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An unbalanced electric power system can occur due to unequal lines and/or
loads in each phase of the system. For a system with a high level of
unbalance, the assumption that the system is balanced becomes incorrect.
For a case like this, the system must be analyzed using three-phase
approaches because single-phase analysis techniques can no longer be used
to obtain accurate results. Therefore, the development of three-phase models
of all components of the electric power system, including the wind turbine
generating system (WTGS), is very important so that the system can
properly be analyzed and its performance can correctly be evaluated. This
paper proposes a method to incorporate WTGS in a three-phase load flow
analysis of an unbalanced distribution system. The proposed method is based
on the previously published single-phase two-port network model. In this
paper, the single-phase two-port network model is modified and extended so
that it can be applied to unbalanced systems. The model is then included in

the three-phase distribution system load flow (DSLF) analysis. The proposed
method is validated using 12-node and 19-node distribution systems.
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1. INTRODUCTION

It has been well acknowledged that penetration of wind turbine generating system (WTGS) in the
electric power system will complicate the assessment and evaluation of the power system steady state and
dynamic performances. This complication can be more profound in unbalanced electric power distribution
systems since three-phase techniques have to be used in the analyses. An unbalanced electric power system
generally occurs due to unequal lines and/or loads in each phase of the power system. For a system with a
high level of unbalance, the assumption that the system is balanced becomes incorrect. For a case like this,
the electric power system must be analyzed using three-phase approaches because single-phase analysis
techniques can no longer be used to obtain accurate results [1].

To assess and evaluate the system steady state and dynamic performances of a power system
embedded with WTGS, all of the system components (including the WTGS) need to properly be modeled
[2]. In recent years, many investigations have been conducted in the context of modeling and integrating
WTGS into steady state load flow analysis of an electric power system. For example, references [3]-[21]
propose interesting methods to incorporate WTGS into load flow analysis. In [3]-[5], the induction generator
equivalent circuit of the WTGS is converted to a three-node model. The three-node model application will
modify the load flow analysis due to the addition of two branches and two PQ nodes to the original power
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system where the WTGS is connected. With this method, a traditional load flow program can be used to
solve the load flow problem, and modifications to the program source code are therefore not required.

In [6]-[16], several steady-state mathematical models of fixed speed WTGS for load flow analyses
have been developed. In the analyses, the equations of the WTGS models, combined with the existing power
system equations (i.e., power system equations without the WTGS), are solved using some non-direct or
iterative techniques. References [6]-[13] propose models which are formed based on the D or IT equivalent
circuit of the WTGS induction generator. Reference [14] also proposes a steady-state model of fixed speed
WTGS for load flow analysis. The model in [14] is derived based on the theory of a two-terminal network (or
two-port network). In [15], [16] propose WTGS load flow models, which are obtained based on the Y or T
equivalent circuit of the WTGS induction generator. The model in [15], [16] is derived using Kirchhoff and
Ohm laws. In [17]-[21], DFIG-based variable speed WTGS models for steady state load flow analysis have
been proposed. Equivalent circuits of the doubly fed induction generator (DFIG) have also been used in
developing the models in [17]-[21].

All of the WTGS models proposed in [3]-[21] assume that the system was balanced so that single-
phase load flow techniques can be used to analyze it. However, as mentioned earlier, the electric power
distribution system is generally unbalanced and must be analyzed using three-phase load flow techniques.
Against the above background, this paper proposes a three-phase WTGS model that can be applied to
unbalanced distribution systems. The proposed method is based on the two-port network model, which has
successfully been applied to a single-phase system [14]. Therefore, the main contributions of the present
work are as shown: i) development of WTGS steady state model to be used in three-phase load flow analysis,
and ii) modification and extension of the single-phase two-port network model so that it can facilitate three-
phase load flow analysis under unbalanced system conditions. Moreover, validation studies using 12-node
and 19-node distribution systems are also presented and discussed in this paper. To be systematic, the paper
is organized as: section 2 discusses the formulation of the three-phase distribution system load flow (DSLF)
problem. Section 3 addresses the single-phase two-port network model of WTGS. Extension of the single-
phase two-port network model to a three-phase two-port network model is given in section 4. Section 5
discusses a study case where validation of the proposed method is presented and investigated. Finally, some
essential conclusions of the paper are pointed out in section 6.

