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Abstract =The distributed generation (DG) emerged as an ideal option deals with the growth in electricity
demand. With such a new system there is always a chance of some transient disturbances. A transient can be
caused by a mumber of power system switching events or faults such as lightning strikes, short circuits, or
equipment faifure. The purpose of this work is to identify the best location of DG connection and if the DG
should be concentrated in one location or distributed among different location in distribution network as well as
identifying the suitable DG penetration level that can be inserted without affecting the distribution system
voltage stability or its power quality based on the European technical standard and the Standard for
Interconnecting Distributed Resoutces with Electric Power Systems “IEEE-1547" standard. To achieve these
goals, a transient simulation is developed for DG energization with different penetration levels and different
locations on power distribution network to investigate voltage stability and power guality of the distribution
system. The DG can greatly affect the valtage profile, reverse power flow, power quality, and so op.
General purpose Alternative Transients Program (ATP) version of Electromagnetic Transient Program (EMTP)
is used to accomplish the above goals. IEEE 13 node test fecder distribution system is used in this work.

Index Term — Distribution system, Switching analysis, power quality, voltage stability, IEEE 13 node
distribution feeder, EMTP/ATP program
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Introduction

Under the current centralized generation
patadigm, electricity is mainly produced at
large generation facilities, shipped through
the transmission and distribution grids to
the end consumers.

Ina board definition, the distribution
system is that part of the electric utility
system between the bulk power source and
customer’s service switches. This system
can be subjected to a sudden change or
transient conditions of very short period
usually and extremely important for it is at
such times that the circuit components are
under the greatest stresses from excessive
currents or voltages [1]. Transient Over-
Voltage is defined in the TEEE 1100-1999
as, a sub-cycle disturbance in the AC
waveform that is evidenced by a sharp,
brief discontinuity of the waveform [2].
Switching operatiops and faults produce
various types of transient over-voltages
which can result in voltage stresses with
. above normal operating values in sections
of power distribution system and
transformers. Either the switching events is
deliberate or intentional, it can cause
perturbations in electrical networks.

The resulting transient can propagate
through the transmission systems from the
points of origin and may eventually reach
the transformer terminal.

If the frequency of these external
disturbances matches closely with any one

-of the internal resonate frequencies of the

transformer winding, severe intemal over
voltage may occur due to resonance [3].

Nowadays economical and environmental
impacts have alerted the traditional
construction of large generation stations to
generate and deliver electrical power from
alternate  energy sources, particularly
renewable energy sources. In consequence
of this, DG —defined as electrical power
generation on relatively small scale, ie.
smaller than 50-100 MW, located in the
vicinity of the electrical loads, and mostly
connected to distribution  networks
[4,5].The DG can support and improve the
voltage profiles at load terminals. However
the voltage stability is defined as the ability
of a power system to maintain the voltages
at all nodes within acceptable limits after
being subjected to a disturbance [6].

In last 'decade, many researches were
concerning with transient in distribution
system interconnected with DG resources.
In [7] the authorsproved that,the DG
affects the voltage profile of the system
through the connection point due to its
power injection. It can improve and
support the voltage profile of the
distribution system. The operation power
factor of DG has a strong influence on the
voltage rise.
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In [8] the authors proved that, size and
location of the DG are crucial factors in the
application of DG for loss minimization.
They presented an algorithm to calculate
the optimum size of DG at various buses.
In [9] the authors investigated a proposed
method for placement of DG units in the
distribution system in order to enhance the

voltage stability and reduce power losses.

And in [10] the authors proved that, for the
same feeder, distributing an amount of DG
power is better than place it at a certain
bus. Because the locations of the DG can’t
be controlled and then this may be in some
cases helpful for wvoltage stability
enhancement. And for whole system,
distributing the same capacity of DG at all
feeders and different locations is better
from voltage stability point of view than
concentrating the same capacity at one or
two feeders only. While in [11], the
authors described a few of the issues that
must be considered to ensure that DG will
not degrade distribution system power
quality, safety or reliability,

The objective of this paper is to identify
the best DG location and the maximum DG
penetration that the distribution system can
adopt without degrading the performance
based on the standard. Another goal of this
paper is to dectde if the DG penetration is
better to be concentrated at one bus or
distributed among two buses.

