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Abstract

Generators used in multi-machine power systems are very affected by transient situations such as malfunctions and line
breaks. In transient situations, the system becomes unstable, and oscillations increase. In particular, order modeling of
synchronous generators effectively eliminates transient stability situations. To analyze this in the best way, a small signal
stability analysis is performed. This study was carried out in the MATLAB-based Power Systems Analysis Program (PSAT),
using the 2nd-order and 5th-order models of the synchronous generator for small signal stability analysis in a 3-machine
9-bus power system. While the Znd-order model is used as the traditional model in synchronous generators, the 5th-order
model has been developed as a dynamic order model. Especially in the 5th-order model, it was developed based on a sub-
temporal model for better damping of the system. In the comparisons made in both order models, the real and imaginary
values and participation factors are shown in figures, while the eigenvalues, damping percentage, frequency, dominant
values, and operating modes are presented in tables. By using both order models in the synchronous generator, the number
of eigenvalues of the system was determined. The results obtained showed that the 5th-order model gave better results in
small signal stability analysis.
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SENKRON GENARATORDE KULLANILAN DINAMIK MODELLERIN KUCUK
SINYAL KARARLILIGI UZERINDEKI ETKILERI

Ozet

Cok makineli giic sistemlerinde kullanilan generatérler ariza ve hat kopmalart gibi gegici durumlardan ¢ok
etkilenmektedir. Gegici durumlarda, sistem kararsiz olmakta ve salinimlar artmaktadir. Ozellikle, senkron generatérlerin
dinamik modellemesi gecici kararlilik durumlarini etkili bir sekilde ortadan kaldirmaktadir. Bunu en iyi sekilde analiz
etmek icin kiiciik sinyal kararliligr analizi yapilmaktadir. Yapilan bu ¢alisma, 3-makineli 9-barali gii¢ sisteminde kiictik
sinyal kararliligi analizi icin senkron generatériin 2. derece ve 5. derece modelleri kullanilarak MATLAB tabanli olarak
calisan Gii¢ Sistemleri Analizi Programi (PSAT)’da gergeklestirilmigstir. Senkron generatérlerde 2. derece modeli geleneksel
model olarak kullanilirken, 5. derece modeli dinamik derece modeli olarak gelistirilmistir. Ozellikle de 5. derece modelinde
sistemin daha iyi séniimlenmesi icin alt gecici model tabanl olarak gelistirilmistir. Her iki derece modelinde yapilan
karsilastirmalarda gergek ile sanal degerler ve katilim faktérleri sekiller ile gésterilirken, 6zdegerler, séniimleme ytizdesi,
frekans, baskin degerler ve calisma modlari tablolar halinde sunulmugstur. Her iki derece modelinin senkron generatérde
kullanilmast ile sistemin ézdegerlerinin sayist belirlenmistir. Elde edilen sonuglar, kiiciik sinyal kararliligi analizinde 5.
derece modelinin daha iyi sonuclar verdigini géstermistir.

Anahtar Kelimeler: Senkron generator, Derece modeller, Kiiciik sinyal kararliligi, PSAT
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1. Introduction synchronous generators. Small signal stability analyses
are performed with these developed models. There are
many studies in the literature regarding these. Power
systems often suffer from low frequency oscillations.
This may cause instability when left in the system for a
long time. To reduce these oscillations, power system

Multi-machine power systems are highly affected by
various transient stability states. For this purpose,
various analyses are made in power systems. One of the
most effective of these is the improved models used in
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stabilizers through excitation control are used [1,2]. Due
to the integration of wind turbines from renewable
energy sources into power systems, certain operating
limits need to be set in terms of small signal stability in
transient stability situations in large systems. In this
regard, various developments are being made in power
system stabilization models [3-5]. One of the models that
is successful in eliminating transient stability situations
in synchronous generators in a short time is the
automatic voltage regulator. Effective results have been
obtained in small signal stability analysis by using
automatic voltage stability in synchronous generators. In
addition, the automatic voltage regulator plays an
important role in improving low-frequency oscillations
by using it together with the power system stabilizer
model [6-9]. With the expansion of energy production,
low oscillation frequency problems have begun to
emerge due to the increase in energy demand. Power
electronics-based Flexible AC Transmission System
(FACTS) devices are used to eliminate such problems.
Among the FACTS devices, Static Synchronous
Compensator (STATCOM), Static Var Compensator
(SVQ), Thyristor Controlled Series Compensator (TCSC),
Static Synchronous Series Compensator (SSSC), and
Unified Power Flow Control (UPFC) are widely used for
small signal stability analysis in multi-machine power
systems. is used [10-14]. In recent years, grid integration
of wind power plants, one of the renewable energy
sources, has been one of the most popular topics.
Detailed analyses are carried out, especially for
instability situations that occur during grid connection.
One of these is small signal stability analysis [6,15].

In the studies given in the literature, power system
stabilizer models, automatic voltage regulator models,
and FACTS devices, which are generally used in
synchronous generators, and small signal stability
analyses in multi-bus power systems have been
examined in detail. In this study, unlike literature studies,
the effects of dynamic models used in synchronous
generators on small signal stability are examined in
detail. Eigenvalue analyses, polar representations, and
participation factors of each order model were examined
in detail. The results obtained were interpreted in detail.

