EN-222

Jurnal Nasional Teknik Elektro dan Teknologi Informasi | Vol. 11, No. 3, August 2022

Variable Speed Wind Turbine Modeling for the Power Flow
Analysis

Rudy Gianto”

Abstract—The use of variable speed wind turbines (pembangkit
listrik tenaga bayu, PLTB) for electricity generation has increased.
It contrasts with the fixed-speed PLTB, whose usage is decreasing.
The major reason for PLTB’s rapid development is that it has
better wind power extraction or collection capabilities than the
fixed-speed PLTB. Variable speed operation in a PLTB can be
achieved using a doubly-fed induction generator (DFIG)
application as the primary energy converter. The crucial initial
step in investigating and analyzing power system containing PLTB
that must be done is modeling all the components of the power
system (including PLTB). An analysis of this power system is
mostly conducted to evaluate its performance or appearance. This
paper discusses the DFIG-based modeling of the variable speed
PLTB to be applied in a power flow analysis of electric power
systems. The proposed PLTB model was obtained based on
formulas that calculate the power and power losses of the PLTB.
The typically challenging power electronics converters modeling
of DIFG was not required during the process of building the
model. It differs from the previously reported methods in which
two different models must be used to accommodate the power flow
analysis in subsynchronous or super synchronous conditions. In
this paper, the DFIG-based PLTB is represented through a
mathematical model. This model could be used to express the
DFIG, either in the subsynchronous or super synchronous
conditions. It was subsequently integrated into the power flow
analysis to evaluate the system’s steady-state performance. The
results of this case study will be further presented in this paper. In
this study, the application of the proposed methods in the
interconnected powers system containing PLTB was then
examined. The results confirm the validity of the proposed DFIG
model.

Keywords—Wind Turbine, DFIG, Power Flow Analysis, Power
System.

. INTRODUCTION

Variable speed wind turbines (pembangkit listrik tenaga
bayu, PLTB) are now more frequently used to generate
electricity. This increase occurs primarily due to the ability of
the variable speed PLTB to extract or collect wind energy more
optimally than the fixed speed PLTB.

A doubly-fed induction generator (DFIG) or permanent
magnet synchronous generator (PMSG) can be used as the main
energy converter to enable the variable speed operation in a
PLTB. However, thanks to its lower cost, the DFIG application
is more popular than that of PMSG [1]. To find out and analyze
the energy system comprising PLTB, the system component
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modeling of those energies (including PLTB) is required.
Several techniques of PLTB modeling for the power flow
analysis have been proposed. For instance, [2]-[16] have
reported a number of the latest methods. References [2]-[4]
have proposed the multi-node model of asynchronous
generator-based PLTB for the power flow analysis. The
proposed model could be applied to conventional power flow
programs without modifying the programs’ source codes. Yet,
the programs’ input data must be modified to incorporate PLTB
in the power flow analysis. Additionally, methods in [2]-[4]
could only be used for the fixed-speed PLTB.

Asynchronous generator-based PLTB for the power flow
analysis has also been proposed [5], [6]. In both studies, the
PLTB model was constructed according to the power balance
of the asynchronous generator in the power system. A fixed-
speed PLTB model based on the squirrel cage induction
generator (SCIG) has been proposed in [7]. The model in [7]
could be used for the power flow analysis of unbalanced
distribution systems. References [8]-[12] have discussed
various steady-state models of the fixed-speed PLTB for the
power flow analysis. In the proposed method, the developed
PLTB model was combined with the power flow formulation
of the system without PLTB. This combined equation was then
solved iteratively to obtain a solution to the overall power flow
system problems. Same as in [2]-[4], methods proposed in [5]-
[12] could not be applied to the variable speed PLTB.

Several research have proposed a DFIG-based PLTB model
for the power flow analysis [13]-[16]. The steady-state model
of the DFIG-based PLTB for the three-phase power flow
analysis has been proposed [13], [14]. The model in [13] was
developed based on the main components of the DFIG, namely
wind turbines, power electronic converters, and induction
generators. Meanwhile, the model in [14] was derived using the
theories of sequence components. Another research has
proposed an iterative approach to integrating the DFIG-based
PLTB in the power flow analysis [15], [16]. Both research
models were obtained from equivalent circuits of the DFIG, and
the forward-backward sweeping (FBS) technique was
employed to get solutions for power flow problems. However,
in [13]-[16], two different models must be used to
accommodate the power flow analysis in the subsynchronous
and supersynchronous conditions.