The elective criteria are chosen to be
voltage stability and power quality of the
distribution test system.

1. DG Representation in Power
System '

Gas turbine, diesel engine, fuel cell and
wind turbine DGs are four of the several
types of new DG technology that have
experienced considerable development
progress in recent years. The actual
generators can be further classified as,
synchronous generators, induction
generators, and DC to AC converter types
of sources. Each of these generators has
different characteristics. So it is necessary
to know their characteristics before
integrating them into the electrical network
[12]. In this paper, the synchronous
generator is used to represent the DG
sources.

1.1 Prescribed Rules for the DG
Connection.

The possibility of connecting the DG to the
distribution system is judged according to
their negative impacts on the distribution
system. The European technical standards
and the Standard for Interconnecting
Distributed Resources with Electric Power
Systems "IEEE-1547"  bring the
requirements for connecting the DG to the
distribution network [13, 14].
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1.2 Penetration Level of the DG

The penetration leve] can be calculated as a
function of the total DG power generation
over the total load demand:

Penetration level (%) = %‘% x100

The maximum level of DG penetration that
can be accepted in a specific network is
difficult to estimate and subject to
research, as the connection of the DG to
the grid may influence the stability of the
power system such as angle, frequency and
voltage stability. It might also have an
impact on the protection selectivity,
frequency and voltage control of the
system [15]. According to different studies
made by CIGRE (Intemational council on
Large Electric Systems), EPRI( Electrical
Power Research Institute), liberalization of
power market in Europe, and a similar
study by the natural gas foundation, it was
believed that the share of the DG in new
generation will be 25:30% by the year
2010 [8]. So, the maximum penetration of
- the DG in this paper is limited to 30%.

" 2. Proposed Procedure

This paper investigates the transient
impacts of the DG energization on the
distribution  network  with  different
penetration level and different location.
The transient phenomena follows the
switching is analyzed by monitoring the
voltage waveform as well as the voltage
harmonic content during and after the DG
connection.

The proposed procedure is applied using
_the following steps:

1. Study the voltage profile and harmonic
content without the DG
connection(base case).

2. Connect the DG units at two different
buses, with the load leve! remains
constant as the DG penetration. level
increases. The following cases are
simulated and studied:

e 10%, 20% and 30% penetration
level is integrated asDG1

e 10%, 20% and 30% penetration
level is integrated as DG2

¢ Two DGs are integrated at the same
time as DGl and DG2 with 5%
penetration level each.

3. Monitor the voltage profile and
compute the voltage total harmonic
distortion during and after the DG
connection,

4. Compare the results with the technical
standard to ensure that the working
cases are in the permissible limits and
reject any other case.

5. Finally, compare the permissible with
each other to select the best among
them.
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3. Test System

IEEE 13 node test feeder is used in this
study with synchronous generator to
represent the DG (Figure 1).

This system has different voltage levels,
115 kV, 4.16 kV, and 480 V, short and
relatively highly loaded feeder (4.07
MVA).The original configuration of the
feeder has a capacity of 5§ MVA states that
a system limit for the DG capacity has to
be set to safeguard the power system
security, The DG capacity is taken as
0.2MVA and 0.410 MVA., Also, the feeder
has one substation voltage regulator
consisting of three single-phase units
connected in wye, overhead and
underground lines with variety of phasing,
shunt capacitor banks, in-line transformer
and unbalanced spot and distributed loads
[i6].

645 645 sia 834
[ 632 b
l ] I 3§_
o1 682 678
| 684 6N \ l
I I 740 |
ot

Fig.1. IEEE 13 node test feeder with the DG

A number of tools, suitable for transient
analysis are increasing in the last few years
such as MATLAB, PSCAD and ATP, The
ATP is free and includes a large number of
circuit element models. And the
calculation speed of ATP is much faster
than MATLAB, Besides, the ATP is a
suitable tool for the unbalanced three-
phase system [17-20].

