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 The purpose of this study is to design and develop a synchronous generator 
virtual laboratory for undergraduate student courses, which can be treated as 
an accessorial tool for enhancing instruction. Firstly, the study reviews the 
general concept and algorithm of synchronous generator model. Secondly, 
the simulation method of this system is discussed. Finally, the paper 
introduces its example and analysis. One of the major objectives of this 
project is the dynamics of synchronous generators connected to the 500 kV 
EHV Jamali (Jawa-Madura-Bali) System under unbalanced steady state 
condition that could be modeled as a balanced synchronous generator’s 
model with unbalanced voltage inputs. The balanced synchronous generator 
model based on the rotor’s qd0 reference frame was chosen to substitute 
generator’s model embeded in loadflow analysis. The verification of the 
proposed generator’s model was checked by comparing it with a PSS 
Tecquiment NE9070 simulator. The unbalanced voltage inputs of generator 
were derived utilizing the loadflow analysis by determining the phase and 
sequence currents, and average bus voltages of the 500 kV EHV Jamali grid 
considering unbalanced portion variations. Meanwhile, the load locations 
having significant effect on the test generators are obtained by using the 
electricity tracing method. The developed virtual laboratory with a given 
example demonstrated the usefulness of the tool for studying synchronous 
generator under unbalanced steady-state operation. 
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1. INTRODUCTION  

In electrical engineering education, written exercises are necessary for undergraduate students to 
grasp conception while experimentations emphasize the understanding of the subject. Real experiments are 
essential for developing skills to deal with instrumentation and physical processes and no doubt that nothing 
will replace synchronous learning through face to face interaction [1]. Virtual Laboratory can be treated as an 
accessorial tool of real laboratory to enhance instruction for conventional on-campus students, which can 
enable students to improve the skills before going to the actual laboratory, to learn breaking the limitation of 
real laboratory dealing with advanced topics, such as unbalanced operation in synchronous generators. So, 
Virtual Laboratory can effectively help to overcome the barriers imposed by the traditional education by 
using an innovative combination of a new approach to education and the application of new technologies [2]-
[4]. 
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 Many studies considering unbalanced steady state operating conditions of synchronous generators as 
a source electrical energy have done using the analytical approaches. The nature of the unbalance comprises 
unequal voltage magnitudes at the fundamental of both system frequency and phase angle deviation. One of 
contributing factors is the appearance of unbalanced loads of the generator. In crucial unbalanced systems, 
negative sequence current may cause overheating of the machineries; zero sequence current may cause 
improper action of the protective relaying [5]. 

 Unbalanced short-circuits calculating of synchronous generator under steady state operation has 
been completely understood [6]-[7].  Analysis based on mathematical theory which includes single line-to-
neutral fault and the line-to-line fault, is been utilized. But another problem of the unbalance when the system 
is connected the grids has not been thoroughly solved [8].  

 Until now there is no theoretic mathematics models of synchronous generators used to analyze this 
kind of problems mentioned above. If there is a study that addresses the issue, it requires an exhausted 
equation, such as Salim who analyzed the small signal dynamic performance of synchronous generator 
connected to the load under any unbalanced operation conditions. Such model uses differential algebraic 
equations (DAE) which is composed by differential equations of generators (electrical and mechanical parts) 
and its controls (voltage and speed regulation), and by algebraic equations from generator, its control, and the 
network.  The examined system is Single Machine Infinite Bus or SMIB. The results are frekuensi (f) and 
damping ration (ߦሻ of the electromechanical model calculated in each studied case of unbalanced scenario [9-
10]. Another researchers, such as  Ramya and Selvi are also focused on SMIB. Synchronous generator model 
uses Heffron-Phillips Model with/without amortiseur winding. Analysis focuses on small signal stability, 
such as  the incoming of changing voltage reference and step change in the mechanical torque ሺ ௠ܶሻ. The 
results present response curves of terminal voltage, field voltage, rotor speed, and angle [11]. Another 
researchers had focused on the isolated self-excited induction generator (SEIG) balanced/unbalanced 
conditions of loads [12-14].  

