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Abstract

The electromechanical oscillations damping through threlssonous generator is analyzed in this work.
Traditionally, this has been achieved using a conventiBioaler System Stabilizer PSS controller, which
has the aim of enhancing the dynamic stability of the genethtough the excitation control system, there-
fore a PSS tuning methodology is developed and tested. Mergother damping control alternative for
the synchronous generator based on signal estimatiomtieproposed in this thesis.

Initially, a detailed modelling of the Synchronous Machinenite Bus SM-IB system has been accom-
plished in order to study the electromechanical interadtietween a single generator and the power system.
The SM-IB system model is the base to analyze and to tune tBecB&roller. It was concluded that it is
not necessary to include the damper windings dynamics isytsiem phase lag analysis since, in the PSS
frequency range of interest, the biggest phase lag difeerércluding them was abo@i© . This difference
could be considered not suf cient to include the sub-transmodel in the PSS tuning analysis. Therefore,
the linearized transient model of the system is a suitabléehior the tuning process.

Secondly, the main concepts for a PSS tuning methodologghwébased on linear control system theory,
are established. Speci cally, frequency response teclasicare used to de ne the setting for the lead lag
Iters time constants and PSS gain. This is supported onahethat the predominant trend in the industry
is still to use frequency response based tuning methods¢v2h more in the case of PSS providers who
should tune the controller having detailed informationathtbe generator but not exact details about the
connecting grid. The methodology is implemented as a sofwaol in Matlab/Simulink R2011b using
the mathematical model of the excitation system providetheycompany VG Power AB and giving the
option to chose between static and rotating type of exgiteisalso designed considering the rotor speed
change as input signal to the PSS. The performance of the RS8$he achieved tuning is validated via
simulations in the complete SM-IB system model. Furtheemarsensitivity analysis of the local oscillation
mode damping to changes in the system operating point iedarut verifying the robustness of the tuning
process. In all analyzed cases, the minimum damping of tted lnode was never less tha@%

Finally, the application of a Phasor Power Oscillation DamgPOD controller to the excitation control
system in the synchronous generator is studied. Nowad&/3,fBr inter-area oscillation modes in power
systems is also achieved through FACTS. Control strucusigy low-pass lter based and recursive least
square based estimation methods to extract the oscillammponent of a signal has been successfully
applied to control FACTS]3]/[17] and][5] achieving dampifidie same idea is used in this work to de ne
an alternative controller for the generator which is based tow-pass Iter based signal estimation algo-
rithm. The analysis is done again using the SM-IB system.clitained results indicate that the alternative
controller is able to damp successfully the local osciiatinode that appear after applying a disturbance to
the system. However, deeper studies are needed in ordeatdd® compare fairly the performance of the
PSS and the Phasor POD controller when they are applied ®&ytiehronous generator. Additionally, the
proposed control approach should be test in a power systetelrabhigher order. These are recommended
topics for future work.

Index Terms: Synchronous Generator, PSS Tuning, Signal Estimatiorsd?iROD Controller.
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Acronyms

AVR Automatic Voltage regulator

PSS Power System Stabilizer

SM-IB Synchronous Machine - In nite Bus
POD Power Oscillation Damping

FACTS Flexible AC Transmission System
TCSC Thyristor Controlled Series Capacitor
AC Direct Current

DC Direct Current

P1 Proportional and Integral

LMI Linear Matrix Inequality

LPF Low-Pass Filter
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Chapter 1

Introduction

1.1 Problem Background

The increasing magnitude and complexity of interconnepteder systems due to competitive energy mar-
kets, economy and population development have createdett 1o operate the power systems close to
their capacity limits. This leads sometimes to stabilitpliems or poor dynamic behaviours like power
oscillations. These oscillations can cause a reductiohetystem components lifetime, expensive opera-
tions of the electrical grids and in the worst case, risksasfigl system collapses. On the other hand, in the
synchronous generator, the damping that the eld and damjetings provide to the rotor oscillations is
weakened due to excitation control system action. The refzsdhis is that in the rotor circuits appear ad-
ditional currents induced by the voltage regulation andéhaurrents oppose to the currents induced by the
rotor speed deviations[1L8]. Therefore, an additionalibzaty signal was needed and the Power System
Stabilizer PSS was developed with this aim/[14].

The PSS is a feedback controller, part of the control systera §ynchronous generator, which provides
an additional signal that is added to the input summing patitite Automatic Voltage Regulator AVR. The
PSS main function is to damp generator rotor oscillationhérange from 0.1 to 2.5 Hz approximately,
which according to[111], are oscillations due to electrohstcal dynamics and are called electromechani-
cal oscillations. By adding the stabilizing signal the PS&«ipected to produce an electric torque component
that counteracts the mechanical dynamics. The producettiel®orque component should be in phase with
the deviations of the generator rotor speed in order to betaldamp the oscillations.

Different input signals have been used to extract the rafoillations. The most common input signals
are the active power, the terminal frequency and the shaéidfil], [14], [18]. In the classical PSS, the in-
put signal passes through a washout Iter which is a high dessthat prevents the PSS to act when slow
changes (operating point changes) occur. This lter de tfes frequency from which the PSS begins to
operate. The PSS is also constituted by a phase compenakgaithm by using lead lag lters, which are
introduced to supply the phase shift needed to compengatieefphase lag between the excitation system
input and the resulting electric torque.

To provide effective damping and ensure the stability ofsyigem, the PSS should be carefully tuned.
The tuning process is a topic of big interest for excitatigatems and PSS manufacturers, who should
complete the commissioning of a controller with a suitabiel aobust tuning according to the specic
generator where the PSS is added and to the different opgainditions of the system. Therefore, ana-
lytical methodologies to tune the PSS in order to achieveatriationed conditions becomes of relevant
importance. The task of controller tuning should be supabih formal methods and not only in the
knowledge generated by the eld experience. Several meathade been used and are available in the
literature to tune the PSS. Those methods could be maindgicta in linear and non-linear approach, as
described in[[4]. Among the linear design methods are: Ptdedment, Pole-Shifting, Linear Quadratic
Regulator Formulation, Linear Matrix Inequalities, Lime&@ptimal Control, Quantitative Feedback The-
ory, Eigenvalue Sensitivity Analysis, Sliding Mode Cortamd Conventional P-Vr Method. Among the
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non-linear methods of design are: Adaptive Control, Genlgorithm, Tabu Search, Particle Swarm Op-
timization, Simulated Annealing, Neuronal Networks, SaippYector Machine, Fuzzy Logic, Rule-Based
Method, Lyapunov Method, Frequency Response Methodsifaisaty Methods, Agent Technology, Gain

Scheduling Method, Phasor Measurement, Optimization btitlandH, Based Optimizatiori[4].

However, two important aspects should be considered gbdinig regarding the tuning and performance
of the classical PSS for electromechanical oscillation giagn

First, a dif culty of the PSS tuning appear when it is consitleat the modes of oscillations that
must be compensated by the controller vary with the opegagtaint of the system and the network
reactance seen at the generator terminals [21]. The leatdeare to be design to provide damping
for a xed oscillation frequency or a narrow range of frequ&s close to it. However, the power
system is a dynamic system and other poorly damped osoiiatnodes can appear. Therefore, the
good performance of the PSS is limited to an operating paiatmarrow frequency range for which
it is tuned.

Second, the PSS is de ned to provide damping for local aredlagons. The traditional PSS tuning
process is based on a Synchronous Machine In nite Bus SM-tileh which doesn't allow consi-
dering the entire dynamic interactions at which the geoenatll be exposed to. That may de ne
the oscillations modes that the PSS should damp and therifating its effectiveness in damping
inter-area oscillations. Additionally, for damping botbcal and inter-area modes, it is required a
phase compensation over a wider frequency range, which madif bult to achieve.

The classical PSS drawbacks makes it interesting to stumy btpes of control structures. Power Osci-
llation Damping POD in the power system has been also adthiegeradays through FACTS controllers.
The conventional control strategy for FACTS to provide P@Biimilar to the one used for the generator
using the classical PSS (a cascade of washout and lead ¢éag).lHowever, the same limitations described
before are valid in this case; adding the fact that the slaspoase of the washout Iters causes a slow
response for the FACTS control system. Consequently, @itwetrol structures are being investigated and
implemented to control FACTS in order to provide a propeedtipn of active and reactive power to the
grid that allows to obtain electromechanical oscillatidasnping, speci cally for inter-area modes [3]] [6].
Therefore, it is interesting to investigate if those othentcol structures, which differs mainly in the way
how the oscillation angle is extracted, could be impleméintethe generator control system to overcome
the presented dif culties of the classical PSS based onlegdters. This analysis would be of interest for
the academy and the industry.

Finally, this project will be developed in close collabaoatwith the company VG Power AB, manu-
facturer of synchronous generators and provider of exaitalystems, which is interested in a software tool
based on an analytical method to tune the classical PSS paenThe advantage of the tool is that it will
allow having an initial settings which could be slightly med during the PSS commissioning process.

1.2 Purpose

The purpose of this master thesis project is to develop aadetbhgy to tune the classical PSS applied
to the synchronous generator with particular focus on the lag lters. Additionally, the aim of this
work is extended to study the application of an alternatimetiol structure to the generator for damping
electromechanical oscillations, which is based on sigsiitation theory.

1.3 Scope

The tuning algorithm to be developed is constrained to alyaisdn a SM-IB model. Moreover, the analysis
of the PSS performance and the application of the other @bstructure is conceived as a theoretical
analysis with the results supported by simulations.
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1.4 Method

The rst step is to develop a SM-IB model in MATLAB. The AVR, eiter and PSS will be modelled
in MATLAB/Simulink according to information provided by V®@ower AB. The next step is to perform
the PSS tuning analysis using the SM-IB model. For this tag MAB Control System Toolbox will be
used to build an automatic tool to tune the lead lag Itershie PSS compensation stage. A detailed study
of Synchronous Machine Modelling, Control Theory, FrequieDomain Techniques and Modal Analysis
needs to be done in order to de ne the nal tuning methodoltwt will be programmed in MATLAB.
Additionally, commissioning and eld PSS tuning experiertty VG Power AB will enrich the methodol-

0ogy.

After the MATLAB tool has been built and test, a theoreticahlysis of the PSS performance to damp
electromechanical oscillations will be carried out. Othentrol structure reported in the literature that is
being used in the power system to damp oscillations will bedyered considering aspect as principle of
operation, advantages and drawbacks. A deep study of tidtotstructure will open the possibility to
evaluate if it can be implemented as a controller in the syorobus generator. Simulations will be per-
formed.

Finally, all the studies and simulations will be presented inal report of the thesis project including
detailed description and instructions how to use the tusafgvare. It is also important to mention as part
of the method of working in this project that periodical megs will be held with VG Power AB engi-
neers for technical discussions, transfer of informatiwthi@quired data and to evaluate the progress of the
project. However, the thesis will be developed at Chalmaeriséssity of Technology.
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Chapter 2

Synchronous Machine In nite Bus
Modelling

In this chapter the modelling stages of the SM-IB system s&ary to study its dynamic behaviour are
presented. A diagram of the SM-IB system is shown in [Eig. Bhke synchronous machine is connected to
the in nite bus through a transmission system represenyea tbansformer and a line with reactance and
resistanceX, X, Ry andR_ respectively.

O—+-D—T )
U R.X, R.X, Ey

SM s IB

Fig. 2.1 Diagram of the SM-IB System

The SM-IB system can be considered as a theoretical simptersythat allows to study the electrome-
chanical interaction between a single generator and theepsystem. It is not useful for studies of large
power systems but it helps to understand the effect of thet, @ mper circuits and the excitation system in
the dynamic response of a single generator [11]. The SM-HBesy model is also the base to analyze and
to tune the PSS controller to enhance the dynamic stabilitheogenerator through the excitation control
system. Different degree of details are presented in thepteimand linearized models of the SM-IB system
described in this chapter. The linearized model will be gadlé model for PSS tuning while the complete
one will allow to test the results reached from the PSS tupiragess and from the application of other
control structures to damp power oscillations in the powstean. The parameters of the test generator and
the models used for the excitation system are provided by b{@eP AB and are presented in Appendix A.

2.1 SM-IB Complete Model

The model developed in this section includes a detailed emashical model of the synchronous generator
which consider stator and rotor windings ux dynamics antbranechanical dynamics. It also includes the
mathematical model of the transmission system, currerdmhyes and the in nite bus, which is represented
as a constant voltage. The modelled system is shown i Flig. 2.

It is assumed that the generator to be modelled has threw statdings and in the rotor, one eld
winding which is connected to a source of direct current,thnele damper or amortisseur windings which
is assumed to have a current owing in closed circuits, as &Hown in the circuit of Fig. 212. From the
gure it is also observed that the rotor circuit is in dg coimates. In the model, the eld ux is considered
to be aligned to the d-axis, where there is also a damper agntti. The other two damper windings 1q and
2q are placed in the g-axis. The dq reference system is amgpistem and to express the stator circuit in



Chapter 2. Synchronous Machine In nite Bus Modelling

the same reference, the dg Transformation is used, spdlgi Bawer Invariant Transformation [11]. The
transformations equations for three phase systems arengegsin Appendix B. The anglein Fig.[2.2

is the transformation angle and it represents the angle hghwhe d-axis leads the magnetic axis of the
a-phase windind [11].

47\(0
. . > b
q-axis d-axis i
v \
. \ &
4 N \ <
“ AN Ve
| ) %\ > oa
Axis of phase a —>
&“/‘ €a
e
> hC
Rotor Stator ic

Fig. 2.2 Synchronous Machine Stator and Rotor Circuits

The equations of the synchronous machine that are presanstéullows are stated under generator
convention for polarities (positive direction of statorri@nts going out of the machine) and assuming
positive direction of eld and damper windings currents dogiinto the machine [11]. In the equations,
including the ones of the external network, all quantities@esented in per unit except for the time which is
presented in seconds, and balanced conditions are assum@dmeans that not zero sequence component
is included.

