
Chapter 2
Power System Modelling and SSR
Analysis Methods

Abstract Numerous well documented tools are available for power system mod-
elling and analysis. This chapter will describe the most dominant and commonly
used methods to study subsynchronous resonance phenomenon in power system
networks. Since this phenomenon is closely related to the operation of turbogen-
erators, the fundamental structure, and operation of a synchronous machine is also
explained. Within this chapter, models for all of the main power system compo-
nents, including excitation systems, power system stabilizers, transmission lines,
loads, synchronous machine and turbine generator mechanical system are descri-
bed. The modelling of Line Commutated Converter, Voltage Sourced Converter
based HVDC system and thyristor controlled series capacitor is also provided.

2.1 Synchronous Generators

The modelling and analysis of the synchronous machine has been subject of
investigations since 1920 [1, 2], several more studies investigated the same subject
[3–5]. Many books also covered the operation and performance of synchronous
machines [1, 6]. Within this section the basic structure and operation of the syn-
chronous machine is described. The synchronous machine is an AC generator,
driven by a turbine to convert mechanical energy into electrical energy.
Understanding of synchronous machine operation and accurate modelling of its
dynamic performance are extremely important in subsynchronous studies.

The two major parts of synchronous machine are ferromagnetic structures. The
stationary part which is basically a hollow cylinder, called the stator or armature
shown in Fig. 2.1a. The armature has longitudal slots in which there are coils of the
armature windings. These windings carry the current supplied to an electrical load
by a generator. The rotor is the part (shown in Fig. 2.1b) which is mounted on the
shaft and rotates inside the hollow stator. The winding on the rotor, called field
winding, carries DC current and produces magnetic field which induces alternating
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voltages in the armature windings. The very high mmf produced by the DC current
in the field winding joins the mmf produced by the currents in the armature
windings. The resultant flux across the air gap between the stator and rotor gen-
erates voltages in the coils of the armature windings and produces electromagnetic
torque.

The DC current is supplied to the field winding by an exciter, which may be a
generator placed on the same shaft or separate DC source connected to the field
winding through brushes bearing on slip rings. Large AC generators usually have
exciters consisting of an AC source with solid state rectifiers. In case of generators,
the shaft is driven by a prime mover which is usually steam or hydraulic turbine.
The electromagnetic torque developed in the generator when it delivers power
opposes the torque of prime mover [1, 6].

Figure 2.2 shows the cross section of a three phase synchronous machine with
one pair of poles. It can be observed that the opposite sides of a coil, which is
almost rectangular are in slots a and a′ 180° apart. Similar coils are in b and b′ slots
and c and c′ slots. Coils sides in a, b, c are separated by 120° in space so that the
uniform rotation of a magnetic field generates voltages displaced by 120° in time
domain in the armature windings.

The armature windings usually operate at a voltage that is considerably higher
than that of the field voltage, and they are subjected to high transient currents.
Therefore, generally armature is mounted on the stator to provide more space for
insulation and adequate mechanical strength [6].

The balanced three phase stator currents produce magnetic field in the air gap
which rotates at synchronous speed. The field produced by the field windings
revolves with the rotor. The rotor field and stator field must rotate at the same speed
for the production of a steady torque. Hence, the rotor must run at the synchronous
speed.

(b)(a)

Fig. 2.1 aEnd view of a 26 kV 908 MVA. bRotor of a two-pole 3600 r/min turbine. Adapted from
http://www4.hcmut.edu.vn/*tcbinh/File_2012/May_dien/C3_Electric%20Machinery_C4.pdf

40 2 Power System Modelling and SSR Analysis Methods

http://www4.hcmut.edu.vn/%7etcbinh/File_2012/May_dien/C3_Electric%20Machinery_C4.pdf


The field winding indicated by f, gives rise to two poles N and S as marked in
Fig. 2.2. The axis of field poles is called direct axis or d-axis while the centreline of
the interpolar space is called the quadrature axis or q-axis. In the actual machine the
winding has a large number of turns distributed in slots around the circumference of
the rotor. The number of field poles is determined by the mechanical speed of the
rotor and the electrical frequency of the stator currents. The synchronous speed is
given by (2.1)

Synchronous Speed ¼ 120 f
Pf

ð2:1Þ

Speed is measured in rev/min. f is the synchronous frequency in Hz and Pf is the
number of the field poles.

There are two basic rotor structures, salient (100–1500 rpm) and cylindrical
(>1500 rpm) depending on speed. Hydraulic turbines operate at low speeds,
therefore, relatively large number of poles are required to generate the rated fre-
quency. A rotor with salient or projecting poles and concentrated winding, is better
suited mechanically for this kind of prime movers. The poles mounted on the rotor
are made of steel laminations and connected to the rotor shaft by means of dovetail
joints. Each pole has a pole shoe around which winding is wound. Salient pole
rotors often have damper windings to prevent rotor oscillations during oscillations.
Steam and gas turbines operate at higher speeds, they have two or four field poles.
Their generators have round rotors, made up of solid forged steel. The slots on
which windings are fixed, milled on the rotor since the rotor is cylinder, the
windage loss is reduced.
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Fig. 2.2 Elementary three phase AC generator showing end view of the two pole cylinder rotor
and cross section of stator
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2.2 Modelling Power System Components

This section includes models of all main power system components. These models
have been used throughout the studies presented later.

