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Abstract —This paper presents a method to evaluate
the impact of wind power generation on the steady-state
voltage stability of distribution power system. The basic
requirements and the power capabilities limits of the
wind turbine and converters are analyzed. It is
demonstrated that the wind power capability limits can
impose operational restrictions to the power system
voltage stability limits. The methodology wasfirst applied
on a simple two-bus power system and it is shown that
the results are very close to those obtained by using an
analytical solution. The impact on voltage stability is
analyzed by plotting the P-Q curves for different
operation scenarios of wind power generation. Then, the
power system P-Q curves are plotted considering the
capability curves of wind turbines and it can be seen that
an effective contribution of wind power to the voltage
stability can be achieved by enlarging his reactive power
region of operation.

Keywords -P-V curves, P-Q curves, Voltage collapse,
Voltage stability region, Wind power generation, Wind
turbine power capability limits.

I. INTRODUCTION

Distribution system operators must know the maximum
permissible loading at each bus, so that the vettagmain
within the acceptable ranges, without causing aoyhie or
hazard to the equipments.

The method proposed in this paper determines this
information by defining the limit regions for seeuvoltage
operation in the P-Q plane, considering the basic
requirements and the power capabilities limits ked tvind
turbine and converters. These regions give allpgbssible
active and reactive power combinations in whichhdaus of
the system can operate. It is carried out by usding
DIgSILENT® Programming Language (DPL), which uses
similar syntax to the C++ and is an internal progmng
language of the software DIgSILENTPower Factory. To
validate the developed program, an analytical neti®
performed [3]. In this reference, the author présean
analytical form to find the boundary of the voltagability
region inP-Q plane.

Initially, the proposed method was applied on apdm
system with wind power generation represented lojrect
drive synchronous generator. The results obtainean f
analytical solution and the computational method agry
close. Finally, the computational method is appliEed a
distribution system considering four different sagos of
wind power operation modes. The power capabilitii@gs

Nowadays, it is very common to find renewable eyerg of wind turbines and converters are analyzed sameiusly
resources, connected to distribution systems. Tled W \yith the power system voltage stability limit.

power has been an excellent alternative
distributed generation because it requires shatailation
time and causes low environment impact. By anatyzhve
wind turbines evolution in the last twenty yeatsmay be
noticed a trend of growing rated power. This tréndriven
by the reduction of wind turbine final costs. Rapesver of

resourae fo

II. BASIC REQUIREMENTS AND CAPABILITIES
LIMITS OF WIND TURBINES

Reference [6] selected six grid codes for wind ineb
connected to the grid. The basics requirements sined

modern wind turbines can exceed 5 MW. These tugbineare from Canada, Denmark, Germany, Ireland, Sabtard

require static converters between the generatortlamdrid.

The generators and converters are usually designed connection

United Kingdom. The most restringing wind power
requirements were defined considering th

operate at low voltages (<1kV) due to technical andollowing characteristics: voltage control, qualiy voltage,

economical reasons. As a result,
generally reaching units of kA, have to be manaaed this

high current $vel power factor requirements, power curtailment, fesggy and

flicker. The operation limits of active and reaetipower,

can be a concern in terms of semiconductor devicesonsidering the most restringing requirements ais¢hsix

selection, filter sizes,
emissions.

The impact
distribution levels has been addressed in liteeaflir2]. The
majority of this works deals with the determinatiofithe
maximum active and reactive power that is possiblde

connected on a system load bus, until the voltadbaa bus

current and voltage harit®n countries, are showed in Figure 1.

The region illustrated by gray rectangle in Figlirean be

of distributed generation on voltagealtered to increase the limits of reactive poweewthe wind

velocity is to low to produce active power. Windlimes
that can operate at the power region defined imifeid. will
satisfy all grid codes considered.

Wind Turbines can be used as voltage regulators and

reaches the voltage collapse point. It is done bg t control the reactive power at the Point of Commauiling
traditional P-V and Q-V curves methods, reported in many (PCC) in order to keep the voltage within the Isnand

references as [3-5]. Static techniques are venyfulige
determine the load margin or how close the actyatesn
operating state is from the point of voltage cdakpoint.
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avoid voltage stability problems.
In order to achieve these requirements, the sermiamiar
devices, the DC bus voltage as well as the fileactance
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must be appropriately selected [7]. In the follogvisection,

these issues are addressed.
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Fig. 1. The most restringing requirements for actnd reactive
power.