Stator Voltage Equations

- 1d B
Usg = To dtsd Py sq Rsisd
- 1d ;
Usq = Iy G-t !'r sa Rsigg (2.1)

WhereUsq, Usq, isd, isq, sd, sq @re the stator voltage, current and ux components in thesfligrence
system! g is the synchronous electrical angular spégdis the rotor speed aris is the stator resistance.

Rotor Voltage Equations

o dt
0= L9104 Rygi 2.2
s 1di1d (2.2)
_ 1d ;
0= =5+ Ruglig
— 1d ;
= 15 a * Radlzg

WhereUsq, ita , Ra are the eld voltage, current and resistance respectivedyiiq, i2q, 1d: 1q, 29
R1d, Riq, R2q are the damper winding current, ux and resistance comptsriarthe dq reference system.
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Stator Flux Linkage Equations

Lsdisd + Lmditd + Lmdiid

sd

sq = Lsgisg+ Lmgizg* Lmgizg (2.3)

WhereL sq, Lsq, Lmdg andL mq are the stator and mutual inductance components in the elcprefe system.

Rotor Flux Linkage Equations

fd = Lmdisd+ Ltditd + Lmditg
1d= Lmdisq+ Lmdita + Lidig (2.4)
19 = I-mqisq"' quilq"' I-mqi2q
2q = Lmqisq+ Lmqi1q+ quizq

WhereL¢q is the eld inductancel 14, L 14 andL o4 are the damper windings inductance components in
the dq reference system.
Inductances
The inductances introduced in the previous equations anedas:
Ls¢ = Lma + Ls
Lsg=Lmg *+ Ls (2.5)
Lfd = Lma + Lt
Lig=Lmd + L1d
qu = Lmq + L]_q

L2g = Lmg * Log

Where the subscript means the leakage component of the inductance.

Electrical Airgap Torque

The electrical torqué&, produced by the generator is calculated as:

Te = sdisq sqisd (2.6)

Equations of Motion

For power system analysis, it is used to consider the whode of a generation unit (generator and turbine)
as one rigid rotating mass|[7]. The mechanical dynamics énrtior are represented by the following
equations considered as a single-mass model:

2H détr =Tm Te Kp!, (2.7)

!loddtr = 1 (2.8)

WhereH is the inertia time constant of the entire rotor of the sysexpressed in second§y, is the
mechanical torqud, is the electrical torqués p is the damping torque coef cient given in p.u. torque/p.u.
speed and, is the angular position of the rotor with respect to a refeesiname which is synchronously
rotating. It is important to mention that the angular spekd grid connected synchronous machine may
be expressed as a deviation from the nominal sgéed [7] asecseen from(2]8). Equatio (2.7) is usually
calledSwing Equatiorand represents the acceleration of the rotor as a consegjoéadorque unbalance
on the shaft.
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External Network Equations

Considering the system presented in Eigl 2.1, the followipgations accomplishes the mathematical model
of the SM-IB system:

— ; ; di
Usd - EBd + RE|sd !rXE|sq+ ZE S

0
Usg = Egq + Reisg+ ! [ Xpigg + X& dlsa (2.9)
q q q !

WhereX g is the total external reactang + X, Rg is the total external resistan& + R, andEgqg
andEgq are the in nite bus voltage vectdg components expressed in the dq reference system. Since the
rotor position is taken as a reference, the in nite bus \gataectoEg is de ned referred to the rotor side

as:

Eg = Egg + JEq = Eg sin( () + JEg cos() (2.10)

The in nite bus is de ned to have constant voltage, therefeg remains constant when a disturbance is
applied to the system. If the system conditions chaigewill change to represent a different operating
condition of the external network [11].

Finally, the electrical equations of the SM-IB system caulizavn as a circuit. In Fi§. 2.3 the equivalent
circuit representation is shown.

L, R + OV, —

L, R — Y+

Fig. 2.3 SM-IB Equivalent Circuit - d and g Components

As a general observation, the purpose of the damper windintye synchronous generator is to coun-
teract changes of the magnetic airgap ux to obtain betteragyic performance of the system (damp out
oscillations[[11]) and to protect the eld winding from higlurrents in the case of big disturbances on the
stator sidel[[[7]. Additionally, according to the type of motmnstruction and the frequency range in which
the mathematical model should represent the machine dkastics, the number of rotor circuits (dampers
or eld) to be modelled is determined. If the model is useddgstem stability analysis, more than two or
three rotor circuits in each axis are not necessary [11]rd&fbee, the model presented in this section is a
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complete model that consider all the dynamics in the geaeaad in the transmission network.

2.2 Excitation System Models

The excitation control system provides the direct curreitthié eld winding. In addition to terminal voltage
regulation, the control system performs other tasks asligia and protecting functions. By controlling
the current supplied to the eld winding by the exciter, théRAregulates the terminal voltage. A voltage
error is obtained by comparing the measured terminal velteith the reference voltage. This error is pro-
cessed to calculate a voltage reference signal for theagiait That reference alters the exciter output and
thereby the generator eld current, eliminating the terativoltage error.

The exciter constitutes the power stage of the excitatistesy [11]. It supplies the DC power to the
eld winding in the synchronous generator. Generally, tReiters are classi ed as rotating or static. In ro-
tating ones the excitation current is supplied either by &wo&nerator with recti ers or by a DC generator.
In static ones the excitation currentis provided usindethyristor converters which are directly controlled
by the AVR. In this case, an additional auxiliary servicengfmrmer or a generator output transformer are
the used types of supply. The main disadvantage of the statiters is that they need to use slip rings to
feed current to the generator rotor [18].

Many models of excitations systems for power stability gsial can be found in the IEEE standard
421.5 2005[[11]. The excitation system models that will besid@red in this work are the models provided
by VG Power AB which have some similarities with the standards presented inl[1]. Two types of exciter
will be considered, static and rotating exciter as in shawfig.[2.4 and Fid.2]5. The models represent the
voltage transducer, the AVR and the excitgg; andV; are the reference and terminal voltage sigrils,
andK; are the proportional and integral gain of the AVR, is the time constant of the terminal voltage
transducerT, is the time constant of a low pass lter to represent a delag udigital type of AVR,S,
is a function that represents the saturation of the exeit@nivhich wont be considered in this work so it is
set to zeroKg andTg are the gain and time constant of the rotating exciterkhgdand Ty are the gain
and time constant of a derivative lter that provides exiida system stabilizatiori [1]. The AVR structure
corresponds to a Proportional Integral PI controller whaohpli es and integrates the voltage error. The
control action is limited to the minimum and maximum ceilirgitage of the converter or power supply unit.

A signal coming from a PSS can be added to the voltage referiartbe AVR input, this signal is used
to modulate the excitation of the generator with the aim dfi@dng rotor oscillations damping as it will
be explain as follows.

Gy (s)
e T TTTTTTT !
AVR r -
V | Model Ceiling 1|
pss | K Voltage |
! y > — 1 Limiter !
| pmax Ky v |
V +v : r- | + " Rmax :
ref t Y i min +
S ho| K —E)— U,
| ’ 1457, .
-1 | | — V.. |
L Vi Digital Type " |
I AVR |
4 . S —
Ll p
1+sT !
Terminal Voltage
Transducer

Fig. 2.4 VG Power AB Excitation System Model - Static Exciter
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Gy (s)
Rotating Exciter :
Model |
Ceiling !
V Voltage S e < :
Pss Digital Type  Limiter I
AVR v |
+ Rmax [}
Vref + 1 1 : de
2 1457, K, +sT, >

By 4 £ :

v,
Rmin _I ,
E., !
v, Ks | . |
D [
1+S]; 1
|
Derivative Filter 1

1 v
1+sT !

Terminal Voltage
Transducer

Fig. 2.5 VG Power AB Excitation System Model - Rotating Exciter

2.3 PSS Model

The PSS is a feedback controller, part of the control systera §ynchronous generator, which acts through
the excitation system, adding a signal to modulate the alttage. The PSS main function is to damp
generator rotor oscillations in the range from 0.1 to 2.5 Hpraximately, which according t¢ [11], are
oscillations due to electromechanical dynamics and atectalectromechanical oscillations. To provide
damping, the PSS should produce an electric torque comptrercounteracts the mechanical dynamics
as is shown in[(2]7). The created electric torque comportentld be in phase with the deviations of the
generator rotor speed to constitute a damping torque coemtofo achieve this, the PSS must compensate
the phase difference between the excitation system inglitrenelectric torque.

The idea of power stabilization is that the voltage contystem should take the control decision based
on the voltage error only if there is no rotor speed deviati@ut, if oscillations in the rotor speed appear,
the voltage control system must produce a control signadas the voltage error and on an additional
signal from the PSS.

The input signals to the PSS are measured at the generaton#és and determine the type of speci c
structure of the controller. Among the most modern PSS aettes withDual Inputwhich use the ro-
tor speed deviation and the active power to calculate thgligiag signal and are called Type PSS2B in
IEEE standard 421.5 2005 [1]; and thieiltibandwhich use the rotor speed deviation and particularly, have
three working frequency bands dedicated to different fezqy oscillation modes, they are also called Type
PSS4BI[1]. Figur€ 216 shows a block diagram of a generaliredtsire of the PSS with a single input that
is commonly used]1]. Each block in the model correspondsrtmia component which are described as
follows:

I | VSSTI&X
Sonal [ 1 T st | [1asr| [lest] !
Signal S +5 +S +S pss
wl N Ksl % nl n3 nl0 |
1+sTy| |1+5T, ST | [T+ sT,| | THsTy, |
Transducer Washout Gain = - Vpssmin
Filter Filter Phase Compensation Algorithm L
Limiter

Cascade Lead-Lag Filters

Fig. 2.6 General PSS Structure Model
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Initially, a Transducer Filterrepresents the measurement transducer that gives a sfghalrneasured
quantity. Then, &Vashout Filterwhich is a high pass lter, is used to de ne the frequency fratnich the
PSS begins to operate. The measured signal is passed thitusigher to prevent the PSS to act when
slow changes occur (operating point changes).Gam determines the level of damping provided with the
PSS. The PSS is also constituted biplease Compensatiadgorithm by using lead lag Iters. The phase
difference between the excitation system input and thetieglelectrical torque is compensated using a
cascade of lead lag lters. Finally,lamiter is used to keep the PSS output voltage within a range of values
that it can be added to the voltage error in the AVR.

The PSS model that will be used in this work for the theoré®SS tuning analysis is the one repre-
sented in Fid. 216 using rotor speed deviations as inpussitfrother input signal is used with this structure,
additional phase shift could be required from the stahilitrethe modefl is the transducer Iter time con-
stant, Ty 1 is the washout lter time constant,,;, Th3 andTp 10 are the leading time constan®;,, Tq4
andTq11 are the lag time constants akd; is the PSS gain.

2.4 SM-IB Linearized Reduced Order Model

Several simpli cations can be applied to the complete mpdesented in Sectidn 2.1 when the intention is
to perform small signal analysis for PSS tuning. Small sigmalysis in this work is referred to analysis in
steady state or under small disturbances applied to therayst disturbance is considered small if the effect
that it has in the system can be analized with linearized tezpswithout relevant lost of accuracy [11]. A
linearized model is therefore only valid around a statigregrerating point of the system.

Accordingly, the small signal stability is the ability ofdlsystem to remain in synchronism when small
disturbances occur. As is stated(in][11], the synchronowhima rotor oscillations due to lack of damping
torque can be seen as a small signal stability problem. linctse, a linearized reduced order model of
the SM-IB can provide good representation of the dynamipgaese of the system to analyze the damping
effect that a PSS can introduce. Thus, in this section retlocger and linearized models of the SM-I1B
system shown in Fi§. 2.1 are presented.

The main starting assumptions made to develop the reduckst orodels are discussed in[11] and
listed as follows:

The stator ux and transmission network current dynamiesregglected.
The effect of changes in speed in the stator voltage equsisamt considered.

The model is linearized around a operating pokat o) and it is expressed in the form:
X=A X+B u (2.11)

WhereA is theState MatrixandB is thelnput Matrix.  x is theStates Vectoand u is thelnputs Vector
The notation with  represents a small signal variation around an equilibriomtg5].

2.4.1 Transient Model

The linearizedTransient Models a model developed adding the assumption that the dampelingis
effects are neglected. It includes the mechanical dynarttieseffect of the eld ux variations and the
effect of the excitation system. Equatiohs {2.1)fo](2.8)larearized, reduced to an appropriate form and
then combined with the external network equation$inl (23jetvelop the linearized state-space model of
the system that will be presented as follows. The completih@naatical derivation is i [11] where the
reader is referred for more details.

