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Abstract: Penetration of wind power plants (WPPs) in the electric power system will complicate the
system load flow analysis. Consequently, the traditional load flow algorithm can no longer be used
to find the solution to the load flow problem of such a system. This paper proposes a doubly fed
induction generator (DFIG)-based WPP model for a load flow analysis of the electric power system.
The proposed model is derived based on the power formulations of the WPP—namely, DFIG power,
DFIG power loss, and WPP power output formulas. The model can be applied to various DFIG
power factor operating modes. In the present paper, applications of the proposed methods in two
representative electric power systems (i.e., IEEE 14-bus and 30-bus systems) have been investigated.
The investigation results verify the proposed method’s capability to solve the load flow problem of
the system embedded with DFIG-based variable-speed WPPs.

Keywords: DFIG steady-state model; wind farm; load flow; power system

1. Introduction

Information about the steady-state performances of an electric power system is usually
obtained from load flow analysis. Quantities such as system voltages, generator powers,
line power flows, and line losses are generally available as the output of the analysis. Based
on the load flow results, an assessment or evaluation of the power system performance
can then be carried out. If some values of the electrical quantities are outside the limits,
corrective action needs to be taken to bring the quantities back to their allowable limits.

It has been well acknowledged that penetration of WPPs in the electric power system
will complicate the system load flow analysis. Consequently, the traditional load flow
algorithm can no longer be used to find the solution to the load flow problem of such a
system. Several techniques for solving the load flow problem of power systems embedded
with WPPs have been proposed, and some of the current methods are reported in [1-13].
In [1-3], three-node models of fixed-speed WPPs were proposed. By using these models,
conventional load flow programs can be employed in the analysis. In [4], the models for
representing asynchronous generator-based fixed-speed WPPs have been proposed. The
models in [4] were developed based on the formulas that calculate the electric powers ex-
changed between the WPPs and the power grid. A fixed-speed WPP model for distribution
load flow analysis has been proposed in [5]. In [5], the WPP model was formulated in the
form of WPP output power.

In [6,7], three-phase models of DFIG-based variable-speed WPPs have been proposed.
In [6], the model was derived in the form of DFIG output power and expressed in terms
of bus voltage and wind speed. In [7], the DFIG model was formed using the sequence
components theory. A technique to integrate DFIG-based WPPs in load flow analysis was
discussed in [8]. The equivalent circuit of the induction generator has been used in the
proposed approach [8]. In [9], a load flow model of the DFIG under power control has been
proposed. Limitations of the DFIG and the power system were simultaneously solved to
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achieve the desired output. The DFIG model in [10] was based on an induction generator
equivalent circuit and also took into consideration the voltage-dependent reactive power
limits associated with the DFIG. References [11-13] proposed various models of DFIGs for
load flow analysis. Derivation of the models has been carried out based on the WPP power
formulas. However, in [11], the DFIG power factor was assumed to be unity. In [12], a DFIG
steady-state model in voltage control mode of operation was proposed. In the method,
DFIG voltage can be regulated by allowing the power factor to change. A simple load flow
model of the DFIG was proposed in [13]. The model can be used for DFIGs operating in
power factor control mode. Three DFIG power factor operation modes (i.e., unity, lagging,
and leading) were considered in [13].

This paper presents a model of a DFIG-based variable-speed WPP for a load flow
analysis of an electric power system. The proposed model is derived based on the power
formulations of the WPP—namely, DFIG power, DFIG power loss, and WPP power output
formulas. The model proposed in this paper also serves as an alternative to the model
discussed in [13]. It, therefore, retains the important features as follows: (i) the model can
be applied to all three power factor (PF) modes of operation—namely, UPF (unity PF), LePF
(leading PF), and LaPF (lagging PF), and (ii) both DFIG conditions (i.e., sub-synchronous
and super-synchronous) can be modeled using the same equations. Moreover, as the
model in this paper is derived based on induction generator power losses calculation, the
generator power losses are readily available as the output of the proposed method.

More results are also included in the present paper to verify the method further.
In addition to the IEEE 14-bus power network, a more complex electric power network
(i.e., IEEE 30-bus system) is also used and investigated in the case study. Based on the
investigation results, verification of the proposed method is obtained. The rest of the paper
is organized as follows. Section 2 briefly discusses the basic configuration and equivalent
circuit of the DFIG. The proposed model is also presented in this section. The application
of the method in finding the solution to the power system load flow is given in Section 3.
Section 4 points out some important conclusions of the present work.