2. FORMULATION OF THREE-PHASE DSLF PROBLEM
It can be shown that the formulation of three-phase load flow problem of unbalanced distribution
system will have the form in (1):

{[diag(V“bc)]‘l (Sgbc _ SIbeC)}* _ Yachabc =0 (1)

abc abc

where V¢ is vector of nodal voltage, S¢*¢ is vector of power entering the node, ;% is vector of power
leaving the node, and ¥ is system admittance matrix.

For n-node distribution system, the formulations for F#%¢, §5%¢, §;%¢ and ¥** are given by:

[Vabc-l [ abc abc abc Ylazbc abc-l
yabe — v |.S(z;1bc - |Sc;2 ; Sabe = — yabe — | abc Yabc i ypbe | @)
ano;ch lS c abc albc Yabc ) Yach
n

where:

b
S SE L i AR G
Vabc_ Vb Sabc SG[ 'Sabc Sgi 'lyililb(:: yili;a Y[llm Ylllu: ;Yiz]z'bc= yil]za YLl])b yll])c (3)
Séi S e e v e Y v

It can be seen that (1) is a set of nonlinear equations which has to be solved in the load flow analysis
to evaluate the steady state condition of the distribution system. As it is nonlinear, iterative techniques, for
examples: Newton-Raphson or trust-region methods [22], [23], can be used to find the solution to the set of
equations.
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3. TWO-PORT NETWORK MODEL OF WTGS
3.1. WTGS structure and two-port network

A fixed-speed WTGS connected to bus &k of an electric power distribution system is shown in
Figure 1. In fixed-speed WTGS, a squirrel cage induction generator (SCIG) is usually used to convert the
turbine mechanical power to electrical power. In Figure 1, S; is WTGS electrical power output and P, is
turbine mechanical power input. Steady state equivalent circuits of the SCIG is given in Figures 2(a) and 2(b)
[3]-[6]. In Figure 2(a), Ry and Xs are stator resistance and reactance, Rz and X are are rotor resistance and
reactance, R. and X, are core resistance and reactance, Vs and Is are stator voltage and current, Vz and I are
rotor voltage and current, and s is induction generator slip. Also the impedance values of Zs, Zz and Zy in
Figure 2(b) can be calculated using:

Zs = Rs + jXs (4a)
ZR=RR +]XR (4b)
Zy = JRXm/(Re + jXim) (4c)

Electric

kS, P,
Power g m
Distribution | « <
System I SCIG

Figure 1. WTGS connected to distribution system

k <4 RS+ZXS RR+iXR Sg ! ZS ZR ! Pm
4_ ! 1
. L L f— [ 1 ~
» Co D
R. e RR(J-s)/s[ - Ve |::|ZM Ve
1 1
° | : .
(@) (b)

Figure 2. Steady state equivalent circuit of SCIG (a) in terms of resistances and reactances and (b) in terms of
impedances

Figure 3 shows a general two-port network containing passive impedances/admittances [14]. In
Figure 3, 4, B, C and D are the general two-port network constants. The values of these constants depend on
the impedances/admittances of the network components. For the two-port network in Figure 3, it can be
shown that the voltage/current relationships are of the forms:

1

Ve = ——
R ™ ap-BC

(DVs + Bly) (5a)

I = —ADiBC (CV + AL) (5b)

The two-port network model of WTGS is obtained by viewing the SCIG equivalent circuit in
Figure 2(b) as a two-port network. For the equivalent circuit in Figure 2(b), the formulas for the 4, B, C and
D constants of the two-port network will have the following forms [14]:

A=1+2Z5/Z, (62)

Two-port network model of wind turbine generator for three-phase unbalanced DSLF analysis (Rudy Gianto)
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B=2Zs4Zy+ZsZp)Zy (6b)
C=1/Zy (6¢)
D=1+42Zy/Zy (6d)

where Zs, Zr and Zy are calculated using (4). Development of the WTGS model using the two-port network
theory will be discussed in the next section.