Let's start considering the equations of motion and the etdtage equation of the synchronous ma-
chine combined with the external network equations to oletithe linearized state-space model of the
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system[[11]. For this model the state variables are the angular speed, the rotor angular position and
the eld ux. The voltage of the in nite bus is de ned to be catant therefore there is no input for it in
the model. The inputs to the system are the mechanical t@adehe eld voltage, however the last one
will be determined by the excitation system later in thissadtion. With these states and inputs a linearized
state-space model of the SM-IB system can be expressed as:

2 3 2 32 3 2
i Aun A A by Bis O T
4 L« 9=4 A, O o 54 . 5+4 0 0 5 Um (2.12)
td 0 Az Ass fd 0 Ba fd
Where,
KD Kl
Ap= =0 Ap= -t
T 27 2H
K2
= . =1
A13 2H A21 -0
R I oR 0
Az = 07 m L2g Ass= E fd (1 Lmd + Mzl ma)
f f
1 'oRsd
By = — B3, =
1 2H % I—md

andL?, is the d-axis mutual transient inductance and it is de nedgithe d-axis stator transient induc-
tanceL?, asL%, = LY, Ls . Moreover, due to per unit valudsl, = X &, whereX 2, is the d-axis stator
transient reactance, a standard parameter of the synasonachine commonly used. An aspect to men-
tion at this point is that in this work it is not considered tiepresentation of saturation in the inductances

used in the model. The constaits andK , are de ned as:

Kl = nl(l—md( isd0+ ifd O)+ Lmqisdo) ml( Lmqisq0+ Lomdiqu) (2-13)
. . . . . Lo
K2 =n2(Lma( isdo+ itd0) + Lmgisdo) M2( Lmqisqo+ L?nd|sq0)+ ernd I'sqo (2.14)

Where the subscrifit denotes the initial steady-state value of the variables and

o= Eg (Rtot Sin o+ Xtotd COS r0) N, = Rrot L md
1- 2=
R%O»[ + XTotq XTotd R%ot + XTotq XTotd Lmd + Lf
_ Es (XTotq sin vo  Rrot COS 1) _ XTotq L md
mp = 2 - )

R12-0t + XTotq XTotd R%ot + XTotq XTotd Lmd + Lf

De ning Rtot = Rs+ Rg, X1otg = Xg + ng, Xtotg = Xg *+ Xsq. Additionally, the angle, o represents
the initial steady-state value of the angle by which the Bymigous machine leads the in nite bus, taking
as reference the in nite bus angle as is shown in[Eid. 2.7 wheis the internal rotor angle of the machine.
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EBd

d-axis

Fig. 2.7 SM-IB Voltage Phasor Diagrarn [111]

After substitutions and reorganization of the system dqoat(mathematical procedure that is clearly
detailed in[[11]), the linearized form of the electricaldae equation can be written as:

Te=Ki1 +Kz2 (2.15)

The rst term in [2.I5) is in phase with ; and is a synchronizing torque component. The second term
results from eld ux variations which are determined by ttiérd differential equation in{2.12). By rear-
ranging and grouping terms in that equation it is obtainadt th

_ Kjs
T 1+5sT;

Observe thai{2.16) is presented in Laplace domain. Thet@oissof the equation are de ned as follows,
whereTd, is the d-axis open circuit transient time constant of the e

fd ( Ua Ka o) (2.16)

L 1
Ks= T d( X ) (2.17)
m
1 —L:n + mQLI(.)nd
LO L
Ky= —md=md gy (2.18)
Lt
L
To= KoTQ—2 (2.19)
L+t

To add the effect of the excitation system in the linearizextieh, the change in the terminal voltage is
expressed[11] as:

Vt = K5 r t K6 fd (220)
Where,
Ks= 9599 Rymy+ Lo ny+ L + 00 RN, L L9 2.21
5— VtO ( sy s N1 mqnl) VtO ( sN1 s M1 mdml) ( . )
Ks = USdO Uqu 0 1
6= ( Rsma+ Ls na+ Lmgno) + ( Rsnz Ls ma+ Lpg(+—  my)) (2.22)
Vio Vio Lt

Considering the block diagram of the excitation system sttitic exciter presented in Fig._ 2.4, the next
linear expression is derived:

S V= (Vi Vi) (223)
r

Replacing [(2.20) in[(Z.23) and changing from frequency neetidomain, a new differential equation is
obtained that will increase by one the order of the lineariz®del:

1
Vet = T—(Ks r+ Ke 14 Vit ) (2.24)
r
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The new state variable is the measured terminal voliage On the other hand, again from the block
diagram in Fig[Z}¥ an expression for the eld voltage is dedi
KpKi 1

S )(m)(vref Vint ) (2.25)

Ug = (Kp+

Which in perturbed values and assuming constant voltageaete will be:

KoKiy 1

S 1+ sT,

Ug = (Kp + ) Vi) (2.26)

Replacing[(2.26) in the differential equation for the eldx changes in({2.12) and reorganizing, the com-
plete steady-state model of the system is obtained:

2 1y 32 A Az Az O 32 Ly 32 Bu 3
§ :d é: § Aél AZz Ags A(3)4 ég frd * 8 é Tm (227)
Vint 0 Asx Az Au Vit 0
Where,
Azp = Baa(Kp+ Kppr)(1+lpT4)i Agp = }fr—f; Az = lfr_:s; Ay = T_lr and

p represents the time derivative of the signal. Finally, thaations that describe the linearized transient
model can be represented in a block diagram as is shown i@EgMore details regarding the process of
building the linearized model and the block diagram of the- lB\ystem for small signal stability analysis
can be found in[9],[10] and [1.1]. With this modelling appcbathe dynamic characteristics of the system
are expressed through th€’ constants. Observe in the block diagram, that the termuitdge transducer
and the excitation systefy g (s) blocks are the same as in Fig.]2.4 and Eigl 2.5.

AI/p‘\n\'
Excitation
n System _
SR I6 N PN D)l Ao ra] | A,
6\S > — >
~ o 1+sT; N
AV, .
1 AV, Z+ Kl
vt [ )% s[°

Terminal Voltage
Transducer

Fig. 2.8 Block Diagram SM-IB Linearized Transient Mod€el]11]

2.4.2 Transient Model for System Phase Analysis

When the purpose of the modelling is the PSS tuning some mations are made to the model of Hig.]2.8
in order to make it suitable to analize the phase compemsttat the PSS should provide to the system.
To add damping to the rotor oscillations, the PSS has to gteedhat the created torque component is in
phase with the rotor speed deviations. To achieve this itthaempensate the phase lag that the excitation
system and the eld circuit of the generator introduce bemvihe excitation system input and the electrical
torque.

To determine the phase shift, the rst step is to calculageftbquency response between the excitation
system input and the electrical torque. To do that, the repered and angle should remain constant due
to when the excitation of the generator is modulated, thegaahat results in the electrical torque causes
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variations in rotor speed and angle that will affect the wleal torque [11]. Therefore, the rotor angle
variation effect is eliminated from the model and in that vilag rotor speed is kept constant. The block
diagram of the modi ed model, that will be called tAeansient Modefor system phase analysis and is
used for investigating the phase lag in the system, is ptedém Fig[2.9.

AVPSS Excitation
System
AVref + X Al]jd K Al//fd A];
3 ;
—»@)—» Gyl s)—>> | K, —
e 1457,
AV, K
6
1 AV,
1+sT.|

Terminal Voltage
Transducer

Fig. 2.9 Block Diagram SM-IB Transient Model for System Phase Anialys

2.4.3 Sub-Transient Model for System Phase Analysis

To evaluate the effect that damper windings could have irptiese characteristic of the generator within
the PSS frequency range of interest or, what is the sameinviith frequency range of electromechanical
oscillations, the transient model of F[g. .9 is expandedawsider damper windings dynamics resulting
in a model that is valid in the sub-transient time frame arad will be called theSub-Transient Moddbr
system phase analysis.

Taken into account the main starting assumptions and faliguhe same procedure that was used
in [11] to develop the transient model, the constants ofrtiislel are determined considering the four rotor
circuit equations in[(2]2) and(2.4). Analogue to the transicase, the linearized form of the electrical
torque equation can be written as|[11]:

Te= K1 1+ Kz g+ Kod 1d+Kog 19+ Kag 2 (2.28)
Where,
Ki=n1(Lmd( isdo+ itdo)+ Lﬁ%isdo) M1( Lmgisqo + L2 isqo) (2.29)
i ; 00 ; ; 00 ; Lo
KZ = nZ(Lmd( Isdo t ltd 0) + LquSdO) m2( Lmq'sqo + Lmd|sq0) + ﬁ'sqo (2-30)
i ; 00 ; i 00 Lo
K21d = n3(|—md( Isdo * ltd 0) + LquSdO) m3( Lmq'sqo + Lmd|sq0) + ﬁ'sqo (2-31)
00
K21q = n4(|-md( ist + ifd 0) + L?noqisdo) m4( Lmqisqo + Lﬁ%isqo) Llﬂisdo (2-32)
q
00
. . . . . mqg -
K22q = nS(Lmd( Isdo * ltd 0) + I—%oq|sd0) m5( Lmq'sqo + L%od|sq0) j'sdo (2-33)

andL?nOd andL%Oq are the d-axis and g-axis mutual sub-transient inductarit¢esy are de ned using the
d-axis and g-axis stator sub-transientinductahg§sandL 33 asL 3%, = LY Ls andLpy = LY Ls .
Moreover, due to per unit valueis3} = X % andL 3] = X whereX i andX & are the d-axis and g-axis

stator sub-transient reactances which are standard pemanoéthe synchronous machine commonly used.

In this casen; andm; remain the same as in the transient case but changing thétide of X 1 qq
andXtoq asXtow = Xg + XX andXtoq = Xg + Xsog. The other parameters are de ned as:
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00 00
n, = RTot Lmd m, = XTotq Lmd
(R%ot + XTotq XTotd)Lf (R%ot + XTotq XTotd)Lf
00 00
ng = RTot Lmd ms = XTotq Lmd
(R%ot + XTotq XTotd)le (R12'0t + XTotq XTotd)le
N = XTotd Lﬁ% ma = RTotL?an
4 — 4 =
(R12'0t + XTotq XTotd)qu (R%ot + XTotq XTotd)qu
00 00
n5 XTotq Lmq m5 — RTO'[Lmq

- (R12'0t + XTotq XTotd)'—Zq (R%ot + XTotq XTotd)LZq

After some mathematical manipulation of the rotor circgjtiations, the ux variation in the rotor cir-
cuit windings can be expressed as:

K
4= Ty ;Ts( Ks + Uqg Kag 1da Kaig 19 Kazg  2q) (2.34)
T1d
1d = 1+7:3T1d(A42 +Asz U +Ass 19+ Ass  2q) (2.35)
T
19 = ﬁ(Asz + Asz Ug + Ass 1+ Ase  2q) (2.36)
q
-
2q = ﬁ(Aez + Az Ug + Ass 1d+ Aes  1q) (2.37)
q
where,
R I oR [
Ap= - dl" miL% Ay = Lol—dld(mZLOmOd Lfﬂ)
'oR1d 'oRu1g
Aus = Lo Ass = Lo
45 L, Mebma 46 L, "sbma
I oR R
1 oRy | 0R; L%
A, = 07,000 A = 0., 00  Zmg
54 Ly ebma 56 L1 (NsL mq Lo )
I oR I oR
Ago = |i)2 an LOqu Ags = —02 29 nzL%Oq
q q
'oR2q 00 loR2q, oo Lmy
Ags = —n3L Ags = ——(n4L —
64 L2q 3bmq 65 qu ( 4L mq L q )

and,
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L 1
Ksz= Lfd( R ) (2.38)
m d
1 _er’n + m2L%°d
LOO L
K= 7def md (2.39)
L LOO
Kag = —"(msly  —md) (2.40)
Ly Ly
LOO |
Kazg = =04=0m, (2.41)
LOO L
Kizg = =025 ms (2.42)
L
Ts = L{)o (2.43)
1 oR¢qg (l Lfid + mZL%Od)
L
Ti = ng (2.44)
! ORld(l Lfid + m3L%°d
L
Tiq = o0 (2.45)
! oqu(l ﬁ + n;;L%%)
L
Toq = = (2.46)
! oqu(l ﬁ + n5L9n%

Adding the effect of the excitation system, the expressioritfe change in the terminal voltage will be:

Vi=Ks +Kg d+Ked 1d+Keiq 19+ Kezq 2 (2.47)

Where,
U U
Ks= \Z‘:)O( Rsmi+ Ls ny+ LY n1)+ Vst‘(*)o( Rsny Ls my L% my) (2.48)
U U
Kg = \Z‘:)O( Rsmz + Ls np+ LY Ny) + VS:)O( Rsny Ls ma+ L9, o mz))  (2.49)
Usdo 00 Usqo oo, 1
Keid = Veo ( Rsmg+ Ls ng+ Lpgng) + Veo ( Rsng  Ls mg+ Ly Y msz))  (2.50)
U 1 U
Ke1q = VS“O( RsMa+ Ls Na Ling(—— na)+ Vs—qo( Rens Ls ms Lygyma)  (2.51)
ko 1q ko
U 1 U
Ke2q = \;do( Rsms + Ls ns Lomoq(L— ns)) + \/Sqo( Rsns Ls ms Liyms) (2.52)
ko 2q ko

The mathematical derivation above allow redrawing the lbldiagram of the system as is presented in
Fig.[2.10. This model is only suited for study the phase lagvben the input to the excitation system
and the resulting electric torque in the synchronous machinder the assumption that the rotor speed is
constant.
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System
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—> Gig(s)
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Fig. 2.10 Block Diagram SM-IB Sub-Transient Model for System Phasaljsis

2.5 System Phase Analysis

In this section the phase lag of the synchronous generator tine excitation system input to the electrical
torque is analyzed. The parameters of the machine are givéppendix A. The system phase lag is
calculated using the linearized transient and sub-trahsiedels presented in Subsectibns 2.4.2[and]2.4.3
which assume constant generator rotor speed and anglee &tal rotating exciter models provided by
VG Power AB are used in the phase calculation, which is alsfopaed in two different operation points

described as follows:
OP1 Xg =0:2p.u,P =0:9p.uandQ =0:1p.u.
OP2 Xg =0:6p.u,P =0:4p.uandQ =0:1p.u.

The results are shown in the Bode diagrams of[Fig.]2.11 and{PEig.

System Bode Diagram

System Bode Diagram
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g o Ios
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$ o
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'135 ';Leque"gy “—421)63199 o System: Subtransient
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Fig. 2.11 System Bode Diagram - OPlleft Static ExciterRight Rotating Exciter
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System Bode Diagram
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From the phase plots the following conclusions are reackkith are important for the phase charac-
terization of generators using VG Power AB excitation systeodels:

There is a larger phase lag for excitation systems with ttegirmg exciter than with the static exciter.

