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ABSTRACT

Unbalanced loads, such as unequal voltage magnitudes at the fundamental of both system frequency and phase angle
deviation, are inrehent in 500 kV EHV Java-Madura-Bali (or Jamali) System. This crucial unbalanced loads may cause
overheating of the machineries including synchronous generators (SG) which is a source of electrical energy generation
system. To decrease the unbalance, damper windings are installed in SG. This study is to investigate the performance of
three different damper winding configurations of a SG under unbalanced steady-state condition. By the SGs simulator,
induced currents of damper windings under the unbalanced steady-state system conditions are measured and analyzed. The
value of the generator’s inputs is derived through unbalanced Newton-Raphson loadflow analysis on the Jamali System.
Clearly that the damper windings have contributed the stability effectively and increased the maximum output. Moreover,
there were little lower power angle of the SGs because the damper windings reduced the unbalanced loads.
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1. INTRODUCTION

The dynamic behaviors of an unbalanced steady state operating conditions such as unbalanced short-
circuits of synchronous generators have received considerable attention [1]. However, the problem of the
unbalance during the synchronous generator is connected the grids, which is known as interconnected power
system, has not been comprehensively solved [2]. The unbalance in nature comprises unequal voltage
magnitudes at the fundamental of both system frequency and phase (or load) angle deviation. Negative
sequence current in crucial unbalanced systems may cause overheating of the machineries; zero sequence
current may cause improper action of the protective relaying [3-5]. Noted, this is becomes an important issue
in interconnected power system.

Many researchers analyze the performance of small signal dynamic of SG connected to the load under
any unbalanced operation conditions focus only on the distributed generating case and single machine infinite
bus. They use many linear and nonlinear models of synchronous generator for steady-state study using different
frames of reference including dgo [6-10] and afo-coordinates [11] in time [12]. The crucial importance of an
appropriate model taking in account dampers which are sometime neglected in those simplified models. Thus,
the characteristics of damper windings and their effects on machine dynamics in the electric power system
have not yet to be sufficiently clarified. Whereas the damper windings are employed to both increase power
output and contribute the stability. The question is “will damper windings do improve dynamic behavior and
what kind of damper winding configuration should be employed?”

The study reflects several designs of damper windings installed on synchronous generators which are
connected to 500 kV EHV Jamali System. The study was conceded out through the hybrid-method by
combination both unbalanced Newton-Raphson loadflow and the synchronous generator simulator based on
the gd0 reference frame of synchronous generator model [13].

This work is firstly gave A brief explanation about the concepts and algorithms involving the
unbalanced condition of balanced synchronous generator which is defined on Section 1. Then, Section 2
presents the review concepts and algorithm. The demonstrations are presented on Section 3. Finally, Section 4
presents the results and conclusion.
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2. REVIEW CONCEPTS AND ALGORITHMS

The current section describes a brief discussion considering the operation of power system with
synchronous generators under unbalanced steady state condition.

A. Steady State Unbalanced Operation

In Indonesia and in several countries around the world, it is common that many large synchronous
generators connected to the power grid are usually found in recent power system. The 500 kV EHV Jamali
Systems is one of an example. SGs which is a source of electrical energy generation system often operates on
unbalanced three-phase loading. That is the stator currents have different amplitudes, and their phase
displacement differs from 120° [14]. According to Fortesque’s transform, these phase currents can be
decomposed in positive, negative and zero sequence currents

At unbalanced operation, the armature current presents negative and zero sequence components. The
negative sequence components produces magneto-motive force (MMF) that travels at opposite rotor speed,
while the zero sequence components produce a zero traveling field in an air-gap and do not interact with the
rotor in term of the fundamental component. The positive and negative sequence components produce a net
MMF with a sinusoidal variation of its maximum amplitude under and will also appear a sinusoidal variation
with a frequency. The speed of the generator consequently will not be constant.

B. Balanced SG with Unbalaned Loads

The balanced three-phase synchronous generator’s model is shown in Fig. 1. It is clear that the generator
is driven by the unbalanced voltage inputs; thus:
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Fig. 1. Balanced generator with unbalanced inputs [15]

The balanced generator model can consist of three stator windings, one rotor winding, and one, two, three or
without damper windings. Fig. 2 describes the generator model with two damper windings [16]. The model is
based on an ideal concept so the fields produced by the winding currents are assumed to be sinusodally
distributed around the airgap and ignores the space harmonics. And also stator slot cause no apprecible
variation of any of the rotor winding inductances.

In three axis framework, the model can be written as:
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Where i and iy, are the currents of direct and tranverse damper windings, Wy4 and Wy, are the total flux of
direct and tranverse damper windings, W, is the stator total flux and ¥ is the main field total flux.