1 S I R
A B
Vs Vr
C D
L I

Figure 3. General two-port network

3.2. Two-port network model of WTGS

Derivation of the two-port network model of WTGS is based on WTGS power formulas, i.e. WTGS
electrical power output and turbine mechanical power input. By looking at Figure 2, the formulas for WTGS
electrical power output (S,) and turbine mechanical power input (P,,) can be written as:

Sy =P, +jQy = Vsl§ (7a)
and:
B, = Vil (7b)

Substituting (5) into (7b) gives:

P = [552 (OVs + 1) [505¢ (Vs + 41| ®)

AD-BC AD_BC

On using (7a) in (8) and rearranging, can be obtained:

Pp =Z,V, + Z,S, + Z355 + Z,S, )
where:
pc* DA* .
Z, = (AD-BD)(AD—BC)* iZ2 = (AD-BC)(AD—BC)*’ Vo =Wls (10a)
_ BC* . _ BA* . _ ﬁ
Z3 = (AC—BC)(AD-BC)* iZy = (AD—BC)(AD-BC)*’ "V T vyvs (10b)

As shown in (9) is the steady state model of WTGS for single-phase load flow analysis. Extension
of the model to three-phase load flow analysis will be discussed in the next section.

4. THREE-PHASE TWO-PORT NETWORK MODEL OF WTGS
For three-phase system, in (9) can be modified to become:

pabe = Zfbcl/,',abc + Zgbr:s;bc + Zgbc(sgbc)* + Zgbcsgbc (11)

where:
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sg(sg)*]
Pu/3 Ss Ve ey ey zi 0 0
Pe = |Bu/3|s850 = |85 | Vi = Vo) | sse = | 2 = L0z 0 |(12)
Fn/3 S AU s 0 0 zf
S§(s§)
VSC(VSC)*J
Diagonal elements of Z:#** matrix in (12) will have the following forms:
P _ pPcP* oD _ pP AP*
Zy = (APDP—BPCP)(AFDF—BFCFC)*'Zz " (APDP—BPCP)(APDP—BPCPC)* (13a)
P _ BPcP* oD _ BPAP*
Z3 = (APDP—BPCP)(APDP—BPCPC)*’Z4 " (APDP-BPCP)(APDP—-BPCP(C)* (13b)
where: p=a, b, c; and A7, B?, C* dan D? are calculated using:
AP =1+4278 /7% (14a)
BP =Z0 +Zh +Z8 735 /7 (14b)
CP =1/Z} (14¢)
DY =1+Z%/Z}, (14d)
Based on (4), the formulations for Z¢*, Zg”, and Z)/ in (14) are:
ZP =RY + jX? (15a)
ZR = RL +jXp (15b)
Zy = jREXN/(RE + jXm) (15¢)

To carry out three-phase load flow analysis for distribution system embedded with WTGS, the first
step is to rearrange (11) to the following form:

Pabc _ Zgbcvabc _ Zgbcsabc _ Zgbc(sabc)* _ Zzbcsabc =0 (16)
m v g g v

Then, for the system nodes containing WTGS, (16) is combined with (1). These combined
equations, together with the remaining nodal equations, are solved simultaneously. Table 1 shows all of the
quantities and equations in the complete formulation of a three-phase load flow problem for an electric power
distribution system containing WTGS.

It should be noted that in (16), the voltage at WTGS node or WTGS terminal is also the voltage of
SCIG stator, and the power injection at WTGS node is also the power output of WTGS, therefore:

V]qbc — Vglbc (17a)

Sghe = ggbe (17b)

where j is the node where the WTGS is connected.