This paper proposes the steady-state model of the variable
speed PLTB, namely PLTB using the DFIG, for the power flow
analysis. This model was obtained based on formulas to
calculate the power and power losses of the PLTB. The
typically-challenging power electronics converters modeling of
DIFG was not required while building the model. In addition,
using one mathematical model to represent the DFIG, either in
subsynchronous or supersynchronous conditions, is another
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Fig. 1 DFIG-based PLTB configuration.

contribution of this paper. The proposed model was then
integrated into the power flow analysis to evaluate the overall
performance of the steady-state system (including PLTB).

Il. DFIG-BASED PLTB
A. DFIG Structures and Equivalent Circuits of the DFIG

The DFIG system is currently the most popular type of PLTB.

Its main component is the wound rotor induction generator
(WRIG). Fig. 1 displays the base structure of the DFIG-based
PLTB [17]-[22]. It can be observed that the stator winding of
the WRIG is directly connected to the power system through an
electronic converter via the slip rings. Since the power
electronic converter controls the rotor circuits, the DFIG can
import and export the reactive power.

In Fig. 1, Pn is the mechanical power of the turbine, Ps and
Qs are active and reactive powers on the stator of the WRIG, Py
and Qq are active and reactive power outputs of the DFIG, Pr
is the rotor power or power injected in the rotor, and Qg is the
reactive power generated by the WRIG. This reactive power is
used to compensate for the reactive power necessitated by the
WRIG for carrying out magnetization and supporting the
reactive power requirements on the constant power factor
operation.

It is important to note that the reactive power output of the
DFIG (Qg) will show negative or positive signs when it imports
or exports the reactive power (DFIG operates on the lagging or
leading power factor). When Qg = 0, no reactive power is
imported or exported by the DFIG (DFIG operates on the power
factor of 1). Nevertheless, the DFIG is generally operated on
the power factor of 1 [13]-[16] so that no reactive power
exchange between PLTB and the power system (power grid).
At the same time, the rotor power direction (Pr) depends on the
WRIG rotor speed. In the supersynchronous condition, the rotor
will send a power of Pr. However, in the subsynchronous
condition, the rotor will absorb power equal to Pr. When the
rotor speed is the same as the synchronous speed, namely Pr =
0, no power is sent or absorbed by the rotor.

The steady-state equivalent circuit of the WRIG is depicted
in Fig. 2 [19], [20]. It should be noted that in Fig. 2, the reactive
power is absent from the WRIG stator circuit, as it has been
previously explained that the DFIG is usually operated at a
power factor of 1 (or Qg = Qs=0). In Fig. 2, Vs and Is denote
the voltage and current on the stator circuit, Vg and Ir are
voltage and current on the rotor circuit, and s is slip in the
induction generator. In addition, Zs, Zg, and Zu are the
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Fig. 2 Equivalent circuit of the DFIG steady state.
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Fig. 3 Equivalent circuit of the modified DFIG steady state.

impedances of stator, rotor, and magnetic core circuits, which
are calculated using (1).

Zs = Rs + jX;
R
Zp = ?’* + jXg 1)
Zy = chXm/(Rc +ij)
where Rs and Xs are the resistance and reactance of the stator
circuit, Rg and Xg are the resistance and reactance of the rotor
circuit, while R; and Xr, are the resistance and reactance of the
magnetic core circuit.
Fig. 3 also displays the steady-state equivalent circuit of the
WRIG [19], [20]. In Fig. 3, modification to Fig. 2 is conducted
to express the mechanical power of the turbine (Pm) and rotor

(Pr) at the equivalent circuit of the WRIG [19], [20]. The Zgr
impedance in Fig. 3 is calculated using (2).