2. DFIG-Based Wind Turbine
2.1. DFIG Configuration and Equivalent Circuit

The basic configuration of the DFIG is presented in Figure 1 [11-18]. It can be seen
from Figure 1 that the main components of the DFIG system include the wind turbine,
gearbox, WRIG (wound rotor induction generator), and power electronic converter (PEC).
The PEC, which consists of the RSC (rotor side converter), DC link, and GSC (grid side
converter), has the function of regulating WRIG rotor reactive power. In Figure 1, P, is
turbine power, Ps and Qs are WRIG stator powers, P¢ and Qg are DFIG output powers,
and Pr and Qg are WRIG rotor powers.

Or
R

T Pg=Fs—Ip
Py 0, =0,

—

s

Transformer

Figure 1. DFIG configuration.

Figure 2 shows steady-state equivalent circuits of the DFIG [11-18]. In Figure 2, Vs
and I are stator voltage and current, Vi and I are rotor voltage and current, and s is
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WRIG slip. The impedances (i.e., Zs, Zgr, Zrr, and Zy) in Figure 2 are determined based on
the induction generator resistance, reactance, and slip as follows:

Zs = Rg +jXs (la)
Zr =" 4 jXg (1b)
Zrr = Rr + jXgr (1)
Zy = Rf;;’gm (1)

where Rg and Xg are stator resistance and reactance, Rg and Xy are rotor resistance and
reactance, and R. and X, are core circuit resistance and reactance of WRIG.

Ps;Os
S QS ZS ZR
F 3 -— «—
Is Ip
Vs Zua |::| <-l> Va/s
(a)
Ps;0s Zg ZrR
Fy | | [ ek
‘ «—
s Ir Ve(1-5)/s

SN

(b)

Figure 2. DFIG equivalent circuits. (a) Original; (b) Modified.

DFIG-based wind turbines can be operated in power factor control mode. In the power
factor control mode of operation, the DFIG is set to regulate the power factor. Three power
factors (i.e., leading, lagging, and unity) are usually adopted in the DFIG operation. The
DFIG can deliver reactive power to the power system or grid in LePF operation. In this
mode of operation, the DFIG can be employed to support the system’s reactive power
demand and improve the voltage profile. On the other hand, in LaPF operation, the DFIG
absorbs reactive power from the grid. This reactive power (together with the reactive
power produced by the DFIG rotor) is used for induction generator magnetization. In UPF
operation, no reactive power is delivered or absorbed to or from the grid. All reactive
power needed for magnetization comes from the DFIG rotor.
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2.2. DFIG Power and WRIG Loss Formulas

By looking at Figure 1, the WPP active and reactive power outputs are:
Py = Ps — Pg )
and
Qg = Qs = Fytang ®)

where ¢ is the DFIG power factor angle.
Furthermore, based on Figure 2, the complex power in the WRIG stator and rotor
circuits are:
Ps +jQs = Vsl 4

and
Pr + jsQr = VrIg 5)

On using (4) and (5) in (2), the WPP active power output becomes:
Py = Re(VsIg) — Re(VrIR) (6)

In addition to the above power formulas, power loss in the WRIG will also be used
in deriving the proposed DFIG steady-state load flow model. Based on Figure 2b, WRIG
power loss is:

Stoss = IsIsZs + IRIxZrr + (Ir = Is)(Ig — I)Zm @)

Rearranging (7), WRIG power loss can be formulated as:
Sloss = ISI;(ZS + ZM) + IRIE(ZRR + ZM) — (IRlék + ISII*Q)ZM (8)

2.3. DFIG Steady-State Load Flow Model

Power loss in the DFIG system is the difference between power input and power
output of the DFIG. Since the active and reactive power inputs are P;; and Qg, and the
active and reactive power outputs are Pg and Qy, then the following relationships are valid:

Re(sloss) =Py — Pg )

and
Im(Sess) = Qr — Qg =0Qr— Pgtan(P (10)

It is to be noted that power losses in the DFIG power electronic converter are very
small compared to those in the WRIG. Therefore, in (9) and (10), they have been neglected.
Equations (3) and (6) can be combined to obtain a more compact formulation as follows:

