network. This, in turn, causes a further drop in bus voltages [1].

So proper load modelling is very important factor to be considered while studying voltage
stability and collapse phenomenon which is further described in Section 3.1.

2.1.3 Approaches to voltage stability analysis

There are various methods for analyzing voltage stability. All these methods can be
broadly classified into two major categories as static analysis and the dynamic analysis
[10]. In this thesis work, a dynamic time-domain simulation was performed taking a
simple test system which will be further described in Section 4.2.1.

Static analysis

The static approach uses the system conditions or snapshots at various time frames to
evaluate the voltage stability [4]. Some of the approaches which are described in [11] are
listed below.

e P-V Curve method

e Q-V Curve method

o Modal Analysis

Sensitivity Analysis

These approaches or methods uses less computational time and are easier to implement
[11]. However, when determining the PV curve there will be a problem in the convergence
of power flow solution close to the point of voltage collapse as Jacobian matrix of the
system becomes singular at that instant [9].
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2.2 Generator power capability

Dynamic analysis

In contrast to the static analysis, dynamic approaches give the detail events and their
chronology which leads to the voltage instability and the collapse [4]. However, the time
domain simulations are time-consuming as larger time constants are involved and the
detail dynamics of various power system component models such as ULTC, excitation
system limiters, dynamic loads, are considered during simulation [9].

A new approach of using combined static and dynamic approach for voltage stability
analysis has been presented in paper [11].

2.2 Generator power capability

Synchronous generator is a primary source of reactive power in the network and plays an
important role in maintaining the voltage stability in the network. The boundaries for
supplying the reactive power at a given active power output is defined by the generator
capability curve provided by the manufacturers [12]. The generator capability diagram
provides a boundary within which the generator can operate safely without exceeding
the thermal limitations. Moreover, another important role of the capability curves is the
proper settings of the relays used in the protection of synchronous generator such as AVR,
under-excited controllers, overexcitation limiter, loss of field relay [13].

Synchronous generator is a source of active as well as reactive power which can be con-

trolled over a wide range of values. The active power P and reactive output power Q for

round-rotor generators (x; = x;) when neglecting the resistance (r=0 ) for the generator-

transformer unit as shown in Figure 2.5 can be expressed as the following equations [14].
E,V

P= ?sm5 (2.5)

2
Q:MCOSS—V— (2.6)

Xd Xd
where,
xq = X4y 4 Xt = direct axis synchronous reactance.
x4 = quadrature axis synchronous reactance.
r = R+ Ry = generator resistance when added to the transformer resistance.
E, = air-gap electromotive force (emf).
V = voltage on the terminal of step-up transformer.
0 = power angle of generator.

Figure 2.6 shows the synchronous generator capability diagram where the area bounded
by the curve ABCDEF G indicates the safe region of operation for salient-pole machine.
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2 Theory

X4 R Xt Ry i
] W] s

gl RI X1l Ri1
E;=E, ¥, y

L

Figure 2.5: Equivalent steady state circuit diagram for round rotor generators with a step-up transformer

[14].

Following operational constraints are the reasons for the limits in active and reactive
power of the synchronous generator [14].

1.

Armature current limit.

Field current limit.
Steady-state stability limit.
Stator end region heating limit.

Generator active power limit.

Armature current limit

The armature current I causes I°’R power loss in the armature winding which then in-
creases the temperature in the windings. So, this current should be smaller than a certain
maximum value I, in order to limit the temperature rise.

The active and reactive power is given by P = VIcos¢ and Q = VIsing respectively.
Squaring and adding these two equations yields, P>+ Q? = (VI)? which represents the
equation of a circle in the P — Q plane with centre at origin and radius VI [14].

For a given voltage V and loading I = Iy,

p? + Q2 = (Vlmax)2 (27)

which is as shown by curve-1 in Figure 2.6.
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2.2 Generator power capability

Cylindrical rotor— ——

Practical stability 4

Salient-pole - ..
: | Limit (4) p Maximum turbine power rating (5)
I
Theoretical ! ‘
stability Limit \>| ! Armature heating limit(1)
. N I —_— T —~—
\ i(s) ‘AT ~
I /G.’./T
I | aur )
" i / Maxmimum
14 k .
/ | [ field current
VR / limit (2)
/ r]
Reluctance /,' | [
. ; | / Minimum rotor
' field current \
limit \
Q= - - t—— ) >
_ ) T — e S >
Leading ):/ -V T Y max j Lagging
Xg 1t
a _d>: :4_ VEqmax
Xq

5 % excitation margin
Figure 2.6: Capability diagram of synchronous generator [9], [15].

Field current limit

The field winding gets heated because of I]% power loss. So, to keep the temperature
within the certain limit in field windings, the field current Iy should be less than certain
maximum value say If,q,. By manipulating the equations 2.5 and 2.6, following relations

can be obtained [14],
E,V

P=——sind (2.8)
Xd
V: E,V
Q+—=——cosd (2.9)
Xd X4

Squaring and adding above two equations yields:

P2+<Q+V2>2= (M)z (2.10)

Xd Xd

For E; = Egmax,
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2 Theory

2\ 2 2
P*+ <Q+V ) = (M) (2.11)

Xd Xd

Eqmax 14
Xd

Equation 2.11 represents a circle with center (O,—‘;—j) and radius in P— Q plane as

shown by curve-2 in Figure 2.6.

Steady-state stability limit

For the stable operation of generators, the power angle 6 should be within the limit and
the theoretical stability limit occurs when 6 = 90°. Dividing equation 2.8 by 2.9 following
equation can be obtained:

V2
P= (Q+ —> tand (2.12)
Xd

Putting 0 = 8y gives,

P = mQ + ¢ where slope m = tand and intercept c= ‘;—ztan&
So, theoretical stability limit can be represented by a straight line which intersects the
c V2

reactive power axis at a point P=0or Q= —=

=7, a8 shown in Figure 2.6 (line-3).

But in practice, in order to allow the load increase of either 10 or 20 % before instability,
a safety margin is always introduced [16]. So, practical stability limit can be obtained by
reducing the active power output by 10% of the rated power at constant field current [9]
as shown by curve-4 in Figure 2.6.

Stator end region heating limit

This constraint is due to the localized heating at the end region of the armature during
under-excited operation of the synchronous generator. During under-excitation operation,
the field current is low so the retaining ring is not saturated as well as the flux produced by
the armature current gets added up to the flux produced by the field current during this
condition. Hence, armature end-turn leakage flux gets enhanced and results in the heating
effects at the end regions due to the eddy current produced in the stator core laminations
because of these fluxes entering and leaving in a perpendicular direction especially in the
round rotor machine [4].

The end-region heating limit is determined experimentally by the manufacturer [14].
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2.2 Generator power capability

Generator active power limit

The generator active power limit is limited by the turbine power and depends upon the
type of turbine. The two turbine limits; upper Py, and the lower limit B,; can be
represented by two lines parallel to Q-axis in the P — Q plane. Line-6 in the Figure 2.6
represents the upper constrain due to maximum turbine power rating [14].

The area bounded by the bold lines in Figure 2.6 represents the safe region of operation.
It can also be noted that the first three limitations described above depend upon the
terminal voltage V. That means the change in terminal voltage affects the center and
radius of the circle as well as the position of the straight lines and ultimately the area of
safe operation [14].
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3 Modelling of power system components

In this chapter, two of the important power system component models; load models and
the under-load tap changer has been discussed. These components have a significant
role in long-term voltage stability analysis of a power system. In addition, an already
developed online low order thermal model of a hydrogenerator based on [2] has also been

described.

3.1 Load models

There are generally two types of load models: static and dynamic load models which are
further described in this section [4]. Out of two types, only the effect of static load models
on voltage stability has been taken as a part of the study in this research work.

Static load modelling

In this modelling technique, loads are modelled as algebraic functions of the bus voltage
magnitude and frequency at some instant of time [4]. Exponential load model, polynomial
or ZIP model, frequency-dependent load model, piecewise approximation are some types
of mathematical models which reflects various load behaviours [14].

The polynomial or the ZIP model is represented by the following equation [4]:

P = Py[p1V?+ poV + p3]
0= Qolq1V* + g2V + 3]

where,

V= % ; subscript 0 represents variables at initial operating condition.

P and Q represents the active and reactive power consumption by the load at particular
bus when bus voltage is V.

P1,P2,p3 and q1,q92,q3 are the proportion of active and the reactive power representing
constant impedance, constant current and constant power respectively.
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3 Modelling of power system components

The frequency dependent load is characterized by multiplying the exponential model or
ZIP model by some factor as shown below [4]:

P = PRy[p1V* 4 paV + p3][1 + K, pAf]

. ~ (3.2)
0 = Qolq1V* +q2V + q3][1 + K rAf]
where,
Af is the frequency deviation (f — fp).
K, and K,r ranges from 0 to 3.0 and -2.0 to 0 respectively [4].
Following equation depicts the exponential load model:
V a
ron(l)
Vo
(3.3)

1% b
QZQO(VO)

where, a and b are the parameters of the model which represents constant impedance,
constant current and constant power characteristics of load for the values 0,1 and 2 re-
spectively [4].