4. ATP Model of Test System

Alternative Transients Program (ATP)
version of Electromagnetic Transient
Program (EMTP) is used as a simulation
tools in this paper {21, 22]. It is a universal
program system for digital simulation of
transient phenomena of electromagnetic as
well as electromechanical nature. With this
digital program, complex networks and
control systems of arbitrary structure can
be simulated [17).

In the proposed system, the DG is
represented by a synchronous generator
SM39 (no control) in the EMTP-ATP
model. Tables Aland A2 in appendix show
the synchronous generator parameters used
in simulation with different rating,

The IEEE 13-node test system and the
synchronous generator represent the DG
are modeled using ATP-EMTP program to
simulate the impact - of the DG
energization, Fig. 2 shows the ATP-EMTP
model.
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Fig.2. ATP-EMTP model

5. Simulation Results o ]
.. mg’] r\ f\} P W A r’\i \ :
The ATP/EMTP program is implemented V | \ ‘ \ / \ V
to simulate the switching transient of the R Y1
- DG in the following cases: - : R A
5.1 Base Case ] '
In this case, the voltage profile of the R \ R
power system without inclusion of any DG h ;1
will be studied. This case represents the 2000 o
"normal scenario” or the benchmark for the - \ \ /\ } k l\ ]
study. it describ_e‘the distribution system o
with an unbalanced voltage condition. 4000 i —
000 02 0 008 004 5] 040

Figure 3 shows the voltages at bus 675
without the DG connection.

connection

(R ENERGIZATION_CHAPTER Hyovar () v4575A.  vISTSB. 475G
Fig.3. Voltage at bus 675 without the DG
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Figure 4 shows the histogram of the
voltage harmonic content & Table 1 shows
the individual harmonic in pu at the bus
675 without the DG connection.

[+
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Fig.4. Individual voltage harmonic histogram
present in phase A at bus 675,

Table 1: Individual harmonic in

phase A at bus 675 (pu)
Harmonic | pu value for n*

order (n) harmonics

1 -1

2 2.2968 ¢-3

3 1.1549¢-3

4 7.8418e-4

5 5.9877e-4

6 4.8641e-4

7 4.1055e-4

8 3.5567e-4

8 3.1402e-4

10 2.8127e-4

11 2.5481e-4

12 2.3289¢e-4

13 2.1464e-4

THD 0.29081 %

Table 2 shows the voltage total harmonic
distortion (THDy) summary of the three-
phases at all tested buses,

Table 2: THDv at the studied buses

Phase

Bus | 740 675 634

A 0.295% | 0.296% | 0.279%

B 0.275% | 0.274% | 0.282%

C 0.460% | 0.460% | 0.460%

Table 1 shows that, THDv is 0.29 % in the
phase A. Whereas, Table 2 shows the
summary of THDy in the three-phases at
all tested buses. the harmonic contert in
the voltage is very low and in the
acceptable limit. Also, phase C which has
lower voltage contains the highest value of
THDwv.

5.2 DG Connected to bus 740
5.2.1 DG penetration level 10%

DG unit is connected to bus 740 (10%
penetration level) far away from other
source, Figure 5 shows the voltage at bus
740 with the DG connection.

It can be seen from fig.5 below that, during
the DG connection (at time ~ 33 ms) there

" is a small spike appears during the DG

connection. The system voltage rises at all

* phases specially phase C. Fig. 6 shows the

difference of the phase voltage during and
after the DG connection.
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Fig.5. the voltage at bus 740 with the DG
connection
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Fig.6. Effect of 10% DG Penetration at Bus 740
on the node voltage

As shown in fig.6, the voltage of phase
C that was very low from the
beginning captured a very big voltage
difference during and after the DG
connection resulting in system voltage
stabilizing. And the voltage profile at
the location that is closer to the
placement of the DG is affected more
than other location,

Tables 3and 4 show the THDy at the

studied buses during and after the DG

connection. :
Table 3: THDv at the studied busses

during the DG Connection (10%
penetration level)

Pha 740 675 | 634
Bus
A 4.42% | 4.55% | 241%
B 5% 521% | 2.9%
C 4.98% | 5.09% | 2.623%

As shown in Table 3, the switching of DG
effects on the THDy at point 675 more than
its own position (PCC). But overall, it is
considered as an acceptable location as all
the values are around 5% (JEEE 1547
standard).