At low frequencies, up to 1 Hz there is not representativespltifference between the transient and
sub-transient models. At 3 Hz, which is the maximum uppeitl@hPSS frequency range of interest,
the biggest phase difference between the two models ismeesehowever in the four cases shown
in Fig.[Z11 and Figi_Z2.12 that difference is abdaGt which could be considered not suf cient to
include the sub-transient model in the system phase asalysing the PSS tuning process.

For both kind of exciters, from low frequencies up to 1.5 Hpmximately, the phase lag is larger
in the rst operation point OP1 which represents a strongmdl power system and a high loaded
synchronous generator. In Chagier 3 will be showed thatikétly the operating conditions where
the PSS should be tuned.

Finally, it can be concluded that it is not necessary to idelthe damper windings dynamics in the
PSS tuning. Moreover, if the small phase lag introduced bystib-transient characteristic wants to
be taken into account, it is possible to treat it as a PSS desitgria which makes to increase the
compensation angle some few degrees.

2.6 Synchronizing and Damping Torque Coef cients Calculaton

The variation in the electrical torqueTe due to small disturbances consists of one part which is propo
tional to the rotor angle variation and is call&ynchronizing Torqueomponent and one part which is
proportional to the rotor speed variation and is cabeimping Torqueomponent[7] as:

Te=Ks +Kp !y (2.53)

WhereK s andK  are the synchronizing and damping torque coef cients retspaly. The value of these
coef cients depends on the parameters and the operation pbihe generator, the parameters of the con-
necting grid and the parameters of the excitation contratiesy.K s andK p must be positive to guarantee
the stability of the system [7].

Using the model shown in Fif2.8, the effect of the excitatigstem and the PSS on the synchronizing
and damping torque components can be evaluated through@nges in eld ux caused by them, consi-
dering the electrical torque equation presentefin (2.45) a

Te=Ky +Ky =K1 1+Kz fdjexar + K2 fdjpss
Te=Ki1 + Tejexar + Tejpss (2-54)
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From (2.16) and Fig. 2.8, the variation in the eld ux due tbet excitation system and the armature
reaction [11] can be rewritten as:

j _ 3 Gva(s)
fd Jexar 71 + ST3 4 r 1+ STr

(Ks ++Ks 1d)) (2.55)

In the same way, the variation in the eld ux due to the PSS banwritten as:

Ks Vi

i = - +
fdess 1+ ST3 GVG(S)( 1+ STr

Vpss) (2.56)

WhereGy g (S) represents the transfer function of the excitation systarthe next two subsections, the
calculations of the torque components will be developetagpg Gy ¢ (s) with the transfer function of the
static and rotating exciter respectively.

2.6.1 Using Excitation System with Static Exciter
Considering the model presented in Fig. Z4,¢ (s) for the static exciter is given by:

ST

=(K,+
Gva(s) = (Kp S 1+sT,

) (2.57)

After replacing (2.57) in (2.55), grouping terms and reoiggng, and inserting ¢ jexar iN (2.54), the
change in the torque component can be expressed as:

T.i _ KoK3[sKg(1l+ sT;)(Q + sTy) + sKpKs + KpKiK5] r
elexar = TITAT, + S (TaT, + Ta(Ta+ T1) + S2(Ts + Ta+ Ty) + S(L+ K,KsKe) + KpKiKaKo
(2.58)

The interest here is to get the torque coef cients at a aentatior oscillation frequency, thus the Laplace
operatorin (2.58) will be replaced lsy=  +j! . Observe that in this casds de ned as a complex number
instead ofj! . The concept ofComplex Frequengyis used in [11], which considers that the properties
of sinusoids functions, whes = j! , are shared bylampedsinusoids functions, whea =+ j! .
Consequently, it is possible to have also a phasor repisamtof adampedsinusoid function in the
form [11]:

v=Vpe' cosit + )= Re(ve®) (2.59)
Wherev = Vi, \ is the phasor for both sinusoid addmpedsinusoid functions.
Therefore, the expression obtained for the electricalteimpmponent has the following general form:
Tejexar = R+l r (2.60)

WhereR andl| represent the real and imaginary components of the torqUugexar - Now, from Fig. 2.8 it
can be noticed that:

=2 L= ( +{!0) r (2.61)
After solving forj ., itis obtained that:
] r=!!_0!r T (2.62)
Inserting (2.62) in (2.60) and reorganizing:
T =(R 17) (401 1= Ksjoar 1+ Kolew |1 (269

Where K sjexar @andK p jexar are the synchronizing and damping torque coef cients du@éachange in
eld ux caused by the excitation system action and the anmateaction.
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Let's now consider the effect of the PSS in the torque coeints. Inserting (2.57) in (2.56) and de ning
Vy and  Vpss from Fig. 2.8 and Fig. 2.6 respectively as:

Vt = K6 fd (2.64)

1+ sTh1,,1+ sThs sTi 1 1

= | — |
Vpss Ksl(1+ STa ) S )(1+ ST, 1)(1+ STG) It = Gpss(s) !'r (2.65)

It is obtained an expression for tqjpss Which is inserted in (2.54) to have the change in the torque
component:

K2K3(sKp + KpKi)(1+ ST, )Gpss(s) !«

Tejpss = 2.66
elpss S(1+ sTa)(1 + sTa)(1 + sT,) + K3Ke(sKp + KpKi) (2.66)
Again, replacings with  + j! , the expression obtained in this case has the following rgéferm:
Tejpss = R o+l 1y (2.67)
From (2.61)j ! can be expressed as:
: j( +j! _ !
jo=l ) ooy Lo (2.68)
0 0 0
Inserting (2.62) in (2.68), then in (2.67) and reorganizing
. 2 ! . :
Te]pss = I(ﬂ + G) r +(R + 1 |_) ! r = KSJpss rt KDJpss ! r (2-69)
Finally, the total synchronizing and damping torque cogdrds are given by:
Ks = K1+ Ksjexar + KSjpss (2.70)
Ko = Kpjexar + KDjpss (2.71)

2.6.2 Using Excitation System with Rotating Exciter

The same procedure is followed using the model presented)ir2bs. In this caseGy ¢ (s) for rotating
exciter is given by:

KoK 1+ sTq KoK
G = (Kp+ 2 =(Ky+ —2-1)G
(2.72)
The torque components in this case are:
. _ KoK 3[sK4(1 + sT;) + sKpKsGiot (S) + KpKiKsGrot (S)]
Telexar = > : (2.73)
S3T3Ty + s%(T; + T3) + S(1+ K K3KgGiot (S)) + KpKiK3KgGrot (S)
. KoK3z(sKp + KpKi)(1+ sT !
Tejpss = 2K 3(sKyp pKi)( ST1)Grot (S)Gpss(S) !+ (2.74)

S(1+ sT3)(1 + sTy) + K3Kg(sKp + KpKi)Giot (S)

In the calculations for rotating exciter case, the thirddléeg lter is added to the PSS transfer function
Gpss (s) presented in (2.65). FinalliX s andKp are computed in the same way than in static case.

2.6.3 Sensitivity Analysis

A sensitivity analysis is presented in Fig. 2.13 and Fig42dlevaluate the impact of excitation system in
the damping and synchronizing torque coef cients with bkitid of exciters and under different system
operating conditions. The value of reactive power is xedQo= 0:1 p.u. The parameters used for the
calculations are given in Appendix A.
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Fig. 2.13 DampingK p jexar TOrque Coef cients as Function of Peft Static ExciterRight Rotating Exciter.

Fig. 2.14 SynchronizindK sjexar Torque Coef cients as Function of Beft Static ExciterRight Rotating Exciter.

From Fig. 2.13 it is observed that with static exciter, thengiang coef cient becomes negative as the
external reactance increases and it gets worse as the radashimore loaded. For a value of reactance
around 0.3 p.u, the coef cient becomes negative for higivagiower and for very low values g, it is
always positive. The damping coef cient with rotating ebeciis always positive independent of the external
reactance value, and it gets better as the generator activer jncreases; the reason could be the stabilizing
loop in that control structure which add damping abilitylie system. In general, it was also observed that
the reactive power has a negative impact in the damping togefkcients decreasing its values.

On the other hand, from Fig. 2.14 it is observed an opposit@Weur of the synchronizing torque co-
ef cient. With rotating exciter it is always negative andadeases as the active power increases. With static
exciter the coef cient is always negative for low valuesXof and always positive for high values Xfg
while for values of the external reactance around 0.5 p..ctie cient becomes positive for high active
power values.

The pointsin Fig. 2.13 and Fig. 2.14 are calculated for diffi complex frequencies as it was explained
in Section 2.6.1. Each complex frequency corresponds teetidend imaginary part of the eigenvalue asso-
ciated to the local oscillation mode in each operating ptiritse local modes appear in a range from 0.9 Hz
to 1.4 Hz approximately. To evaluate the coef cients as fiorcof the local mode oscillation frequency,
Fig. 2.15 is built for xed valuesXg = 0:5p.u,P = 0:9 p.u,Q = 0:1 p.u. It is observed that again
the damping coef cient with rotating exciter is always pog in the whole frequency range although it
becomes very close to zero after 1 Hz. The opposite case hajppethe damping coef cient with static
exciter which is always negative and worse at low frequencide synchronizing coef cient with static
exciter is positive until around 1 Hz and with rotating egciis negative from about 0.3 Hz.
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Fig. 2.15 SynchronizingK sjexar and DampindK p jexar Torque Coef cients as Function of f [Hz]

It should be taken into account that, from (2.70) and withmrisidering the PSS component, the net
synchronizing torque coef cier{ s in the presented cases is not negative skgewhich is always posi-
tive and with higher magnitude th&hsjexar , makes it positive. An example of this is illustrated in FAgL6
for static and rotating exciter and as a function of the lmgatle oscillation frequency.

Fig. 2.16 SynchronizingK s Torque Coef cient as Function of f.eft Static ExciterRight Rotating Exciter.

Finally, the results show how the excitation system may tiegl§ impacts the synchronizing and
damping torque components. Also, it was mathematicallyatestrated the need of a PSS to increase the
damping torque component specially in the case of excitatistems with static exciters and at low fre-
qguencies. In the next chapter a PSS tuning methodology asé&wquency response techniques is pre-
sented. A proper tuning of this controller will allow reasyibetter damping conditions for the system.
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Chapter 3

PSS Tuning

In the academic and industry community of power systemsP8® tuning is a topic that has been widely
researched for many years. Several methods have been pcogod tested based on linear and non-linear
control system theories. Among the classical linear mettar@ the pole placement and frequency res-
ponse methods, and more complex ones as LMI, Multivarialolet©l and Linear Optimal Control [4].
Techniques based on state space feedbidgkrobust controller design and intelligent methods have been
also applied. Classical linear methods offer good resuitsriight suffer from lack of robustness. On the
other hand, advanced linear and non-linear methods aralsgedcially in the case of coordinated tuning
of hundreds of PSS but might result either in oversimpliioatof the power system model used or in too
complex tuning algorithms [22]. In addition they may be diflt to implement in some practical situations,
and some of those methods are still in research stages ambadeveloped enough for general appli-
cations. Consequently, the predominant trend in the imguststill to use the frequency response based
tuning method [12] even more in the case of a PSS provider aognas VG Power AB, who should tune
the controller having detailed information about the gatmrbut not exact details about the connecting
grid. Therefore, in this chapter the main concepts of a P&figumethodology based on frequency res-
ponse techniques are summarized. The models presentesl pnetfious chapter will be used here to tune
the PSS and to test the obtained results. The parameters 8MHB system are given in Appendix A.

3.1 Eigenvalues Calculation

The rst step in the PSS tuning methodology is to perform ayeevalues calculation of the SM-IB line-
arized transient model whose state-space equation wasnpeesin (2.27) and block diagram in Fig. 2.8.
The linearized model, which includes the eld and excitatgystem dynamics, can be expressed in the
general form:

Xx=A X+B u (3.1)
y=C x+D u (3.2

Where A is theState Matrix B is thelnput Matrix, C is theOutput MatrixandD is the Feedforward Ma-

trix. X is theStates Vectgr u is thelnputs Vectoand vy is theOutputs VectarThe calculation is based

on the information contained in matrix which is the Jacobian matrix of the system whose elements are
evaluated at the equilibrium point where the system is bamajyzed. The modes of the system dynamic
response are related to tReggenvalues; of matrixA, the ones that determine the stability of the linearized
system [11].

The de nition of eigenvalues is that is an eigenvalue oA if there exists a nonzero column vecter
that satis es:

Aw = w 3.3)
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w is called theRight Eigenvectoassociated with the eigenvalueTo nd , (3.3) can be rewritten as:
(A Nhw=0 (3.4)

Wherel is a diagonal identity matrix an@la column vector of zeros. Equation 3.4 has a non-trivialtgmiu
w 6 0 if and only if [18]:

dettA 1)=0 (3.5)

Equation 3.5 is called th€haracteristic Equatiomf the system. Tha solutions of = 1; ;i , are
the eigenvalues & which may be real or complex values amt the order ofA.

If the system is excited, its free motion time response ismeihed in terms of the eigenvaluesby a
linear combination of terms with the form ' [11]. Each terme it corresponds to thie th mode of the
system. If ; is a real value, thé th mode is a non-oscillatory mode which should be negative ta be
decaying mode. On the other hand, complex eigenvalues ajppeanjugate pairs, each pair corresponds
to an oscillatory mode. In this casejs de ned as = j! osc Where the real component determines
the damping and the imaginary component determines thadrexy of oscillation. Then, the frequency of
oscillation in Hz and damping ratioin % are given by [11]:

! osc

fosc = o (3.6)

= 100p——— (3.7)

* 0sc

The system will be stable if all the eigenvalues have a negatal part in the complex plane. A more

accurate measure of the stability is reached using the demptio which consider both the real and the
imaginary part of the eigenvalues. The larger the imagipary, the more negative the real part must be in
order to provide the same damping in an oscillation mode. [22]

3.2 Lead Lag Filters Tuning

Through the eigenvalues analysis of the system without P83ess damped mode is identi ed for an
operation point, this mode could have negative or critiahging. Negative damping is presented when

< 0% and critical damping whefi% < < 5%. In those cases, if a disturbance occurs in the system,
it is considered that poorly damped dynamic responses eatett. To overcome that situation and provide
damping torque with the PSS, the next step in the tuning piseto compute the phase lag of the system
at the frequency of the identi ed mode. The last is done wlith tnodel described in Subsection 2.4.2 and
Bode Diagranfrequency response technique. Once the phase shift thRSBeshould provide to the sys-
tem is known, the parameters of the cascade lead lag Itagesn the PSS structure shown in Fig. 2.6 can
be tuned.