Dynamic load models

The areas like studies of inter-area oscillations, voltage stability, and long-term stability
demands the dynamics of load components to be studied. The dynamic characteristics of
the motor load is an important aspect of voltage stability studies as it occupies a large
percentage of total power consumption in the power system.

Other dynamics aspects includes the extinction of discharge lamps, operation of protective
relays, thermostatically controlled load and the response of LTCs [4].

3.2 Under load tap changer

in Section 2.1.2, influence of LTC transformer on voltage collapse has been described. The
factors governing a tap changing operation are step size, time constant, reference voltage,
and deadband. The load side voltage is monitored by a voltage relay and if voltage goes
outside of the deadband, a timer relay is energized. The tap changing mechanism starts
when the relay’s time delay exceeds (after tens of seconds) and process of tap changing
goes on until minimum or maximum tap is reached or until the voltage goes within the
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3.3 Thermal model of a hydrogenerator

band limit. After the voltage comes within the bandwidth, the timer mechanism and
voltage relay are reset [17].

Usually the LTC transformers possess tap range of £10% consisting of thirty-two steps
each of 5/8%. A certain time delay in the range of 10-120 seconds before the tapping is
allowed out of which the typical time delay is 30 to 60 seconds [17].

The detail model of LTC used for the simulation test case shall be discussed in the
Section 4.2.2.

3.3 Thermal model of a hydrogenerator

In this section, typical power losses in the synchronous generator and the online thermal
model based on [3] is described. The operational losses associated with the synchronous
generator are the main inputs to the thermal model. The scope of this thesis work covers
the visualization of the generator temperature variations in the visualization tool.

3.3.1 Copper losses

Copper losses comprise resistive heating losses in the stator and rotor windings of the ma-
chine. The three-phase stator DC-copper losses P; can be obtained by using the following
equation [2].
2
Py=3- RS(DC) : Iz (34)

where, Ry ) represents the resistance of the stator winding per phase. The total rotor

DC)
copper losses P, can be obtained by using the following relation [2]:

P=1.1-R.-I}, (3.5)

where, R, and Ry are the corrected resistances of the rotor winding and stator winding

D)
according to the reference temperature for different class of insulation system [18].

3.3.2 Iron losses

Iron losses Pp, comprises of hysteresis losses and eddy current losses. Hysteresis loss
depends upon the frequency and the value of maximum flux density per pole whereas the

eddy current loss depends upon the square of the frequency and maximum flux density
[19].
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3 Modelling of power system components

3.3.3 Stray losses

Stray losses are caused by non-sinusoidal, non-fundamental flux density variations. It
consists of the losses related to eddy current losses in the stator windings, stator end
region losses and the losses related to damper bars in the rotor laminations [19].

3.3.4 Mechanical losses

The mechanical losses P, includes the losses related to friction in bearings and windage.
Windage losses are present in the cooling fans and the rotor blades [19].

Figure 3.1 shows the schematic diagram of the proposed online monitoring algorithm
based on [3]. It clearly shows how the model inputs- field current of the machine I,
terminal current I;, the speed of the machine @ and machine terminal voltage V;, relates
to the corresponding temperatures via the machine losses.

Inputs Online low order model Outputs
Te (1)
MU 0
I (t
() P () T, (1)

>
Vt (t) > PFeM)

>

Figure 3.1: Schematic diagram of online low order thermal model [3].

The three governing differential equations defined in [3] for online monitoring of temper-
atures are as follows:
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3.3 Thermal model of a hydrogenerator

dr, 1
i = o [APR (T, Th,)] (36)
dT, 1

K}

dT, 1 R

dFe _ [APreREe + —4(Ty — Tre) — (Tre — T )] (3:8)
t TT Fe R;

where, T, Ty and TF, represents the temperature of rotor winding, stator winding and the
stator iron respectively.
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4 Simulation

In this chapter, simulation setup for the Kundur 10-bus test system which has been used
for long-term voltage stability study, and the visualization of generator’s capability curve
has been discussed.

The simulation for the study of long-term voltage stability phenomenon has been carried
out using the Power System Analysis Toolbox (PSAT). In addition, the mathematical
approach of drawing generator capability diagram in MATLAB software environment has
been presented. The section also describes the methodology applied for the development
of automatic visualization tool in MATLAB using Graphical User Interface.

4.1 Power System Analysis Toolbox (PSAT)

PSAT is a MATLAB based toolbox for the analysis and control of electric power system.
It includes power flow, continuation power flow, optimal power flow, small signal stability
analysis, and time domain simulation. It provides Graphical user interfaces (GUIs) to
access all its functions as shown in Figure 4.1 and a Simulink-based library that allows
easy access of tools required for the network design. The single line diagram drawn using
Simulink library is loaded first through data file field of GUI and required analysis as
listed below is carried out as simulation. Power flow Analysis is the core of the PSAT
which allows to initialize the algebraic variables and the states after which further static
or dynamic analysis can be performed. Some of the features are as follows [20].

1. Continuation power flow.

2. Optimal power flow.

3. Small signal stability analysis.

4. Time domain simulations.

5. Phasor measurement unit (PMU) placement.

Furthermore, PSAT contains various static and dynamic component models for power
system analysis, out of which some component models has been used for this particular
case study of long term voltage stability phenomenon. The models are as follows:
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10.

11.
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PSAT version 2.1.10, Copyright (C) 2002-2016 Federico Milano

Figure 4.1: Graphical User Interface of PSAT [20].

. Power flow Data: Bus bars, Transmission lines and transformers, slack buses.

CPF and OPF Data: Power supply bids and limits, generator power reserves.

. Switching operations: Transmission line faults and breakers.

Measurements: PMU and bus frequency.

Loads: Voltage and the frequency dependent loads, ZIP loads.

Machines: Synchronous machines and induction motors.

Controls: Turbine Governors, AVR, PSS, OEL

Regulating Transformers: Load tap changers and phase shifting transformers.
FACTS: Static Var Compensators, Unified power flow controllers, TCSCs.
Wind Turbines: Constant and variable speed wind turbine models.

Other models: Solid Oxide Fuel Cell, sub-synchronous resonance model



4.2 Case Study: Kundur 10-bus test system

4.2 Case Study: Kundur 10-bus test system

In this section the overall layout of the test system and the different power system com-
ponent models used in same system has been presented. The models described are based
on the PSAT models.

4.2.1 Description of a test system

This small test system has been studied in order to analyze the performance and influence
of different power system components in voltage stability. The test system used for the
study is actually based on the system described in [21] as BPA! test system, with some
changes in load and compensating devices parameters. The single line diagram of the test
system is shown in Figure 4.2. The necessary data used for the simulation of the system
is provided in the Appendix B.

T3 3
1 115 6 7 M -
lew—:fﬂ
- o
————— (O—
T S [,
Gz@l ) —— 9 10 T6 11
2 —@—4:!%—)

T5 ULTC

Figure 4.2: Single line diagram of test system [21].

Here the generators G1 and G2 in remote areas supply loads to the local area through
five 500 kV transmission lines. The local generator G3 at bus 3 generates 1154 MW and
the remaining power is supplied by two remote generators. Shunt capacitors are placed
at various locations in the local area. Figure 4.3 shows the implementation of test system
in PSAT. The load flow result is provided in Section 5.1.

!Bonneville Power Administration https://www.bpa.gov
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Bus1 Bus5 Bus6 Bus7
B — X Gy D
—. T ¢
-I_ Breaker T3 @

G1 ™ —}

Bus2

MﬁC. — D o !

G2

Bus9 Bus10 Bus11

PQ4

Figure 4.3: Single line diagram implementation of test system in PSAT.

4.2.2 System modelling

For the test system, the loss of one of the transmission lines between bus 6 and bus 7 is
considered as a disturbance during the simulation.

Generators G2 and G3 are modelled using 6" order model of PSAT whereas the gener-
ator G1 is modelled as an infinite bus.

Load at bus 8 is modelled as constant power for both active and reactive power whereas
the load at bus 11 is modelled as constant impedance load for both active and reactive
power as represented by PQ2 and PQ1 load respectively in Figure 4.3. The shunt capa-
citors at buses 7, 8 & 9 are modeled as PQ load (PQ4, PQ2, PQ3) respectively with the

values presented in Table B.4.

Transformer LTC performance is characterized by deadband and step size. The dead-
band is taken as +£1% p.u. of bus voltage to which LTC is controlling and the tap range
is £16 steps with a step size of 5/8%. The integral deviation H and inverse time constant
K for the system is taken as 0.001 p.u. and 0.10 per second respectively.

Figure 4.4 and Figure 4.5 shows the equivalent 7 circuit model and secondary voltage
control scheme of LTC transformer respectively. If the tap ratio step Am is set as zero
(Am = 0), then

(4.1)

=
I
3
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4.2 Case Study: Kundur 10-bus test system

Following equations exists for voltage and reactive power control:
m=—Hm+K©Vpy—Vyer) (4.2)
m=—Hm+K(qref+qm) (4.3)

where H is the integral deviation, K is the inverse time constant, v, is the secondary
voltage and v,.r is the reference voltage.

| gk y/l:ﬁ Vm
]
| I |
Py + )0k Pm + 10
1-m-— m-1—
— Y p
m m

Figure 4.4: Equivalent 7 circuit of Under Load Tap Changer [20]

max

- K
) m / LTC& Ym
. H+s / | NETWORK

/ deadzone

2

Figure 4.5: Secondary voltage control scheme of LTC [20].