Zrr = Rg + jXg. (2

B. DFIG Power Formulation

Based on Fig. 1, the active and reactive power outputs of the
PLTB is

Fy = Ps — Py (©)
and
Qg = Qs =0. (4)

After that, based on Fig. 2 and Fig. 3, the power on the
WRIG stator circuit can be formulated using (5).

Ps = Re(VI) )

meanwhile the active and reactive power on the WRIG rotor
circuit is as follows [19], [20].
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Pg = Re(VpI}) (6)

and
Qr = Im (2 1;) ()

where Qg is the reactive power of the rotor as seen from the
stator side.

Based on Fig. 3, the formulation for the mechanical power
of the turbine is generated as follows [19], [20].

Pr = [Re(Val}) — Relgli] = (8)

Equation (8) shows that the turbine power of Py has been
expressed through the voltage source and dynamic resistance
on the equivalent circuit in Fig. 3.

C. Formulation of the Current and Power losses of DFIG
It can be shown that the application of Kirchhoff’s law to the
current at M node of the equivalent circuit of the WRIG in Fig.

2 produces the stator current as in (9).
Z 1
15=(1+Z—R)1R——VR 9)

M SZm

and the rotor current:
= + Zs + X V.
IR - (1 ZM) [S Zy S

In addition, the application of Kirchhoff’s law to the current
on the loop of the equivalent circuit of the WRIG in Fig. 2
generates (11).

(10)

VS_%-I-ZSIS-FZRIR =0 (11)

Based on (11), stator and rotor current can be expressed as
follows:

IS=EVR_ZVS_Z_SIR (12)
and
- Ly 3%
= Ve = Vs = £y (13

By substituting (13) on (9) and (12) on (10) as well as
rearranging the results, stator and rotor currents can be declared
as a function of the stator and rotor voltages as follows.

Is = EVy — FVs (14)
and
IR = GVR - HVS (15)
with
1
E = sz znzsizm (162)
- *7ZR/ZmM (16b)
Z5+ZR+ZRZS/ZM
_ 1+Zs/Zpm
" s(Zs+Zr+ZrZs/Zm) (16¢)
= (16d)
ZS+ZR+ZRZS/ZM
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Meanwhile the power losses on the WRIG, based on Fig. 3, is
as follows

Stoss = IslsZs + IglgZpg + (Ig — Is)(Ug — Is)"Zy  (17)

or
Stoss = IsIs(Zs + Zy) + IRl (Zgg + Zy) —

Zu) + 1 18
(Iel3 + 513 Zy. (18)

I1l. PLTB MODELING

This section discusses the formation of the proposed DFIG-
based mathematical model of PLTB. The derivation of the
model was based on the power and power loss of the DFIG.
Since the active power losses of the WRIG is the difference
between the mechanical power input of the turbine (P) and the
electrical power output of PLTB (Py), therefore

Pm - Pg = Re(sloss) (19)

meanwhile the reactive power generated by the rotor (Qg) is to
compensate the reactive power losses of the WRIG (Im(Sioss)),
hence

Qr = Im(Sjpss)- (20)

It is essential to note that in (19) and (20), the power losses
on the power electronic converter are neglected since the value
is smaller than that of power losses on the WRIG. The
substitution of (3) on the (19) yields (21).

B, — Ps + Pg = Re(Sypss)- (21)
Using (5) and (6) on (21) and (7) on (20) generates
Py — Re(Vsls) + Re(Vilg) = Re(Sipss) (22)
and
Im(Vglz) = s Im(Sipss). (23)

Thus, based on (22) and (23), the proposed DFIG-based
mathematical model of the variable speed PLTB is

P, — Re(VsIs) + Re(Vrlz) — Re(Syps5) = 0
Im(Vglg) — sIm(S;s5) = 0.

(24a)
(24b)

It is noteworthy that in (24), Siess Was calculated through (18),
while Isand Ir was calculated according to (14) and (15). Since
Isand I is the function of the stator and rotor voltages, Siess can
also be regarded as the function of the stator and rotor voltage.
In the formulation of power flow problems, this stator and rotor
voltage was the quantity to be found or calculated. The
mathematical model (24) was then integrated into the power
flow analysis. The initial step in the integration process was to
incorporate (24) into the following equation.