Table 1. Known and unknown variables in three-phase DSLF formulation for system with WTGS

Node Equation Known variable Unknown variable
Substation (1) yabe, gabe; yabe sgbe
Load (l) Yabc; Silbc; S&zbc Vabc
WIGS (1) &(16) Y¢S Pabe; 28, Zp; ZYy yabe; sabe

Two-port network model of wind turbine generator for three-phase unbalanced DSLF analysis (Rudy Gianto)



14 a ISSN: 2302-9285

5. CASE STUDY
5.1. Test system

In this section, application of the proposed method in DSLF analysis is investigated. The test
systems that are used in the investigation are described as shown in:

- System 1 is an 11 kV distribution network with the total three-phase load of 4,305 kW and 1,215 kVAR
[22]. Single line diagram of this 12-node balanced distribution system is shown in Figure 4. Since the
system is balanced, it can actually be analysed using single-phase approach. However, to validate the
proposed method, three-phase approach will be used instead. Tables 2 and 3 show the data of system 1.
WTGS with power rating of 3,000 kW is assumed to be connected to node 12.

5
I A O O O
11T 1 1T 17 17 71T

Figure 4. System 1
Table 2. Data of system 1

Line No. Sending bus  Receiving bus R* X* P ** [
1 1 2 1.093 0.455 60 60
2 2 3 1.184 0.494 140 30
3 3 4 2.095 0.873 155 55
4 4 5 3.188 1.329 130 30
5 5 6 1.093 0.455 120 15
6 6 7 1.002 0.417 155 55
7 7 8 4.403 1.215 145 45
8 8 9 5.642 1.597 140 40
9 9 10 2.890 0.818 135 30
10 10 11 1.514 0.428 140 30
11 11 12 1.238 0.351 115 15

*Line resistance/reactance in ohm/phase
**Load connected to receiving bus in kW and kVAR (perphase)

Table 3. WTGS induction generator data for system 1

Parameter Resistance/reactance value (Ohm)
Stator circuit RERP=R=1.21
XX =X,=6.05
Rotor circuit R“RP’=R, =121
XX =X,=6.05
Magnetic core circuit R“R =R =12,100

X, X, =X,=605

- System 2 is a 19-node unbalanced distribution system adopted from [24], [25]. Single line diagram of
the system is shown in Figure 5. It is an 11 kV distribution network with the total load of 442.75 kW
and 152.45 kVAR (Phase-a: 151.06 kW and 52.66 kVAR; Phase-b: 143.07 kW and 48.45 kVAR;
Phase-c: 148.62 kW and 51.34 kVAR. The system line and load data can be found in Tables 4 dan 5.
WTGS with power rating of 300 kW is assumed to be connected to node 19. Data of the WTGS
induction generator is given in Table 6.

18 913
17
3 7 0
I ]‘ 14
4
[ . - o < 10
1 2 I 6 8 9
° ® 12
5 19 15
®1A

Figure 5. System 2
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Table 4. Test system line data

No. Line Self impedance (Ohm) Mutual impedance (Ohm)

1 1-2 3.0%(1.56090+j0.67155) 3.0x(0.52030+j0.22385)

2 2-3 5.0x(1.56090+j0.67155) 5.0x(0.52030+j0.22385)

3 2-4 1.5%(1.56090+j0.67155) 1.5%(0.52030+j0.22385)

4 4-5 1.5%(1.56090+j0.67155) 1.5%(0.52030+j0.22385)

5 4-6 1.0x(1.56090+j0.67155) 1.0x(0.52030+j0.22385)

6 6-7 2.0%(1.56090+j0.67155) 2.0x(0.52030+j0.22385)

7 6-8 2.5%(1.56090+j0.67155) 2.5x(0.52030+j0.22385)

8 8-9 3.0x(1.56090+j0.67155) 3.0x(0.52030+j0.22385)

9 9-10 5.0x(1.56090+j0.67155) 5.0x(0.52030+j0.22385)

10 10-11  1.5%(1.56090+j0.67155) 1.5%(0.52030+j0.22385)

11 10-12 1.5%(1.56090+j0.67155) 1.5%(0.52030+j0.22385)