Over Excitation Limiter is included for generator G3 only, for this case study. OXL
acts when the field current is out of the acceptable limits. The response time of OXL
depends upon the actual field current value. The higher the field current, the faster will
be the response of OXL which then tries to reduce the field current within its limit. If
the field current is less than or equal to its limit, OXL output signal will be zero; that
means OXL does not operates.
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OXL provides an additional signal voxp, to the reference value of AVR. The AVR Type I
of PSAT model is used for both the generators. The detailed model can be found in PSAT
manual [20]. The OXL has been modeled as a pure integrator with anti-windup limits.
When the field current is greater than its thermal limit (iy > iljim) , OXL outputs some
signal voxy, to the summing block of AVR as shown in Figure 4.6 [20]. The integrator
time constant T, for the limiter is taken as 60 seconds whereas the maximum field current

limit is chosen as 11.7 p.u. for the test system.

Vrefo

| |
| | g

0

(pg,qq, Vo)

A

Figure 4.6: Over excitation limiter [20].

The equations that characterizes the operation of overexcitation limiter as shown in Fig-
ure 4.6 are as follows: i i
VOXL:(if—i;m)/TQ if l'f>l'fl-m

. . lim (4.4)
voxg, =0 lflfglf
Each overexcitation limiter model has following algebraic equations:
Xd Yq(V""}’q) + %
0=1/(v+7)*+p>+(—+1) - (4.5)
Xq V(e + )+ p?
0= V?gf - Vref"' VOXL (46)
where,
Yo =Xp/V
Yo =Xq/V

v, p, and g are voltage, active and the reactive power of the generator respectively whereas
xq and x, are direct axis and quadrature axis reactances of the generator to which OXL
is connected respectively.
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4.3 On-line PQ diagram

The theoretical PQ diagram is developed from the phasor diagrams of operation for both
the salient pole rotor and the cylindrical rotor machines [22]. Active power, field current,
stator current, frequency, terminal voltage, rated power of the turbine, heating-up of
stator core end region and stability limits are the parameters which defines the operation
of these machines.

The theoretical PQ diagram can be derived by dividing every phasor in the vector diagram
by direct-axis synchronous reactance X; and multiplying them with the armature voltage
as shown in Figure 4.7. The figure so obtained, contains P and Q as the x-axis and y-axis
respectively which then can be upgraded by implementing different constraints to obtain
the Figure 2.6 [22].

Figure 4.7: Derivation of a P-Q capability diagram from the phasor diagram (cylindrical rotor) [23].

In the On-line PQ diagram, all the defining parameters as mentioned before are achieved
directly from the process and the point of operation is continuously updated in real time
[22]. The parameters like active and reactive powers, terminal voltage, field current, fre-
quency of grid, temperature and pressure of the cooling agent, varies during the operation
so that the PQ diagram changes its configuration in real time. But the P, Q coordinate
axes, and some curves like maximum and minimum turbine power and minimum field
current do not changes. Temperature control system or the temperature of cooling agent
(hydrogen, water) has a significant effect on the position of some operational limits like
overheating limit of stator core end region, rated field current and the stator current limit
[22].

Figure 4.8 shows the On-line PQ diagram with different operating conditions as follows:

e (1)- rated operation condition: voltage (U,), frequency (fy), hydrogen cooling gas
temperature (f, 112).

e (2)- reduced terminal voltage 0.95U,.
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o (3)-increased cooling gas temperature 1.1 #, 2.

o (4)- increased stator cooling water temperature 1.1 f;, water due to congested hollow
copper strands.

1.0

I—0.8

— 0.6

| 0.4
=

—0.2

Figure 4.8: On-line PQ diagram with different operational condition from (1) -(4) [22].

4.3.1 Implementation of PQ diagram

The generator’s capability diagram with different constraints as stated in Section 2.2
was implemented in MATLAB software environment. The MATLAB code used during
the implementation of P(Q diagram using visualization tool is provided in Appendix C.
This software environment provides a sophisticated visualization for the implemented
mathematical model of capability diagram. This thesis work presents the methodology
for obtaining the PQ diagram for a cylindrical rotor synchronous generator with the
following simplification during its modelling:

e The synchronous generator has been assumed to be connected to the infinite bus
i.e. with constant voltage.

o The machine saturation effect on the direct axis synchronous reactance has not been
considered, i.e. X; = constant.

o The effect of armature resistance has been neglected.

The limits of the capability diagram which are implemented during its construction are
as follows:
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4.3 On-line PQ diagram

—_

. Rated turbine power limit
2. Rated stator Current limit
3. Rated field current limit
4. Practical stability limit

The rated parameters of generator G3 in local area in the 10-bus system is taken as
reference for determining capability diagram which are as follows:

1. Rated terminal voltage, V: 13.8 kV
Rated MVA, S,: 1600 MVA
Rated power factor, cos@,: 0.72 p.u.

Direct axis synchronous reactance, x;: 2.07 p.u.

S

Stability margin: 10 %

Rated turbine power limit

The maximum and the minimum turbine power limits are drawn according to the following
two conditions [24]:

o If the power of the turbine (Pr) exceeds the rated power of the generator (P,), i.e.
if Pr > P,, then P, = P,.

o If the power of the turbine is equal to or less than the rated power of the generator
(PT < Pn), then P, = Pr.ne.

This limit is shown in Figure 4.9 labelled as Pyg. The minimum power depends upon
the turbine requirements. For example, in Kaplan and Francis turbine minimum power
output is 5 % to 30% of rated output whereas in some turbines like Pelton turbine this
limitation does not exists [24].

Rated stator current limit

The rated stator current limit is plotted as a constant semi-circle with center at origin
‘0" and radius as the rated apparent power, S, as shown in Figure 4.9. Point ‘P’ denotes
the rated operating condition of the generator which is defined at its rated power factor
cos¢, = 0.72. So,

Prated = Spcosd =1x0.72 =0.72 p.u.

Orated = SusSing = 1% /1 — (COS¢) =0.69 p.u.
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Figure 4.9: Rated stator current limit and maximum turbine limit plot.

Rated field current limit

The mathematical model for describing the field current limit has already been described
2
in Section 2.2 by equation 2.11. Thus, an arc is drawn with the center at (0,—‘;—‘1) and

radius % from cos¢ =0 to cos¢ = 0.72 (rated) where Egmax is calculated from the
phasor diagram as shown in Figure 4.7 as:

Egmax = \/(V + Ixgsing )2 + (Ixgcos9)? p.u. (4.7)

The limit is drawn as curve PK in Figure 4.10.

Practical stability limit

For round-rotor generators, theoretical stability limit is achieved at load angle §=90°.
However, the theoretical stability curve is reduced by a constant power value, for example
by 10% of the rating of the machine as a safety margin and the corresponding curve so
obtained is termed as practical stability margin [15].

The theoretical stability curve is drawn as a straight line at point (0,—‘;—5): (O,—ﬁ):
(0,-0.48) represented by dashed line in Figure 4.11. The practical stability limit is repres-
ented as curve AD in the same figure.

Hence, the safe region for the operation of a synchronous generator is represented by the
area bounded by curve APKD in Figure 4.11.
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Figure 4.10: Rated field current limit plot.
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Figure 4.11: Theoretical and practical stability limit plot.

4.3.2 Automatic visualization tool for generator’s capability

In Section 4.3.1, implementation of various operational limits in PQ diagram using MAT-
LAB software environment was discussed. For improved visualization of the diagram, a
visual App was created using MATLAB App designer. A Graphical User Interface was
created by using different components from the component library and specifying app’s
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design and layout. For defining the App behavior, App designer allows an integrated
version of the MATLAB Editor [25]. All the parameter values implemented, and the dy-
namics observed in the visualization tool is based upon the case study of Kundur 10-bus
test system described in Section 4.2. Figure 4.12 shows a simple workflow diagram ad-
opted during the implementation of generator’s capability diagram in the visualization
tool.

Graphical User
Kundur 10 - bus - - MATLAB _
Simulation 0 Interface

(App Designer)

test system Workspace

Power factor

Result
4 Ul Figure - [u] X
; : Generator Capability Curve Limitchecker @) [ALARM |
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08 l / \g P (MW] [ 1197
06 / amval | o785
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Operating condition | Che »

|
|
|
04 |
|
|
|
|
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-1 08 06 04 -02 0 02 04 06 08 1 Underexcited
Reactive power Q [p.u.]

Active and Reactive Power
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200 Rated Apparent Power [MVA] | 1600
Rated Power factor [cosphi] | 072

Rated Amature current [A] | 6.694¢+04

“me[s] Xd[pu] [ 207

Figure 4.12: Work flow diagram for PQ curve implementation in visualization tool.