Po(1+ j tang) = VsIi — Re(VrI}) (11)

where (4) has also been used in forming the combination. In the same way, combining (9)
and (10) results in:

Sioss = P — Py + j(Qr — Pgtang) (12)

Based on (11) and (12), the steady-state model of a WPP that uses a DFIG as its primary
energy converter can be formulated as:

Pe(1+ j tang) — VsIs 4 Re(VrIg) =0 (13a)

Pm*Pngj(QR*Pgmngb)75105520 (13b)
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In the load flow study of a system embedded with DFIG-based WPPs, (13) is used in
conjunction with the following power system nodal equation [13]:

n
SGi_SLi_ViZY{;V]'* =0 (14)
=

In (14), Sg and S| are power generation and power demand, V is nodal voltage, Y is
nodal admittance matrix, and 7 is the total number of power system nodes. Table 1 gives
the equations to be solved and quantities to be calculated in the load flow analysis. It is to
be noted that Vg = | Vg 1L g in (13) is also the voltage at the WPP bus (i.e., V= | VILJ).
Furthermore, the stator and rotor currents in (8) and (13) can be expressed in terms of stator
and rotor voltages as follows [11]:

IS = EVR - FVS (15&)
I = GV — HVg (15b)
where ,
E = 16a
s(Zs +Zr + ZRZs/ Znm) (162)
1+Zr/Z
_ +ZRr/Zm (16b)
Zs+Zr +ZRrZs/Zm
14+Zs/Zpm
= 16¢
$(Zs +Zr + ZrZs/ Znm) (169
H = ! (16d)
N Zs+Zr+ZRrZs/Zpm
Table 1. Equation and quantity.
Bus Equation(s) Knowns Unknowns
Slack (14) [V1andé=0° Pg and Q¢
14Y% (14) Pgand V| ¢ and Qg
PQ (14) Pc=Qc=0 V1 andé
WPP (13) and (14) ¢, 5, and Py \VI=1Vsl, =05, Pc =Pg, Qg,

Re(VRg) and Im(VR)

3. Case Study
3.1. WPP Data

The WPP used in the study is assumed to consist of 100 identical wind turbine gen-
erator (WTG) units. Data of the WTG and generator slip and turbine power values used
in the case study can be found in [13]. To simplify the calculation in load flow analysis,
the WPP is aggregated into a single machine equivalent. Parameters of the WPP single
machine equivalent can also be found in [13].

3.2. Test Systems

Two representative power systems (i.e., IEEE 14-bus and 30-bus systems) adapted
from [19] will be used to test the method proposed in Section 2. Single-line diagrams of the
systems are displayed in Figures 3 and 4. For the IEEE 14-bus, the line and load data can be
found in [13]. On the other hand, details of the line and load data for the 30-bus system
are given in Tables 2 and 3. The total three-phase loads for both test systems and locations
of the WPP (i.e., WPP point of connection) are summarized in Table 4. In both systems,
the WPP is connected to the power system via a step-up transformer. The transformer
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impedance is assumed to be j0.05 pu. It is to be noted that the base for all data in pu is
100 MVA.

Figure 3. IEEE 14-bus system.

] 29

Figure 4. IEEE 30-bus system.
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Table 2. Line data of IEEE 30-bus system (in pu).

Line Sending Bus Receiving Bus Series Impedance
1 1 2 0.0192 +j0.0575
2 1 8 0.0452 +j0.1852
3 2 11 0.0570 +j0.1737
4 8 11 0.0132 +j0.0379
5 2 5 0.0472 +j0.1983
6 2 13 0.0581 +j0.1763
7 11 13 0.0119 +j0.0414
8 5 7 0.0460 +j0.1160
9 7 13 0.0267 +j0.0820
10 3 13 0.0120 +j0.0420
11 9 13 j0.2080
12 10 13 j0.5560
13 4 9 j0.2080
14 9 10 j0.1100
15 11 12 j0.2560
16 6 12 j0.1400
17 12 14 0.1231 +j0.2559
18 12 15 0.0662 +j0.1304
19 12 16 0.0945 +j0.1987
20 14 15 0.2210 +j0.1997
21 16 17 0.0824 +j0.1932
22 15 18 0.1073 +j0.2185
23 18 19 0.0639 +j0.1292
24 19 20 0.0340 +j0.0680
25 10 20 0.0936 +j0.2090
26 10 17 0.0324 +j0.0845
27 10 21 0.0348 +j0.0749
28 10 22 0.0727 +j0.1499
29 21 22 0.0116 +j0.0236
30 15 23 0.1000 +j0.2020
31 22 24 0.1150 +j0.1790
32 23 24 0.1320 +j0.2700
33 24 25 0.1885 +j0.3292
34 25 26 0.2544 +j0.3800
35 25 27 0.1093 +j0.2087
36 27 28 j0.3960
37 27 29 0.2198 +j0.4153
38 27 30 0.3202 +j0.6027
39 29 30 0.2399 +j0.4533
40 3 28 0.0636 +j0.2000
41 13 28 0.0169 +j0.0599