Acha [15] suggests that loadflow analysis can be used to analyze unbalanced steady-state problems 
of synchronous generator as long as more realistic synchronous generator model is implemented.  So the goal 
of this paper is to obtain a comprehensive mathematical model of balanced synchronous generator operated 
under unbalanced steady state condition. It is indispensable synchronous generator model which has a 
completely enough framework for analyzing the small-signal dynamic performance of power systems under 
unbalanced conditions and also can accommodate the loadflow analysis to determine values of generator’s 
terminal inputs when the changing loads happened on the connecting grids.  

The presented study considers several typical synchronous generators which are connected to 500 
kV EHV Jamali System, Indonesia.  The study was carried out through the “hybrid” method by combination 
both unbalanced loadflow under EDSA 2000 to analyze the grid and to determine the inputs of the test 
generator and the rotor’s qd0 reference frame of synchronous generator model to substitute the loadflow 
generator’s model [16-17]. The verification of the proposed model was checked by comparing it with a 
Tecquiment NE9070 simulator. The developed model is a main subsystem of synchronous generator virtual 
laboratory. 

This work is organized as follows.  A brief explanation about the concepts and algorithms involving 
the unbalanced condition of balanced synchronous generator is defined on Section 1.  Section 2 presents the 
review concepts and algorithm. The simulation methods are presented on Section 3. Section 4 presents the 
results and conclusion. 
 
 
2. REVIEW CONCEPTS AND ALGORITHMS  

A brief discussion considering the operation of power system with synchronous generators under 
steady state unbalanced conditions is presented in the present section. 

 
2.1. Steady State Unbalanced Operation 

Many large synchronous generators connected to the power grid are usually found in recent power 
system, which is common in several countries around the world, including Indonesia.  The 500 kV EHV 
Jamali Systems is one of an example. Synchronous generators often operates on unbalanced three-phase 
loading. That is the stator currents have different amplitudes, and their phase displacement differs from 120O 
[18]. These phase currents can be decomposed in positive, negative and zero sequence currents according to 
Fortesque’s transform. At rotor speed, the positive sequence components produce a forward-traveling 
magneto motive force and are only appeared in balanced operation of the synchronous generator.   

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

 
2.2. Synchronous Generator Dynamic Mathematical Model 

For all of usual generator application, there is more than one generator operating in parallel to 
supply demanded by the loads. To analyze the dynamic of generators under unbalanced steady state 
operation, which is power angle or load angle characteristic, a “hybrid” method by combination between 
unbalanced three phase load flow analysis and rotor’s qd0 reference frame of generator model which 
substitutes the model of generator in load flow analysis can be used. 

The dynamic mathematical model of a balanced synchronous generator with one q-axis damping 
winding   is  composed  by  the set of  differential  equations  as resented in  Figure 1 and  also  below   [19].  

 
  

 
 

Figure 1. Inner block of balanced three-phase synchronous generator [17] 
 

The differential equations of electrical dynamic that describe the stator and rotor windings and are written in 
qd0 reference frame are, shown in (1).   
 

௤௦௥ݒ  ൌ െݎ௦݅௤௦௥ ൅
ఠೝ
ఠ್
߰ௗ௦
௥ ൅

௣

ఠ್
߰௤௦௥ ௗ௦ݒ																											

௥ ൌ െݎ௦݅ௗ௦
௥ ൅

ఠೝ
ఠ್
߰௤௦௥ ൅

௉

ఠ್
߰ௗ௦
௥  

଴௦ݒ 
௥ ൌ െݎ௦݅଴௦

௥ ൅
௣

ఠ್
߰଴௦
௥ ௞௤ݒ																																													

௥ ൌ െݎ௞௤݅௞௤
௥ ൅

௣

ఠ್
߰௞௤
௥ 			   (1) 

௞ௗݒ 
௥ ൌ െݎ௞ௗ݅௞ௗ

௥ ൅
௣

ఠ್
߰௞ௗ
௥ ௙ௗݒ																																								

௥ ൌ െݎ௙ௗ݅௙ௗ
௥ ൅

௣

ఠ್
߰௙ௗ
௥  

 
The first three equations describe the stator winding (subscript s) and the following three equations 

describe the rotor winding (superscript r). The subscript k is used for the damping windings (kq for q-axis 
damping winding and kd for direct axis) while the subscript f is used for the field winding. 