2.2.1 Modelling Synchronous Generators

DIgSIENT PowerFactory software is used in the studies presented within this
thesis. The descriptions of the models will be centred around the mathematical
models available in DIgSILENT PowerFactory. The software provides sixth order
generator model for RMS, and eight order model for EMT studies. The per unit
stator voltage equations are given by (2.2) and (2.3).

Ed ¼ 1
x0

dWd

dt
� x
x0

Wq � Raid ð2:2Þ

Eq ¼ 1
x0

dWq

dt
þ x

x0
Wd � Raiq ð2:3Þ

where Ed and Eq are the d-axis and q-axis stator voltages. wd and wq are the d-axis
and q-axis stator flux linkage. id and iq are the d-axis and q-axis currents. Ra is the
stator resistance per phase, ω is the angular frequency and ω0 is the rated angular
frequency.

The per unit rotor voltage equations are given by (2.4)–(2.7)

Efd ¼ 1
x0

dwfd

dt
þRfdifd ð2:4Þ

0 ¼ 1
x0

dw1d

dt
þR1di1d ð2:5Þ

0 ¼ 1
x0

dw1q

dt
þR1qi1q ð2:6Þ

0 ¼ 1
x0

dw2q

dt
þR2qi2q ð2:7Þ

where Efd is the field voltage, wfd is the field flux, Rfd and ifd are the field resistance
and field current. w1d , w1q and w2q are the rotor circuit flux linkage in d-axis and
q-axis. R1q, R2q are rotor circuit resistances. i1d , i1q, i2q are the rotor circuit circuits.
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The equations of motion of a generator referred to as the swing equation can be
expressed as

dx
dt

¼ 1
2H

Tm � Te � KDðx� 1Þð Þ ð2:8Þ

dd
dt

¼ x0ðx� 1Þ ð2:9Þ

where Tm is the mechanical torque, Te is the electrical torque, KD is the damping
factor, H is the inertia constant, δ is the rotor angle.

2.2.2 Modelling Turbine Generator Mechanical System

The rotor of a turbine generator is a complex mechanical system made up of several
rotors of different sizes. The length of the rotor system can exceed 50 m and weigh
several hundred tons. The system also has quite a few smaller components such as
turbine blades, rotor coils, retaining rings, blowers and pump. An exact analysis of a
rotor system may require a continuum model, however, multimass model is ade-
quate for SSR studies [7, 8].

DIgSILENT PowerFactory provides built model of a turbine generator
mechanical system. Figure 2.3 shows the turbine generator rotor model used
throughout these studies. It is typical model for SSR studies. It consists of a high
pressure turbine (HP), an intermediate-pressure turbine (IP), two low pressure
turbines (LPA and LPB), the generator rotor (GEN) and the exciter (EXC). They
together constitute a linear six-mass spring system. In this model each major ele-
ment of the system is modelled (such as generator, different sections of turbine,
exciter) as a rigid mass connected to adjacent elements by mass less springs. The
natural frequencies of the mechanical system calculated using this model are
generally lower than system electrical frequency and reasonably match the lower
frequency modes of the unit vibration. Lower frequency modes contribute most to
shaft stresses caused by terminal short circuits, therefore, this simple model is
adequate to evaluate the integrity of the main shaft section.

HP EXCIP

LPA LPB

Kh_i Kip_la Kla_lb Klb_g Kg_ex

Dg_exDla_lbDip_laDh_i
GEN

Dlb_g

Dhp Dip Dlpa Dlpb Dgen Dex

Fig. 2.3 Rotor model for transient studies
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In Fig. 2.3, Di represents the external damping, Di_i is the internal damping in
the shaft material and Ki_i represents the stiffness of the shaft. Damping is measured
in s−1 or radians/s, and K is measured in p.u. or p.u. torque/rad.

The mechanical system consisting of generator rotor, exciter and turbines shafts
can be viewed as a mass-spring damper system. The equation for the ith mass
connected by elastic shaft sections to mass (i − 1) and mass (i + 1) is given by

2H
x0

d2di
dt2

þDi
ddi
dt

þDi;i�1
ddi
dt

� ddi�1

dt

� �
þDi;iþ 1

ddi
dt

� ddiþ 1

dt

� �
þKi;i�1 di � di�1ð ÞþKi;iþ 1 di � diþ 1ð Þ ¼ Tmi � Teið Þ ¼ Ta

ð2:10Þ

where H is the inertia constant expressed in s, K is the spring constant or stiffness
measured in p.u. torque/electrical rad and δ is the angular position of the mass i in
electrical radians.

Note: electrical radians = mechanical radians (pf2 ) where pf is the number of
generator field poles.

The differential equation that describes the motion of the generator

2H
x0

d2d
dt2

þDG
dd
dt

þDGB
dd
dt

� ddB
dt

� �
þDEG

dd
dt

� ddE
dt

� �
þKGBðd� dBÞþKEGðd� dEÞ ¼ ðTm � TeÞ ¼ Ta

ð2:11Þ

The differential equation that describes the motion of the low pressure turbine B

2HB

x0

d2dB
dt2

þDB
ddB
dt

þDBA
ddB
dt

� ddA
dt

� �
þDGB

ddB
dt

� ddG
dt

� �
þKBAðdB � dAÞþKGBðdB � dGÞ ¼ TLPB

ð2:12Þ

The differential equation that describes the motion of the low pressure turbine A