Table 4: THDy at the studied busses
after the DG Connection (10%
penetration leve])

Phase™| 449 675 634
Bus
4 | 0.2834% | 0.284% | 0.2668%
B | 0.2561% | 0.255% | 0.2604%
C | 0433% | 0.433% | 0.4421%

LS
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As shown in Table 4 that, apparently the
injection of DG power helps to stabilize
the voltage because the THDy found with
the DG connection is less than the
corresponding values without the DG
connection that were listed in Table 2.

5.2.2 DG penetration level increased
from 10% to 20% and 30%

In this section, DG units at bus 740 are
gradually connected to the system while
the production output of the central
generator remains the same. The
penetration level increases from 10% to
20% and 30%. Figure 7 shows the voltage
at the load 740 with the DG penetration
level 30 %.

4000

M
3000 n\ A ',""\\\ /\ ,.l‘

The voage at the load 740 wih the DG penteraton level 30 %

4000

T T T T
0010 0025 0040 0055 0070
(ile ENERGIZATION CHAPTER pH; xvar ) w7804 - 7408 - v24(C -

T
0065 |5 000

Fig.7. the voltage at load 740 with 30% DG
penetration at bus 740

E. 9

Comparing the voltage profile before and
after the DG connection, as illustrated by
Fig. 7, shows that increasing the DG
penetration level stabilizes the system
more and the system phase voltage became
almost equal. This could improve the
voltage quality of the network system.

Fig.8 Shows the impact of increased the
DG penetration level on the PCC voltage
(bus 740) during and after the DG
connection.

The effect of the OG penetration level on the phase voltage
during the DG connection at bus 740

20

L2 T
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The eftect of the DG penetration level on the phase voitage
after the DG connection at bus740
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Fig. 8. effect of the DG penetration level on bus

740 phase voltage
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As shown in fig.8 that, 10% penetration
level is almost acceptable according to the-
prescribed rules for the DG connection.
Wherefore, there are a trade-off between
improving the voltage quality of the power
system network by increasing the
penetration level of the DG, and
implementation of the prescribed rules for
the DG connection due to, increase the
voltage difference above 2% (European
technical standards) during and after the
DG connection.

Tables 5 & 6 show that, the THDv at the
PCC during and after the DG connection at
different penetration levels.

Table 5: THDv at bus 740 during the
DG connection

Penetrati
~"phase| A4 B C
10% 442% | 5% 4,98%
20% 73% | 839% | 7.76%
9.45%

30%. 9.6 % | 10.9%

Table §: THDv at bus 740 after the
DG connection

Penetrati
phase | A B c

10% 0.28% [ 0.26% | 0.43%
20% 03% }026% |0.44%
30% 0.33% | 0.29 % | 0.43%

It is shown in Table 5 that, THDy during
the DG connection with more than 10%
exceeds 5% but.the transient vanished in
about half cycle (as previously shown by
Fig.7).

However, the THDV is reduced to -an
acceptable limit after the DG connection as
shown in Table 6. And almost equals to the
corresponding values without the DG
connection. So, in this location a 10%
penetration level is a very desirable option
that helps in reducing the voltage harmonic
and stabilizing the voltage profile.

5.3 DG connected to bus 675
5.3.1 DG Penetration Level 10%

In order to compare the effect of the DG
location, the same procedure is repeated
using DG with a penetration level of 10 %
connected at bus 675.  Fig. 9 shows the
voltage at bus 675 with the DG connection.