Equation (1) can be written in gd reference framework using Park’s transformation matrix as.

ro_ o W r p r
Vgs = ~Tslgs + w_bl»bds + w_blpqs
ro_ T Wr 1 P r
Vgs = —Tslgs + _l»bqs + _lpds
v 3)
o i P r ro_ T P r
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Fig. 2. SG model with damper windings [15]

In these v represents the voltage of windings, / represents the electrical current flowing in the winding,
1 represents the magnetic flux linking the winding, p represents differential operator (d/df), w, and w,, are
angular speed of the rotor refered to a two pole generator and reference angular speed corresponded to the rated
frequency, respectively. Since the damping windings are short-circuited, the value of v}, and vj4 are null.

lpgs = _xlsigs + xmq(_igs + ich)
Wis = X5l + Xma(—1hs + ifq + ika)
IPES = —X5ips

Viq = Xikglkq + xmq(_igs + il:q)

VYka =

- o
= Xikaika + Xma(—iGs + lfg + ika)

C)

Yia = Xipaifa + Xma(=ils + ifa + ika)
Where 75, Tkq> Tkas Tras Xiss Xikq> Xikd> Xifd> Xmq and Xpmgq are the electrical fundamental parameters of
synchronous generator.
The direct-axis reactance x, and the quadrature-axis reactance x, are given by:
Xqg = Xis t Xma Xq = Xis + Xmq (5
The mechanical part of the generator is described by two differential equations as described in:
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p5 = Wy — Wy
2H , , 6
w_spwr = Tm - (lpdlqs - wdlqs) - Tdamp ( )

In (6), H is an inertia constant of the turbine generator set, T,;, and Ty4m, are the mechanical and damping
torques.

C. Studied System Description

The studied generator is Grati which is one of generating plants of 500 KV EHV Jamali System,
shown in Fig. 3. The grid consists of 9 generator nodes such as Suralaya 1 (1,850 MW), Suralaya?2 (1,600
MW), Cirata (1000 MW), Muara Tawar (500 MW), Saguling (450 MW), Tanjung Jati B (820 MW), Grati
(200), Gresik (298), and Paiton (2,252 MW).
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Fig. 3. Location of the test generator in 500 kV EHV Jamali System [15]
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Table 1. IBT’s Name and Capacity [13]

. Capacity

Region Bus MW MVAR
Bekasi 730 -260

Cawang 650 198

| Cibinong 680 378
Cilegon 289 127

Gandul 596 -530
Kembangan 624 220

Suralaya 248 -37

South Bandung 496 334

Cibatu 634 288

I Cirata 484 138
Depok 263 37
Mandirancang 226 69

Tasik 7 0

Pedan 444 222

I Ungaran 490 109
Grati 198 132

Gresik 193 139

v Kediri 253 118
Paiton 423 59

West Surabaya 683 261

It also consists of 21 load or Inter Transformer Bus nodes shown in Table I. The swing bus is Paiton’s bus and
others are PV buses. Transmission lines use ACSR-556.5 type. System benchmark capacity is 100 MVA.

3. DEMONSTRATION

To study effects damper windings on unbalanced steady state operation of synchronous generator,
several simulations were performed under unbalanced Newon-Raphson (NR) loadflow analysis and
synchronous generator simulator which based on Matlab/Simulink. Fig. 4 shows the windows Of synchronous
generator simulator. The analysis and simulation processes can be described by the block diagram of Fig. 5, in
which the role and content of the box simply illustrated a follows:

Generated power

Name of test generator

Generator parameters

Generator inputs

Fig. 4. The windows of synchronous generator simulator [15]
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/ Input data and information which is needed for /

unbalanced loadflow analysis and SGs

v

Model the 500 kV EHV Jamali System

v

Analyze the Jamali System using unbalanced NR
loadflow all of IBTs are balance and 5% of unbalance

v

Simulate the dynamics of unbalanced steady state
condition of balanced synchronous generator
connected to unbalanced 500 kV EHV Jamali

v

/ Present the results /

Fig. 5. Research flowchart

A. Grati’s Terminal Inputs Calculation

One can get the loadflow calculation results from Fig. 3 that uses unbalanced NR loadflow analysis.
Table II presents interphase voltage values of the test generator terminal, balanced and 5% of unbalanced
loading condition. It is shown that under unbalanced loads condition, the phase angles of generator terminal
voltage are deviated from its balanced value.

Table 2. Voltage Values of Generator Terminals

Condition Phase Voltage
a 12-7.7°
Balanced loads b 12120°
c 1 2£240°
a 124-8.0°
5% of unbalanced b 12120°
loads c 1 £240°

B. Effects Damper Windings on Unbalanced Steady State Performance under Unbalanced Loading

The user friendly of operating the proposed tool for the effects damper windings of the generator
under unbalanced loading has been demonstrated by examining the variations of dynamic parameters at
different levels of unbalanced load. Its characteristics are presented in Table III. This leads to the following
figures which present the steady state condition, balanced and unbalanced loads, of generated active powers
and of power angles.