2HA

x0

d2dA
dt2

þDA
ddA
dt

þDAIP
ddA
dt

� ddIP
dt

� �
þDBA

ddA
dt

� ddB
dt

� �
þKA IPðdA � dIPÞþKBAðdA � dBÞ ¼ TLPA

ð2:13Þ

The differential equation that describes the motion of the intermediate pressure
turbine

2HIp

x0

d2dIP
dt2

þDIP
ddIP
dt

þDHP IP
ddIP
dt

� ddHP
dt

� �
þDAIP

ddIP
dt

� ddA
dt

� �
þKHIPðdIP � dHPÞþKAIPðdIP � dAÞ ¼ TIP

ð2:14Þ
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The differential equation that describes the motion of the high pressure turbine

2HHp

x0

d2dHP
dt2

þDHP
ddHP
dt

þDHPIP
ddHP
dt

� ddIP
dt

� �
þKHIPðdHP � dIPÞ ¼ THP

ð2:15Þ

Equations (2.11)–(2.15) describes the torque developed in each turbine section.
Mechanical power Pm and mechanical torque Tm of the ith mass are related by

(2.23)

DPmi ¼ Tmi
xi

x0
ð2:16Þ

where x0 is the rated angular speed of the rotor and xi is the angular speed of the
ith shaft section. After initialization (2.16) can be rewritten as (2.17)

DPmi ¼ Tmo
Dxi

x0
þ Tmi ð2:17Þ

where Tm0 is the initial torque developed.
The state equation for the turbine generator mechanical system can be expressed

as

X �
m ¼ Am½ �Xm þ Bm1½ �DPm þ Bme½ �DTe ð2:18Þ

where

Xm ¼ dE d dB dA dI dH DxE DxG DxB DxA DxI DxH½ �T
ð2:19Þ

Am½ � ¼ 06�6 I6�6

A21 A22

� �
ð2:20Þ

Am21½ � ¼

� KEg

2HE

KEg

2HE
0 0 0 0

KEg

2Hg
� KEg þKgB

2Hg

KgB

2Hg
0 0 0

0 KgB

2HB
� KBA þKgB

2HB

KgB

2HB
0 0

0
0 KBA

2HA
� KAI þKBA

2HA

KAI
2HA

0

0 0 0 KAI
2HI

� KHI þKAI
2HI

KHI
2HI

0 0 0 0 KHI
2HH

� KHI
2HH

2
666666666666664

3
777777777777775

ð2:21Þ
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Am22½ � ¼

� DE þDEg

2HE

DEg

2HE
0 0 0 0

DEG
2HG

� DG þDEG þDGB
2HG

DGB
2HG

0 0 0

0 DGB
2HB

� Tm0FB þDB þDGB þDBA
2HB

DBA
2HB

0 0

0 0 DBA
2HA

� Tm0FA þDBA þDA þDAI
2HA

DAI
2HA

0

0 0 0 DAI
2HI

� Tm0FI þDI þDAI þDHI
2HI

0

0 0 0 0 DHI
2HH

� Tm0FH þDH þDHI
2HH

2
6666666666664

3
7777777777775

ð2:22Þ

FH, FI, FA and FB represent the fraction of mechanical power delivered by each
turbine.

The torques generated by the individual turbine sections depend on the dynamics
of the steam turbine and its governing system. The typical values found in literature
are given in Table 2.1.

Since the mechanical power is considered constant, no governor action is con-
sidered, therefore, the perturbation of input torque Tm is considered zero.

2.2.3 Generator Excitation Systems

The primary function of the excitation system is to provide direct current to syn-
chronous machine field winding. In addition, the excitation system can contribute
towards maintaining power system stability by controlling the field voltage Efd and
thereby the field current. This is achieved through AVR which manipulates the field
voltage in order to reach the generator stator terminal voltage reference set-point, Ei,
and to ensure the first swing stability of the machine.

A power system stabilizer may also be incorporated in order to reduce rotor
speed variations following disturbances. Figure 2.4 illustrates operational rela-
tionship between the synchronous generator, excitation system and PSS.

Various excitation systems are used in practice, comprehensive details can be
found in [9]. Excitation systems used within this thesis are described in the fol-
lowing sections.

Table 2.1 Comparison of SSR analysis methods

FH FI FA FA1 FB FB1 References

0.28 0.24 0.24 – 0.24 – [1]

0.3 0.3 0.4 – – – [1]

0.3 – 0.7 – – – [1]

0.3 0.3 0.4 – – – [4]

0.287 0.313 0.1 0.1 0.1 0.1 [118]

0.28 0.36 0.09 0.09 0.09 0.09 [119]

0.3 0.26 0.22 – 0.22 – [120]
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2.2.3.1 Manual Excitation

Manual excitation is the most basic and simplest excitation scheme. It maintains the
field voltage Efd at a constant value determined through the synchronous generator
parameter initialization. This scheme does not employ AVR, therefore, the gener-
ator terminal voltage may vary from the desired value if operating conditions
change.

2.2.3.2 Static Excitation (IEEE Type STIA)

Static excitation systems provide direct current to field winding of the generator
through rectifiers which are fed by either transformers or auxiliary machine
windings [9]. A simplified version of IEEE Type ST1A static exciter used within
this thesis is presented in Fig. 2.5. It consists of voltage transducer delay, exciter,
and Transient Gain Reduction (TGR). The signal Epss is a signal from the PSS, if
one is used in conjunction with the exciter.

Two versions of this excitation system are used within this thesis, referred to as
ST1A_v1 and ST1A_v2.