In the article, synchronous generator order models are
discussed in section 2 and small signal stability is
discussed in section 3. While simulation study is included
in section 4, the simulation study result is examined in
section 5. The conclusion is detailed in the last section.

2. Synchronous Generator Order Models

In this study, 2nd and 5th-order models were used in
synchronous generator models. In the 2nd-order model,
all d and g-axis electromagnetic circuits are neglected.
The 2nd-order model is defined by three variables. These
are angle, angular speed, and g-axis transient voltage
source. Angle and angular speed changes are shown in
Equation (1) and Equation (2).

6=t (0-1) (1)
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w=(P, —P,—D(w-1)/M @)

The 5th-degree model is obtained by adding one circuit
to the d-axis and two circuits to the g-axis. It consists of
five variables: angle, angular speed, g-axis transient
voltage source, d-axis transient voltage source, and g-
axis sub-transient voltage source. In the 5th-order model,
the g-axis sub-transient voltage is neglected. The
equations used to obtain the 5th-order model are given
between Equation (3) and Equation (7).

5:fb(a)_1) (3)
w=(P,-P,-D(w-1))/M )
¢ C ToXey, 1-T,, [T, )V,
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Where, f» is the base frequency, Pn is the mechanical
power, M is the torque, D is the damping coefficient x4
and x4 d-q axis synchronous reactances, x’s and x’; are the
d-q axis synchronous transient reactances, x”¢ and x” d-
q axis synchronous sub- transient reactances, T'sw and T’q0
d-q axis open circuit transient time constant, T"sand T"q0
d-q axis open circuit sub-transient time constant, Taa d-q
axis additional leakage time constant, i¢ and ig s the d-q
axis current, ¢ is the rotor angle, w is the rotor speed, vr
is the field voltage, e’s and e’y d-q axis transient voltage
source, e”qsand e”q is d-q axis sub-transient voltage source
[16].
3. Small Signal Stability

In small signal stability analysis, the eigenvalue
calculation method is primarily used. When the power
system is at equilibrium point, non-linearity is expressed
in the eigenvalue calculation. Nonlinear state
expressions are shown in Equation (8) and Equation (9)
[17,18].

X = T (X,Up)=0
Yo =g(x0,u0)

where xo and uo indicate the equilibrium state and entry
at point u. yo shows the output at the equilibrium point.
The x value is represented as the difference in the state
variable xo. The differential equation of the expression x
is shown in Equation (10).

(8)
(9)

X = X, +AX (10)
where, Ax is defined as the change in state xo when the
disturbance occurs. This equality can be shown in
Equation (11).

%= f (% +AX), (U, +Au) ] (11)
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If the disturbance is small, the Taylor series is expanded.
The equations obtained by expanding Equation (11) are
shown between Equation (12) and Equation (16).

X, =X, o+ AX, (12)
= f,[ (% +Ax),(u, +Au) | (13)
14
:fn(xo,uo)+a—f”Axl+---+afn AX, (9
0%, m
+8fn AU, +---+ o, Au,
oy, au,
X, =AX, (15)
16
=%Ax1+---+af" Axm+afn Au, + (16)
ox, X, X
-+ Al Au
ou, °

a

The output expression can be obtained similarly, and
shown as in Equation (17).

17
Ay, :ag—mAx1+-~+ag—mAxm +ag—mAu1+ )
oX, X, ou,
...+6g_mAuq

8uq

Equations (16) and (17) can be shown as Equations (18)
and (19).

AX = AAX+ BAu (18)

Ay = CAX + DAU (19)

The A, B, C, and D parameter Equations used in Equation
(18) and Equation (19) are shown in Equation (20) and
Equation (21) [17,18].

ot o] [ o] GO

ox, o au, ou,
A=| : :,B=| :
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During the calculation process, linearization operations
need to be performed around small disturbances in the
power system. For this purpose, the small signal stability
calculation is discussed after this stage [17,18].

Small signal stability analysis is very important for the
operating modes of electromechanical oscillations in
multi-machine power systems. The oscillation states of
the generators are controlled when they work
individually or when they work in groups. To ensure
small signal stability, operating modes must be optimally
selected. Damping processes of controllers used in
synchronous generators occur depending on their
operating modes. Eigenvalues are used to evaluate this.
The eigenvalue expression used in calculating the
damping expression is shown in Equation (22).

A=ctjo (22)

Eigenvalues consist of two parts. While the first part
shows the real part damping condition; The second part
shows the imaginary part damping condition. In addition,
oscillation frequency and damping ratios are also taken
into account in the eigenvalue calculation. The
expressions for oscillation frequency (¢) and damping

ratio (§ ) are shown in Equation (23) and Equation (24).

ECA
2

¢ (23)

—c
Noo + o’
Another important expression used in eigenvalue
calculation is the participation factor. The participation
factor is used to determine the operating modes of the
system according to frequency. It shows the contribution

of the eigenvectors used in the system, especially in local
area and inter-regional operating modes [7,19].