Impact of Damper Windings on Unbalanced Steady-State Performance (Sugiarto)



184

ISSN

: 1907-5995

Table 3. Generator ratings and Parameters

Power 200 MVA | x"4 0.191 pu
Voltage 20 kV | x"g 0.191 pu
Frequency 50 Hz | Ty 4.3 pu
Power factor 0.9 T'g0 0.023 p.u
T 0.0019 pau T 40 0.032 pu
Xq 0,85 pu| T'g 0.066 p.u
Xq 0485 pu| H 5,6 p.u
Xis 0.120 pu | d, 2 second
x'q 0.28 p.u

Fig. 6.
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Fig. 7. Simulated unbalanced load conditions of active powers of generators

In Fig. (6) and (7), it is seen that utilizing of damper windings on both d-axis and g-axis will influence on the
decreasing of oscillation values of generated active power during steady-state period. Surprisingly, using one
damper winding, either on d-axis or g-axis, will oscillate the dynamic behaviour greater than without using
damper winding. By applying dg-axis damper winding, the increasing percentage of unbalanced load up to 5%
will not influence significantly on greater of generated active power.
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Fig. 8.
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It is seen in Fig. (8) and (9) that employing of damper windings on both d-axis and g-axis will stabilize
the power angle values during steady-state period. Using just one damper winding on g-axis, will destroy the
dynamic behaviour of power angle during unbalanced loading. By apply dg-axis damper winding, the

increasing percentage of unbalanced load up to 5% will slightly fluctuate power angle value.

4. CONCLUSSION
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Fig. 9. Simulated unbalanced load conditions of power angle of generators

This paper presents about the impact of damper windings on unbalanced load performance of a
synchronous generator connected to 500 kV EHV Jamali. The system model can be represented by the
combination between both unbalanced three-phase Newton-Raphson loadflow and the rotor’s gd0 reference
frame of synchronous generator.

It is shown that under unbalanced loads condition, the phase angles of terminal generator voltage are
deviated from its balanced value. The biggest deviation occurs when the grid operates under balanced load

condition

Impact of Damper Windings on Unbalanced Steady-State Performance (Sugiarto)
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The main conclusion that could be drawn with this study cases are that utilizing of damper windings on
both d-axis and g-axis will influence on the decreasing of oscillation values of generated active power and
power angle. The increasing percentage of unbalanced load up to 5% will not influence significantly on both
values.

REFERENCES

[1] Megahed AL, Malik OP. Simulation of Internal Fault in Synchronous Generator. /EEE Transaction on
Energy Conversion, Vol. 14, No. 4, December, 1999.

[2] Peng L, (2011). Overloading Algorithm of Synchronous Generators under Unbalanced Steady State
operation. International Conference on Electrical Machine and System (ICEMS), pp. 1-6, 2011.

[3] RoarkJD, Fross CA, (1978). Unbalanced synchronous machine analysis using frequency domain methods.
Proc. IEEE PES Summer meeting, Los Angeles, CA.

[4] Salim RH, Ramos RA, Bretas NG. Analysis of the Small Signal Dynamic Performance of
SynchronousGenerators under Unbalanced Operating Conditions. Power and Energy Society General
Meeting. pp. 1-8, 2011.

[5] Rodriguez P, Medina A. Fast Periodic Steady State Solution of a Synchronous Machine Model
incorporating the Effects of Magnetic Saturation and Hysteresis. IEEE PES Winter Meeting, Vol. 3, pp.
1431-1436, 2001.

[6] Birt KA, Graffy JJ, McDonald JD. Three-phase Load Flow Program. [EEE Transaction on Power
Apparatus System, Vol. 95, No. 1, pp. 59-66, Jan/Feb, 1976.

[7] Fuchs EF, Masoum MAS. Power Quality of Electric Machines and Power Systems, Academic Press, 2008.

[8] Kundur P. Power System Stability and Control, McGraw-Hill, 1994.

[10] Xu WW, Dommel HW, Marti JR. A Synchronous Machine Model for Three-phase Harmonic Analysis
and EMTP initialization. IEEE Trans. power Systems, Vol. 6, No. 4, pp. 1530 — 1538, 1991.

[12] Arrillaga J, Campos—Barros JG, Al-Kashali HJ. Dynamic Modeling of Single Generators Connected to
HVDC Converters. I[EEE Trans. Power Apparatus and System, Vol. 4, pp. 1018- 1029, 1978.

[13] Sugiarto, Hadi SP, Tumiran, Wijaya FD, (2013). Teaching the Large Synchronous Generator Dynamic
Model under Unbalanced Steady-state Operation. The 5th International Conference on Information
Technology and Electrical Engineering (ICITEE), pp: 425-429, 2013.

[14] Boldea 1. Synchronous Generator, Boca Raton, FL: Taylor & Francis Group, LLC, 2006.

[15] Sugiarto, Basuki A, Arena M. The Dynamic of Synchronous Generator under Unbalanced Steady State
Operation: a Case of Virtual Generator Laboratory. International Journal of Electrical and Computer
Engineering (1JECE), Vol. 6, No. 5, pp. 1292-1303, December, 2015.

[16] Krause PC, Wasynczuk O, Sudhoff SD. Analysis of Electric Machinery and Drive Systems, Willey-
InterScience, a John Willey & Sons, Inc. Publishing, New York, 2002.

ReTII November 2018 : 178 — 186