12 11-13 5.0x(1.56090+j0.67155) 5.0x(0.52030+j0.22385)

13 11-14 1.0%(1.56090+j0.67155) 1.0x(0.52030+j0.22385)

14 12-15 5.0x(1.56090+j0.67155) 5.0%(0.52030+j0.22385)

15 12-16  6.0x(1.56090+j0.67155) 6.0x(0.52030+j0.22385)

16 14-17  3.5%(1.56090+j0.67155) 3.5%(0.52030+j0.22385)

17 14-18  4.0x(1.56090+j0.67155) 4.0%(0.52030+j0.22385)

18 15-19  4.0x(1.56090+j0.67155)  4.0x(0.52030+j0.22385)

Table 5. Test system load data
Node Phase-a Phase-b Phase-c
P(kW) Q(kVAR) P(kW) Q(kVAR) P (kW) Q(kVAR)

1 0 0 0 0 0 0
2 10.38 5.01 5.19 2.52 10.38 5.01
3 11.01 5.34 5.19 2.52 9.72 4.71
4 4.05 1.95 5.67 2.76 6.48 3.15
5 6.48 3.15 5.19 2.52 4.53 2.19
6 4.20 2.04 3.09 1.50 291 1.41
7 9.72 4.71 8.10 393 8.10 3.93
8 7.44 3.60 5.34 2.58 3.39 1.65
9 12.30 5.97 14.91 7.23 13.29 6.42
10 3.39 1.65 4.20 2.04 2.58 1.26
11 7.44 3.60 7.44 3.60 11.01 5.34
12 9.72 4.71 8.10 3.93 8.10 3.93
13 4.38 2.13 5.34 2.58 6.48 3.15
14 3.09 1.50 3.09 1.50 4.05 1.95
15 14.38 2.13 14.86 2.34 16.96 3.36
16 17.77 3.78 20.38 5.01 17.77 3.78
17 16.48 3.15 14.86 2.34 14.86 2.34
18 15.34 2.58 15.34 2.58 15.52 2.67
19 18.76 4.23 20.05 4.86 17.14 3.45

Table 6. WTGS induction generator data for system 2
Parameter Resistance/reactance value (Ohm)
Stator circuit R“R/ =R =0.080667
XXP=X,"=0.403333
R R=R,*=0.080667
X X,'=X,=0.403333
RRL=R=20166.6665
X" Xu=X,=1008.3335

Rotor circuit

Magnetic core circuit

5.2. Results and discussion (system 1)

Results of the load flow calculation of system 1 are given in Tables 7 and 8. WTGS model, as
proposed in section 4, is used in the calculation. It is to be noted that since the system is balanced, a single-
phase approach such as the multiple-node model proposed in [3]-[5] can also be applied to analyze the
system. For the purpose of comparison, results obtained by the multiple-node model are also given in the
present work and are shown in Table 9. It can be seen that the results of the proposed method (Table 7 and
Table 8) and those of the multiple-node method (Table 9) are in exact agreement, which indicates the validity
of the method proposed.

Two-port network model of wind turbine generator for three-phase unbalanced DSLF analysis (Rudy Gianto)
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Table 7. WTGS terminal voltage magnitude (system 1)
P, (kW) Phase-a (kV) Phase-b (kV) Phase-c (kV)

300 9.86 9.86 9.86
600 10.13 10.13 10.13
900 10.38 10.38 10.38
1200 10.62 10.62 10.62
1500 10.84 10.84 10.84
1800 11.05 11.05 11.05
2100 11.25 11.25 11.25
2400 11.44 11.44 11.44
2700 11.62 11.62 11.62
3000 11.80 11.80 11.80

Table 8. Output power of WTGS (system 1)
P, (kW) Phase-a (kW, kVAR) Phase-b (kW, kVAR) Phase-c (kW, kVAR)