Figure 4.13 shows a GUI environment for the designed App in order to visualize the gener-
ator capability. The GUI consists of two figure windows and three tabs. The upper figure
window (1) in the user interface shows the capability curve with the real-time operating
point as indicated by ‘red’ asterisk symbol. The ‘Parameters’ tab (2) shows the operating
point (P and Q) values in real time along with the operational power factor. Moreover,
the dynamics of P and Q can be observed in the lower figure window (7). The ‘Operating
conditions’ tab (3) shows the actual operating condition i.e. whether the generator is
operating in over excitation mode or under excitation mode with current operation mode
indicated by lamp glowing ‘green’. The ‘Machine rating’ tab (4) indicates the generator
rated conditions which can be changed by changing the values in the respective fields. For
example, the effect of change of direct axis synchronous reactance on the generator limits
can be visualized in the figure section (1) by changing its value in the ‘Machine rating’

48
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tab.

On top of the ‘Parameters’ tab resides a ‘Limit checker’ (5) as indicated by a lamp which
glows ‘red’” when the defined operational limits on the capability curve are violated along
with the actuation and information of ‘ALARM’ (6) to notify the operating personnel
about the limit violation as shown in Figure 4.13. The lamp glows ‘green’ along with an
information ‘NORMAL’ when the operating point lies within the defined boundaries as
shown in Figure 4.14.
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Figure 4.13: Graphical User Interface for Generator Capability Diagram.

4.3.3 Temperature visualization

This section demonstrates the visualization of temperature development in the rotor and
stator winding of the synchronous machine in the same automatic visualization tool de-
scribed in Section 4.3.2. Figure 4.15 shows the workflow process that was followed during
temperature visualization. For the temperature observation, the local generator G3 in the
test system was replaced by the 103 MVA hydrogenerator situated at ‘Abjgra’ in Norway.
The field current data Ir; and the terminal current data I; obtained from the simulation
is provided as MATLAB script in Appendix C.
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Figure 4.14: Graphical User Interface for Generator Capability Diagram showing ‘NORMAL’ condition.

Figure 4.16 shows the thermal model of a hydrogenerator developed in Simulink software
environment as proposed in paper [3]. The circuit parameters used in the simulation are
provided in Table B.5. Figure 4.17 shows the schematic setup which takes field current
Ir4 and the terminal current I; from the local generator G3 as inputs and calculates the
winding losses as I]%dR and I’R respectively. The outputs rotor temperature T, and the
stator temperature Ty was extracted into the MATLAB workspace and then plotted. The
inputs to the thermal model were continuously updated in real time from the workspace.
The gain block in the output converts the measured voltage signal into the equivalent
temperature signal. This gain factor (1/2236) was calculated by comparing the value of
output measured signal from the ‘Simulink model” as implemented in this thesis work and
from ‘DAE-ODE model’ of the same low order thermal model described in [26].
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Figure 4.15: Work flow diagram for temperature visualization.
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4 Simulation
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Figure 4.16: Simulink circuit for the thermal model proposed in [3].
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Figure 4.17: Schematic setup for the temperature measurement in Simulink [3].



5 Results and discussions

In this section, results and discussion regarding the simulation of 10-bus system and the
PQ capability diagram has been presented.

Section 5.1 provides the results of load flow analysis of the test system. The effect of
static load models and the influence of ULTC and OXL on long-term voltage stability
is shown in this section. Furthermore, the outcome of the development of an automatic
visualization tool is described in Section 5.2.

5.1 10-bus test system

Under the long-term voltage stability study, the impact of ULTC and OXL on voltage
collapse was investigated. The voltage at various buses and the reactive power outputs of
the generator was compared for the test system including and excluding the over excitation
limiter with ULT'C in action for both cases which are as presented in the Figures from 5.4
to 5.8. The steady state voltage profile and reactive power at different buses are shown
in Figure 5.1 and 5.2 respectively.

Voltage Magnitude Profile
T T T

Bus #

Figure 5.1: Steady state voltage at various buses.
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Figure 5.2: Steady state reactive power at various buses.

Four different cases were considered for the test system which is presented in Table 5.1.
These cases are taken from the cases considered in dissertation [10] where the dynamic
phenomenon was observed using PSS/E software taking the standard BPA power sys-
tem.

Table 5.1: Case studies

Load OEL
Case Bus 8 Bus 11 G2 gz | ULTC
A Constant impedance | Constant impedance | Inactive | Inactive | Inactive
B Constant current Constant impedance | Inactive | Inactive | Inactive
C Constant power Constant impedance | Inactive | Inactive | Inactive
D Constant power Constant impedance | Inactive | Active | Active
Scenario Loss of transmission line between Bus 6 & Bus 7

5.1.1 Effect of load models

As mentioned earlier in Chapter 3.1 about the types of load models, the effect of static load
models on long term voltage stability was studied for the test case considered. Figure 5.3
shows the voltage profile at bus 11 under three cases namely A, B and C as presented
in Table 5.1. For all these three cases, transformer T6 is equipped with a fixed tap ratio
(instead of ULTC) of value equal to that of T5. Hence, the steady voltage at bus 11
before contingency in this case (0.814 p.u.) is different to the voltage magnitude (0.791
p.u.) as shown in Figure 5.4 where T6 is equipped with a ULTC.
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5.1 10-bus test system

From the voltage profiles in all three cases, it can also be seen that after the fault,
the system stabilizes at lower voltages. The reason behind this is the inadequacy of
reactive power in the system due to the disturbance considered. Due to tripping of
one of the transmission line, the equivalent impedance of the line increases and hence
the losses increases. In addition, the constant power load stabilizes at a lower value as
compared to constant impedance and constant power load because of its load restoring
characteristics [10]. That means constant power load tries to consume the same power at
a pre-disturbance level as consumed power is independent of voltage variations and hence
the voltage drops even further. The dynamics of voltage profile obtained is comparable
to the similar case study performed in [10] using PSS/E software.
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Figure 5.3: Voltage profile at bus 11 for different load types.

5.1.2 Effect of ULTC and OXL

In order to study the dynamics of ULTC and OXL in long term voltage stability scenario,
Case D as mentioned in Table 5.1 was considered. The sequence of events triggered during
the simulation in different time frames can be explained as follows.

e One of the transmission lines is disconnected at time t=5 seconds. When the line
has been disconnected, the apparent impedance and consequently the line losses
and voltage drop of the transmission system is increased.
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e The second time frame starts at around 10 seconds where the ULTC is activated as
the voltage at the bus 11 is lower than the preset value. The ULTC tries to keep
the voltage at the secondary bus (bus-11) at its original value by adjusting its tap
ratio which demands more reactive power support from the generators present in
the network. Thus, to meet the increased reactive power demand the excitation
current is continuously increased until the maximum tap of transformer is reached
or voltages at the buses are recovered. This time frame can be observed in figures
from 5.4a-5.8a. The voltage at bus 11 is restored to nearly its reference value in
about 90 seconds as shown in Figure 5.4.

o The third time frame begins with the actuation of overexcitation limiter as shown
in Figure 5.4b at around t=150 seconds by ramping down the field current. The
following chains of events occurs after the actuation of OXL:

— As the field current of G3 is reduced, its terminal voltage drops.
— Voltages at bus 11, 10 and 7 drops.
— ULTC on T6 tries to restore the voltage at bus 11 back to its original value.

— The reactive power demand on generators increases. Field current of machine
3 increases and continues to remain at its limit and the terminal voltage of G3
further decreases.

— Voltage at bus 7 drops and causes a further reduction in terminal voltage of
bus 10 and bus 11.

— The ULTC operates again, repeating above mentioned chains of events.

Hence in response to each tap movement of ULTC, the voltage at bus 11 reduces
rather than increased. This indicates that the system has entered into the voltage
instability phase. The bus 11 voltage falls progressively as shown in Figure 5.4b
until the ULTC reaches its maximum tap position at around 260 seconds. The
voltage at bus 11 settles at around 0.77162 p.u.

5.1.3 Countermeasures against voltage collapse

There are different methods of mitigating voltage instability and preventing the power
system from voltage collapse situation. Some of the preventive and corrective control for
voltage stability based on paper [27] are as follows:

o Rescheduling of active power generation
o Implementation of generator secondary voltage control

o Additional shunt capacitance inclusion
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5.2 Visualization tool for generator’s capability
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Figure 5.8: Field voltage at generator 3 without and with OXL.

o Adjustment of ULTC transformer taps; tap locking, tap blocking or tap reversing
[10]

e Shedding of loads

The preventive and corrective control is an optimization problem where the objective
function could be either minimizing the number of control equipment, load shedding
minimization or the control cost minimization [27]. The issues and concepts regarding
under-voltage load shedding which has been described as an economical solution to deal
with voltage stability problem has been described in paper [6].

There was a combined influence of ULTC and current limiter of Generator G3 in voltage
collapse of Kundur test system. Any of the above-mentioned control measures can be
used as a mitigating measure for instability. The effect of load shedding and tap changer

locking on the stabilization of voltages in the BPA test system is described by Larsson in
[28].