Two ways of tuning the lters are presented hekéethod 1[20], [22], [15] andMethod 2 Both give
the wanted phase compensation at the selected frequesgy,
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Method 1

In this case the parameters are calculated as follows:

8 9
5 1 pss 6 55 §
N — pss - 2 pss 6 110
55 3 3 110 < p 6 180 3
1 sin-22
— N
= 3.8
1+sin == o
N
1
Tm = |—p:
* 0SC
Td = Tn|

P

Where s, given in degrees, is the angle that the PSS should comgeattie oscillation frequency
! osc. N is the number of lters in cascade which are de ned accordimgpss. The restriction 055
compensation per lter is to ensure acceptable phase margimoise sensitivity at high frequencies [22].
Tn, are the lead time constants witlx 1;3;10andTy, are the lag time constants wigh= 2;4; 11. This
way of calculation can be applied for lead and for lag compgos effect, that depends on the sign gf .

Method 2
In this case the parameters are calculated considering {eatl lag lter can be de ned as:
pss

=Kie N = Ky (cos == + j sin 22 (3.9)

1+ sTy,
1+ Spo

WhereK isthe lter gain andN follows the same de nition than in 3.8. Taking into accoumdts = =
+ j! osc @and neglecting the real partof the frequency component, thers j! g is inserted in 3.9 to
group real and imaginary parts and to solve for the time eonst

pss

Ky 08 _ 1
Toy = (—N_4sin _KISS S (3.10)
" 0SC tan PSS K; tan ===
N f N
1
Ty = cos—2  _—
do . pss ( N Kf )
! sin
= 0SC N

The gainKs must not be less than about 2 to avdig taking negative values. It was also observed Kat
should have a maximum value due to Iter stability reasonsc@xding to the cases analyzed in this work,
a maximum value foK ¢ could be about 10. The effect of varyikg is to move the compensation central
frequency of the Iter which will have an impact in the comparted system phase characteristic. Also, the
higherK; the smaller the PSS galfs; should be to guarantee the system stability.

Some important aspects related to the lead lag lters tupirmgess must be considered and they are
listed as follows:

Objective System Phase alt s :

In the SM-IB modelling task presented in Chapter 2, the dyinarmof other machines in the power
system were neglected therefore their effect on the phasacteristic of the SM-IB system is elimi-
nated. In addition, the phase lag of the system varies aitgptal the operation point of the generator
and the external reactance. Considering this, an acceppalblse compensation for different system
conditions should be selected. According to [11], undenpensation by abodt0 over the complete
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frequency range of interest can provide enough toleransipport the assumptions made in the
modelling process of the SM-IB. Even more, in [16] is said thadercompensation betwe2@ and

40 at! s is desirable. This is to avoid the PSS to contribute neglgtteethe synchronizing torque
as can be seen in Fig. 3.1 which is built extending the exaogde presented in Subsection 2.6.3 but
now presenting the torque coef cients due to the PSS effect.

In this case, the calculation is done for a system with xetkexal reactanc¥g = 0:1 p.u, xed
reactive powelQ = 0:1 p.u and xed active poweP = 0:9 p.u. What is changing now is the
objective system phase at the analyzed oscillation freqyyevhich implicitly change the anglgss

that the PSS should compensate. A xed PSS ¢@ain = 10 pu is also assumed. Observe that as the
angle that the lead lag lters have to compensate for in@gahe synchronizing torque coef cient
for static exciter decreases. At exact compensation the @88t with static exciter would be to
decrease the synchronizing torque component of the syatémith rotating exciter it seems to be
the best condition. In contrast, the bigger the angle to Inepamsated by the PSS the more damping
torque component will be achieved with both exciters, righalt is predictable considering the theory
discuss until now.

Fig. 3.1 SynchronizingK sjpss and DampingK p jpss Torque Coef cients as Function of the Objective System Bhas
at Analyzed Frequency [deg]

System Operation Point for Tuning:

Accordingto [14], [15], [16] when the PSS is a rotor speedirfpSS as the one analyzed in this work,
the lters should be tuned for a system condition that repnés the highest gain and the greatest
phase lag. Those conditions are reached under generdtioafdibnd strongest external transmission
system.

Finally, a comment about the washout lter is that its timenst@antT,,; depends on the oscillatory fre-
quency. The lower the oscillatory frequency, the higlige must be. In other words, it should be big
enough to pass the stabilizing signals at the frequenciggerest but not so big that causes terminal vol-
tage changes as a result of PSS action when the operationghainge [13].T,,1 can be set in the range
from 1 s to 20 s. In this work a value of 7 s will be assumed asrégfrted by VG Power AB as a common
value to be used with this parameter. In Fig. 3.2 is presethie@ode diagram of the washout Iter in the
PSS frequency range of interest. Observe that Wjth = 7 s the phase contribution by the Iter is about
1 inalmost all the range. For this reason, the washout Itéefwont be considered in the phase analysis
of the system.
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Fig. 3.2 Washout Filter Bode Diagram

3.3 Gain Tuning

When the phase compensation stage has been de ned, thaewgid 0 set the PSS galiis; . Commonly,
the chosen gain is related to the instability gain as is d@sdriin the following comments about two ways
of getting the instability gain of the system:

One way is using th®oot Locus Plobf the system, which is a frequency response technique that
indicates how the poles and zeros of the open loop systemaatead when the controller gaik 51
takes different values. Theory about root locus technigurele found in [20]. The block diagram
including the PSS used to compute the plot is shown in Fig./s3he open loop gain takes different
values, the roots or eigenvalues of the transfer functiomfr Vies to  Vpss Cchange. For a certain
value of gain, the closed loop system, with positive fee&hathe case of the PSS, will be critically

or marginally stable, which means that the real part of a glagigenvalues is zero. It is a common
practice to set the PSS gain to one third of the gain wherabilgy starts [15], [16]. The instability
gain must be determined at the same system operating camdigntioned in the previous section
for lead lag Iters tuning.

If the root locus plot can not be built, the other way to obtdia instability gain is by a eld test
usually called th&ain Margin TestIt consists of slowly increase the gain from zero until tadue
that cause the instability. Details about the test can bedau [16]. Again, the recommendation is to
set the gain to one third of the obtain gain value.

It is important to mention that setting the gain in one thifdh® instability gain value is a guide based on
eld experiences of many years, but it is not an exact methodrder to tune the gain more accurately it is
recommended to analyze the root locus of the system in detdievaluate the paths of critical modes. The
closed loop system including the PSS has several eigersvahdeconsequently several modes, but only the
local mode of the generator oscillating against the in ites and the ones associated with the PSS transfer
function become critical or relevant to analize [15], [19].

In conclusion, the PSS gain should be set to the minimum Jalaesatis es a damping requirement
for the mode to be damped, in order to avoid compromisingttiglgy of the system. The maximum value
allowed would be one third of the value at which the dampingmy critical mode becomes zero [12].
Nevertheless, itis common in the industry a conservatig@aeof the gain in a value less than the optimum
that limits the performance of the controller but assuresstiability of the system. In this work the gain
will be chosen through the root locus analysis and accortdinige performance requirements that will be
presented in the next section.
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Fig. 3.3 Block Diagram SM-IB with PSS for Root Locus Analysis

3.4 Tuning Performance Requirements

As it has been discussed until now, the nature of the gerresath the assumed in nite bus where it is
connected provide the local oscillation mode where the R8Big task is focussed. The tuning objective
then is to provide the best damping for that mode, and an &aolepphase compensation in the whole
frequency range of interest. Certain tuning conditions padormance requirements for that case have
been established in the literature [15], [16], [19] as:

To get the maximum damping in the range from 0.2 Hz to 3 Hz, tmepensated system should have
a phase lag less th&0 in the whole range. This is more important than perfect plbaggpensation
results at speci ¢ frequencies.

The phase lag of the compensated system at the local modeefregishould be less thdb .

Some phase lag at lowest frequencies, from 0.2 HZ to 0.5 Heésled since phase lead specially at
those frequencies will cause the PSS to deteriorate thénsynizing torque component.

The change in local mode frequency with and without PSS inadjma should be less that0%to
limit the effect of the PSS on the synchronizing torque coieht.

Not exact damping percentage is recommended to satisfy @idgmequirement, it is more a user
decision, despite that is said that excess of local mode o unnecessary and it is obtained at
the expense of transient stability.

However, speci ¢ requirements associated to the exteroaigp system dynamics may change the tuning
objective, this refers to obtain the PSS parameters so astdluute as much as possible with the damping
of a speci c mode, usually an inter-area mode, in the wide afghe system [12].

3.5 Sensitivity Analysis

To examine the sensitivity of the local mode damping to clearigthe system operation point, the parameters
of the PSS are tuned for the synchronous machine presentgupiendix A using the static exciter. Two
cases are reviewed: one where the tuning objective is ttad ¢scillation mode and one where the tuning
objective is a speci c mode with different oscillation freency. In both cases, the tuning is made consi-
dering a strong external power systéqg = 0:2 p.u and high load for the synchronous generator where
P=0:9p.uandQ =0:1p.u.
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3.5.1 Tuning for Local Oscillation Mode

In the mentioned operation point for tuning, the local datibtn mode appears at a frequency of 1.348 Hz
with a damping 0f0:1942% The system phase lag at the oscillation frequency84:05 , the objective
system phase at that frequency is set tth and as a result,pss = 69:05 . In Table 3.1 the obtained
parameters using both ways of lead lag Iters tuning presgim section 3.2 are summarized. In Fig. 3.4
the root locus plots used to tune the gKig; are shown and a value of 25 p.u is chosen for both cases in
order to be able to compare the results.

Table 3.1: PSS Parameters - Tuning for Local Oscillation &od

Parameter
Tm Ta2 Ths Taa Thio  Tau Ks1 Tw Te
Method 1 0:2245 00621 02245 00621 1 1 25 7 0
Method 2 0:2450 Q0675 (02450 Q0675 1 1 25 7 0

Fig. 3.4 System Root Locus Plotkeft Method 1.Right Method 2
The phase compensation provided by the PSS with both tungétigods is presented in Fig. 3.5 through

the Bode diagram of the lead lag Iters. Observe that thermigepresentative difference between the two
methods and that at the local mode frequency the compengatwided is69 .

Fig. 3.5 PSS Bode Diagram - Tuning for Local Oscillation Mode

The sensitivity of local mode damping to changes in the sysiperating point is shown in Fig. 3.6
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where a constant value of reactive power was assu@ed 0:1 p.u. The main observations after the
analysis are:

Fig. 3.6 Sensitivity of Local Mode Dampind.-eft Method 1.Right Method 2

As the external reactance increases (the external systeomes weaker) the damping of the local
mode of oscillation decreases, also the frequency of it ssagvn in Fig. 3.7.

As the active power increases the damping of the local modisciflation increases, however the
opposite occurs when the magnitude of the reactive poweséses.

For the analyzed case wi® = 0:1 p.u, the minimum damping of the local mode is never less than
10%which can be considered a suf cient level of damping to domaiton risk the stability of the
system in all operating conditions. As the reactive powergases, the minimum damping slightly
decreases.

For an undercompensation ofL5 , it is observed that th®lethod 1gives smaller damping, however
as the undercompensation decreasesygr increases, thdlethod 2becomes the method giving
smaller damping.

It can be seen from Fig. 3.7 that if the reactive power in@sa#ise local mode has higher frequencies
for strong power system&X g up to 0.4 p.u approximately and smaller frequencies for waalker
systemsX g higher than 0.4 p.u.

As a general comment, it was observed during the simulatloats the average delta damping gain
when adding the PSS is higher with the static exciter thah thi¢ rotating exciter.

Fig. 3.7 Local Oscillation ModeSolid Q = 0:1. DashedQ = 0:5
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3.5.2 Tuning for a Different Oscillation Frequency

Now, to examine the case when the PSS is tuned for a frequdfieyedt than the natural local mode
of oscillation, a frequency of 0.5 Hz is chosen. The systemsphag at that frequency is70:15 , the
objective system phase at that frequency is set1® and as a result,pss = 55:15 . In Table 3.2 the
obtained parameters using both ways of lead lag Iters tgrmiresented in section 3.2 are summarized.
Similarly to the previous case, the g&in; is tuned using the root locus plot and a value of 25 p.u is alnose
for both cases in order to be able to compare the results.

Table 3.2: PSS Parameters - Tuning for Different Oscillaffoequency

Parameter
Tm Ta2 Ths Taa Thio  Tau Ks1 Tw Te
Method 1 0:5254 01929 (05254 Q01929 1 1 25 7 0
Method 2 0:7657 02657 Q7657 02657 1 1 25 7 0

The phase compensation provided by the PSS with both tunétigods is presented in Fig. 3.8 through
the Bode diagram of the lead lag Iters. Observe that at 0.5rHzoth cases the phase provide® as
expected. However, the phase compensation at the local frexleency differs abouk .

Fig. 3.8 PSS Bode Diagram - Tuning for Different Oscillation Freguen

The sensitivity of local mode damping to changes in the sysiperating point is shown in Fig. 3.9
where a constant value of reactive power was assugned :1 p.u. What is observed in this case is:

As the external reactance increases (the external systeomas weaker) the damping of the local
mode of oscillation also increases. This result is expesteck weak external power systems have
natural local oscillation modes of lower frequencies anel BES was tuned for lower frequency
therefore it provides better compensation in lower fregyeange and consequently better damping.