Table 3. Bus data of IEEE 30-bus system (in pu).

Bus vl é Generation Load Note
1 1.0500 0 - 0 Slack
2 1.0338 - 0.5756 + j- 0.217 +j0.127 9%

3 1.0230 - 0.3500 + j- 0.300 +j0.300 PV
4 1.0913 - 0.1793 +j- 0 PV
5 1.0058 - 0.2456 + j- 0.942 +j0.190 PV
6 1.0883 - 0.1691 +j- 0 PV
7 - - 0 0.228 +j0.109 PQ
8 - - 0 0.024 +j0.012 PQ
9 - - 0 0 PQ
10 - - 0 0.058 +0.020 PQ
11 - - 0 0.076 +j0.016 PQ
12 - - 0 0.112 +j0.075 PQ
13 - - 0 0 PQ
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Table 3. Cont.
Bus VI ) Generation Load Note
14 - - 0 0.062 +j0.016 PQ
15 - - 0 0.082 +j0.025 PQ
16 - - 0 0.035 +j0.018 PQ
17 - - 0 0.090 +j0.058 PQ
18 - - 0 0.032 +0.009 PQ
19 - - 0 0.095 +j0.034 PQ
20 - - 0 0.022 +j0.007 PQ
21 - - 0 0.175 +j0.112 PQ
22 - - 0 0 PQ
23 - - 0 0.032 +j0.016 PQ
24 - - 0 0.087 +j0.067 PQ
25 - - 0 0 PQ
26 - - 0 0.035 +j0.023 PQ
27 - - 0 0 PQ
28 - - 0 0 PQ
29 - - 0 0.024 +j0.009 PQ
30 - - 0 0.106 +j0.019 PQ

Note: notation ‘-’ denotes quantities to be calculated.

Table 4. Total system three-phase load and WPP location.

System Total Load (MW; MVAr) WPP Location
1IEEE 14-bus 897, 2439 Bus 14
IEEE 30-bus 850.2; 378.6 Bus 30

3.3. Results and Discussion

By using the slip and turbine power values described in Section 3.1, load flow studies
for the systems in Figures 3 and 4 were then conducted. The results of these studies
are presented in Tables 5-16. Some of the results are also given in graphical form (see
Figures 5-10) to make the observation easier. Three DFIG power factor (PF) modes of
operation (i.e., LePF, LaPF, and UPF) have been considered and investigated in the studies.
It is to be noted that the results in Tables 5-10 are in exact agreement with the results in [13],
which confirms the validity of the proposed model.

The results in Tables 5 and 11 show that, in the UPF operating mode, the WPP reactive
power output is always zero (no reactive power is delivered or absorbed by the WPP).
In this mode of operation, the rotor’s reactive power is used for induction generator
magnetization. In LePF operating mode (see Tables 7 and 13), the WPP reactive power
output is always positive (i.e., the WPP delivers reactive power to the power system or
grid). In this operation mode, most of the reactive power produced by the rotor is used for
magnetization, while the rest of the reactive power is used to support the system’s reactive
power demand.

Table 5. DFIG power flows and losses of 14-bus system (PF = 1.0).