A. Thermal Limit

The operation of semiconductor devices resultogsds,
which are proportional to conduction current anel din-state
saturation voltage. Thus, for a given output vadtathe
output power is limited by maximum curren, Isupported
by semiconductor devices. The thermal limit of theee-
phase converter imposes limits in the active arattiee
power that can be expressed as:

S?=P?+Q?%= (3Vg|nm )2 1)
Where:

S, P and Q are apparent, active and reactive pamki/g
is the grid voltage at the PCC.

Figure 2 shows the limits of the active and re&cpower

B. DC Bus Voltage Limits

The limits of P andQ of the converter connected to grid
are function of converter output voltalye the voltage grid
Vy and the total reactancé (which is the sum of filter and
grid reactance at the PCC), the resistance carepkected.
The relation between those powers and these valtige

given in [7]:
2
= SVgV'
X

Note thatV, is proportional toVy, and the modulation
strategy. TheP-Q phasor diagram that describes (2) is
showed in Figure 3. All the circumferences areddawith
YAV vy

ccenterd ——2> 0
X

vz
P2+ + g
Q X

2)

radius

Fig. 3.P - Q Phasor diagram.

Figure 4 shows the operation limits of a three-phas

_converter whenVy. is changed. It was considersy = 1.0

of a three-phase converter connected to the grith wi p.u.,X = 0.5 p.u. and; in the range of 1.0 p.u. to 1.5 p.u..

semiconductor devices limited thy, = 1.2 p.u. and the grid
voltageV, changing from 0.2 p.u. to 1.2 p.u..

AP (p.u)

0.5

0.2[p.u. Q(r:u.)

0.4 p.u,
-0.5
0.6 p.u..
0.8 p.u,
1.0 p.u.

1.2 p.u.

Fig. 2. Limits ofP andQ as function oNg .
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Fig. 4. Limits ofP andQ as function oM .
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C. Power Limit due to the Filter

Similarly toV,,, the filter reactance limit and Q.
Figure 5 shows the operation limits with differeaues of
filter reactance’sVy andV; remain constant at 1.00 p.u. and

1.20 p.u. , respectively, whik has been changed from 0.30
p.u.to 1.0 p.u..

AP (p.u.)

<—x—|opu(;

«—X-0.3 p.u.

0 (pu)

8 -75 -7 65 -6 -55 -5 45 4 -35-3 252 -15-1-05 1005 1 15

Fig. 5. Limits ofP andQ as function o¥.

It can be seen on Figure 5 that an important fatttat

limit the use of the converter as a reactive power

compensator is the reactan¢elt imposes limitations to the
operation converter for values greater than 0.80 p.

Ill. DERIVING P-V AND P-Q CURVES

To clarify the proceedings adopted latter to dethaP-Q
boundary stability region, it will be first consigel a simple
system, as shown in Figure 6.

2 . .
Wind Generation
oystern 1

Transmzsion Line

Load

Fig. 6. A two-bus simplified power system.

The equations which give the relations between th
voltages and the active and reactive power delivarythe
load bus 2 of the system of Figure 6 can be wriign

P, + [ AV, } cosfy) = [%} cos@-6) @3

Pztgcp{A 2

Where:

}sin(y) = [%}sin(ﬁ -0) 4)

A=Ald and B= BB are the generalized circuit
constants of the equivalent model of the transmission line.
P, = Active power at the load bus

Qz = Pztg(p = Reactive power at the load bus
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V, =V, 08, = Voltage at the swing bus
V, =V,[18,= Voltage at the load bus
6=06,-6,

y=p-a

Taking separately the square of equations (3) dhard
adding them to eliminaf@, the resulting equation becomes a
bi-quadratic form, where the voltage at bus 2 & \thriable
to be analyzed:

[A 2

272

2
}V24+ [ AP,
B B

j(cosy + tgcpsiny) _ [\éjz}\/zz + p22 (1+ th(p) =0

®)
Equation (5) can be rewritten as:
av,' +bV7 +c=0 (6)
Where:
A 2
a=|— 7
H o
; _\/2
b= 2ABP, (cosy JI; ';g(psmy) \A @®
c=P2{1+tgg) ©
The solution of (6) is:
— 2 —
V7 = b++/b-4ac (10)

2a

Only positive solutions folV, are of interest. Equation

(10) gives the magnitude of the voltalfg as follows:

\/ —b++/b* -4ac
2a
Denoting the two solutions of (11) éézl and V22 it is

v, (11)

interesting to observe that when(b®—4ac) =0,
&/, =V,7 =V, . The two equilibrium states becomes one.