Comparing with the rst tuning case, the reached level of garg for low active power values is
higher in this tuning case, but for medium and high geneta#at better damping results are obtained
when the tuning is performed for the local oscillation mode.
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Fig. 3.9 Sensitivity of Local Mode Dampind.-eft Method 1.Right Method 2

Through the Bode diagram of the system, from the excitatystesn input to the electrical torque, that
is presented in Fig. 3.10, without and with compensatida pbssible to observe the difference in the phase
compensation provided by the PSS in the analyzed tuningctise noticed that when the tuning is done
for the speci ¢ frequency of 0.5 Hz, phase lead can occuratflequencies causing deterioration of the
synchronizing torque. Therefore, the tuning algorithm ldduwave to be improved in order to handle this
situation. In addition, it is seen that the phase compemsatiter 0.5 Hz is obviously reduced affecting the
damping of the natural local modes. Particularly, at 1.34hdézreached phase values are abod6 with
the Method 1 and about53 with the Method 2.

Fig. 3.10 System Bode Diagrant.eft Method 1.Right Method 2

3.6 PSS Tuning Performance Evaluation

In this nal section the results of time domain simulatiorfstile SM-IB system when disturbances are
applied are presented. Different cases are analyzed ustngbdels presented in Chapter 2. Again the
analysis is done for static exciter.

3.6.1 PSS Gain Sensitivity

The PSS performance with Method 1 tuning for local osclatmode presented in Subsection 3.5.1 is
evaluated using the complete model of the system which idimedrized. In this case, the order of the
model described in Section 2.1 is reduced neglecting therstax and transmission network current dy-
namics, and also the effect of changes in speed in the staltage equations. The assumptions are made
to facilitate the understanding of the electromechanigabghics in the system [5].
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According to the sensitivity analysis, an interesting agpien point to perform the simulations is: weak
external power systeddg = 0:6 p.u, generator active pow®r = 0:4 p.u and reactive powe&p = 0:4 p.u
since at these conditions low level of damping may be preskiithe disturbances are stepd6f6in the
voltage reference and in the mechanical torque, which grlepat 2 s of the simulation. Different values
of the PSS gain are tested. The results are presented agdollo

Voltage Reference Step

The rotor angle speed and terminal voltage response arensinog. 3.11. In Fig. 3.12 is presented the
control action which is the output signal of the PSS.

Fig. 3.11 SM-IB Dynamic Responsé.eft Rotor Angular Speedl, . Right Terminal Voltagev

Fig. 3.12 Control Action - PSS Output Sign&hss

Mechanical Torque Step

The rotor angle speed and electrical torque response avnshd-ig. 3.13. In Fig. 3.14 is presented the
control action which is the output signal of the PSS.
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Fig. 3.13 SM-IB Dynamic Responsé.eft Rotor Angular Speedl, . Right Electrical TorqueTe

Fig. 3.14 Control Action - PSS Output Signahss

The main conclusions from the simulations results are:

The PSS tuning obtained using the transient linearized hoddlee system works adequately to damp
out the oscillation created by the disturbance in the systemel that is not linearized.

The industry practice of a conservative design of the PS&igaialidated since reducing drastically
the gain affects the performance of the controller but nat anitical way. The oscillation takes few
seconds more to disappear but they are acceptable if thetiwkjés to protect the system from a
instability produced by high gains. Also reducing the g#ie, PSS control action does not have to be
limited.

It is observed that without PSS, the disturbance appliacedihe system to the be almost critically
stable since the magnitude of the created oscillation nesn@nstant with time, therefore the PSS is
de nitely needed.

In the case of the step in the voltage reference, the termoitdge response is in uenced by the
fact that the output signal of the PSS is limited in the rstigsgvfor the three test gain values. In the
highest gain case, the AVR also reaches its limits.

The control action when the step is applied to the mechatocqlie is less severe than in the case of
step in the voltage reference, however the damping resetgaod.

3.6.2 Impact of Tuning Operation Point

In this case, the impact of tuning operation point is evadan the linearized transient model. The line-
arized model is chosen to observe also the impact of therlzat®n in time domain simulations. The
Method 1 tunings from Subsections 3.5.1 and 3.5.2 are ugathbuging the PSS gain Ks; = 10 in both
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cases. The simulation is performed in the same operatiart p6g = 0:6 p.u,P =0:4p.u,Q =0:4p.u)
and a mechanical torque stepi%is applied. The rotor angle speed and electrical torqueorespare
shown in Fig. 3.15. In Fig. 3.16 are presented the terminighge and the PSS control action.

Fig. 3.15 SM-IB Dynamic Responsé.eft Rotor Angular Speedl, . Right Electrical TorqueTe

Fig. 3.16 SM-IB Dynamic Responsé.eft Terminal VoltageV;. RightPSS Output Signafyss

Itis important to have in mind that an stepld%is a big disturbance for the linearized model, however
it was applied to it with the aim to compare the models restilie main conclusions from the simulations
results are:

Both PSS tunings work adequately to damp out the oscilla#idrthe tested operation point, the
oscillation that is triggered with the disturbance has gdency about 1.01 Hz. At that frequency, it
is observed from the Bode diagram presented in Fig. 3.1tllkatompensated system has an under-
compensation 08:87 and of28:2 with the two analized tuning cases. Slightly better perfanace

is observed with the tuning made for local oscillation maalsp in that case the control action is
less severe. According to the sensitivity analysis, atékedperation point, both tunings should pro-
vide similar level of damping, however the better perforoeaf the tuning for the local mode could
be explained due to th20 compensation difference. Finally, it is important to rentemthat both
tunings were performed for frequencies different than H@1l
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Fig. 3.17 System Bode Diagram

Comparing Fig. 3.15 with Fig. 3.13, it is noticed that theslmization has an impact in the gain of
the system, this can be seen from the magnitude differenteeivariables dynamic response. In
addition, from the rotor speed simulations witto PSSn both cases, it can be observed that the
linearization also decreases the oscillation frequendhefresponse. Despite of this fact, the PSS
shows to be robust enough to handle with the simpli catiobeiihg tuned using a linearized model.

In the linearized model simulation also appears that witlRSS the system is inherently unstable
under the level of disturbance applied.
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Control Structure Based on Signal
Estimation

Nowadays, POD for inter-area oscillation modes in powetesys is also achieved through FACTS con-
trollers. The conventional control strategy for FACTS toeyide POD is similar to the one used for the
generator, using a cascade of washout and lead lag lterdH{8lvever, the PSS limitations, like the fact
that its good performance is limited to an operating poird #rat it is conceptually built to provide lo-
cal stabilization, are also valid in this case. In addititihrg slow response of the washout lters causes a
slow response for the FACTS control system. Consequetitigr@ontrol structures are being investigated
and implemented to control FACTS in order to provide a prapgction of active and reactive power to
the grid, that allows to obtain electromechanical osédled damping [3], [6], [17]. Those other control
structures are based on signal estimation theory. Low-fiesbased and recursive least square based esti-
mation methods to extract the oscillatory component of aaig/ere used and reported in [3], [17] and [5]
to control FACTS achieving POD successfully.

Despite the fact that PSS has shown good performance to dainhgeal oscillation modes through the
excitation system of a synchronous generator which is atteddo an in nite bus, the same idea that has
been used to damp oscillations with FACTS will be used in tisk to de ne an alternative controller
for the generator. In this chapter the controller, whichasdd on a low-pass Iter based signal estimation
algorithm and it is also applied to the excitation systenil be tested again using a SM-IB system. No
reference has been found in the literature of such a kind wtfroter used in the synchronous generator to
replace the PSS action.

4.1 LPF Based Estimation Algorithm

A signal estimation method based on low-pass lters is dbscrin this section. The method was proposed
in [3] to separate the average and oscillatory componenipafrger signal; the extracted power oscillation
component was used to de ne the reactance reference for £TiC8rder to damp low frequency oscilla-
tions in the power system. In [2] is presented the singlespliaplementation of the estimation algorithm
which consider a single-phase signal as input signal. hurk, the single phase implementation consi-
dering as input signal the generator rotor angular speeadgeha! ; will be used.

According to [3], [2] and [5], where the algorithm is cleadyplained, the input signal can be de ned
as to have an average and an oscillatory component as:

Fe(®) = Tro(t)+ !rose (1) 4.1)
The oscillatory componentis de ned as:

Urosc (t) = Re[ L ()€ == O] = 1 pp () cos(l osct + ' (1)) (4.2)
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And it can be rewritten as:

1 ; 1 ;
| rosc (t) = é !—rph (t)el osc (1) + E !—rph (t)e j osc (1) (43)

Where, ! ,! osc @and' are the amplitude, angular frequency and phase of the atseiicomponent

respectively. ! ., = !rpn & is the complex phasor of the oscillatory component afagl(t) = ! osct

is the oscillation angle.

Inserting (4.3) in (4.1) and solving for the complex phasor:

Lon (=120 Trosc () 1ro(t) Ly (e ) o= ()] ) o ® (4.4)

Therefore, the estimation algorithm is de ned applying {pass Itering to (4.1) and (4.4) to obtain the
estimate for the average and the complex phasor of the iignalsas is showed in the following equations,
whereH andHy, are the low-pass lter functions [3], [2], [5]:

MM rO(t) = HOf ! r(t) M rosc (t)g (4-5)
A oon ()= Hpnf[2( 1e(t)  Moro(t) AL, (e e (t)]e T o= (Ug (4.6)

Using the estimate for the phasor in (4.6) and the de nitiérihee oscillatory component in (4.3), the
estimate of the last one will be:

1 . 1 .
/\! rosc (t) = E A!_rph (t)é osc (1) + E A!—I’ph (t)e j osc (1) (47)

The block diagram of the single-phase estimation algorithshowed in Fig. 4.1. It is important to men-
tion that even though the algorithm is presented here foeiggar rotor speed as input signal, any other
oscillatory input signal could be applied.

Fig. 4.1 Block Diagram of LPF Based Estimation Algorithm using Gexter Rotor Speed Input

The low-pass lter functionddo andHp, are de ned in Laplace domain as follows. Observe that the
same cut-off frequency value is used for both Iters, howewat necessarily it has to be like that. The im-
portant point is the adequate selection of the parametex &le to separate the average and the oscillatory
components. The parameter selection depends on the tsgilfeequency and will be described later in
this chapter.

Ho(s) = Hon(9) = o7 — (4.8)

Therefore, (4.5) can be rewritten in Laplace domain as:
M oro(s) _ LPF

Pr(s)  Myrosc(S) s+ Lpr

sMio= pr Mro(S)  pF Mrosc(8)F rE ' (S) (4.10)

= Ho(s) (4.9)
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And, taken inverse Laplace transform to (4.10), the stabeegquation of the estimate for the average
component is obtained:

dnl rO(t) —

gt tpr Mro(t)  tpr Murosc ()t e (1) (4.11)

Considering that the estimate oscillating phasor has aarghhn imaginary part as:
A!_rph (t)el osc (1) = A} rosc (1) + ] ™y (1) (4.12)

Equation 4.6 can also be expressed in Laplace domain as:

Mrose (8)+ ] M1 (9)= ¢ T OSL:’i — 2 1e(s)  "Myo(s)  (Mirosc(S) § "y (9))]
(4.13)

Separating the real and imaginary part, the following eiQuatare obtained:

SMiosc(S)= 2 e Mro(S) 2 tpE Mirosc(S) lose M (8)+2 pr !i(S) (4.14)
sy (s) = osc ™ rosc (S) (4.15)

Again, taken inverse Laplace transform to (4.14) and (4 .t state space equations of the estimate for
the oscillatory (real) and imaginary components of the demphasor are obtained:

dnl t
(rjo'[SC( ) = 2 LPF M rO(t) 2 LPF A rosc (t) ! osc A r (t) +2 LPF ! r(t) (4-16)
Al
Tl M e ) (4.17)

Finally, the state space model of the LPF based estimatgoritim is de ned by (4.11), (4.16) and (4.17)
which in a matrix way is:

2 3 2 32 3 2 3
M oro(t) LPF LPF 0 M oro(t) LPF
a“’ Miosc(t) =4 2 pr 2 \pF Losc @4 Miosc(t) @+ 4 2 pp D 1(1)
Ay () 0 ! osc 0 A (1) 0

(4.18)
The characteristic frequency response of the algorithm fiiwe input signal to the estimated oscillatory

component is presented in the Bode diagram of Fig. 4.2. Thgorese also depends on the parameters
Lpr and! osc whose selection will be explained in the next section.

Fig. 4.2 Bode Diagram from ! ; (t) to ! rosc (t)
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4.2 Controller Applied to the Synchronous Generator

Basically, using a LPF based estimation algorithm, thellasory component of the generator rotor speed
deviation when an oscillation mode appears is extractegaatuing a phase shift (as with the lead lag Iters
in the PSS) that oscillatory component can be applied touh@sng input point of the AVR (as with the
PSS) to produce an electrical torque component in phasethétiotor speed deviation.

The phase compensation is done separating the magnitudengtedof the complex phasot! ., (t)
and adding a phase shiffs; as is shown in Fig. 4.3. The magnitude remains unchangee witeélphase is
shifted to compensate the phase lag in the generator. Theergal part of the estimate oscillating compen-
sated phasor!_,.com (1) = () is the compensated oscillatory componeWt, oc..com (t) of the input
signal.

Fig. 4.3 Block Diagram of Phase Compensation of the Complex Phasor

Consequently, the complete structure of the controlleetdas signal estimation, which will be called
from now on asPhasor POD Controlleris shown in the block diagram of Fig. 4.4. As in the PSS, thie ga
Kest allows to determine the level of damping provided by the catgr and the limiter allows to keep
the controller output voltag¥es; Within an appropriate range of values to be added to the g®l&ror
in the AVR. A general block diagram of the controlled systesnpiesented in Fig. 4.5 where the feedback
damping controller is applied to the synchronous generAtud the effect of the phase shift and gain can
be seen through the Bode diagram of the algorithm in Fig. 4.6.