5.2 Visualization tool for generator’s capability

As mentioned in Section 4.3.2; an automatic visualization tool was developed in MATLAB
software environment with GUI which provides real-time power factor, active and the
reactive power. The generator reactive power capability can be visualized in a real-time
along with an alarm signal in the case of limit violation.

In addition to the features described in Section 4.3.2, a ‘Check condition’ tab was im-
plemented in the tool in order to confirm the indication of generators operation in both
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over and under excited regimes. This operation is indicated by a black ‘asterisk’ as shown
in Figure 5.9. User can give the active and the reactive power values as inputs in the
‘Check condition’ tab fields and the corresponding operation can be observed in both the
capability chart and the lamp in the same tab which glows ‘green’ depending on whether
the generator is over-excited or under-excited. For example, when the user gives a value
of 0.5 and -0.7 in the P and Q fields, the operation will be observed as under excited
indicated by ‘under excited lamp’ glowing ‘green’ as shown in Figure 5.10.

4 Ul Figure = O X
. Capability Curve Limit checker @ NORMAL
; Parameters
508 I A P MW] 1166 |
o2 1 v )
. ogl 1 ' Q [Mvar] 7003 |
@ I :
g 1 * Power Factor 0.7288 |
o4t : :
=
= I € Check condition Machit »
< 02 1
. P [MW] [ 05
0 4 d
-1 08 06 04 02 0 02 04 06 08 1 Q [Mvar] I 07
Reactive Power Q [p.u] =
T - | )
Start | Rotor temp. [*C] 97 89 Overexcited
Statortemp. 'C] | 65846|  Underexcited @
= Active and Reactive Power
@ 1500 5 Rotor and Stator Temperature
= MW O 100
o2F Mvar = Tr
Z 1000 a s
= i
= /\,\,,m—‘—- 3 50 /
@ o
£ 500 =
=7 5 10 = 5 10 15
Time [s] Time[min]

Figure 5.9: Visualization of generator operating point in over excited regime indicated by black asterisk.

The temperature development in the stator and rotor windings in the synchronous gener-
ator was also observed in the same tool which is as shown in Figure 5.11 and 5.12 using the
thermal model as described in Section 3.3. The output temperatures as seen in the figure
is the result of input field current and armature current taken from the local generator
G3 in Kundur 10-bus system when replaced by 103 MVA hydrogenerator at ‘Abjgra’ in
Norway. The machine data of hydrogenerator is provided in Table B.6. The field and
the stator currents in real time are observable in the tool. The initial temperature in the
stator and rotor was taken as 28°C during the simulation. From Figure 5.12, it can be
observed that the dynamics of temperature development is similar to the dynamics of the
reactive power as seen in Figure 5.7b.

60



5.2 Visualization tool for generator’s capability

4 Ul Figure

Capability Curve
1

= o =
b @ =]

Active Power P [p.u.]

o
%]

I
T
I
1
1
I
1
I
1

0

06 04 02 0 02 04
Reactive Power Q [p.u]

-1 08

[ Start

06 08

Active and Reactive Power

Rotor temp. [°C] 9552
Stator temp. [°C] 56.04

= O X
Limit checker e ALARM
Parameters
P [Mw] 173
Q [Mvar] 6906

0.7329

€ Check condition

Power Factor

Machit »

P v
Qe
Overexcited 0
Underexcited G

Rotor and Stator Temperature

Tr
Ts

5 1500 .
s MW o 100
o Mvar o
Z 1000 =
z
= o 50
500
& 2

0 5 10
Time [s]

[=]

5 10 15
Time[min]

Figure 5.10: Visualization of generator operating point in under excited regime indicated by black asterisk.
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Figure 5.12: Rotor and Stator temperature plots from machine data ‘Abjora’.
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6 Conclusion

The dynamic analysis of voltage stability using time-domain simulation has been presented
in this thesis work using a test power system containing 10 buses as a case study. From
the simulation, it can be concluded that dynamic analysis is very useful in understanding
the detail dynamics involved during the larger disturbances such as a loss of transmission
line or loss of generation in the system and to study the coordination between the control
and the protection as well. This type of analysis gives accurate results though it requires
detail accurate models of the components and is time-consuming. A MATLAB based
tool, PSAT was chosen as a long-term time domain simulation program where dynamic
voltage stability was carried out and experienced to be little time consuming.

The influence of static load models on the voltage collapse scenario was presented. The
severity of the effect depends upon the type of load. Constant power load has the most
severe effect on the voltage collapse as compared to constant impedance and the constant
current load. It is because the constant power loads are independent of the voltage and
when the voltage drops in the network due to disturbances in the network, they try to
consume the same power as pre-fault power so that the voltage drops even further. But the
constant impedance loads decreases proportionally to the square of the voltage magnitude
so has least effect on the voltage collapse.

Through long-term dynamic simulation, the dynamic behaviour of these two important
power system components: ULTC and OXL is found to have huge influence on the voltage
collapse phenomena. Accurate and detail modelling of these devices is necessary for detail
and proper analysis of voltage stability.

The development and implementation of PQ capability diagram for the cylindrical rotor
machine was done in MATLAB. The use of Graphical User Interface provides the user
interaction with the visualization tool through graphical displays, inputs and visual in-
dicators. During implementation, the infinite bus-bar assumption was made which is not
practical in real case as the terminal voltage can significantly vary from the rated value.
As the terminal voltage varies, the field and the armature limits also vary. Furthermore,
the assumption of constant direct-axis synchronous reactance is also not valid as the syn-
chronous machine are designed with certain amount of saturation level and depends upon
machine operating point such as armature voltage and current [23].

While implementing the Abjgra hydrogenerator as a local generator (G3) in the test
power system considered, it was found that the OXL does not came into the operation
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as expected. The reason could be the inappropriate parameters for the load flow analysis
as every parameter values for the models were scaled down for this comparatively lower
rating hydrogenerator during implementation. An already developed thermal model in
[2] was used to visualize the temperature of hydrogenerator in the visualization tool.
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7 Further work

Some of the recommendations which can be undertaken as a further work are presented
below.

o This thesis work presented the effect of generator overexcitation limiter, transformer
tap changer and the static loads on the voltage stability. The effect of dynamic
load characteristics which has a significant influence on voltage stability can be
analyzed further. Moreover, other simulation tools like PSS/E, DIgSILENT Power-
Factory, EUROSTAG, SimPowerSystems, EPRI Extended Transient Mid-Term Sta-
bility Program (ETMSP) can be used to test and compare results from the same
test system for voltage instability and collapse phenomena.

e The generator PQ capability diagram was implemented in this thesis assuming
cylindrical rotor machine. Salient pole generators on the other hand exhibit different
characteristics in the under-excited regime. The theoretical and practical stability
limit curve for salient pole machine is different to that of cylindrical rotor machine
as it contains both the direct and quadrature axis reactances as seen in Figure 2.6.
Furthermore the minimum rotor field current limit is present only in salient pole
machines due to additional reluctance power in such machines [9]. Hence, both types
of aforementioned limits could be executed in PQ diagram for salient pole machine.
Moreover, the stator end region heating limit which imposes an additional limit in
under-excited region of generator capability diagram can also be analyzed under the
further work.

o Change of generator terminal voltage changes the boundaries defined in capability
diagram. In this thesis work, the limits are defined taking the generator terminal
voltage as 1 p.u. So, the effect of change of terminal voltage on the PQ capability
limits can be analyzed further. Moreover, the dependency of apparent power on
other factors such as inlet air temperature of a cooling system, maximum tension of
the coupled rotor on fault conditions, capacity of a cooling system could be studied
while defining the armature current limit [29].
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B.1 System diagram

T3 3
115 6 ¢ —@——(:) G3
G1 —
- g
———— (O
2 ————
m@-‘-—@——:}— 9 10 T6 11
T2 @%
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Figure B.1: Single line diagram of test system [21].