Pgi — P —
Qi — Qui — ;'1:1|Vi||yij||Vj| sin(6; — 6; —

with
Pai, Qi

TVl |Yy|[Vi| cos(8; — 6, — 6;) = 0 (25a)

6;) =0 (25b)

= active and reactive power generation on
the ith bus,
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TABLE |
BuUs TYPE AND QUANTITY
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TABLE II
BRANCH DATA OF THE 5-BUS SYSTEM (IN PU)

Bus . Determined . . Bus Series Impedance Shunt Admittance
Type Equation Quantity Quantity Sought Line b-q 7a) (Yshi2)
Y], 6, P, QL 1 1-3 0.042+j0.168 0
Slack (25) V], and &= 0° Pc and Qc 5 1-4 0.031+j0.126 0
Y], 6, PL, Qu, 3 2-3 0.031+j0.126 0
PV (25) Pc. and |V dand Qo 4 | 2.4 0.053+j0.210 0
[Y], 6, P, Qu, and 5 2-5 0.084+j0.336 0
PQ (25) P = Oc=0 Vland & 6 4_5 0.063+]0.252 0
pLte | @Mand | Y 6P, QL gs | V=V, 6=6, TABLE I
(25) and Pm Re(Vr), and Im(VRr) Bus DATA OF THE 5-BUS SYSTEM (IN PU)
P O — need of th . d . Bus VvVl | & Generation Load* Desc.
i Qui - ”Iee do ;fhacittlt:/% and reactive power 1 107 |0 - 0.65+j0.30 Slack
, _ Uoad)on the ith bus, 2 | 106 | - 1.84- 0.70+j040 | PV
V; = |V;]e’°t = voltage on the ith bus, 3 5 115+0.60 50
Y;; = |V;;|e’®9=ijth element of the bus admittance matrix, i
_ 4 - - 0 0.85+j0.40 PQ
N = the number of power system bus. .
5 - - - 0.70+j0.30 PLTB
Equation (25) is the formulation of the power flow problem Desc.. - : quantity sought
for the system without PLTB [23]. The following step was to * - load per phase
complete the combined equations to obtain the solution to the TABLE IV
intended power flow. Details of the equations to be completed UNIT DATA OF TURBINE-GENERATOR
and the electrical quantities to be calculated is shown in Table -
. _ Power: 3,0 MW
I. Since the stator voltage of the WRIG (Vs = |Vs| L &) was also Turbine Length of turbine blade: 40 m
the voltage at the PLTB terminal (V = |V|L 9), for each PLTB Speed:
bus, [V| = |Vs| and & =& was also quantities to be calculated. Cut-in: 4 m/s; Rated: 13 m/s; Cut-out: 23 m/s
Furthermore, for each PLTB bus applied Pg = Py and Qg = Qq Gear Ratio: 1/90
= 0. Power Pg4 can be calculated using (5) and (6) on (3) or Type: DFIG _
Number of poles: 2 pairs
P, = Re(Vsls) — Re(Vglg). (26) Generator | Voltage: 690 Volt
Resistance/Reactance (in pu*):
IV. CASE STUDY Rs=1; Xs=25; Rr=1; Xr = 25; Rc = 3.000; Xm
=350
A. Testing System Pad-mounted Impedance (in pu*): j5
The study case was based on the 5-bus system adopted from transformer
the previous research [24]. This system had a three-phase total  or
load of 810 MW and 400 MVAR. The system data are s=1——PO%W (29)
(100m)(1/90)(40)

presented in Table Il and Table I11. This 5-bus system was then
modified by integrating PLTB on bus 5 through a step-up
transformer with an impedance of j0.05 pu (see Fig. 4). This
PLTB comprised 100 units of identical generator turbines. The
PLTB configuration can be seen in Fig. 4, while the unit data
of generator turbines are shown in Table 1V. In Table IV, the
data in pu has a base of 200 MVA.