Fig. 4.4 Block Diagram of Damping Controller Based on Signal Estiorat

Fig. 4.5 General Block Diagram of Damping Controller Closed Loophiiie Synchronous Machine
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Fig. 4.6 Bode Diagram from !, (t) to ™! o5 (t) with Phase Shift and Gain

From Fig. 4.6 it can be seen that for an oscillation frequeofc} Hz ( osc = 2 ), the phase of
the oscillatory component in the original algorithm is appmately0 and the gain is 1 p.u. For the
same oscillation frequency, settibgst = 5 p.u and ¢ = 60 , it is observed how the gain and phase
characteristic are modi ed. The performance of the colgrakhen it is applied to the generator to damp
local oscillation modes is in uenced by the parametersrigrthat will be presented as follows.

4.2.1 Parameters Selection
Oscillation Frequency! osc

The frequency of the oscillation presented in the SM-IB exystvhen a disturbance is applied needs to
be well known in order to tune the controller. From the eigdug analysis of the linearized system this
frequency can be obtained and represents the local orrillatode.

LPF Cut-off Frequency |pr

The cut-off frequency (pr of the low-pass ltersHo andH,, must be smaller than the oscillation fre-
quency! osc in order to be able to separate the average and oscillatonpanents of the input signal [5].
In [3] is recommended that pr should be about 0.2-0.5 timéggc. In [5] is proved that for | pg larger
than 0.4 times .5, the dynamic performance of the estimator starts to deeréas also mentioned that
typically _pr is selected to be 0.1 timés,s.. The effect of different values of pg in the frequency
response of the estimator is presented in Fig. 4.7 whichdsilzded using an oscillation frequency of 1 Hz.

Fig. 4.7 Bode Diagram from !, (t) to ™ i0sc (t). Sensitivity to (pr
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Setting pr to 0.1timed o5 the algorithm gives the best frequency selectivity but steveation can
be slow, on the contrary, when it is 0.5 timess. the possibility of not extracting the right frequency is
increased (the selectivity is deteriorated) even a fasttimation can be achieved. In this case, it is also
observed from the magnitude diagram that if another osicififrequency different than the frequency of
interest appears, it could be ampli ed. Therefore, the @@a of the cut-off frequency should be done
considering an acceptable compromise among the mentiacéat$.

Compensation Angle st

est, given in degrees, is the angle that the controller shoutdpEmsate at the oscillation frequency..
This angle depends on the selected objective system phhgg @s was discussed in Section 3.2.

Controller Gain K ggt

The gain will be set in such a way that a fair comparison can ddenbetween the Phasor POD controller
and the PSS. Through the Bode diagram, it will be con rmed #tahe analyzed oscillation frequency,
both controllers have the same gain. An example for an atioii frequency of 1 Hz is shown in Fig. 4.8
where the gain of the controller should be tuned about 11rparder to be able to compare the level of
damping that both controllers can provide for the oscilatnode.

Fig. 4.8 PSS and Phasor POD Controller Bode Diagrams

4.3 Simulations Results

In this section the results of time domain simulations of3f 1B system when a disturbance is applied are
presented. Different cases are analyzed using the prelsaatgels. As in the PSS performance evaluation,
the analysis is carried out for static exciter.

4.3.1 With Complete Model

The Phasor POD controller performance is veri ed using thmplete model of the system. In this case, the
order of the model described in Section 2.1 is reduced negigthe stator ux and transmission network
current dynamics, and also the effect of changes in speduistator voltage equations. The assumptions
are made to facilitate the understanding of the electromxgichl dynamics in the system [5].

The Phasor POD controller is tuned for the same operatiant psed to tune the PSS, which consider
a strong external power systeXt = 0:2 p.u and high load for the synchronous generator wRere0 :9
p.uandQ = 0:1 p.u. In that point, the local oscillation mode appears atgudency of 1.348 Hz and the
system phase lag at the oscillation frequency &%05 . The objective system phase at that frequency is
setto 15 . The parameter selection is summarized in Table 4.1.
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Table 4.1: Phasor POD Controller Parameters

Parameter Value Unit
fosc 1:348 Hz
LPE 0:2(2f osc) rad/s
est 69.05 deg
K est 5 p.u

The value of the controller gaild st being tuned as was explained in Subsection 4.2.1 shouldtbe se
to 18 p.u, however the best results are obtained when thetgjeéra reduced value of 5 p.u. On the other
hand, the simulations are performed in the same tuning tipenaoint. The applied disturbance is a step of
15%in the voltage reference of the AVR at 2 s of the simulatiore Tésults are presented in Fig. 4.9 and
Fig. 4.10 and include a simulation using the PSS for compari§he PSS is tuned as it was presented in
Subsection 3.5.1 with a galfipss =5 p.u.

Fig. 4.9 SM-IB Dynamic Responsé.eft Rotor Angular Speed, . Right Terminal Voltagev;

Fig. 4.10 Control Action - PSS/pss and Phasor POD Controll&ts; Output Signals

The time needed to damp the oscillation created by the thiatwe is approximately the same with both
controllers, however the control action is signi cantlyder with the Phasor POD controller than with the
PSS. The effect of the control action magnitude can be alsergbd in the terminal voltage response. Due
to the aggressive action of the PSS, the AVR hits its lowerwgsger limits in the rst swings, while with
the Phasor POD controller the terminal voltage is less naiddl
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4.3.2 With Linear Transient Model

The simulation presented here using the linearized trahsimdel consider the Phasor POD controller
tuned to compensate all the phase lag in the synchronousagené¢herefore.s; = 84:05 and a value of
Kest = 18 p.u. The simulation is carried out for the same operationtp@¥ith the same PSS tuning and
under the same disturbance than in the previous case wittothplete model. The results are presented in
Fig. 4.11 and Fig. 4.12.

Fig. 4.11 SM-IB Dynamic Responsé.eft Rotor Angular Speed, . Right Terminal Voltagev

Fig. 4.12 Control Action - PSS/pss and Phasor POD Controll&ts; Output Signals

The effects of the system linearization were discussed bs&etion 3.6.2, and even this test with line-
arized model is less realistic, it helps to illustrate thaikirities in the system response when using both
controllers.

4.4 Critical Comparison - PSS vs. Phasor POD Controller

Finally, the control approach evaluated in this chapterdamp electromechanical oscillations has been
widely researched and its advantages demonstrated wherajtplied to FACTS. Still more studies are
needed in order to be able to compare fairly the performahtieeoPSS and the Phasor POD controller
when it is applied to the synchronous generator. Furthegirbis control approach should be test in a
power system model different than the SM-IB model, whereit be possible to reproduce inter-area os-
cillations modes for which it is well recognized that the P&tctiveness is not that good as for local
oscillations modes. In that case, the bene ts of the progasenping control design could be highlighted.



4.4. Critical Comparison - PSS vs. Phasor POD Controller

In Table 4.2 is presented a critical comparison between®&ahd the Phasor POD controller regarding
important aspects that determine the performance of aatertr

Table 4.2: Controller Analytical Comparison

Controller

PSS Phasor POD

Generally aslow speed of actioirs The estimation algorithm separates
presented [18]. the average and oscillatory compo-

Response
Speed nent of the input signal with a small
time constant, therefore fast res-
ponsecan be achieved.
The lead lag Iters have alimitinthe No restriction in the phase
Phase phase compensation that can be prazompensation.
Compensation vided per lter due to stability rea-

sons.

System Order

Higher orderintroduced by the lead Lower ordersince the control struc-
lag, washout and low-pass lIters, ture only needs two low-pass lters.
therefore the controller has moreSee Fig. 4.4

poles and zeros. See Fig. 2.6.

Tuning

More parametersto tune. Require Less parameterto tune also higher
knowledge of the connecting grid.robustness due to less parameters.
Tuning usually performed for a Good performance can be achieved
xed local oscillation mode achiev- independent of the oscillation fre-
ing good damping performance onquency value if the oscillation mode
it but limiting the performance on is well known and the phase angle to
different operating points or for dif- compensate is chosen correctly.
ferent mode frequencies. Classical

and advanced methods have been

applied.

Parameters
Adaptation

Usually, the PSS technology nowa-There are more advanced algorithms

days is develop to set a xed tuningwith the same principle that make

of the parameters. possible to adapt the oscillation fre-
quency and the phase shift in real
time. An adaptive version of the con-
troller would lead in a satisfactory ac-
tion of it in a wider range of operating
points.
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Chapter 5

PSSVG 1.0 Software Tool

This chapter aims to be a user manual for the PSS tuning seftwal PSSVG 1.0 builtin Matlab R2011b.
The concepts and theoretical background for PSS tuning pregented in Chapters 2 and 3 and should
be taken into account in the nal decision for the parametataes. The tuning methodology is based on
linear control system theory, speci cally frequency respe techniques are used to de ne the setting for
the lead lag lters time constants and controller gain whiee PSS is analyzed on a SM-IB system. The
software will be for the use of VG Power AB company, to have rtial tuning during commissioning
of the controller in generation power plants. The calculateing might be adjusted with eld test and
the company PSS tuning experience. The tool has implemdéim¢echathematical model of the excitation
system provided by VG Power AB giving the option to chose leetwstatic and rotating exciters, it is
also designed considering the rotor speed change as igmatl $0 the PSS. Finally, detailed explanation is
given for the main algorithm which uses the local oscillatmode as oscillation frequency to tune the lead
lag lters, additionally the program for tuning the lterg a different oscillation frequency will be brie y
described.

5.1 Algorithm Flow Chart

The general algorithm under PSSVG 1.0 is built is presemt&dg. 5.1. The steps are described as follows:

First, The parameters of the SM-IB, AVR, exciter, and turopgration point should be input in order
to calculate the linear transient model constants of thelBgystem (see Subsection 2.4.1).

Second, an eigenvalue analysis of the system without P@&iputed (see Section 3.1) to identify the
local oscillation mode of the system at the tuning operapioimt. In the main algorithm, the tuning
is carried out for that oscillation frequency, however thisran alternative algorithm to perform the
tuning for a manually input oscillation frequency.

In the next step, the software computes the phase lag of #terayat the speci ¢ oscillation fre-
guency. The user should input the objective system phase atrtalyzed frequency taking into ac-
count the previously calculated phase lag and the disaugs@sented in Section 3.2.

According to the phase shift to compensate, the softwareilzdes the lead lag Iters time constants
and the number of Iter required using the two methods of mgnpresented in Section 3.2.

Then, from the root locus plot and considering the recomragoids presented in Section 3.3 a gain
should be selected by the user.

The gain and phase margin are calculated by the softwareveodraidea of the relative stability of
the system with the actual tuning.

Later, the software computes again the phase of the systenmoluwith compensation through the
PSS. At the oscillation frequency, the system phase shauttidselected one. However depending
on the phase characteristic of the system it is importanntdyae the phase of the compensated
system at different frequencies into the PSS frequencyerahmterest.
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Finally, an eigenvalue analysis of the system with PSS isprdgad now to evaluate the level of
damping reached with the actual tuning.

If the obtained results are accepted, the tuning would bertéletuning, if not, the process and
analysis should be done again changing the objective systase at the analyzed frequency and the
selected gain. This will be repeated until an acceptablieuis reached.

Fig. 5.1 PSS Tuning Algorithm

5.2 Matlab and Simulink Files

A le structure for the main algorithm is presented in Fig25A le called MainProgram executes three
scripts:SMIBPar, SMIBNoPS&ndSMIBPSSSMIBPar load the parameters previously input by the user.
SMIBNoPSScomputes the three rst algorithm steps by calling the fiored: Ks VG, ModalNoPSSVG
andPhaseNoPSS/G. ModalNoPSSVG calls the Simulink modebM_ExcSysVG (see Subsection 2.4.1)

and PhaseNoPS¥G calls the Simulink modedM _IB_Trans(see Subsection 2.4.2). The results of SMIBNoPSS
are inputs taSMIBPSSwhich executes the rest of the algorithm steps calling tHeving functions and
Simulink models:FilterTuning O, FilterTuning M, SM_ExcSysVG_RL (see Section 3.3)GPhMargin

(wich callsSM_ExcSysVG_M), PhasePSSVG (which callsPSS, ModalPSSVG (which callsSM_PSS VG),
TeCoeff VG andResFig



5.2. Matlab and Simulink Files

Fig. 5.2 PSSVG 1.0 Files Structure

Simulink block diagram models are masked under a functionkbas in the example shown in Fig. 5.3
for SM_ExcSysVG model. Giving double click to the block it will display a wind/ with the system
parameters. To nd the block diagram it is needed to righticthe block and sele¢t.ook Under Mask”
option. The model will appear in a new window as is presemntellig. 5.4. In this case, the blodk/R-
Exciter is also masked, the same procedure described before sheuldne to reach the block diagram

of the AVR and exciter model. In general, all Simulink modgtd| extension) follow the same masked
design.

Fig. 5.3 Simulink Models Masked as a Subsystem Function Block
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Fig. 5.4 Block Diagram Model Under the Mask

5.3 Howto Run a Case
An example step by step about how to run a case for PSS tunprgsented as follows:
1. Open the foldeModalFrequencyTuningvhere the user can nd the main algorithm les.

2. Openthe leSMIBParand Il on it the required system parameters. ObserveXxhat X, P, Q and
the type of exciter are parameters that do not need to beimghe le since they will be asked when

the program is running.

3. Asis presented in Fig. 5.5, right click to the MainProgramand select the optiotrun” .

Fig. 5.5 Run the Main Algorithm

4. In the command window, the user is asked to de ne the tuoperation point and the type of exciter
as can be seenin Fig. 5.6.