Tewlaaalis§75
WP DG rreston al pced D62

NJ E B ]

i : ! .
nnﬂ:\UIf\+nf\inngr\n

il

%0 T T
o0 0% 064
(Fewepaiong v ) o 6% L BE WUEE -

Fig.9. Voitage at bus 675 with the DG connection
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It is shown in fig.9 that, the voltage during
the DG connection has a small spike, and
after the DG connection the voltage raises
at all phases. Figure 10 shows the voltage
difference at all phases due to 10 % DG
penetration level at bus 675,

Efiect of the DG on the node voltage during the DG connection

oy

o

I

s i
140 675 834 Tosted bus
fiect of the DG on the node voltage after the DG connection

Noge Voltage Difierance

m

—_
1)

—_

L=
£

Node Valtage Differance

740 675

634 Toslted bus
[ EON==D"TN_ I~h

Fig.10. effect of 10% DG penetration at bus 675
on the node voltage

It is shown in fig.10 that, the voltage
difference at load 675 is more affected than
other location unlike when the DG
connected to bus 740. Also the voltage
difference increases during and after the
DG connection than the corresponding
values when the DG connected to bus 740,
which reaches 4.54% in phase C at bus 675
comparing with corresponding value
4.15% during the DG connection and
1.33% comparing with a comresponding
value of 1.26% after the DG connection.

Table 7 & Table 8 show the THDy at
studied busses for the three phases during
and after 10% DG penetration connection
at bus 675.

Table 7: THDy at the studied busses
during the DG Connection (10%
penetration level)

740 675 634
A 4.55% 4.74% 2.48%
B | 5211 % 5.41% 2.95%
C | 5.06% 5.285% 2.66%

As shown from Table 7, the THDy during
the DG connection at bus 675 exceeds the
prescribed limit. However, it is in the
acceptable limit after connection as shown
in Table 8. So, if there is a way to reduce
the THDy during connection, this place
could be acceptable, Otherwise, the
connection at bus 740 is preferable.

Table 8: THDv at the studied busses
after the DG Connection (10%
penetration level)

740 675 634
A 0.285% | 0.286% [ 0.267%
B 0.256% | 0.255% | 0.269%
c 0.43% 0.43% 0.44%

5.3.2 DG penetration level increased
from 10% to 20% and 30% at Bus 675

DG units at bus 675 are gradually
increased from 10% penetration to 20%
and then to 30%. Fig.11 shows the impact
of increasing the DG penetration level on
the PCC voltage (bus 675) during and after

the DG connection.
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Fig.11. the effect of the DG penetration level on
bus 675(PCC) phase voltage

As shown in fig.1l that, the voltage
differenice with the DG connected to bus
675 is greater than the cormresponding
values when the DG connected to bus 740
during and after the DG connection.

~ Table 9 and table 10 show the THD, at the
PCC during and after the DG connection.

Table.9: THDy at bus 675 during the
DG connection

Table 10; THDv at bus 675 afier the
DG connection

Penetrati
phase| 4 B C

10% 0.29% | 0.26% | 0.43%

20% 0.3 %]026% | 043%

30% 0.34% | 029 |0.43%

Penetrati .
phase| A B C

10% 4.74% | 5.41% | 5.25%

20% 784% | 89% | 8.7%

30% 105% | 11.6% | 93.8%

As shown in Table 9 that, during the DG
connection, THDv exceeds 5% which. is
higher than the comresponding values when'
the DG is connected to bus 740 at the same
penetration level. However, it is in the
acceptable limit for all the studied
penetration levels after the DG connection
as shown in Table 10.

. 5.4 DG Connected to bus 740 and

675

" To analyze the effect of either distributing

the DG value on two sites or collecting on
one site, a comparison is held among using
10% DG penetration level allocated at bus
740 or bus 675, with (5 % penetration
allocated at bus 740 + 5 % penetration
level at bus 675).

Figure 12 shows the voltage at bus 740
with the DG connected as (5 % penetration
allocated at bus 740 + 5 % penetration
level at bus 675).
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As shown -in ﬁg 12 that durmg the DG

connection. (at time ~33-ms) there is a very

small'Varidtion appears on'voltage profiles. < -

The same result found in the studied d buses.
Flgure i3 shows the d1fference “of: the
phase voltage durmg and after the DG
,connectlon N -

o

" Effect of the DG on the node vollage dunng the DG cannection
e . X

g

(=]
- -

. Node' Voltage Uifl’er'a

o - ~rs Sy T s

.51 iy -v‘ -5

Effec of the DG on the node vollage after the DG connection
2 : T

N ode _Valtage Difleranc

T{: o 5 G34Testet[ bus
“\ Bl Prase A PhaseB.phaseC" ’

o

‘_ _ Fig.l:'!. effect ofIDG as a-distributing power on - -~

the studied buses node-voltage - - - -t

As shown in Fig. 13, the voltage rises atall . .-
-phases and, at all studied ‘buses with a- :
range 0.55% - 1.94% ‘after the DG-:
connection and 0.55% -2.92% during the
DG connéction, which 'has a lower value