LPy Pg Pg Qg =Qs Pr Pross Qross
(MW) (MW) (MW) (MVAR) (MW) (MW) (MVAR)
15.78 9.4127 21.4955 0 12.0828 6.3673 63.6728
27.27 20.8045 32.8212 0 12.0167 6.4655 64.6551
43.30 36.6883 47.9329 0 11.2446 6.6117 66.1171
64.63 57.8139 64.4185 0 6.6046 6.8161 68.1608
92.02 84.9318 83.0831 0 —1.8487 7.0882 70.8821
126.23 118.7934 103.9265 0 —14.8669 7.4366 74.3658
168.01 160.1414 126.9522 0 —33.1892 7.8686 78.6861
218.12 209.7292 152.1444 0 —57.5848 8.3908 83.9077
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Table 6. WPP voltages, G1 to G5 powers and losses of 14-bus system (PF = 1.0).

P, Voltage G1 to G5 Outputs Line Losses
(puw) (pu) MW MVAR MW MVAR
15.78 1.0160 941.7797 479.5449 54.1924 235.6449
27.27 1.0196 928.6547 470.9905 52.4592 227.0905
43.30 1.0243 910.5415 459.8925 50.2298 215.9925
64.63 1.0301 886.7778 446.5797 47.5917 202.6797
92.02 1.0368 856.8002 431.8180 44.7320 187.9180
126.23 1.0440 820.1648 416.8994 41.9582 172.9994
168.01 1.0512 776.5829 403.7411 39.7243 159.8411
218.12 1.0575 725.9341 395.0049 38.6634 151.1049
Table 7. DFIG power flows and losses of 14-bus system (PF = 0.95 leading).
LPy Pg Pg Q¢ =0Qs Pr Pross Qross
(MW) (MW) (MW) (MVAR) (MW) (MW) (MVAR)
15.78 9.3484 21.4447 3.0727 12.0962 6.4316 64.3156
27.27 20.6617 32.5085 6.7912 11.8469 6.6083 66.0830
43.30 36.4350 47.7337 11.9756 11.2987 6.8650 68.6499
64.63 57.4122 64.1035 18.8705 6.6913 7.2178 72.1783
92.02 84.3374 82.6185 27.7203 —1.7189 7.6826 76.8265
126.23 117.9556 103.2733 38.7701 —14.6823 8.2744 82.7441
168.01 159.0028 126.0661 52.2617 —32.9368 9.0072 90.0716
218.12 208.2259 150.9748 68.4405 —57.2511 9.8941 98.9412

Table 8. WPP voltages, G1 to G5 powers and losses of 14-bus system (PF = 0.95 leading).