In these v represents the voltage of windings, I describes the electrical current flowing in the 
winding, ߰ represents the magnetic flux connecting the winding, p represents differential operator (d/dt), ߱௥ 
and ߱௕ are angular speed of the rotor refered to a two pole generator and reference angular speed 
corresponded to the rated frequency, respectively. The magnetic flux ߰ for each winding is represented in 
(2).  Since the damping windings are short-circuited so the value of ݒ௞௤

௥  and ݒ௞ௗ
௥  are null. 
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Where  ݎ௦, ݎ௞௤, ݎ௞ௗ, ݎ௙ௗ, ݔ௟௦, ݔ௟௞௤, ݔ௟௞ௗ, ݔ௟௙ௗ, ݔ௠௤ and  ݔ௠ௗ are the electrical fundamental parameters of 

synchronous generator.  The direct-axis reactance ݔௗ and the quadrature-axis reactance ݔ௤ are given by (3). 

 
ௗݔ ൌ ௟௦ݔ ൅ ௤ݔ																																																								௠ௗݔ ൌ ௟௦ݔ ൅ 																																									௠௤ݔ (3) 

 
The mechanical part of the generator is described by two differential equations as described in (4). 
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In Equation (4), H is an inertia constant of the turbine-generator set, ௠ܶ is the mechanical torque of the 
turbine and ௗܶ௔௠௣ is a damping torque. The damping torque represents the rotational losses of the rotating 
parts which consist of the magnetic losses and the mechanical losses. 
 
2.3. Balanced Synchronous Generator with Unbalanced Loads 

The balanced three-phase synchronous generator’s model is shown in Figure 2. It is clear that the 
generator is driven by the unbalanced voltage inputs; thus: 
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Figure 2. Balanced generator with unbalanced inputs, ߛଵ ് ଶߛ ്  ଷ  [17]ߛ
 

 
2.4. Electricity Tracing 

The tracing electricity is tracing the relationship between generator and loads using a load flow 
analysis. It could be difficult to realize because the changing on a demand of generator for every node will 
produce the changing stimulated on generation which produced by a swing-bus. One of the ideas of 
electricity tracing called the common method is sharing inflow of the nodes divided proportionally among the 
outflow of the nodes [20].     

The common method will categorize buses and branches within the networks into several groups: 
1) Domain of generators is defined as the set of buses which are reached by power produced by 

this generation. 
2) Power from a generator reaches a particular bus if it is possible to find a path through the 

network from the generator to the bus for which the direction of travel is always consistent with the direction 
of the flow as computed by a power flow program. 
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3) Commons is defined as a set of neighboring buses supplied by the same generators. 
Unconnected sets of buses supplied by the same generators are treated as separate commons. A bus therefore 
belongs to common. The rank of a common is the number of generators supplying power to the buses 
comprising this common. 

4) Links is one or more external branches connecting the same common form. 
5) State graph is the state of the system can be represented by a directed, acyclic graph; common 

are represented as nodes and links as branches. 
The contribution to the load of a common is obtained by using the definition of the inflow and the 

outflow of commons. The inflow is the sum of the power injected by sources connected to buses located in 
this common and of the power imported in this common from other commons by links.  And the outflow of 
commons is equal to the sum of the power exported through links from this common to commons of higher 
rank. The inflow of a common is equal to the sum of its outflow and of all the loads connected to the buses 
comprising the common. 

The equations of contribution generator into load are:  
 

௜௝௞ܨ ൌ ௜௝ܥ ∗  ௝௞                                                                                                       (6)ܨ
 
௞ܫ ൌ ∑ ௝ܨ ௝௞

                                                                                                                 (7) 

 

௜௞ܥ ൌ
∑ ி೔ೕೖೕ

ூೖ
                                                                                                         (8)  

 
Where ܥ௜௝ and ܥ௜௞	are contribution generator i into loads and outflow of the common j dan k, respectively. ܨ௝௞ 
and ܨ௜௝௞ are the flows at the link between common- j and k and the flows at link between common j and k, 
respectively. 