B.2 Load flow data

Spase = 100 MVA

Table B.1: Bus data of test system

Bus Base | Vscheduled | Phase | Shunt P load | Q load
[kV] [p.u.] [rad] | [Mvar] | [MW] | [Mvar]
Busl 13.8 0.98 0 0 0 0
Bus2 13.8 0.96 0 0 0 0
Bus3 13.8 1.04 0 0 0 0
Busb 500 1.00 0 0 0 0
Bus6 500 1.00 0 0 0 0
Bus7 500 1.00 0 750 0 0
Bus8 13.8 0.94 0 1500 3000 1800
Bus9 115 0.95 0 300 0 0
Busl0 | 115 0.89 0 0 30 0
Busll | 13.8 0.91 0 0 3100 90
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B.3 Dynamic data

Table B.2: Generators load flow data

Bus No. Gen Base | P gen Q gen Sbase Qmax Qmin
Name | [kV] MW] [Mvar] [MVA] [Mvar] [Mvar]

1 Gl 13.8 3471.9 1129.03 5000 1600 -1000
2 G2 13.8 1736 712.53 2200 725 200
3 G3 13.8 1154 414.58 1600 700 -100

Table B.3: Transmission lines data

From | To bus R X B

Bus [p.u.] [p.u.] [p.u.]
) 6 0.0000 | 0.0040 | 0.0000
6 7 0.0015 | 0.0288 | 1.1730
9 10 0.0010 | 0.0030 | 0.0000

Table B.4: Transformers data

Transformer R X Tap ratio
[pu] | [p-u]
T1 0.0000 | 0.0020 0.8857
T2 0.0000 | 0.0045 0.8857
T3 0.0000 | 0.0125 0.9024
T4 0.0000 | 0.0030 1.0664
T5 0.0000 | 0.0026 1.0800
T6 0.0000 | 0.0010 0.9750

B.3 Dynamic data

Machine parameters:

Machine 1: Infinite bus
Machine 2: H = 2.09, MVA rating = 2200 MVA
Machine 3: H= 2.33, MVA rating = 1400 MVA

Following are the parameters for machine 2 and machine 3 on their respective MVA
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ratings:
R, =0.0046 X;=2.07 X, =1.99
X; =0.155 X;=0.28 Xc/, =0.49
X7 =0.215 X;' =0.215
75, =4.10 T,, = 0.56
T; =0.033 Tq’ﬁ, =0.062
Exciters:

Both machine 2 and machine 3 uses thyristor exciters with a gain of 100 and the time
delay of the measurement system as 0.02 seconds.

Overexcitation limiter for machine 3:

The OXL model used in the simulation is as described in the Section 4.2.2 with integrator
time constant (7p)= 60 seconds, maximum field current il;:ln: 11.7 p.u. and maximum
output signal vy, = 5.02 p.u. '

ULTC data for transformer Té between bus 10 and 11:
Deadband: £1% p.u. bus voltage

Tap range: 16 steps
Step size: 5/8 % (=0.00625 p.u.)
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B.4 Thermal model parameters

B.4 Thermal model parameters

Table B.5: Thermal model data [3]

Parameters Symbol | Value | Unit
Thermal resistance, Tg, — T Rp. 0.07 | K/kW
Thermal resistance, Ty — T, R 0.05 | K/kW
Thermal resistance, air R 0.018 | K/kW
Gain coefficient, 75 ; K1 0.59 -
Gain coefficient rotor(Cu) K2 0.5 -
Gain coefficient stator(Fe) K3 0.36 -
Heat exchanger effieicency (epsi) € 0.595 -

B.5 Machine data of Abjgra

Table B.6: Machine data of Abjgra [30]

Description Parameters | Value | Unit
Rated power S 103 MVA
Rated voltage Vin 11 kV
Rated current Iy 5406 A
Rated field current Itan 1064 A
Inertia constant H 2.66 s
Number of polepairs p 6 -
Synchronous reactance d-axis X4 1.09 | [p-u]
Synchronous reactance q-axis Xq 0.67 | [p.u.]
Transient reactance d-axis X, 0.24 | [p.u.]
Subtransient reactance d-axis X)) 0.15 | [p.u.]
Subtransient reactance g-axis Xy 0.19 | [p.u.]
Transient OC Time constant d-axis T;, 10 S
Transient OC Time constant g-axis Ty 0.23 S
Subtransient OC Time constant d-axis T 0.086 S
Subransient OC Time constant q-axis Ty 0.23 S
Stator leakage inductance X 0.08 | [p.u.]
Stator resistance R, 0.00182 | [p.u.]
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Appendix C

Codes and programs used in the thesis work
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Appendix C Codes and programs

The MATLAB code used for the development of visualization tool and the models de-
veloped can be access through the following GitHub link.

https://github.com/prabesh213922/Thesis.git

The suggestions for using those files is included in the ‘README’ file provided in the
same folder.
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Appendix D

Paper for SIMS conference

The preliminary version of the paper regarding the thesis work is provided in this sec-
tion.
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Online Monitoring and Visualizing of a Generator’s Capability
with Simulink

Prabesh Khadka

Dietmar Winkler

Thomas @yvang
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Norway, Porsgrunn, Norway {versatile.prabesh}@gmail.com

Abstract

The power systems today are becoming more larger, com-
plex and are operating closer to its security and stability
limits particularly due to an increase in load demands and
number of environmental concerns. Voltage stability has
been a major subject of discussion and concern in electric
power system operation and planning worldwide. This re-
search paper presents the long-term voltage stability anal-
ysis of a power system using time-domain simulation with
PSAT software. Furthermore, a mathematical approach of
plotting PQ capability diagram of a generator is suggested
in MATLAB software environment. It is shown that the
load models, load tap changing transformer and genera-
tor over-excitation limiter have a significant influence on
voltage stability and collapse phenomena.

Keywords: long-term voltage stability, dynamic voltage
stability, generator capability diagram, PSAT (Power Sys-
tem Analysis Toolbox)

1 Introduction

Voltage instability is becoming one of the major issues
in power system operation and planning worldwide due
to the increased power demand. Many incidents of volt-
age collapse have been reported at different corners of the
world and few examples can be found in CIGRE report
(CIGRE Task Force 38.02.10 1993). The inability of the
power system to meet the reactive power demand in an
electrical network is one of the cause of voltage instabil-
ity. Generators are normally the sources of reactive power
support during voltage insecurities. So, monitoring the
voltage profiles, voltage regulation and the reactive power
output of generators is one of the important countermea-
sures for voltage collapse.

In a recent Ph.D. study (@yvang 2018), utilization of
the thermal capacity of a hydrogenerator to enhance the
voltage stability of the power system was studied. The
available voltage control capability depends upon the tem-
perature rise of the machine during contingencies (@y-
vang 2018). Furthermore, the normal limits of operation
of generators without exceeding their thermal limitations
is defined by the reactive capability curve. This paper
will primarily address the implementation of PQ capabil-
ity diagram for online monitoring of generators capabil-
ity. In addition, long term voltage stability or the collapse

phenomenon which includes the dynamics of slow acting
components such as load tap changers, generator excita-
tion limiters and thermostat controlled loads, has been in-
vestigated in this research work.

The dynamic simulation is carried out on Kundur 10-
bus test system (Kundur 1994), in MATLAB based power
system toolbox PSAT; a Free and Open Source Software
(FOSS) which includes different static and dynamic power
system component models. Moreover, the PQ capability
diagram is implemented in the MATLAB programming
language with the help of Graphical User Interface.

This paper is organized as follows. Section 2 gives a
brief introduction to voltage stability and its types depend-
ing upon the time frame. Section 3 provides the descrip-
tion of the test system and the models of components used
in the test system. The simulation results and the discus-
sions regarding long-term voltage analysis are included in
the same section. Section 4 presents the generator capa-
bility diagram whereas the description about the visual-
ization tool is included in Section 5. Finally, Section 6
presents the conclusion and further work.

2 Voltage Stability

The ability of a power system to maintain the steady ac-
ceptable voltage at all the buses during normal operating
conditions and after being subjected to the disturbance can
be termed as voltage stability (Kundur 1994). The dynam-
ics of voltage collapse could range from a few seconds
to tens of minutes. So, depending upon the duration of
dynamics, there are mainly two-time frames for voltage
stability namely transient and the long term (CIGRE Task
Force 38.02.10 1993).

 Transient voltage collapse includes the dynamics of
fast acting loads such as induction motor or HVDC
converters and the time period is one to several sec-
onds.

* Long term voltage collapse involves slow acting load
components such as LTC! transformers, thermostat-
controlled loads and generator excitation limiters.
The time frame ranges from 0.5 to 30 minutes (CI-
GRE Task Force 38.02.10 1993).

The Load tap changing (LTC) is also sometimes referred by other
names such as On-load tap changing (OLTC) and Under-load tap chang-
ing (ULTC).



3 Case study

3.1 Description of a test system

The Kundur-10 bus test system (Kundur 1994) is chosen in
order to analyze the performance and influence of different
power system components in voltage stability. The test
system used for the study is actually based on the system
described in (CIGRE Task Force 38.02.08 1995) as BPA?
test system, with some changes in load and compensating
devices parameters. The single line diagram of the test
system is shown in Figure 1. The necessary data used for
the simulation of the system is provided in Section A.

17115 6 7

o T— Q
2 T4
ez@—'—@——:}— 9

T2

10 6 11

T5 uLTc

Figure 1. Single line diagram of test system (CIGRE Task Force
38.02.08 1995).

Here the generators G1 and G2 in remote areas supply
loads to the local area through five 500 kV transmission
lines. The local generator G3 at bus 3 generates 1154 MW
and the remaining power is supplied by two remote gener-
ators. Shunt capacitors are placed at various locations in
the local area. Figure 2 shows the implementation of test
system in PSAT.

F‘VV .
G2

Figure 2. Single line diagram implementation of test system in
PSAT.

The steady state voltage profiles and reactive power at
different buses are shown in figure 3 and 4 respectively.

3.2 System Modelling

For the test system, the loss of one of the transmission
lines between bus 6 and bus 7 is considered as a distur-
bance during the simulation.

Generators G2 and G3 are modelled using 6™ order
model of PSAT whereas the generator G1 is modelled as
an infinite bus.