P, Voltage G1 to G5 Outputs Line Losses
(pu) (pw) MW MVAR MW MVAR
15.78 1.0192 941.7856 476.2581 54.1341 235.4308
27.27 1.0265 928.6796 463.7667 52.3413 226.6579
43.30 1.0364 910.6097 447.2361 50.0447 215.3117
64.63 1.0489 886.9239 426.7644 47.3361 201.7349
92.02 1.0641 857.0613 402.8550 44.3987 186.6753
126.23 1.0818 820.5608 376.4609 41.5164 171.3310
168.01 1.1016 777.0774 349.0208 39.0802 157.3825
218.12 1.1232 726.3667 322.4684 37.5925 147.0090
Table 9. DFIG power flows and losses of 14-bus system (PF = 0.95 lagging).
LPy P, Ps Qg =0Qs Pr P10ss Qross
(MW) (MW) (MW) (MVAR) (MW) (MW) (MVAR)
15.78 9.4768 21.5466 —3.1149 12.0698 6.3032 63.0324
27.27 20.9437 33.7330 —6.8838 12.7893 6.3263 63.2634
43.30 36.9277 48.1273 —12.1376 11.1996 6.3723 63.7228
64.63 58.1782 64.7191 —19.1222 6.5409 6.4518 64.5183
92.02 85.4413 83.5136 —28.0832 —1.9278 6.5787 65.7866
126.23 119.4594 104.5087 —39.2644 —14.9507 6.7706 67.7056
168.01 160.9575 127.7034 —52.9042 —33.2541 7.0525 70.5249
218.12 210.6572 153.0724 —69.2397 —57.5848 7.4628 74.6282
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Table 10. WPP voltages, G1 to G5 powers and losses of 14-bus system (PF = 0.95 lagging).
P, Voltage G1 to G5 Outputs Line Losses
(puw) (pu) MW MVAR MW MVAR
15.78 1.0128 941.7820 482.9034 54.2587 235.8885
27.27 1.0125 928.6695 478.4409 52.6131 227.6571
43.30 1.0118 910.5955 473.1122 50.5232 217.0747
64.63 1.0103 886.9325 467.6194 48.1106 204.5972
92.02 1.0074 857.1856 463.2116 45.6270 191.2284
126.23 1.0025 821.0420 461.8678 43.5014 178.7034
168.01 0.9940 778.4596 466.5709 424171 169.7667
218.12 0.9801 729.7969 479.8147 41.4541 168.6751
Table 11. DFIG power flows and losses of 30-bus system (PF = 1.0).
LPy Pg Pg Q¢ =0Qs Pr Pross Qross
(MW) (MW) (MW) (MVAR) (MW) (MW) (MVAR)
15.78 9.9799 22.0540 0 12.0741 5.8001 58.0014
27.27 21.2845 34.0960 0 12.8115 5.9855 59.8548
43.30 37.0649 48.3081 0 11.2432 6.2351 62.3509
64.63 58.0831 64.6896 0 6.6065 6.5469 65.4688
92.02 85.1089 83.2642 0 —1.8447 6.9111 69.1115
126.23 118.9212 104.0600 0 —14.8612 7.3088 73.0881
168.01 160.3025 127.1258 0 —33.1767 7.7075 77.0748
218.12 210.0714 152.5323 0 —57.5391 8.0486 80.4863
Table 12. WPP voltages, G1 to G6 powers and losses of 30-bus system (PF = 1.0).
P, Voltage G1 to G6 Outputs Line Losses
(pw) (puw) MW MVAR MW MVAR
15.78 0.9689 861.1725 475.9636 20.9524 97.3636
27.27 0.9797 848.7626 471.3917 19.8471 92.7917
43.30 0.9928 831.8933 466.5188 18.7582 87.9188
64.63 1.0073 810.1809 462.5414 18.0640 83.9414
92.02 1.0215 783.4382 461.3343 18.3471 82.7343
126.23 1.0326 751.7550 465.7200 20.4762 87.1200
168.01 1.0360 715.7093 480.1532 25.8118 101.5532
218.12 1.0222 677.0272 513.0331 36.8985 134.4331
Table 13. DFIG power flows and losses of 30-bus system (PF = 0.95 leading).
LPm Py Pg Qe =0Qs Pr PLoss Qross
(MW) (MW) (MW) (MVAR) (MW) (MW) (MVAR)
15.78 9.9246 22.0052 3.2621 12.0806 5.8554 58.5541
27.27 21.1675 33.9925 6.9574 12.8251 6.1025 61.0254
43.30 36.8627 48.1287 12.1162 11.2660 6.4373 64.3730
64.63 57.7687 64.4091 18.9877 6.6404 6.8613 68.6132
92.02 84.6505 82.8519 27.8233 —1.7987 7.3695 73.6945
126.23 118.2810 103.4768 38.8771 —14.8043 7.9490 79.4896
168.01 159.4321 126.3169 52.4028 —33.1153 8.5779 85.7788
218.12 208.9003 151.4039 68.6622 —57.4965 9.2197 92.1968
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Table 14. WPP voltages, G1 to G6 powers and losses of 30-bus system (PF = 0.95 leading).

P, Voltage G1 to G6 Outputs Line Losses

(pu) (pu) MW MVAR MW MVAR
15.78 0.9726 861.1997 472.5582 20.9243 97.2203
27.27 0.9875 848.8277 464.1540 19.7952 92.5114
43.30 1.0062 832.0124 453.9357 18.6751 87.4519
64.63 1.0280 810.3520 442.7732 17.9207 83.1609
92.02 1.0516 783.6027 432.0805 18.0533 81.3038
126.23 1.0752 751.7148 423.9357 19.7959 84.2128
168.01 1.0958 714.9279 421.3683 24.1601 95.1711
218.12 1.1089 673.9794 429.1207 32.6797 119.1829

Table 15. DFIG power flows and losses of 30-bus system (PF = 0.95 lagging).