300 91.55-j160.67 91.55-j160.67 91.55-j160.67
600 190.39-j173.26 190.39-j173.26 190.39-j173.26
900 288.87-j187.36 288.87-1187.36 288.87-j187.36
1200 387.03-j202.79 387.034202.79 387.03-j202.79
1500 484.91-j219.38 484.91-j219.38 484.91-j219.38
1800 582.53-j237.05 582.53-237.05 582.53-j237.05
2100 679.93-1255.68 679.93-1255.68 679.93-1255.68
2400 777.11-j275.20 777.114275.20 777.11-j275.20
2700 874.10-j295.56 874.10-j295.56 874.10-j295.56
3000 970.90-j316.69 970.90-j316.69 970.90-j316.69

Table 9. Results obtained by multiple-node model [3]-[5]
P, (kW)  WTGS voltage (kV) WTGS output (kW, kVAR)

300 9.86 91.55-j160.67
600 10.13 190.39-j173.26
900 10.38 288.87-j187.36
1200 10.62 387.03-j202.79
1500 10.84 484.91-219.38
1800 11.05 582.53-j237.05
2100 11.25 679.93-j255.68
2400 11.44 777.11-j275.20
2700 11.62 874.10-j295.56
3000 11.80 970.90-j316.69

5.3. Results and discussion (system 2)

Tables 10-13 show the results of load flow analysis for the 19-node distribution system in Figure 5.
To make a better observation, the results are also presented in graphical forms (see Figures 6-9). Due to the
system unbalance, it can be seen from the tables that the electrical quantities in the three phases are not the
same. Table 10 shows that with the increase in turbine mechanical power and WTGS output, the voltage
profile improves (see also Figure 6). On the other hand, results in Table 11 show that as the turbine
mechanical power input increases, the active power output of the WTGS also increases linearly (see also
Figure 7). However, the WTGS power output is slightly smaller than the turbine mechanical power due to
power loss in the WTGS. Table 11 also shows that the reactive power output of WTGS is negative, which
means that the WTGS absorbs reactive power from the system. This reactive power is used by the WTGS
induction generator for the purposes of magnetizing the core circuit. Figure 8 shows the variation of WTGS
reactive-power demand against turbine mechanical power. It can be seen that the relationship is also linear,
which indicates that the demand for reactive power increases as the WTGS active power output increases.

Table 10. WTGS terminal voltage magnitude (system 2)
P, (kW) Phase-a (kV) Phase-b (kV) Phase-c (kV)

30 10.0966 10.0749 10.0838
60 10.1797 10.1587 10.1674
90 10.2615 10.2410 10.2494
120 10.3417 10.3219 10.3299
150 10.4205 10.4012 10.4090
180 10.4981 10.4792 10.4869
210 10.5744 10.5559 10.5633
240 10.6494 10.6315 10.6387
270 10.7234 10.7059 10.7128
300 10.7962 10.7790 10.7858
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Table 11. Output power of WTGS (system 2)
P, (kW) Phase-a (kW, kVAR)  Phase-b (kW, kVAR) Phase-c (kW, kVAR) 3-Phase (kW, kVAR)

30 8.31-33.69 8.32-j33.55 8.32-j33.60 24.95-j100.84
60 18.28-j34.25 18.29-j34.11 18.29-j34.17 54.86-j102.53
90 28.25-j34.82 28.26-j34.68 28.26-j34.74 84.77-j104.24
120 38.22-j35.38 38.23-j35.25 38.23-j35.30 114.68-j105.93
150 48.19-j35.94 48.20-j35.81 48.20-j35.86 144.59-j107.61
180 58.16-j36.50 58.17-j36.37 58.16-j36.43 174.49-j109.30
210 68.13-j37.06 68.14-j36.94 68.13-j36.99 204.40-j110.99
240 78.10-j37.62 78.10-j37.50 78.10-j37.55 234.30-j112.67
270 88.06-j38.18 88.07-38.06 88.07-j38.10 264.20-j114.34
300 98.03-j38.74 98.04-j38.61 98.03-j38.66 294.10-j116.01