Fig. 5.6 De ning Tuning Operation Point
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5. Once the user has input the data, the program displaydkewilue and phase analysis of the system
without PSS and asks the user to input the objective systersepiit the analyzed frequency and the
lead lag Iters tuning type. Then the Iters time constante displayed in the command window.

6. A root locus plot of the system will pop up in a new window agishown in Fig. 5.7. The user
should analyze the plot and input the selected gain for tt&iREe command window.

Fig. 5.7 Root Locus Plot Window

7. After the gain has been input, the following results aspldiyed in the command window:

Gain and Phase Margins.
System phase limits at the PSS frequency range 0.1 Hz - 3 Hz.
Eigenvalue analysis of the system with PSS.
Synchronizing and damping torque coef cients at analizecil@ation frequency.
8. A group of plots as the PSS Bode diagram, the Bode diagraimreoystem without PSS and with
PSS, the system phase in the frequency range of intereshargystem zero-pole map will pop up

in several windows as is shown in Fig. 5.8 and Fig. 5.9. Thésts help the user to analyze the
particular case together with the numerical results.

Fig. 5.8 Result Plots Windowd.eft PSS Bode DiagranRight System Bode Diagram with and without PSS
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Fig. 5.9 Result Plots Windowd.eft Compensated System Phase LRmght System Zero-Pole Map

9. Atthe end, the program asks if the user wants to save tHdunéng in a.mat le.

10. Finally, after analyzing the results about dampingguercoef cients, phase and gain margins and
compensated system phase lag, the user should decide itHhee&yming or change any of the input
data to run the process again for a new case.

5.4 Numerical Results in The Command Window

The complete numerical results are display in the commamdiovi as is presented in Fig. 5.10. The
command window can be printed aspaf le to generate a separate le with the results.



5.4. Numerical Results in The Command Window

Fig. 5.10 Command Window Displayed Numerical Results
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5.5 Program for Tuning at a Different Oscillation Frequency

An additional folder calledSpeci cFrequencyTuningan be found in the main folder of the software tool.
In this folder are the les of the algorithm to tune the lead l&ers for a different oscillation frequency.
This algorithm follows the same logic and steps as the majarahm. Also, the same Simulink models
are used. In this case, the main le that should be run is d&@itherFrequencyTuning as is presented in
Fig. 5.11.

Fig. 5.11 Run the Alternative Algorithm

During the execution process, the program ask the user tn ihe frequency for analysis as is presented
in the example of the Fig. 5.12. The system phase lag at #xgiéncy is displayed in the command window
and should be consider to de ne the objective system phabe @nalyzed oscillation frequency.

Fig. 5.12 Asking to Input Frequency for Anlaysis

Finally, with the previous information the program askstuiser to chose the lead lag lters tuning type
and follows the same steps as in Section 5.3 for the rest diittieg process and results.

5.6 Comments and Tuning Tips

Some aspects to be taken into account about the softwarariddhe tuning task are listed below:

The objective system phase at analyzed frequency is progegiras to be always negative, this
means to obtain undercompensation. When the value is ask@ydhe tuning process, it can be

input positive or negative but the program will always assuhmat the objective system phase is a
negative value. Therefore, it is not possible to tune thd lag Iters overcompensating the system

phase for the analyzed frequency.

The lead lag Iter time constants are tuned to be equal foitells, more advanced tuning algorithms
would be needed to tune each lter in the cascade link with féedint purpose. In that case, it
would be possible to get a desired compensation not onlyrfepaci ¢ frequency but for a range of
frequencies.
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There is not representative difference in the results nbtatween the two lead lag Iters tuning
methods presented in Chapter 3. For Method 2, the programarhiexdernal value foK; equal to 2.
This Iter gain should not be modi ed, furthermore it mustinoe less than 2 or more than 10. The
effect of varying it is to move the compensation central freacy of the Iter. The higheK ¢ the more
phase lead the compensated system will have at low fregegebadly in uencing the synchronizing
torque at those frequencies. Also the higkerthe smaller the PSS galifs; should be to guarantee
the system stability.

Generally, it was observed that the system phase lag is highen the excitation system use a
rotating exciter, this means that the PSS should compeas$édder angle. However, as was discussed
in Chapter 2 in the synchronizing and damping torque coeftianalysis for this type of exciter, the
damping coef cient due to the excitation system is alwaysgitive, this condition support choosing
more undercompensation in cases with this kind of exciters.

According to many system root locus plot analysis for défgrlevels of phase compensation, it was
observed that the less the PSS compensation apgl¢he higher the optimal PSS géls; can be,
introducing higher level of damping.

It is consider that a damping &% for an oscillation mode is acceptable to do not risk the syste
stability, however there is not an standardised criteresented in the literature for the required
damping in a power system. Additionally, it should be taketo iaccount that the gain and phase
margins should be positive at the frequency range of intef¢so, the obtained PSS tuning should
produce positive synchronizing and damping torque coefit$ to the system due to the PSS.

Finally, the tool needs to be tested for different systemssictering several kind of synchronous
generator design connected to different external gridsrder to be able to evaluate and validate the
results.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Based on the literature review, the performed analysistlamdimulations results it is possible to conclude
that:

The synchronous machine rotor oscillations due to lack ofiglag torque can be seen as a small
signal stability problem [11]. In that case, a linearizeddw®loof the SM-IB can provide good rep-
resentation of the dynamic response of the system to anéityzeamping effect that a PSS can
introduce.

It is not necessary to include the damper windings dynamitseé PSS tuning analysis because the
additional phase lag introduced by the sub-transient cheriatic is not relevant compared with the
increase in mathematical dimension of the system. If thdlghase lag difference wants to be taken
into account, itis possible to treat it as a PSS design @itanich makes to increase the compensation
angle some few degrees. For the analyzed machine, in therP@&hcy range of interest, the biggest
phase lag difference including the damper windings dynamas aboutO . This difference could
be considered not suf cient to include the sub-transientlelin the PSS tuning analysis.

The results show how the excitation system may negativebauts the synchronizing and damping
torque components. Speci cally, for the analized machiine damping torque coef cient using static
exciter with high active power and weak external connedjingd reaches values about -2 p.u. There-
fore, it is mathematically demonstrated also the need of & tB3ncrease the damping torque com-
ponent specially in the case of excitation systems witlicséxtciters and at low frequencies.

A PSS tuning methodology, which is based on linear contretey theory, is established in this
work. Speci cally, frequency response techniques are tsek ne the setting for the lead lag lters
time constants and PSS gain. This is supported on the fadtiaredominant trend in the industry
is still to use frequency response based tuning methods [12]

The performance of the PSS with the achieved tuning is vigdigia simulations in the complete
SM-IB system model. Furthermore, a sensitivity analysisheflocal oscillation mode damping to
changes in the system operating pointis carried out vegfthie robustness of the tuning process. The
sensitivity analysis is also extended to a PSS tuning padrfor an oscillation frequency different
than the natural local oscillation mode and once again g@wdpihg levels of the local mode are
achieved, fact that con rms the reliable tuning. In all ayrad cases, the minimum damping of the
local mode was never less tha@%

The idea of applying control structures based on signaineditbn theory to FACTS to damp os-
cillations in the power system has been used in this work toedan alternative controller for the
generator. This controller is based on a low-pass lter dasignal estimation algorithm. The ob-
tained results indicate that the alternative controllefike to damp successfully the local oscillation
mode that appear after applying a disturbance to the SM-$Eegy.
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A critical comparison between the PSS and the Phasor PODatientreveals several advantages
of the Phasor POD controller in aspects as speed of actitwstoess, tuning requirements and
possibility of parameters adaptation. However, the ingustill prefer the conventional stabilization

based on lead lag Iters and the reason could be that acdeptagults are obtained with a relative
easy way on tuning. Also, because more research is needettargee the stability of the system
when another control structure or technique is applied thighsame aim [4].

6.2 Future Work

Based on the obtained results, it is recommended to conitirthe following working lines:

PSS tuning algorithm improvement including optimizatiorekpand the performance requirement
to a frequency range, which should be the PSS frequency &rgterest. Some proposed objective
functions are the square error between the objective syghawe and the real phase of the compen-
sated system, or the square error between a objectiveatgmlimnode damping and the real achieved
damping.

Deeper analysis of the Phasor POD controller applied tolegmous generator in aspects as its
impact on the system stability and on the synchronizingdercpmponent of the machine. Additio-
nally, to study the controller in a higher order power systaodel where inter-area oscillations can
be reproduced and more complex dynamic interactions agfleaiing to test the controller limits of
performance. This will also lead to the possibility of a sfyer comparison between the PSS and the
Phasor POD controller.
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Appendix A

System Parameters

The parameters of the synchronous generator and excitgtgiam used for the calculations and simula-
tions in all chapters of this work were provided by VG Power Al they are listed as follows.

A.1 Synchronous Generator

Table A.1: Synchronous Generator Parameters

Parameter Value Unit
Nominal Apparent Powes, 69 [MVA]
Nominal VoltageV, 138 [kV]
Inertia Constank 3 [s]
Frequency 50 [Hz]
Damping Torque Coef cienk p 0 [p.u/p.u]
Stator Resistandes 0:0033 [p.u]
d-axis Stator Inductandegq 1:177 [p.u]
g-axis Stator Inductandes 0:772 [p.u]
Stator Leakage Inductante 0:174 [p.u]
d-axis Open Circuit Transient Time Constdif}, 6:596 [s]
d-axis Stator Transient ReactarXg, 0:324 [s]
d-axis Damper Winding Leakage Inductaricg 0:17879 [p-u]
g-axis Damper Winding 1 Leakage Inductarcg 0:20104661  [p.u]
g-axis Damper Winding 2 Leakage Inductahcg 0 [p.u]
Field Resistanc®&;q 0:00056937  [p.u]
d-axis Damper Winding ResistanBaq 0:02462133  [p.u]
g-axis Damper Winding 1 ResistanBgq 0:02768629  [p.u]

g-axis Damper Winding 2 ResistanBgq 0 [p.u]
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A.2 Excitation System

Table A.2: AVR and Exciter Parameters

Parameter Value Unit
AVR Proportional GairK 20 [p.u]
AVR Integral GainK 0:2 [p.u]
Terminal Voltage Transducer Time Constdpt 0:01 [s]

Time Constant due to type of AVIRy 0:004 [s]

Power Converter Positive Ceiling VoltayeR_M ax 4 [p.u]
Power Converter Negative Ceiling VoltayeR_Min 3 [p.u]
Maximum Integral Control Action Voltag¥ |_Max 4 [p.u]
Minimum Integral Control Action Voltag®' |_Min 3 [p.u]
Maximum Proportional Control Action Voltagé p_ M ax 10 [p.u]
Minimum Proportional Control Action Voltage p_Min 10 [p.u]

Table A.3: Parameters Depending on the Type of Exciter

Value
Parameter Rotating Static Unit
Derivative GairK 4 5 0 [p.u/p.u]
Derivative Filter Time Constariiy 2 0 [s]
Rotating Exciter GairK ¢ 1 1 [p.u/p.u]
Rotating Exciter Time Constaiit, 0:9 0 [s]
Saturation Function for Rotating Excit8g 0 0 [-]




Appendix B

Transformations Equations for 3-Phase
Systems

The transformations from 3-phase system tosystem which is a stationary reference frame, andcto
system which is a rotating reference frame, are presentéeiriollowing equations. In this case, zero
sequence is not considered since the assumption of a symimetalanced system is made [8].

B.1 Power Invariant 3-phaseto  Transformation

r

s(t)=s ()+js (1) = %(sl(t)e‘°+ sp(t)e? 3+ sz(t)e? 3 (B.1)
ST R
o= 87 P2z b4 (B:2)
S 0 > o s
2 2 3
2
2 3 10
4 S1 . EE 1 3 s (B.3)
So = = E a .
S3 3 1 aé S
2 2
B.2 to dg Transformation
From todq
vy = vl I()e 1 ® (B.4)
va(t) _  cos() sin( ) v (t)

vg(t) —  sin() cos() v (1) (B.5)
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From dqto

vl () = v (e O (B.6)
v (t) _ cos() sin() vg(t)
v(t) sin( ) cos() Vg(t) B.7)

Where the angle is the transformation angle, which is also presented inE.



	Abstract
	Acknowledgements
	Acronyms
	Contents
	Introduction
	Problem Background
	Purpose
	Scope
	Method

	Synchronous Machine Infinite Bus Modelling
	SM-IB Complete Model
	Excitation System Models
	PSS Model
	SM-IB Linearized Reduced Order Model
	Transient Model
	Transient Model for System Phase Analysis
	Sub-Transient Model for System Phase Analysis

	System Phase Analysis
	Synchronizing and Damping Torque Coefficients Calculation
	Using Excitation System with Static Exciter
	Using Excitation System with Rotating Exciter
	Sensitivity Analysis


	PSS Tuning
	Eigenvalues Calculation
	Lead Lag Filters Tuning
	Gain Tuning
	Tuning Performance Requirements
	Sensitivity Analysis
	Tuning for Local Oscillation Mode
	Tuning for a Different Oscillation Frequency

	PSS Tuning Performance Evaluation
	PSS Gain Sensitivity
	Impact of Tuning Operation Point


	Control Structure Based on Signal Estimation
	LPF Based Estimation Algorithm
	Controller Applied to the Synchronous Generator
	Parameters Selection

	Simulations Results
	With Complete Model
	With Linear Transient Model

	Critical Comparison - PSS vs. Phasor POD Controller

	PSSVG 1.0 Software Tool
	Algorithm Flow Chart
	Matlab and Simulink Files
	How to Run a Case
	Numerical Results in The Command Window
	Program for Tuning at a Different Oscillation Frequency
	Comments and Tuning Tips

	Conclusions and Future Work
	Conclusions
	Future Work

	References
	System Parameters
	Synchronous Generator
	Excitation System