_ than_the DG penetration . level. 10%, . _

allocated at bus ?40 or bus 675

Table 11 shows a .comparison, among., ..
using, _l_p%_! DG penetration:level-allocated .- - ;
at bus ?4(? ;or, bus'x'675!.-and: as '.(S‘E%J-..'; "
allocated at bus 740.+.5 %:allocated atbus, !

675) from the: voltage harmonic _content*
point of view:, - e et R
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Table. 11: Comparison of THDv at Different Cases ! o

Laocation | 740

fase

No DG 0.29% | 0.27%

10% at bus {4.42% | 5%
740

634

0.29% | 0.49%

2.9% | 2.62%

10% at bus | 4.55% | 5.21
675 .

5% ateach | 2.36% | 2.07%
bus C

2.95% | 2.66%

1.24% | 1.23%

No DG 0.29% | 0.27%

0.29% | 0.468
%

10% at bus | 0.28% | 0.26%
740

10% at bus | 0.29% | 0.26%
675

| 8% at each | 0.28% | 0.26%
bus

%4 0.27% [ 0.27% | 0.44%

Tl 0.27% | 0.27% | 0.44%

%3] 0.27% | 0.28% | 0.45% |,

As shown in Table 11 during the DG
connection that, distributing the same
capacity of DG at two buses is better than
concentrating the same capacity at one bus
only. Also, it shows that the THDy of the
load 634 that is far from the placement of
the D@ is less affected than other location.

Also, it shows that 10% penetration level
concentrated at bus 740 produces less
THDv than inserting the same amount at
bus 675.
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6. Conclusions

In this paper, the impact of the DG
energization on distribution system is

being studied. Based on the obtained -

results it can be concluded that, ATP is a
suitable tool to study the integration of
distributed * energy resource into power
systems.
From the simulations we can make these
conclusions:

» The addition of the DG in the power

Generator Parameters

Appendix
Table Al. 410- KVA Synchronous

E.15

distribution network improves the
voltage profile of the system and help
to stabilize the unbalanced voltage.
That could improve the voltage
quality.

Based on the location that DG is
placed, it could be seen that the
voltage profile of the location that is
nearer to the placement of the DG is
affected more than other locations.
There is a trade-off between
improving the voltage quality of the
power system network by increasing
the penetration level of the DG, and
implementation of the prescribed rules
for the DG connection, due to increase
the voltage difference during and after
the DG connection. :
Based on the nature of the system,
there is always a location which is the
best place - for the DG to be
interconnected based on voltage
harmonic content value,

Distributing the same capacity of DG
at two buses and different locations is
better from voltage stability point of
view than concentrating the same
capacity at one bus only.

Ve (V) 480 X' (pu) 0.2!
KVAgu 410 X' (pu) 0.18
| P raea(KW) | 350 X" (pu) 0.13
Y sencautealpn)) | | X" (pu) 0.11
Q max(pu) 0.5 ra (pu) 0
Q min(pu) -0.25 r.(pu) 0
! 0.85365 | ry (pu) 0
Xa (pu) 1.76 Xy (pu) 0 .
(pu) 1.66 X (pu) 0.065
Table A 2. 200 KVA Synchronous
Generator Parameters
Vit (V) 430 X4 (@pu 0.353
KVAR"“ 200 Xq' (pu) 0
P g a(KW) [ 160 X," (pu) 0214
V sensdutealpu) | 1 X," (pu) 0.232
Q max(pu) 0.5 ra (pu) 0
Q min{pu) -0.25 r.(pu) 0
pf 0.3 Iy (pu) 0
Xa (pu)- 3.74 Xir (pu) 0
X, (pu) 2066 | X, (pu) 0.0099
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