 
 

3. SIMULATION METHOD OF SYNCHRONOUS GENERATOR DYNAMIC 
To study the dynamic of synchronous generator from the small-signal point of view, several 

simulations were performed under EDSA 2000 and Matlab/Simulink. The process of numerical simulation 
method  can be  presented  by the block  diagram of Figure 3,  in which  the role  and content  of the box  
simply illustrated a follows: 

 

 
 

Figure 3.  Simulation flowchart 
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The unbalanced Three-phase Newton-Raphson Loadflow, EDSA 2000, is used to analyze 
unbalanced steady state condition of the 500 kV EHV Jamali Systems. The substitution of the loadflow 
generator’s model consisted of active and reactive power injections by the rotor’s qd0 reference frame of 
synchronous generator model  is intended to find the phenomenon influenced by unbalanced three-phase.  To 
determine the verified model, the proposed generator model of balanced synchronous generator is compared 
with PSS Techquipment NE 9070 through similarity of their trends. The results of loadflow analysis are then 
used as the inputs of balanced synchronous generator’s model which uses qd0 reference frame. 

 
 

4. RESULTS AND ANALYSIS 
4.1. The 500 kV EHV Jamali System  

The studied system is the 500 kV EHV Jamali System that comprises 4-regions, such as Region I 
Banten-Jakarta, Region II West Java, Region III Central Java-Yogyakarta, and  Region IV East Java-Bali.  It 
also  has 71  line nodes, 27 lines of inter buses, and 9 generator nodes ,such as Suralaya 2450 MW, Cirata 
1400 MW, Muara Tawar 500 MW, Saguling 450 MW, Grati 750 MW, and Gresik 298 MW, shown in Figure 
3.  In this system, Paiton’s bus is the swing node and others are the PV nodes.  System capacity is 100,000 
MVA. The Test generators are Tanjung Jati B’s power plant. 
 
4.2. Loadflow Calculation 

The scheme definition is unbalanced condition. According to this plan, using EDSA 2000 software 
program based on Newton-Raphson method we can get the flow calculation results in Figure 4. Table 1 
presents a three-phase volatge values of generator terminal before and after loading conditions. It is shown 
that voltage variatons of the generator terminal influenced by unbalanced load and the phenomenons are 
happent at their angle phases which are swung from their origin values.   

 
 

 
(a) Single-line diagram 

 
(b) Distribution of flow calculation 

 
Figure 4. The 500 kV EHV Jamali System 

 
 

Table 1. Values of Generator Terminal Voltages  
Condition Phase Tanjung Jati B 

Stand-alone 
a 1∠0O 

b 1∠120 O 
c 1∠240 O 

Connected grid and all of IBTs  
are balanced 

a 1∠ െ 12 O 
b 1∠120 O 
c 1∠240 O 

Connected grid and all of IBTs  
are 5% of unbalanced 

Va =0.273 V      Vb=0.383 V     Vc= 0.334 V 

a 1∠ െ 13.5 O 
b 1∠120 O 
c 1∠240 O 

Connected grid and all of IBTs  
are 7.5% of unbalanced 

Va =0.258 V      Vb=0.408 V    Vc= 0.334 V 

a 1∠ െ 13.8 O 
b 1∠120 O 
c 1∠240 O 
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4.3. Generator’s Contribution Calculation 
By using the common method, the Jamali System can be divided into 13 commons, such as 6 

commons of supplied energy by generator from the one bus and  7 commons of supplied energy by generator 
from different buses, shown in Figure 5.  The detail of line-flow is shown in Table 2. Another information is 
generator domain shown at Table 3. Table 4 represents the information about common, rank and group of 
bus.  Meanwhile, Table 5 represents the information about link.  Figure 6 represents the state-graph diagram 
that describes line flow between buses. 