Table 12. Substation power (system 2)
P, (kW)  Phase-a (kW, kVAR) Phase-b (kW, kVAR) Phase-c (kW, kVAR) 3-Phase (kW, kVAR)

30 179.69+99.95 169.82+94.93 176.84+]98.43 526.35+]293.32
60 168.404799.95 158.49+j94.92 165.52+4]98.41 492.414j293.28
90 157.30+100.03 147.354j94.99 154.40+j98.48 459.05+{293.50
120 146.38+j100.19 136.404795.14 143.46+{98.62 426.24+1293.95
150 135.64+7100.42 125.624195.36 132.70+j98.84 393.96+j294.61
180 125.06+7100.72 115.02+4195.66 122.10+j99.12 362.19+j295.50
210 114.65+101.08 104.584j96.02 111.67+{99.48 330.90+j296.58
240 104.39+j101.52 94.29+{96.45 101.40+j99.90 300.08+j297.87
270 94.28+j102.01 84.15+j96.94 91.27+i100.39 269.70+]299.34
300 8431410257 74.16+j97.49 81.28+j100.93 239.75+{300.99

Table 13. Distribution line loss (system 2)
P, (kW) Phase-a (kW, kVAR) Phase-b (kW, kVAR) Phase-c (kW, kVAR) 3-Phase (kW, kVAR)

30 36.94+13.60 35.07412.93 36.54+13.49 108.55+j40.02
60 35.624j13.04 33.714j12.36 35.194j12.90 104.52+j38.30
90 34.49+j12.55 32.544j11.86 34.04+j12.40 101.07+j36.81
120 33.54+12.15 31.564j11.44 33.074j11.98 98.17+j35.57
150 32.774j11.82 30.754j11.10 32.28+j11.64 95.80+j34.56
180 32.164j11.56 30.124j10.84 31.644j11.35 93.924§33.75
210 31.724j11.36 29.65+10.63 31.184j11.15 92.554j33.14
240 31.434j11.24 29.324j10.50 30.88+11.01 91.634j32.75
270 31.28411.17 29.154j10.43 30.724j10.95 91.154j32.55
300 31.28411.17 29.134j10.43 30.69+j10.93 91.104j32.53
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Figure 6. Variation of voltage magnitude Figure 7. Variation of WTGS active power

Table 12 shows that with the WTGS installed in the system, besides the voltage profile
improvement, another advantage is that the power supply from the distribution system substation can be
reduced since some of the loads can be fed by the WTGS (see also Figure 9). Power supply from distribution
system substation usually comes from the conventional generator with a non-renewable energy source (fossil
fuel) that is not environmentally friendly. Moreover, as the WTGS active power output increases, the line
power loss decreases (see Table 13). This line loss decrement is due to the voltage profile improvement as
the WTGS active power output increases. The above results confirm the validity of the method proposed.
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Further validation can be obtained by examining the results where the substation output plus WTGS output is
always equal to the total system load plus total line loss. It is to be noted that the line loss has been calculated
based on the impedances and currents of the distribution lines.
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Figure 8. Variation of WTGS reactive power Figure 9. Variation of substation power

6. CONCLUSION

Most of the previous WTGS models assumed that the system was balanced, and single-phase load
flow approaches were used to analyze the system. However, electric power distribution systems are generally
unbalanced and must be analyzed using three-phase load flow techniques. Therefore, the development of a
three-phase model of all components of the electric power system (including WTGS) is very important so
that the system can be analyzed and its performance can properly be evaluated. A simple method to
incorporate WTGS in load flow analysis of a three-phase unbalanced distribution system has been proposed
in this paper. The proposed method is based on a previously published single-phase two-port network model.
In this paper, the single-phase two-port network model has been modified and extended so that it can be
applied to three-phase systems. The model is then included in a three-phase load flow analysis of an
unbalanced distribution network. An extensive case study has also been carried out in this paper. In the case
study, the application of the proposed method to 12-node and 19-node distribution systems has been
investigated. The investigation results confirm and verify the validity of the method proposed.
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