ST1A_v1 considers the transducer delay as negligible (TR = 0) (used in Test
network 2, will be introduced later in this chapter).

ST1A_v2 has no time constant in the exciter block (ðTex
A ¼ 0Þ, and no transient

gain reduction block (used in Test network 1, will be introduced later in this
chapter).

PSS

Exciter
Synchronous

Generator 

tE
ref
tE

PSSE
rωΔ

Fig. 2.4 Signals between the synchronous generator, excitation system and power system
stabilizer
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Fig. 2.5 Simplified block diagram for the IEEE type ST1A static exciter
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2.2.3.3 DC Excitation (IEEE Type DC1A)

Excitation systems which use a DC current generator and commutator are referred
to as DC exciters. These type of exciter respond slower than static systems [9].
A simplified version of the IEEE Type DC1A DC excitation system used within
this thesis, is shown in Fig. 2.6 (used in Test network 2).

2.2.4 Power System Stabilizers

A power system stabilizer acts to provide additional damping to generator rotor
oscillations through supplementary control signal sent to the excitation system. The
most commonly and logical input signals to the power system stabilizer are rotor
speed deviation Dxr, terminal frequency and power [1].

Figure 2.7 shows the block diagram of the PSS used within this thesis. To
compensate the phase lag between the exciter input and the electrical torque to
ensure that the introduced electrical damping torque component is in phase with the
rotor speed variation, the PSS must include suitable compensation blocks. This
phase compensation is introduced by a number of phase lead/lag blocks which are
combined with a washout filter so that steady state changes are ignored.
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Fig. 2.6 Simplified block diagram for the IEEE type DC1A DC exciter
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Fig. 2.7 Block diagram of a PSS
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2.2.5 Transmission Lines

Transmission lines are fundamentally distributed parameter components of the
power system. It is essential to model them in some detail for the study of fast
switching transients. Transmission lines representation by a single π circuit, how-
ever, is adequate for the power system dynamic studies involving frequencies
below the synchronous frequency [4]. Within this thesis transmission lines are
modelled using standard π equivalents. Figure 2.8 shows a single phase π equiv-
alent of a transmission line.

Basic assumptions in three phase representation of transmission lines are that
they are symmetric, self impedance of all three phases is equal and mutual impe-
dance between any two phases is the same, line parameters are constant and the
network is linear. It can be demonstrated that in steady case, a symmetric three
phase linear network connected to synchronous generators has only fundamental
frequency voltages and currents [1]. On the other hand, a lack of symmetry pro-
duces imbalanced currents (with negative sequence component) which can results
in third harmonic voltage generation. The symmetry is disturbed during imbalanced
faults such as single line to ground or line to line faults. However, their duration is
brief and their presence can be neglected.

DIgSILENT PowerFactory provides both π and distributed model for trans-
mission lines. Throughout this thesis, transmission lines are represented by a
lumped parameter model, the common π representation.

2.2.6 Loads

Representation of loads in a power network can have a significant impact on
analysis results [11, 12]. It was shown that dynamic load models can affect the
damping of electromechanical modes and participation of a generator in the mode.
Further examples of the effects of the loads modelling can be found in [13]. Within
this thesis, a constant impedance load model is used, represented as a shunt
admittance Yload

i connected to the ith load bus. This load model is considered
adequate for subsynchronous resonance studies.

[L] [R]

½[C]V1 V2½[C]

i1 i2

Fig. 2.8 A single phase π equivalent of a transmission line
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2.3 HVDC System Modelling

2.3.1 LCC-HVDC Converters

DIgSILENT PowerFactory provides integrated Line commutated inverter and
rectifier models. These models are used in this thesis. The model for load flow
calculations, RMS and EMT simulations are based on the fundamental frequency
approach. In steady state, the converter is modelled as a load with constant active
power P and reactive power Q. The transmitted DC power across HVDC system
can be expressed by (2.23).

Pdc ¼ Vcon � Idc ð2:23Þ

where Vcon is the converter voltage and Idc is the current through DC line.
The DC voltage of the ideal and uncontrolled converter without load is called

ideal no load voltage represented by Vdio. For a six pulse converter, it is given by
(2.24) where VLL is the AC voltage supplied to the converter station.

Vdio ¼ 3

ffiffiffi
2

p

p
Vac ð2:24Þ

The gate control of the thyristors is used to delay ignition of the valves. The time
delay due to turn on applied signal is given by

xt ¼ a ð2:25Þ

and (2.24) is modified as follows

Vdia ¼ Vdi0 � cosðaÞ ð2:26Þ

By considering the current commutation from one valve to next, (2.26) can be
rewritten as shown in (2.27)

Vdia ¼ Vdi0 � cosðaÞ � DVcon ð2:27Þ

where ΔVcon is defined as a function of Idc and commutation reactance Xc.

DVcon ¼ 3
p
Xc � Idc ð2:28Þ

In HVDC systems the commutation reactance is assumed to be the leakage
reactance of the converter transformer given by (2.29)
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Xc ¼ Xr;sec ¼ ukr
V2
r;sec

SrT
ð2:29Þ

Xc is the commutation reactance, SrT is the rated power of transformer, ukr is the
short circuit voltage and Vr,sec is the transformer secondary side voltage.

By considering the commutation reactance and ignition angle, the DC voltage
given by (2.27) can be written as

Vdia ¼ Vdi0 � cosðaÞ � ukr
2

ð2:30Þ

The power factor can be calculated assuming symmetrical firing angle and using
positive sequence voltage as a reference.