 
 

 
 

 

Figure 5. Flows and commons under balanced 
condition 

Figure 6. State-graph diagram for the balanced case 

 
Table 2.  Line Flow Detail 

From Bus To Bus Flow (MW) From Bus To Bus Flow (MW) 
Bandung Selatan Mandirancang -375 Depok Tasik -304 
Bandung Selatan Saguling -748 Gandul Suralaya -1960 
Bekasi Cawang 90 Gandul Kembangan 666 
Bekasi Cibinong -820 Grati West Surabaya 1024 
Cawang Muara Tawar -572 Grati Paiton -1128 
Cibatu Cirata -516 Gresik West Surabaya 65 
Cibatu Muaran Tawar 251 Kediri Paiton -734 
Cibinong Cilegon -96 Kediri Pedan 444 
Cibinong Depok -683 Mandirancang Ungaran -410 
Cibinong Muara Tawar -375 Pedan Tasik 313 
Cibinong Saguling 253 West Surabaya Ungaran 392 
Cilegon Suralaya -1250 Tanjung Jati B Ungaran 821 
Cirata Saguling  -2 Ungaran Pedan 313 
Depok Gandul -701    

 
Table 3.  Domain Information of the System 

Common Rank Buses Common Rank Buses 
1 2 Cilegon, Gandul, Kembangan, Suralaya 8 2 Kediri, Paiton 
2 1 West Bandung, Mandirancang, Saguling 9 1 Gresik 
3 2 Cirata 10 2 West Surabaya 
4 1 Cawang, Muara Tawar 11 1 Tanjung jati B 
5 4 Bekasi, Cibinong, Depok, Tasik 12 8 Pedan  
6 3 Cibatu 13 4 Ungaran 
7 1 Grati    

 
Table 4.  Information of the Common, Rank, and Bus 

Generator Buses which supplied by generator 
Suralaya 1-2 Bekasi, Cibinong, Cilegon, Depok, Gandul, Kembangan, Pedan, Suralaya, and Tasik 
Cirata Cibatu, and Cirata 
Muara Tawar Bekasi, Cawang, Cibatu, Cibinong, Depok, Muara Tawar, Pedan, and Tasik 
Saguling West Bandung, Cibatu, Cirata, Mandirancang, Pedan, Saguling, and Ungaran 
Tanjung Jati B Tanjung Jati B, Ungaran, and Pedan 
Grati Grati, Kediri, Paiton, Pedan, West Surabaya, and Ungaran 
Gresik Gresik, Pedan, West Surabaya, and Surabaya 
Paiton Kediri, Paiton, and Pedan 
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Table 5.  Information of the Domain of System 

Link No. From Common To Common Link Flow (MW) Link No. From Common To Common 
Link Flow 

(MW) 
1 1 5 965 + 711 8 7 8 1128 
2 2 3 2 9 7 10 1028 
3 2 5 253 10 8 12 444 
4 3 6 516 11 9 10 659 
5 4 5 170 + 375 12 10 13 392 
6 4 6 251 13 11 13 821 
7 5 12 237 14 12 13 -313 

 
 

Table 6. Contribution Factor of Tanjung Jati’s Generator 
Common No. Percentage of contribution (%)  Common No. Percentage of contribution (%) 

1 0 8 0 
2 24.97 9 0 
3 0 10 0 
4 0 11 100 
5 1.81 12 28.03 
6 0 13 67.79 
7 0   

 
 

The calculation of each generator into flows and loads can be done using Equation (8). The results is 
shown in Table 6. According to Figure 4 and Table 6, it can be evidenced that West Bandung, and 
Mandirancang buses ( common no.2), Pedan bus (common no.12)  and Ungaran bus (common no. 13) are  
buses  which supplied more energy then others by Tanjung Jati B bus.  Consequently, West Bandung, 
Mandirancang, Pedan, and Ungaran buses are influencing buses that contribute energy significantly to 
Tanjung Jati B’s power plant. 
 
4.4. Synchronous Generator Model Verification 

 

 
 

 

Figure 6. Designed Simulator with GUI Figure 7. The main window of the developed tool 
 
  

 
 

 

Figure 8. The window  of  inserting  the  inputs   
for balanced generator and unbalanced inputs 

Figure 9. PSS Tecquipment NE9070 
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A software package which embedded in generator virtual laboratory and applied Matlab’s GUI 
facilities has been created for analysis synchronous generator under unbalanced steady-state conditions 
(Figure 6). Matlab’s GUI is a graphical display that contains devices, or components, that enable a user to 
perform interactive tasks [21]. As an example of using Matlab’s GUI capabilities, menu and plotting 
commands are implemented in a script file to provide interactive windows. The main menu, which is 
displayed after running the file, shown in Figure 7 and Figure 8. 