LPy Pg Pg Q¢ =0Qs Pr Pross Qross
(MW) (MW) (MW) (MVAR) (MW) (MW) (MVAR)
15.78 10.0357 22.1034 —3.2986 12.0677 5.7443 57.4434
27.27 21.4024 34.2009 —7.0346 12.7985 5.8676 58.6761
43.30 37.2678 48.4901 —12.2493 11.2223 6.0322 60.3225
64.63 58.3968 64.9744 —19.1941 6.5776 6.2332 62.3317
92.02 85.5627 83.6837 —28.1231 —1.8790 6.4573 64.5730
126.23 119.5492 104.6569 —39.2939 —14.8924 6.6808 66.8076
168.01 161.1478 127.9682 —52.9667 —33.1795 6.8622 68.6223
218.12 211.2058 153.7980 —69.4200 —57.4078 6.9142 69.1418

Table 16. WPP voltages, G1 to G6 powers and losses of 30-bus system (PF = 0.95 lagging).

P, Voltage G1 to G6 Outputs Line Losses
(pw) (pw MW MVAR MW MVAR
15.78 0.9651 861.1494 480.0511 20.9850 97.5225
27.27 0.9716 848.7158 478.7718 19.9182 93.1372
43.30 0.9789 831.8295 479.4241 18.8972 88.5748
64.63 0.9854 810.1472 482.9774 18.3440 85.1833
92.02 0.9889 783.5856 491.9249 18.9483 85.2018
126.23 0.9849 752.4921 510.2345 21.8414 92.3406
168.01 0.9647 718.1868 545.1564 29.1345 113.5897
218.12 0.8987 685.9859 617.6366 46.9917 169.6166
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On the other hand, in LaPF operating mode (see Tables 9 and 15), the WPP reactive
power output is always negative (i.e., the WPP absorbs reactive power from the grid). In
this mode of operation, the reactive power for generator magnetization comes from the
DFIG rotor and power grid. It should also be noted that the WPP will always deliver
active power to the grid in the above three modes of operation. Figures 5 and 6 show
the variations of WPP active power and WPP reactive power, respectively. The values
of WRIG stator active power for the three power factor operating modes are given in
Tables 5,7,9, 11, 13 and 15. These WRIG stator active power variations are also presented
in graphical form (see Figure 7). It can be seen that the values of the WRIG stator active
power are almost not affected by the DFIG power factor.

The load flow analysis also provides the values of the rotor’s active powers (see
Tables 5,7, 9, 11, 13 and 15). In DFIG sub-synchronous operations, the rotor’s active power
is always positive (power is absorbed). On the other hand, in DFIG super-synchronous
operations, the rotor’s active power is always negative (power is delivered). These rotor
active powers are also almost not affected by the DFIG power factor. These results verify
the validity of the proposed model to represent the DFIG in both sub-synchronous and
super-synchronous conditions.

Tables 5,7, 9,11, 13 and 15 show the values of WRIG power loss for the three power
factor operating modes. These WRIG power losses are calculated using (8) and are readily
available as the output of the proposed algorithm. It can be seen that the WRIG power loss
increases when the turbine mechanical power (i.e., DFIG power output) goes up (see also
Figures 8 and 9). This result is expected since more current is flowing in the WRIG circuit as
the DFIG power output is raised. Tables 6, 8, 10, 12, 14 and 16 show that the conventional
power plant output can be reduced as the turbine and WPP output powers are increased
(see also Figure 10). It can also be observed from the load flow results that for each case
of turbine power, the WPP output plus conventional power plant output is always equal
to the total system load plus line losses. These results further verify the validity of the
proposed method.

4. Conclusions

In this paper, a model of a DFIG-based WPP for a load flow analysis of electric power
systems has been proposed. The proposed model is derived based on the power formula-
tions of the WPP—mnamely, DFIG power, DFIG power loss, and WPP power output formulas.
The model can be applied to various DFIG power factor operating modes, i.e., UPFE, LePF,
and LaPF. Both DFIG conditions (i.e., sub-synchronous and super-synchronous) can be
modeled using the same equations. As the model in this paper is derived based on induc-
tion generator power losses calculation, the generator power losses are readily available as
the output of the proposed method. Results of the case studies are also given in the present
paper. In the case study, applications of the proposed methods on representative electric
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power systems have been investigated. Based on the investigation results, verification
of the proposed method has been obtained. For future work, the DFIG model proposed
in the present paper can be used as a reference to develop other variable-speed WPPs
(SCIG-based variable-speed WPPs and PMSG-based WPPs).
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