Therefore it is the critical operating point, aMJ" is the
critical voltage.

A. P-V Curves Smulation

Suppose the three-phase single circuit, 345 kV &bl
km long transmission line given in reference [3heTseries
impedance per phase B= (0.0298 + j0.2849x2/km and

the shunt admittance to groundys=j3.9888 x 10-6 S/km.

The values of AandB constants that represent @
equivalent model of the transmission line can bdressed in
[8]. P-V curves for different load power factors are shomn
Figure 7, obtained with simulations using DIgSILENT
programming Language.
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Fig. 7. P-V Curves for bus 2 afland 4" quadrants.

It is shown in Figure 8 th®-V curves for different load
power factors, in a special case, where the windepo
generation produces more active power than thed loea
active power demand. Since the wind power in thiseds a
P-Q bus, high reverse active power flowing from thenavi
generator to the system can produce the voltadapsa on
the local bus.
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Fig. 8. P-V Curves for bus 2 at"2and & quadrants.

B. Analytical solution
The critical equilibrium point is obtained from atition

(b? —4ac) =0 on (11), and then it can be written as:

aP?+b'P,+c' =0 (12)

Where:

a' =4 ABJ? l(cosy +tgpsiny)’ - (1+ tgch)] (13)
b’ = -4(ABV,? )(cosy + tggsiny) (14)
c=V!
The solution of (12) is:
-b' ++/b'? —4a'c
2a'
Q,=Q; =Rtge (17)
The solution of (5) forP, = Py and b* —4ac =0 on
(10) gives:

P,=R" = (16)
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-b
V, =V, =+ |— (18)
2a
With the values of P, = P," and Q, = Q' founded

analytically, it is possible to plot this boundagint on the
P-Q Plane for each load power factor considered. Bable
and Il summarize the critical values obtained fr(if), (5)
and (10) respectively. The powers are represented (0d
MVA base.

TABLE |
Operation of bus 2 at 1% and 4" quadrants
éz ¢ tg(ll cosq Vzcr chr gr
(degree)  (rad) (rad) (p.u)  (pu)  (p.u.)
| 3687 075 _ 080 _ 06139 2564 1.923
| 2584 04843 090 _ 06436 3.169 1535
| 0.00 0.00 1.00 __ 0.7558_ 4.857___0.000
IV 1810 -0.3286 095 _ 0.8931 6.444 -2.117
TABLE Il
Operation of bus 2 at 2" and 3'® quadrants
_,% (F tg (F C o S(F V2Cr chr ;r
(degree)  (rad) (rad)  (pu) (pu) (p.u)
I 14313 075 _ 080 _ 06497 -2.871 2.153
Il 15416 -0.4843 _ -0.90 _ 0.6909 -3.653  1.769
18000 000 __ -1.00 _ 0.8465 -6.093 _ 0.000
19819 03286 -0.05 10445 -8.811 -2.895

C. P-Q Curves Smulation

Figure 9 shows the P-Q curves to the stable regidhe
voltage stability limit, obtained by the proposeethod at
the load bus 2, with addition of wind power genierat This
situation can produce reverse power flow when thiedw
power generation is greater than the local loadgooivhe P-
Q plane shows the load bus receiving inductive treac
power at the first and second quadrants and reggivi
capacitive power at the third and fourth quadraritke
reverse power flow, where the system receives egower
from the wind power, is showed at the second arnd th
quadrants.

Figure 9 shows that the analytical solution and the
simulation results are very close in the voltagabidity
limits. The security operation region is plotted Yoltages at
bus 2 considering the operational limits of 0.90Ltd0 per
unit. It can be seen that leading load power fastakes the
voltage stability limits and the secure voltageisagn P-Q
plane very close, as it was observed before in ®ives of
Figure 7.