Valves are triggered using the built in trigger circuit which converts the firing
angle supplied by the converter controller to six correct firing signals of the discrete
thyristors.

2.3.2 Converter Transformer Model

Converter transformer is modelled by three phase three winding transformer, with
grounded Wye-Wye and delta connection. The model uses tap setting arrangement.

2.3.3 LCC Converter Controls

DIgSILENT PowerFactory offers the flexibility to use built in converter controls. In
this work, the built in controls for LCC HVDC system are used.

The LCC controls mainly consist of generation of firing signals, firing angle and
extinction angle measurement. In the studies that will be presented later rectifier is
operated at constant current and firing angle control while inverter have constant
extinction angle and voltage control.

2.3.4 VSC-HVDC Converters

DIgSILENT PowerFactory provides PWM converter model that represents a self
commutated, voltage sourced AC/DC converter.

The circuit in Fig. 2.9 is built from valves with turnoff capability which are
usually realized by GTOs or IGBTs. Fundamental frequency models provided in
DIgSILENT PowerFactory for load flow, and stability are valid for three level
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PWM designs as well. The VSC converter supports sinusoidal and rectangular
modulation.

The model of all steady state functions including RMS simulations and EMT
simulations are based on a fundamental frequency approach. At fundamental fre-
quency, the ideal loss-less converter can be represented by a DC-voltage controlled
AC-voltage source conserving active power between AC and DC side. The Pulse
width modulation index Pm is a control variable of PWM converter.

For |Pm| < 1, the following equations can be applied:

Vacr ¼ K0 PmrVdc ð2:31Þ

Vaci ¼ K0 PmiVdc ð2:32Þ

The active power conversion between AC and DC side can be written as

Pac ¼ Re V�ac I
�
�ac

� � ¼ VdcIdc ¼ Pdc ð2:33Þ

where Vacr is the real part, Vaci is the imaginary part of AC voltage (rms) value, K0

is the constant depending on the modulation method. Pmr and Pmi are real and
imaginary part of modulation index respectively. V−ac is the AC voltage phasor,
I��ac is the conjugate complex value of the current phasor.

2.3.5 VSC-HVDC Controls

The common feature of all VSC-HVDC systems is the generation of a fundamental
frequency AC voltage from a DC voltage; the control of this voltage magnitude and
phase is the basic function of the VSC. The phase angle δ and thus active power
transfer is controlled by shifting the fundamental frequency voltage produced by the
converter. The power transfer can be from AC system to converter or vice versa
depending on the sign of the phase angle difference. Present HVDC schemes are
designed to maintain the nominal DC voltage, and control the converter AC voltage
by means of PWM. In VSC PWM conversion, the AC voltage output is varied by
means of a modulation index defined as the ratio of the required AC voltage

UDC
UAC

Fig. 2.9 PWM converter model in DIgSILENT powerfactory
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magnitude to the maximum AC voltage that can be generated for a given DC size
capacitor. When the magnitude of this modulation index is close to one, converter
voltage is greater than the AC system, and reactive power is transferred to the AC
system. When the index is less than one, converter voltage is lower than the system
voltage, and the converter absorbs reactive power [14].

The control system for a voltage source converter has a hierarchy structure, with
each inner loop to be faster than its outer loop. Vector control also known as dq
current control forms the most inner loop of VSC-HVDC system within this thesis.
In this control strategy, the three phase currents are transformed to d and q axes,
which are then synchronized with the AC system three phase voltage via a phase
locked loop (PLL). The d and q voltages generated by vector control are trans-
formed to three phase quantities and converted into line voltages by the VSC.

Figure 2.10 shows the current controller used in this work. The input currents to
the controller are the converter’s AC currents expressed in a reference frame and
output signals are Pmd and Pmq.

2.3.5.1 Outer Control Loops

Vector current control offers the flexibility of independent control of real and reactive
power by means of dq transformation. Based on this the most inner control loop,
different controls strategies can be applied namely, active power control, reactive
power control, DC voltage control, AC voltage control, and frequency control. The
outer control loops used in the studies within this thesis are described below.

DC Voltage Control

Large variations in a DC system voltage are not acceptable in normal operation of a
VSC-HVDC system as this might lead to power imbalance or equipment failure.
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Fig. 2.10 Current controller
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Therefore, one converter in the DC grid is responsible to maintain a constant DC
voltage. This is achieved by adding an outer loop control that modifies the reference
d-axis current input of the inner current loop. The voltage controller is significantly
slower than the inner current loop.

Figure 2.11 shows the structure of the outer voltage loop. It is feedback control
which requires the measurement of DC link voltage. During a severe disturbance,
large variations in DC link may lead to an unacceptable value of current reference.
Therefore, the output current must be limited.

AC Voltage Control

VSC-HVDC link can also regulate AC side voltage directly with vector current
control loop as the inner loop. The basic operation of this control is similar to the
reactive power control which maintains the grid side AC voltage.

AC voltage control is also a feedback control, as shown in Fig. 2.12 and requires
the AC voltage at the point of control to be measured. VSC-HVDC link with AC
voltage control can provide support to improve the AC network dynamic
performance.

Active and Reactive Power Control

The control of the active power transferred through HVDC link, and the reactive
power generated or absorbed by the VSC can be obtained by means of d and
q current references of the dq current controller [15].