2Bonneville Power Administration https: //www.bpa.gov
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Figure 3. Steady state voltage at various buses.
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Figure 4. Steady state reactive power at various buses.

Load at bus 8 is modelled as constant power for both
active and reactive power whereas the load at bus 11 is
modelled as constant impedance load for both active and
reactive power as represented by PQ2 and PQ1 load re-
spectively in Figure 2. The shunt capacitors at buses 7, 8
& 9 are modeled as PQ load (PQ4, PQ2, PQ3) respectively
with the values presented in Table 2.

Transformer LTC performance is characterized by
deadband and step size. The deadband is taken as +1%
p-u. of bus voltage to which LTC is controlling and the tap
range is 16 steps with a step size of 5/8%. The integral
deviation H and inverse time constant K for the system is
taken as 0.001 p.u. and 0.10 per second respectively. Fig-
ure 5 and Figure 6 shows the equivalent 7 circuit model
and secondary voltage control scheme of LTC transformer
respectively.

I
Py + )0k

Figure 5. Equivalent 7 circuit of Under Load Tap Changer (Mi-
lano 2013)

Over Excitation Limiter is included for generator G3
only, for this case study. Figure 7 shows a PSAT model of
overexcitation limiter used in the test system. The integra-
tor time constant 7;, for the limiter is taken as 60 seconds
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Figure 6. Secondary voltage control scheme of LTC (Milano
2013).

whereas the maximum field current limit is chosen as 11.7
p-u. for the test system.

Figure 7. Over excitation limiter (Milano 2013).

3.3 Simulation Results

The voltage at various buses and the reactive power out-
puts of the generator is compared for the test system in-
cluding and excluding the over excitation limiter with
ULTC in action for both cases which are as presented in
the Figures from 8 to 12.

The sequence of events triggered during the simulation
in different time frames can be explained as follows.

¢ One of the transmission lines is disconnected at time
t=5 seconds. When the line has been disconnected,
the apparent impedance and consequently the line
losses and voltage drop of the transmission system
is increased.

* The second time frame starts at around 10 seconds
where the ULTC is activated as the voltage at the bus
11 is lower than the preset value. The ULTC tries
to keep the voltage at the secondary bus (bus-11) at
its original value by adjusting its tap ratio which de-
mands more reactive power support from the gener-
ators present in the network. Thus, to meet the in-
creased reactive power demand the excitation current
is continuously increased until the maximum tap of
transformer is reached or voltages at the buses are
recovered. This time frame can be observed in sub-
figures from 8a-12a. The voltage at bus 11 is restored
to nearly its reference value in about 90 seconds as
shown in Figure 8.

e The third time frame begins with the actuation of
overexcitation limiter as shown in sub-figure 8b at

around t=150 seconds by ramping down the field cur-
rent. The following chains of events occurs after the
actuation of OXL:

— As the field current of G3 is reduced, its termi-
nal voltage drops.

— Voltages at bus 11, 10 and 7 drops.

— ULTC on T6 tries to restore the voltage at bus
11 back to its original value.

— The reactive power demand on generators in-
creases. Field current of machine 3 increases
and continues to remain at its limit and the ter-
minal voltage of G3 further decreases.

— Voltage at bus 7 drops and causes a further re-
duction in terminal voltage of bus 10 and bus
11.

— The ULTC operates again, repeating above
mentioned chains of events.

Hence in response to each tap movement of ULTC,
the voltage at bus 11 reduces rather than increased.
This indicates that the system has entered into the
voltage instability phase. The bus 11 voltage falls
progressively as shown in Figure 8b until the ULTC
reaches its maximum tap position at around 260 sec-
onds. The voltage at bus 11 settles at around 0.77162

p-u.

Furthermore, the effect of static load models on long
term voltage stability was studied for the test case consid-
ered. Figure 13 shows the voltage profile at bus 11 when
the load at bus 8 is modelled as constant impedeance, con-
stant current and constant power load keeping the load at
bus 11 as constant impedeance. The ULTC and OXL were
kept inactive during this condition and transformer T6 is
implemented as a fixed tap transformer with tap ratio same
as that of transformer T5.

It is observed that the constant power load stabilizes at a
lower value as compared to constant impedance and con-
stant power load because of its load restoring character-
istics (Nguyen 2008). That means constant power load
tries to consume the same power at a pre-disturbance level
as consumed power is independent of voltage variations
and hence the voltage drops even further. The dynamics
of voltage profile obtained is comparable to the similar
case study performed in Ph.D. thesis (Nguyen 2008) us-
ing PSS/E software.

4 Generator PQ capability curve

Synchronous generator is a primary source of reactive
power in the network and plays an important role in main-
taining the voltage stability in the network. The bound-
aries for supplying the reactive power at a given active
power output is defined by the generator capability curve
provided by the manufacturers (Dragosavac et al. 2012).
The generator capability diagram provides a boundary
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Figure 10. Bus 3 voltage without and with OXL.
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Figure 13. Voltage profile at bus 11 for different load types.

within which the generator can operate safely without ex-
ceeding the thermal limitations. Following operational
constraints are the reasons for the limits in active and re-
active power of the synchronous generator (Machowski,
Bialek, and Bumby 2008).

1. Armature current limit.
2. Field current limit.
3. Steady-state stability limit.

4. Stator end region heating limit.

5. Generator active power limit.

This paper presents the methodology for obtaining the
PQ diagram for a cylindrical rotor synchronous generator
with the following simplification during its modelling:

* The synchronous generator has been assumed to be
connected to the infinite bus i.e. with constant volt-
age.

* The machine saturation effect on the direct axis syn-
chronous reactance has not been considered, i.e.
X,; = constant.

e The effect of armature resistance has also been ne-
glected.

The rated parameters of generator G3 in local area in
the 10-bus system is taken as reference for determining
capability diagram with 10% stability margin.

The theoretical PQ diagram can be derived by divid-
ing every phasor in the vector diagram by direct-axis syn-
chronous reactance X; and multiplying them with the ar-
mature voltage as shown in figure 14. The figure so ob-
tained, contains P and Q as the x-axis and y-axis respec-

tively.
& X, —
5
u

Figure 14. Derivation of a P-Q capability diagram from the
phasor diagram (cylindrical rotor) (Vrazic, Viskovic, and Hanic
2014).

4.1 Rated turbine power limit

The maximum and the minimum turbine power limits are
drawn according to the following two conditions (L.Ili¢ et
al. 2007):

 If the power of the turbine (Pr) exceeds the rated
power of the generator (P,), i.e. if Pr > P,, then
P, max — B n-

* If the power of the turbine is equal to or less than the
rated power of the generator (Pr < P,), then P, =

PT.T]G.

This limit is shown in Figure 15 labelled as P, ;. The
minimum power depends upon the turbine requirements.
For example, in Kaplan and Francis turbine minimum
power output is 5 % to 30% of rated output whereas in
some turbines like Pelton turbine this limitation does not
exists (I.Ili¢ et al. 2007).



4.2 Rated stator current limit

The rated stator current limit is plotted as a constant semi-
circle with center at origin ‘0’ and radius as the rated ap-
parent power, S, as shown in Figure 15. Point ‘P’ denotes
the rated operating condition of the generator which is de-
fined at its rated power factor cos¢, = 0.72. So,

Pratea = Spcosdp =1x0.72 =0.72 p.u.

Orated = Snsing = 1% /1 — (COS¢) =0.69 p.u.

o . . . . . . . .
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Reactive Power Q [p.u.]

Figure 15. Rated stator current limit and maximum turbine limit
plot.

4.3 Rated field current limit

For implementing the rated field current limit, an arc is

. 2 .
drawn with the center at (O,-‘;—d) and radius W from
cos¢ = 0to cos¢ = 0.72 (rated) where E,,, is calculated

from the phasor diagram as shown in Figure 14 as:

Egmax = \/(V +Ixgsing)? + (Ixgcos@)2 pu (1)

The limit is drawn as curve PK in Figure 16.
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Figure 16. Rated field current limit plot.

4.4 Practical Stability limit

For round-rotor generators, theoretical stability limit is
achieved at load angle 0=90°. However, the theoretical
stability curve is reduced by a constant power value, for
example by 10% of the rating of the machine as a safety
margin and the corresponding curve so obtained is termed
as practical stability margin (Walker 1953).

The theoretical stability curve is drawn as a straight

line at point (O,—‘;—;): (O,—ﬁ): (0,-0.48) represented by
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Figure 17. Theoretical and practical stability limit plot.

dashed line in Figure 17. The practical stability limit is
represented as curve AD in the same figure.

Hence, the safe region for the operation of a syn-
chronous generator is represented by the area bounded by
curve APKD in Figure 17.

5 Visualization tool

As discussed in Section 4, various operational limits in PQ
diagram was implemented in MATLAB software environ-
ment. For improved visualization of the diagram, a visual
App was created using MATLAB App designer. A Graph-
ical User Interface was created by using different com-
ponents from the component library and specifying app’s
design and layout. For defining the App behavior, App de-
signer allows an integrated version of the MATLAB Editor
(MATLAB App Designer 2019). All the parameter values
implemented, and the dynamics observed in the visualiza-
tion tool is based upon the case study of Kundur 10-bus
test system described in Section 3.1.
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Figure 18. Graphical User Interface for generator capability di-
agram.