The analytical solution is limited to very simplgstems,
and cannot be applied in a large and interconnegteder
system. The methodology that follows is generic ead be

(15) applied at any power systems.
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Fig. 9. Voltage stability regions ir-Q Plane.

IV. APPLYING THE PROPOSED METHOD ON
DISTRIBUTION SYSTEM

Reactive Power (MVAr)

-15

25 30 35 40
Active Power (MW)
Fig. 10. Voltage stability limits on P-Q plane.
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Figure 11 shows the regions of operational limifs o
voltage at bus 8 that is the operation points whitre
voltages are in the range of 0.95 to 1.05 per uhite
simulations are performed by using the similar dthm as
reference [8].

0.3 T
The P-Q curves were constructed for a distribution system f
given on reference [8] showed in Appendix. The bade 0.2F  ul AR
increased with steps of 0.5%. The limits of theesadltage £} \
in distribution buses are 0.95 to 1.05 per unite Moltage 2 0Lr NS Nw N - — p=
stability limit and the secure operatimoltage at bus 8 is =
analyzed considering four different scenarios mgistem: g o N NG N UlUpper Limit 1
1. There is no wind power generation. The swing bus &
is a unique source of power. e Rl T
2. The wind power generation is connected and G
operates as B-Q bus with unit power factor. 2 02w U\
3. The wind power is represented byPaVv bus with
reactive power limits. O3 g
4. There is no wind or the wind velocity is to low to . : ;
produce active power, so the converter produce only 04 0 0.5 1 15

reactive power.

A. The Power System Limits

Active Power (MW)
Fig. 11. Regions of secure voltage operation limitsus 8

Figure 10 shows that the presence of wind power

increases the stability limits. The load power dastare in
the range of 0.8 inductive to 0.95 capacitive. Baenario
where the wind power operates with zero power faio

B. The Wind Power and Converter Capabilities Limits
Fig. 12 shows the P-Q curves for wind power at b2is
the PCC of the wind farm, considering simultanepuble

beyond the limits of Figure. However, the requirements of wind power and converter capability and power syste

the Electricity Supply Board National Grid in Irak
(ESBNG) is less restrictive with respect to windiative
power generation limits. Note that, even if the dvBpeed is
bellow the cut-in value the converters can stilngmate
reactive power to improve the voltage stability giarand
the region of safe voltage operation.
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limits. The load system was considered constant ted
wind power generation varies with steps of 0.5%cah be
seen that the gray area is a secure voltage operatgion
that is common to power system and wind power geier.

Note that this region is also limited by thermatremt of the
converter. This area contains the combination afgrs that
the wind power can operate and producing securtag®|
operation. The others operation points of the wintline are
restringing by the limitations imposed by the powgstem.
With the enlarging of the reactive region of opieratof the

wind farms, that is changing his operational chiamstic, it

is possible to the PCC to operate in an enlarggiomewith

secure voltage operation.
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ANE Secure Voltage Operation Limit

Active Power (p.u.)

Most Restringing
Requirements . : : :
0.2F -~ S N R 1

0 0.4 0.2 0 0.2 04 0.6
Reactive Power (p.u.) - Base 7.5 MVA
Fig. 12 Wind power capabilities and power systenusevoltage

operation limit.

It can be seen in Figure 12 that the wind powedpcing
reactive power, the voltage remains within accdptahlues
and it produces and increasing in the power systeltage
stability limit as showed in Figure 10.

V. CONCLUSION

A very efficient method is presented to determihe t
impact of the wind power generation on the steadtes
voltage stability of a distribution power systent. ik
determined the security operation points of wincbitues,
considering their requirements capabilities and grosystem
limits.

To ensure the reliability of the results, a compami
between the proposed and a previous analytical adeih
carried out in a simple two bus system connected bygle
transmission line.

The voltage stability limit region and a sub-region
which the voltages at the bus are in acceptablgesare
defined for different power factors. For practigalrposes,

Systam
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i 1247 BY
L I
L

p— 10 F 3

— [ § .11

<Fwf <
P
<]—-—<i—-l

Fa "\I
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068 kv ‘L?_ 4] ‘L

Wind Power Ganeration

Fig. Al. Distribution Power System Test.
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