P ¼ vdid ð2:34Þ

Q ¼ � vd iq ð2:35Þ

Inner Current 
LoopPIerror-

+
Vdc

Vdc-ref

Id-max

Id-min

IdId-ref

Fig. 2.11 DC voltage control loop

Inner Current 
LoopPIerror-

+
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Vac-ref

Iq-max

Iq-min

IqIq-ref

Fig. 2.12 AC voltage control loop
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Figure 2.13 shows the feedback control for active and reactive power. Control of
active power transfer can be achieved by manipulating d-axis reference current of
the inner dq current controller. Reactive power absorbed or generated is controlled
by the q-axis reference current of the inner dq current controller.

2.3.6 VSC Control Structure

Figure 2.14 shows the VSC control system including dq current controller, the most
inner control loop, and DC voltage control and reactive power control making the
outer loops [15].

The rated DC voltage is a reference signal for DC voltage control, it is compared
with the measured DC line voltage. The output of the DC control is the d-axis
component of the grid current id−ref. The actual grid current id is compared with the
reference and difference is fed to the d-axis current control. A compensation term
Lgxgiq (where Lg is the grid side filter inductance and xg ¼ h�g) is added for
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Fig. 2.13 Feedback control for real and reactive power loop
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Fig. 2.14 DC voltage control and reactive power control of the converter (adapted from [125])
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decoupling the d and q axis. Grid side d-axis grid voltage is also added as feed-
forward control to current controller output to produce d-axis converter voltage Vdc.

The q-axis current is used to regulate reactive power in the AC grid. The error
signal (Q�ref � Q) is fed to the reactive power control to obtain iq�ref . The error
signal produced by comparing iq�ref and iq is sent to q-axis current controller.
A compensation term �Lgxgid is added for decoupling the control between d axis
and q axis to the output of d axis current controller to produce q axis component Vq.

The two voltage components Vd and Vq are transformed to three phase voltages
for PWM control.

For the other converter, the DC voltage control is replaced by the active power
control, and the reactive power control is replaced by the AC voltage control.

2.4 Thyristor Controlled Series Capacitors (TCSCs)

The TCSC is modelled as a fixed capacitor in parallel with variable inductive
reactance (TCR) as shown in Fig. 2.15.

The TCR and effective TCSC reactance is controlled by firing angle α and is
given by the following equations.

XLðaÞ ¼ XL
p

p� 2a� sin 2a
ð2:36Þ

XTCSCðaÞ ¼ X2
c

ðXc � XLÞ
ð2ðp� aÞþ sinð2ðp� aÞÞÞ

p

þ 4X2
c

ðXc � XLÞ
cos2ðp� aÞ
ðj2 � 1Þ

½j tan jb� tan b�
p

� Xc ð2:37Þ

where j ¼
ffiffiffiffiffi
Xc

XL

r
ð2:38Þ

For practical TCSC implementations, κ is typically between 2 and 4 [4, 126].
TCSCs are usually operated such that XTCSC

XC
is between 2 and 3 [10, 16].

L

C

Fig. 2.15 TCSC block diagram
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In these studies, TCSC is operated in constant impedance control mode. Thyristors
valves are triggered using synchronous voltage reversal approach (SVR) since it
provides better damping characteristics in subsynchronous frequency range [17, 18].
Synchronous voltage reversal scheme exploits the fact that capacitor voltage reversal
occurs during the thyristor conduction interval.When a thyristor is triggered, a current
pulse passes through the thyristor and adds to the line current. Thus, an extra charge is
pushed into the capacitor from the thyristor branch. This is, in addition, to the charge
due to line current such adding an extra voltage across the capacitor. With no losses,
the thyristor valve stops conducting when the capacitor voltage is equal in magnitude
but opposite in the direction as it was at the turn on instant. The maximum reactance
boost depends on the actual line current and the duration of the boosting action.
Figure 2.16 shows the boost in capacitor voltage due to conduction of thyristor
valves. Required TCSC impedance can be obtained by an equivalent, instantaneous
voltage reversal in the middle of the thyristor conduction interval.

Figure 2.17a illustrates TCSC control structure used in this work. The firing
angle is calculated by the impedance control, and start pulse is given to the SVR
unit at tstart as shown Fig. 2.17a, it fires thyristor at tf. Time tf is selected such that
the thyristor current reaches at its peak with a fixed delay, t0. The SVR block
calculates the firing instant, based on the measured instantaneous values of
capacitor voltage and line current using (2.45)–(2.41) [17].

uCZ ¼ uCM þX0iLMkWNðtZ � tMÞ ð2:39Þ

uCZ ¼ X0iLM ½kb� tanðkbÞ� ð2:40Þ

tf ¼ tZ � b
x

ð2:41Þ

where uCZ is the reversal voltage (at instantaneous reversal), uCM is the measured
capacitor voltage, X0 is TCSC reactance at resonance, iLM is the measured line
current, tZ is time instant, when it is desired that the capacitor voltage be zero, tM is

t(sec)

t(sec)
boost

Line current

Capacitor 
voltage

Fig. 2.16 Illustration of capacitor voltage and line current during TCSC operation
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the time when line current and capacitor voltage measurements are made. tf is the
thyrsitor triggering time and β is the angle of advance.

2.5 SSR Analysis Methods

There are several analytical methods developed to study subsynchronous resonance
phenomenon. Three most frequently used techniques both in the industry, and
academia are frequency scanning, eigenvalue analysis and electromagnetic tran-
sients simulations [10, 19, 20]. Calculations and results using these three methods
have been compared with test results, and there is every indication that all three
methods give very good results when accurate data is available [21].