Figure 18 shows a GUI environment for the designed
App in order to visualize the generator capability. The
GUI consists of two figure windows and three tabs. The
upper figure (1) in the user interface shows the capability
curve with the real-time operating point as indicated by
‘red’ asterisk symbol. The ‘Parameters’ tab (2) shows the
operating point (P and Q) values in real time along with



the operational power factor. The ‘Operating conditions’
tab (3) shows the actual operating condition i.e. whether
the generator is operating in over excitation mode or under
excitation mode with current operation mode indicated by
lamp glowing ‘green’. The ‘Machine rating’ tab (4) indi-
cates the generator rated conditions which can be changed
by changing the values in the respective fields. For exam-
ple, the effect of change of direct axis synchronous reac-
tance on the generator limits can be visualized in the figure
section (1) by changing its value in the ‘Machine rating’
tab.

On top of the ‘Parameters’ tab resides a ‘Limit checker’
(5) as indicated by a lamp which glows ‘red’ when
the defined operational limits on the capability curve
are violated along with the actuation and information of
‘ALARM’ (6) to notify the operating personnel about the
limit violation as shown in Figure 18. The lamp glows
‘green’ along with an information ‘NORMAL’ when the
operating point lies within the defined boundaries as
shown in Figure 19.
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Figure 19. Graphical User Interface for Generator Capability
Diagram showing ‘NORMAL’ condition.

5.1 Temperature visualization

The temperature development in the stator and rotor wind-
ings in the synchronous generator was also observed in the
same tool which is as shown in Figure 21 using the thermal
model as described in Ph.D. thesis (Jyvang, Noland, et al.
2018). Figure 20 shows the thermal model implemented
in Simulink software environment. The output tempera-
tures as seen in the figure is the result of input field cur-
rent and armature current taken from the local generator
G3 in Kundur 10-bus system when replaced by 103 MVA
hydrogenerator at ‘Abjgra’ in Norway. The machine data
of hydrogenerator is provided in Table 6. The field and
the stator currents in real time are observable in the tool.
The initial temperature in the stator and rotor was taken as
28°C during the simulation.
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Figure 20. Simulink circuit for the thermal model proposed in
(@yvang, Noland, et al. 2018).

4 Ul Figure =) [} X

Capability Curve

Limit checker (@) | NORMAL

Parameters

1
508 ! P [MW] 1151
AL I
2 og 1 Q [Mvar] 826.8
@ 1
% . 1 Power Factor 0.7197
004 :
o
% 1 Operating condition Ch >
<02 1
1 =
; & Overexcited -
4 08 06 04 02 0 02 04
Reactive Power Q [p.u] Underexcited e
I Start | Rotor temp. [°C] 197 Field current [A] 1312
Stator temp. [°C] 86.11|  Ammature current [A] 4789
= Active and Reactive Power
© 1500 5 Rotor and Stator Temperature
= =100 T
= 1000 5 Ts
e % 50
&
g 500 5 5
© o 20 4 e s 0 ' 0O 20 40 6 80 100
Time [s] Time[min]

Figure 21. Temperature observation in the visualization tool.

6 Conclusion and further work

The dynamic analysis of voltage stability using time-
domain simulation has been presented in this paper using
a test power system containing 10 buses as a case study.
From the simulation, it can be concluded that dynamic
analysis is very useful in understanding the detail dynam-
ics involved during the larger disturbances such as a loss of
transmission line or loss of generation in the system and to
study the coordination between the control and the protec-
tion as well. This type of analysis gives accurate results
though it requires detail accurate models of the compo-
nents and is time-consuming. The influence of static load
models on the voltage collapse scenario is well-presented
in this paper. The severity of the effect depends upon the
type of load.

The development and implementation of PQ capabil-



ity diagram for the cylindrical rotor machine was done in
MATLAB. The use of Graphical User Interface provides
the user interaction with the visualization tool through
graphical displays, inputs and visual indicators. During
implementation, the infinite bus-bar assumption was made
which is not practical in real case as the terminal voltage
can significantly vary from the rated value. As the termi-
nal voltage varies, the field and the armature limits also
vary. Furthermore, the assumption of constant direct-axis
synchronous reactance is also not valid as the synchronous
machine are designed with certain amount of saturation
level and depends upon machine operating point such as
armature voltage and current (Vrazic, Viskovic, and Hanic
2014).

The effect of dynamic load characteristics which has a
significant influence on voltage stability can be analyzed
under further work. Moreover, other simulation tools like
PSS/E, DIgSILENT PowerFactory, EUROSTAG, Sim-
PowerSystems, EPRI Extended Transient Mid-Term Sta-
bility Program (ETMSP) can be used to test and compare
results from the same test system for voltage instability
and collapse phenomena.

Table 3. Transmission lines data

A Data for Test System

Spase = 100 MVA

Table 1. Bus Data

Bus  Base Vscheduled Phase Shunt P load Q load
[kV] [p.u.] [rad] [Mvar] [MW] [Mvar]
Busl 13.8 0.98 0 0 0 0
Bus2 13.8 0.96 0 0 0 0
Bus3 13.8 1.04 0 0 0 0
Bus5 500 1.00 0 0 0 0
Bus6 500 1.00 0 0 0 0
Bus7 500 1.00 0 750 0 0
Bus8 13.8 0.94 0 1500 3000 1800
Bus9 115 0.95 0 300 0 0
Bus10 115 0.89 0 0 30 0
Busll 13.8 091 0 0 3100 90

Table 2. Generators load flow data

Bus No. Gen Base Pgen Qgen Sbase Qmax Qmin
Name [kV] [MW] [Mvar] [MVA] [Mvar] [Mvar]

1 G1 13.8 3471.91129.03 5000 1600 -1000
2 G2 13.8 1736 712.53 2200 725 200
3 G3 13.8 1154 41458 1600 700  -100

Machine parameters:
Machine 1: Infinite bus
Machine 2: H = 2.09, MVA rating = 2200 MVA
Machine 3: H = 2.33, MVA rating = 1400 MVA

Following are the parameters for machine 2 and ma-

From To bus R X B
Bus [p.u.] [p.u.] [p.u.]
5 6 0.0000 0.0040 0.0000
6 7 0.0015 0.0288 1.1730
9 10 0.0010 0.0030 0.0000
Table 4. Transformers data
Transformer R X Tap ratio
[pu]  [pu]
T1 0.0000 0.0020  0.8857
T2 0.0000 0.0045  0.8857
T3 0.0000 0.0125  0.9024
T4 0.0000 0.0030  1.0664
TS5 0.0000 0.0026 1.0800
T6 0.0000 0.0010  0.9750
Table 5. Thermal model data
Parameters Symbol Value Unit
Thermal resistance, T, — T Rre 0.07 K/kW
Thermal resistance, Ty — T, Ry  0.05 K/kW
Thermal resistance, air R, 0.018 K/kW
Gain coefficient, 73 ; K1 0.59 -
Gain coefficient rotor(Cu) K2 0.5 -
Gain coefficient stator(Fe) K3 0.36 -
Heat exchanger effieicency (epsi) €  0.595 -

Table 6. Machine data of Abjgra (@yvang, Hegglid, and Lie

2018).
Description Parameters Value Unit
Rated power Sn 103 MVA
Rated voltage Vin 11 kV
Rated current I 5406 A
Rated field current Iran 1064 A
Inertia constant H 2.66 S
Number of polepairs P 6 -
Synchronous reactance d-axis X4 1.09 [p.u.]
Synchronous reactance q-axis Xq 0.67 [p.u.]
Transient reactance d-axis xil 0.24 [p.u.]
Subtransient reactance d-axis x(’; 0.15 [p.u.]
Subtransient reactance q-axis xg 0.19 [p.u.]
Transient OC Time constant d-axis T;, 10 s
Transient OC Time constant g-axis Tq'(, 0.23 S
Subtransient OC Time constant d-axis T 0.086 s
Subransient OC Time constant g-axis T, 0.23 s
Stator leakage inductance X; 0.08 [p.u.]
Stator resistance R, 0.00182  [p.u.]
chine 3 on their respective MVA ratings:

R, = 0.0046 X, =2.07 X, =199

X; =0.155 X, =028 X, =0.49

X/ =0.215 Xé’ =0.215

/ /
T}, =4.10 1), = 0.56
" o__ "no__
T/ =0.033 7)), = 0.062



Exciters: Both machine 2 and machine 3 uses thyris-
tor exciters with a gain of 100 and the time delay of the
measurement system as 0.02 seconds.

Overexcitation limiter for machine 3: The OXL
model used in the simulation is as described in the sec-
tion...with integrator time constant (7j)= 60 seconds, max-
imum field current i%’: 11.7 p.u. and maximum output
signal vgy = 5.02 p.u.

ULTC data for transformer T6 between bus 10 and
11:

Deadband: +1 % p.u. bus voltage
Tap range: 416 steps
Step size: 5/8 % (=0.00625 p.u.)
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