<

(24)

4. Simulation Study
An examination of the order models used in the
synchronous generator in a 3-machine, 9-bus power
system was carried out [20]. The analyzed system is
shown in Fig.1. In this test system, bus number 1 was
used as the slack bus, while buses 2 and 3 were used as
the generator bus. In addition, buses numbered 4, 5, 6, 7,
8, and 9 were used as load buses. In the system,
automatic voltage regulators work connected to
synchronous generators. Transformers were used
between buses 2 and 7 and between buses 3 and 9 in the
system. Transient stability analysis was carried out in
this system by disabling the breaker used between buses
5 and 7 for a certain period of time and then reactivating
it. Two different situations were analyzed in the
simulation study. In the first case, comparisons were
made for the situation where the 2nd-order model was
used in synchronous generators. In the other analysis,
comparisons were made when the 5th-order model was
used in synchronous generators. In synchronous
generators, automatic voltage regulators model 2 and
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power system stabilizer model 3 are preferred. The
analyses were examined in detail.

4.1 Simulation Study Results

In the first analysis of this study, the second-order model
was preferred for synchronous generators used in a 3-
machine 9-bus system. Using the 2nd-order model,
synchronous generator angular speed change,
eigenvalue analysis results of the system, and
participation factors results are shown in Fig. 2, while
eigenvalue values, damping percentage, frequency,
dominant parameters, and operating modes are shown in
Table 1.

Table 1. Small signal stability results in the 2nd-order
model.

model was preferred in the synchronous generators used
in the system.

With the use of the 5th order model in synchronous
generators, the system eigenvalue analysis results,
synchronous generator angular speed change, and
participation factors results are given in detail in Fig. 3,
while the system eigenvalue analysis results are given in
detail in Fig. 3 values, damping percentage, frequency,
dominant values and operating modes of the system are
presented in detail in Table 2.
Table 2. Small signal stability results in the 5th-order
model.

Eigenvalue Damping Frequency Dominant Operating

Eigenvalue Damping Frequency Dominant Operating

(A) percentage parameters modes
-0.77171 6.62 1.8511 delta 2, Local
+11.6309 omega 2 area
-0.20749 2.738 1.206 delta 1, Local
+7.5749 omega 1 area

(A) percentage parameters modes
-0.08701 0.714 1.9381 delta2, Local
+12.1773 omega 2 area
-0.0365 0.462 1.22564 SG delta 1, Local
+7.8943 SGomegal grea

In the results obtained, Fig.2.a shows the region where
the system parameters are stable in real and imaginary
values; Fig.2.b shows the situations where all parameters
are stable and unstable in real and imaginary values. Fig.
2.c shows the angular speed changes of synchronous
generators when the order model is used. When the
angular speed changes in the 2nd order model of the
synchronous generators used in the test system are
examined in terms of oscillation, the minimum and
maximum values are in the range of 0.9995-1.00065. Fig
2.d shows the relationship between eigenvalues,
situation variables, and participation factors. It can be
seen that 2 of the 6 state variables are on the real axis, 2
are on the zero axis and 2 are on the imaginary axis. It is
seen that the system becomes stable in the angular speed
changes of the synchronous generator in a late period. In
the other analysis made in this study, the 5th-order

In the use of the 5th-order model in the synchronous
generator, Fig.3.a gives the region on the left where the
system parameters are stable in real and imaginary
values; Fig.3.b gives the situations where all parameters
are stable or unstable in real values and imaginary values
on the left and right. Fig. 3.c shows the angular speed
changes when the 5th-order model is used in a
synchronous generator. Fig. 3.d shows the eigenvalues,
state variables, and participation factors in detail in the
Sth-order model used in the synchronous generator. It
can be seen that 11 of the 15 variables in total are on the
imaginary axis. It can be seen that 2 values are on the real
axis and 2 variables are on the zero axis. It is seen that
the system becomes stable in a short time in case of
synchronous generator angular speed changes. By using
the 5th order model in the synchronous generator, the
oscillations in angular velocity changes are in the range
0f 0.9996-1.00063.
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Figure 1. 3-machine 9-bus power system.
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Figure 2. Results obtained with the 2nd order model.
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Figure 3. Results obtained with the 5th-order model

5. Conclusion
The effects of synchronous generators in multi-machine
power systems in transient stability situations were
examined by using different-order modeling. For this
study, eigenvalue analyses, damping percentage,
frequency, dominant machines, and operating modes
were examined in detail. The angular speed change in the
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synchronous generator was chosen as the reference to
control system oscillations. With the use of the 2nd order
model, it was observed that the oscillations in the system
were high and the system was unstable, while with the
use of the 5th order model, it was determined that the
oscillations in the system decreased and the system
became stable. When the order models are compared in
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terms of small signal stability, it is seen that in the 5th-
order model, most of the parameters are on the left side,
thatis, in the stable region, while in the 2nd-order model,
the parameters are distributed equally to the sides. In
addition, the 5th order model used in synchronous
generators gives better results in oscillation damping.
This study will pave the way for ensuring the
coordination of controllers used in synchronous
generators in multi-machine power systems and for
performing small signal stability analyses with different
scenarios.
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