2.5.1 Frequency Scanning Method

Frequency scanning technique involves the determination of the driving point
impedance as a function of frequency, looking into the network from a point behind
the stator winding of a study generator [22]. All the three aspects of SSR namely,
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Fig. 2.17 a TCSC control structure. b Thyristor triggering (adapted from [127])
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Induction generator effect, Torsional interactions and transient torque amplification
can be identified with the help of this technique. Frequency method is best suited
for the preliminary studies.

Presence of reactance minima at the frequency which is near to a slip frequency
(difference between system frequency and a torsional mode frequency) indicates a
potential problem of transient torque amplification. Frequency scanning provides
only an approximation for transient torque amplification if such a problem exists
[10, 21, 22]. However, it clearly indicates that transient torque amplification
problems do not exist if there are no reactance minimum within ±3 Hz of a slip
frequency.

Figure 2.18 adapted from [21] shows the frequency scan results for Navajo
Project for the normal system configuration and all series capacitors in service. This
figure is selected because it clearly demonstrates that all three aspects of SSR can be
identified from frequency scanning method. When frequency scanning is used in
conjunction with “interaction equation” given by (2.42), negative damping caused
by the fixed series compensation can be calculated with reasonable accuracy [23].

Drn ¼ � f � fn
8fnHn

Rsub

R2
sub þX2

sub

� �
þ f þ fn

8fnHn

Rsup

R2
sup þX2

sup

 !
ð2:42Þ

where fn is mechanical modal frequency, Hn is equivalent p.u. stored energy for a
pure modal oscillations, Rsub, Xsub are subsynchronous resistance and reactance
determined by the frequency scan at frequency (f − fn), Rsup, Xsup are

R
ea

ct
an

ce
  (
Ω

)

Fig. 2.18 Frequency scan for the Navajo project generating units (adapted from [9])
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supersynchronous resistance and reactance determined by the frequency scan at
frequency (f + fn), respectively.

In Fig. 2.18 reactance zero or significant reactance dip are highlighted by red
boxes. Figure 2.18 shows that there can be transient torque amplifications problem
for Mode 3 (34 Hz) since slip frequency (60 − 29 = 31) is within ±3 Hz of the
reactance dip. Severity or presence of transient torque amplification can be deter-
mined accurately only from EMT simulations, but frequency scanning is extremely
useful to develop scenarios for EMT simulations.

Frequency scanning on the other hand is the best technique to establish the
existence of induction generator effect. It is indicated when reactance curve passes
through zero at a frequency that corresponds to net negative resistance of the power
network [21, 22]. Figure 2.18 shows that induction generator effect is not a problem
for Navajo generators since resistance is always positive. This is due to damper
windings that were applied to the Navajo generators [24, 25].

Torsional interactions or self excitation due to SSR can be evaluated with
adequate accuracy using frequency scanning method with the interaction equation
developed in [23], given by (2.42).

Formula (2.42) provides the negative damping due to torsional interaction for
Mode n with the system configuration represented in the specific frequency scan-
ning case. It can be observed that (2.42) consists of two parts, subsynchronous and
supersynchronous frequency. First part, subsynchronous part will always contribute
negative damping, and the second part, supersynchronous part will always add
positive damping.

The severity of torsional interactions can be established for Mode n by com-
paring the calculated negative damping given by (2.42) with the Mode n natural
mechanical damping of the turbine generator.

rnet ¼ rn � Drn ð2:43Þ

where rnet is the net damping of a torsional mode, rn is the turbine generator
damping for Mode n and Drn is negative damping due to torsional interactions.

The validity of the frequency scanning method has been tested in several case
studies and now widely used in the industry [22].

2.5.2 Eigenvalue Analysis

Eigenvalue technique presents additional information about the performance of the
system. This type of analysis is performed with linearized model of the network and
the generators using linear set of differential equations. Therefore, this technique is
quite straightforward for studying SSR aspects that can be approximated as linear,
i.e., induction generator effect and torsional interactions [19, 21, 26].
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Eigenvalue analysis provides both the frequencies of oscillations and damping of
each mode, therefore, it is used to investigate the effects of different series com-
pensation levels and systems configurations on the damping of torsional oscillations
[27–30]. Eigenvalue analysis uses standard linear, state space form of system
equations. The eigenvalues of a system matrix A are given by the values of a scalar
parameter λ for which there are nontrivial solutions to (2.44)

A/ ¼ k/ ð2:44Þ

A is a n × n system matrix and ϕ is n × 1 vector
To find the eigenvalues, (2.44) can be written in the form

ðA� kIÞ/ ¼ 0 ð2:45Þ

For a non-trivial solution

det A� kI½ � ¼ 0 ð2:46Þ

Thus for a complex pair of eigenvalues

k ¼ r� jx ð2:47Þ

The imaginary parts of the eigenvalues represent the natural frequencies of the
combined system. The corresponding real part of the eigenvalue is a quantitative
measure of the stability of the mode, a negative real part signifies the modal
stability. The real part of an eigenvalue is a direct measure of the damping of the
mode.

Eigenvalue analysis for torsional interactions first requires identifying those
eigenvalues that corresponds to natural mechanical modes of the turbine generator
unit. The imaginary parts of these eigenvalues represent torsional mode frequencies,
and the real parts indicate the damping of the corresponding mode.