The verification of the generator model is judged through comparing between generator’s respon by 
PSS Tecquipment NE9070, shown in Figure 9 and by the proposed simulator under no load, balanced, and 
unbalanced conditions, respectively.  

  
 

 
 

 

Figure 10. The output of PSS Tecquipment NE 9070 Figure 11. Outputs of the PSS Tecquipment NE 9070 
 

 
Under no load, the  output  respons of  PSS Techquipment NE9070 are non-sinusoidal with varied 

excitations, eventhough the P.F value is more than 0.8, shown in Figure 10. The generator’s outputs are 
always non-sinusoidal under standalone operation. The waveform of it will change into sinusoidal form when 
the generator is connected to the grids. 

The results of proposed generator’s model simulation considering P.F variations are described in 
Figure 12. It is shown that output respons are in non-sinusoidal forms although the value of P.F excitation is 
reached up to 0.9. Comparing both Figure 10 and Figure 12 concludes that the output respons of proposed 
generator model have similar trend to the output of PSS Techquipment NE9070. 

Figure 11 presents the output respons of PSS Techquipmen NE9070.  When  synchronous  generator  
is under  unbalanced load  condition, its steady state respon will oscillates less than under balanced load 
condition. The oscillation magnitude of unbalanced load during transient  condion is  bigger than  balanced 
loads counterpart.  

 
 

 
 

 

Figure 12. The output of proposed standalone gen Figire 13. The outputs of  the proposed connected 
gen 

 
 
This condition is also occured during simulation of the proposed synchronous  model shown in 

Figure 13. The oscillation of stator voltage of  synchronous generator during interconnecting with 7.5% 
unbalanced grid is bigger than it is connected to balanced grid.  Concludely, the proposed model is valid as a 
synchronous generator test model. 
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4.5. Dynamic Simulation of Unbalaced Steady-state Condition  
According to the Table 1, it was seen that a three-phase unbalanced load (of the grids) causes a shift 

in the angle of phase-a of generator terminal at steady state condition. The percentage of unbalanced load is 
proportional to the value of phase angle shift.  

 
 

 
(Stator voltage magnitude) 

 
(Stator current magnitude) 

 

 
(Generated active power) 

 
(Generated reactive power) 

 
Figure 14. The steady-state dynamic of voltage, current, and power of synchronous generator 

 
 

An increase in the percentage of unbalanced load on the entire IBTs of the grids by 5%  will 
increase  in the phase-shift angle of 1.5O; a further percentage increase by 2.5% would only increase the shift 
of the phase angle of 0.3O.  

The unbalanced load does not affect to variables of generator, namely stator voltage magnitude and 
the rotational speed of the rotor. However, a significant influence occurs in other variables that are generator 
stator current, generated active power and reactive power. Generated active power has the greatest influence 
on the effects of 7.5% unbalance that is up to 0.52 p.u. 

In the phase-a, the grid experienced a moment of loading, both in balance and unbalance; the zero-
axis increases from point 0 p.u to the point 0.6 p.u. In contrast, both the phase-b and phase-c are actually 
declining, from the point 0 p.u to -0.6 p.u. 
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Figure 14. The steady state dynamic of rotor speed and phase curents of synchronous generator 

 
 

5. CONCLUSION 
In this paper, a study was presented about the unbalanced loads impact on a synchronous generator 

connected to 500 kV EHV Jamali. The system can be represented by a virtual generator laboratory which are 
the combination between both unbalanced three-phase Newton-Raphson loadflow and  the rotor’s qd0 
reference frame of synchronous generator. To better explain the contribution of generator into loads and lines 
was carried out through the electricity tracing analysis. 

The main conclusion that could be drawn with this study cases are that unbalanced three-phase loads 
cause a shift in the angle of phase-a of generator terminal at steady state condition. The increasing in the 
percentage of unbalanced load on the entire grid by 5% will increase in the phase-shift angle of 1.5O; a 
further percentage increase by 2.5% would only increase the shift of the phase angle of 0.3O.  

The significant influence of unbalanced load occurs in generated active and reactive powers, stator 
current magnitude, and phase currents. Meanwhile, the two variables of generator, namely stator voltage 
magnitude and the rotor speed are remaining constan. 
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