B. Calculation of Slip and Turbine Power

In this paper, it is assumed that the tip speed ratio (1) value
of the wind turbine is 8 and the coefficient of performance (Cp)
is 0.5; therefore, based on (A.1) in the appendix, the mechanical
power of the turbine for the various wind speed is

P, = 0.5(1.225)(740%)V,3(0.5) 27)
meanwhile the generator slip (s) can be calculated using (L.4)
in the appendix, namely

pVy i
2nfsagR

s=1- (28)
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Table V indicates the results of the calculation of the turbine
mechanical power and slip for wind speeds, ranging from 5 m/s
to 12 m/s.

C. PLTB Aggregation

To simplify the power flow analysis, groups of engine units
(turbine-generator) in Fig. 4 were combined to form an
equivalent single engine (the aggregation technique proposed
in [4] was used for this purpose). In the PLTB with the
representation of the single engine (see Fig. 5), the parameters
of the equivalent WRIG are

Rger = 1/100 = 0.01 pu

Xser = 25/100 = 0.25 pu
Rpex =1/100 = 0.01 pu

Xper = 25/100 = 0.25 pu
R e =3000/100 = 30 pu
Xy er = 350/100 = 3.5 pu.

(30)
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Fig. 5 Testing system (PLTB is represented as a single engine).

TABLE V
GENERATOR SLIP AND MECHANICAL POWER OF THE TURBINE
Vw s 2Pm
(m/s) (MW)

5 0.4207 19.24
6 0.3125 33.25
7 0.1979 52.80
8 0.0833 78.82
9 -0.0313 112.22
10 -0.1459 153.94
11 -0.2605 204.89
12 -0.3751 266.00

At the same time, the impedance of the equivalent pad-mounted

transformer is

D. Power Flow Calculation Results

Zrex = J5/100 = j0.05 pu.

The power flow study was conducted on the system in which
PLTB was represented as an equivalent single engine (turbine-
generator), as indicated in Fig. 5. The parameter values of the
PLTB are as stated in (30) and (31). Results of the power flow
analysis are shown in Table VI until Table VIII. To facilitate
the observation, some of these results are presented in graphical
forms, that are in Fig. 6 to Fig. 8.

The results of the power flow study found that the DFIG
always delivered the reactive power (Pg) to the system (see
column 2 in Table VI). This active power output was getting
extensive as the mechanical power of the turbine (Pn) increased,
but the value was slightly smaller when compared to the
mechanical power of the turbine since there were power losses
in the WRIG (see Fig. 6). This active power output was also the
difference between the stator (Ps) and the rotor (Pg) active
power of the WRIG. It is critical to note that in the
subsynchronous operation, Pr was positive, or power equal to

p-ISSN 2301 — 4156 | e-ISSN 2460 — 5719

TABLE VI
FLOW DAN ACTIVE POWER LOsS OF THE DFIG
2Pm Pqg Ps Pr PLoss
(MW) (MW) (MW) (MW) (MW)
19.24 12.91 27.46 14.55 6.33
33.25 26.71 42.12 1541 6.54
52.80 45.95 59.39 13.44 6.85
78.82 7153 79.28 7.76 7.29
112.22 104.33 101.78 -2.55 7.89
153.94 145.27 126.89 -18.38 8.67
204.89 195.23 154.59 -40.64 9.66
266.00 255.06 184.89 -70.17 10.94
TABLE VII
FLOW DAN REACTIVE POWER L0SS OF THE DFIG
2Pm Qg =Qs Qr Qvoss
(MW) (MVAR) (MVAR) (MVAR)
19.24 0 58.50 58.50
33.25 0 62.41 62.41
52.80 0 68.62 68.62
78.82 0 77.80 77.80
112.22 0 90.67 90.67
153.94 0 108.17 108.17
204.89 0 131.56 131.56
266.00 0 163.12 163.12

PR was absorbed by the WRIG rotor. On the other hand, in the
supersynchronous operation, Pg was negative, or power equal
to Pr was delivered by the WRIG rotor (see column 4 in Table
V). The increase in the mechanical power of the turbine and
the active power output of PLTB caused the increase in DFIG
power losses due to the increase in current in the WRIG circuit
(see Fig. 7).