Induction generator effect can also be evaluated with eigenvalue analysis. An
unstable eigenvalue that is only related to electrical system may be an indication of
induction generator effect. By varying the rotor resistance or series compensation,
more insight into induction generator effect can be obtained. There is generally
reasonable correlation between the frequency scanning and eigenvalue analysis
results.

On the other hand, eigenvalues method has several shortcomings.

• The results are only valid for small disturbances, therefore, this technique can’t
be used to study torque amplification.

• Physical nonlinearities of the system can’t be easily included in the model, like
magnetic saturation of generators.

2.5 SSR Analysis Methods 61



• Similarly it is very difficult to represent switching devices, for example thyristor
valves are represented by approximated linear transfer functions that neglect the
effect of switching on the system behaviour.

2.5.3 Electromagnetic Transients Simulations

The Electromagnetic Transients Program (EMTP) is a programme for numerical
integration of the system differential equations. Unlike transient stability pro-
gramme which generally models positive sequence quantities only, representing a
perfectly balanced system, EMTP presents full three phase model of the system
with much more detailed models of the transmission lines, cables, machines and
special devices such as series capacitors with complex bypass arrangements. The
turbine generator unit can be modelled in detail as lumped parameter models and
the bilateral coupling of the mechanical and electrical system is included. It allows
the nonlinear modelling of complex system components providing great flexibility
to model machines and their controllers, transient faults, circuit breaker action and
other types of switching events. Due to its flexibility and generality, EMTP can be
used to study all three types of SSR [10, 19, 21].

2.6 Comparison of SSR Analysis Methods

Table 2.2 provides a direct comparison of these methods. It can be observed that
frequency scanning method has capabilities to detect all three aspects of SSR.
Eigenvalue analysis provides more accurate information about the steady state SSR
(dynamic instability) but cannot detect transient torque amplification problem. EMT
simulations can indicate dynamic instability and transient torques amplification
problem, but are not suitable for the studies in large networks due to very detailed
modelling requirements.

Table 2.2 Comparison of SSR analysis methods

Frequency
scanning

Eigenvalue analysis EMT
simulations

Can identify dynamic instability? Yes Yes Yes

Indicate transient torques
amplification?

Yes No Yes

Detailed models required No Moderate Very

Applicable to large systems Yes Selective eigenvalue
analysis

Impractical

Suitable for analysing effects of
controllers

No Yes Yes
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2.7 Test Networks

Two standard test networks are used within this thesis. The standard AC networks
are presented in the following sections. Modifications made for various case studies
conducted (such as compensation of line or addition of HVDC line), will be
detailed on case by case basis to avoid any ambiguity.

2.7.1 Test Network 1

A large sixteen machine, sixty eight bus is mostly used within this thesis to
investigate SSR phenomenon. This network is presented in the Fig. 2.19 and it was
introduced in [31] and extensively used in [32] for damping controller design
studies. This network represents a reduced order equivalent model of New England
Test System and the New York Power System (NYPS). This network consists of
five separate areas: NETS includes G1-G9; NYPS consists of generators G10-G13
and three further infeeds from neighbouring areas are represented separately by
equivalent generators G14, G15 and G16. With loading details in [32], NYPS area
is importing power from the neighbouring areas due to generation shortage of
approximately 2.7 GW.

All generators are represented by eightth order models. Generators G1-G8 are
equipped with slow DC1A exciter, whilst G9 uses a fast acting ST1A_v2 static
exciter and PSS. The remaining generators (G10-G16) are under constant manual
excitation. Power system loads are represented by constant impedance.

The generator G16 is a dynamic equivalent of the whole area, in most of studies
conducted, it is replaced by the network shown in Fig. 2.20.

G16ðActive PowerÞ ¼ G16-1þG1-1þG8-1þG9-1ð ÞActivePower
G16-1 parameters are same as that of G16 with inertia constant H = 10 while

G1-1, G8-1 and G9-1 have same parameters as G1, G8 and G9 respectively.
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Fig. 2.19 16 Machine, 68 bus test system. Separate areas (NETS, NYPS, G14, G15, G16) and
inter-areas links highlighted
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2.7.2 Test Network 2

A small four machine, two area network presented in Fig. 2.21, is also utilized
within this thesis. It is introduced in [1] for use with small disturbance stability
studies. This system requires roughly 400 MW power transfer from bus 7 to 9
through a long transmission corridor. All generators are represented by eightth
order model neglecting leakage reactance. All four generators are equipped with
ST1A_v1 static exciters and PSSs. All power loads are modelled as constant
impedance.

2.8 Summary

This chapter has presented the modelling details of the power system components
and analysis methods which will be used throughout this thesis.

This chapter began by describing the basic operation and structure of syn-
chronous machine. Insight into synchronous mechanical and electrical mechanism
provides the fundamental knowledge to perform, and analyse subsynchronous
resonance phenomenon. Then mathematical models of the power system

18
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Fig. 2.21 Kundur two-area test network (adapted from [1])
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components used in the studies within these theses are described. The models
included, synchronous machine model and its associated controls, transmission
lines, and loads. The models for LCC-HVDC system, VSC-HVDC system and
TCSC are also presented.

The chapter briefly reviews the most commonly used subsynchronous resonance
analysis methods. These three methods are employed throughout this thesis to
perform SSR analysis. Finally, the test networks used throughout this research have
been introduced.
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