Since DFIG operated at the power factor of 1, there was no
reactive power exchange between the DFIG and the power
system, or the value of Q4 = 0 (see column 2 in Table VII).
Under these operation conditions, the reactive power produced
by the WRIG rotor (Qr) was entirely used to compensate for
the reactive power required by the WRIG for magnetizing the

Rudy Gianto: Variable Speed Wind Turbine ...
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Fig. 6 Power output variations of PLTB. . o
Fig. 7 Power loss variation of PLTB.
TABLE VIII
PLTB BuUS VOLTAGE, OUTPUT OF G1+G2, LINE LOSSES 850,
2Pm Volt. Output of G1+G2 Line Losses 800
(pu) (pu) MW MVAR MW MVAR s
19.24 0.9523 | 814.66 470.80 17.57 70.80 % 750
33.25 0.9566 | 799.51 465.69 16.22 65.69 Q
52.80 0.9618 | 778.66 459.98 14.61 59.98 § 700
78.82 0.9674 | 751.40 454,78 12.92 54,78 o
112.22 0.9725 | 717.14 451.97 11.47 51.97 § 650
153.94 0.9756 | 675.46 454.32 10.73 54.32 3
204.89 0.9746 | 626.17 465.97 11.40 65.97 2 600
266.00 0.9654 | 569.47 493.37 14.53 93.37 g
induction generator core circuit (see column 3 in Table VII). %%% 50 100 150 200 250 300

The results of the power flow study also suggest that increasing
the mechanical power of the turbine will also increase the active
power output of the PLTB and the total active power generation
of G1 and G2 will decrease (see Fig. 8). The decrease in active
power generation of G1 and G2 occurs because some of the
load can be supplied by the PLTB.

Results in Table VI to Table VIII confirm the validity of the
proposed DFIG-based model of the PLTB. This validity can
also be verified by observing the results; namely, the G1+G2
power plus the PLTB power (Pq + jQg) always equal the total
system load plus line losses. It is noteworthy that lines in Table
V111 were calculated based on the line impedances and currents
flowing in the line.

V. CONCLUSION

The steady-state model of a variable speed PLTB (PLTB
using DFIG) for the power flow analysis has been proposed in
this paper. This model was obtained based on formulas
calculating the power and power losses of the PLTB. The
power electronic converter modeling of the DFIG, which is
usually quite complex, was not required in the model building.
Furthermore, the proposed model can be used to accommodate
the power flow analysis, both in subsynchronous and
supersynchronous conditions. This model was then integrated
into the power flow analysis to evaluate the steady-state
performance of the overall power system, including the PLTB.
The results of the case studies have also been presented in this

Rudy Gianto: Variable Speed Wind Turbine ...

Turbine Power (MW)
Fig. 8 Power output variation of G1+G2.

paper. In the case study, the application of the proposed method
to an interconnected power system containing PLTB was
investigated. The investigation results confirm the validity of
the proposed DFIG model under subsynchronous and
supersynchronous conditions.
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APPENDIX

It is common knowledge that the wind turbine in the PLTB
system functions to convert the kinetic energy of the wind into
mechanical power. The amount of energy or mechanical power
extracted or collected from this wind is given by (A.1) [17],
[18].

B, = 0.5pAV3C,. (A1)

In (A.1), Pn is the mechanical power in watts, p is the air
density in kg/m3 (for normal air conditions, the value is about
1.225 kg/m3), A=7R? (where R is the length of the turbine
blades in meters), Vi is the wind speed (m/s), and C, is the
turbine performance coefficient.

The coefficient C, is a function of the tip speed ratio (1) and
pitch angle (B). This tip speed ratio has a typical value between
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6-8 [17]. The turbine performance coefficient has the following
general formula [18].

CP = C1 (;_2 —C 39 —C 39C4 - CG) E_C7Mi (A.2)
with
A+cgh 63+1
and
1= agwrR _ agws(l—s)R' (A.4)

pVw

In (A.4), aq is the gear ratio, p is the number of pole pairs of
the induction generator, wr is the angular velocity of the
generator rotor (rad/s), ws = 2af (where f is the system
frequency), and s is the generator slip. It should also be noted
here that the constants of ¢; to co in (A.2) and (A.3) are
determined based on data from wind turbine manufacturers,
whereas the coefficient C, in practice usually ranges from 0.4—
0.5 [22].

pVw
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