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Abstract: Doubly fed induction generator (DFIG) wind turbines are widely utilized in large wind plants. Research of

the dynamic behaviors of DFIG wind turbine is of great importance. In this paper, the 8th, 5th and 3rd order models

of DFIG wind turbines are discussed respectively. The 8th order model includes the complete drive train, the stator

and the rotor models. The 5th order model contains the stator and the rotor models, as well as a reduced drive train

model. The 3rd order model. with the stator transients being neglected, comprises the rotor model and a reduced

drive train model. These three types of DFIG wind turbine are modeled in MATLAB/Simulink software package.

Two cases of simulation are conducted to verify the models and compare their responses. The simulation results

demonstrate that the 8th order model is the most precise model, but needs the longest simulation time; the 3rd order

model is a good approximation and the most time-effective; the 5th order model is suitable for most studies that

require both fast computation speed and relatively high precision.
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0 Introduction

Due to its renewable nature, increasingly competitive
cost, and environmental friendliness, wind generation is
among the best technologies available today to provide a
sustainable energy supply to the world development.
Globally, the total installed capacity of the wind turbines has
reached as much as 39. 234 GW by 2003 and will exceed
110 GW by 20121, In China, the wind market has picked
up pace with the installed capacity increasing from
0.746 GW by 2004 to 30 GW by 2020. As penetration of
wind energy increases, the dynamic characteristics of wind
turbines become increasingly important to the power grids
that they are connected to'?!.

Today, doubly fed induction generator (DFIG) wind
turbines have been proved as a promising technology and are
widely utilized due to their distinct advantages over other
types of wind turbine®’. In order to investigate the impacts
of large scale of DFIG installations on the operation and
control of power systems, accurate models are required
indeed. Till now, some meaningful studies have been made

Le10] - For various study

on the modeling of wind turbine
purposes, different order wind turbine models should be
applied. In the paper, the 8th, 5th and 3rd order models of
DFIG wind turbine are discussed. The 8th model includes
the stator and the rotor dynamics as well as the mechanical

dynamics. The 5th model simplifies the mechanical
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dynamics. The 3rd model neglects the stator transients and
only considers the rotor transients. Three types of DFIG
wind turbines are modeled in MATLAB/Simulink software
package. Simulation cases are also performed to verify these

models and compare their responses.

1 Dynamic Models of DFIG Wind Turbine

1.1 Model of Wind Turbine
The amount of aerodynamic power production is related
to wind speeds as follows''! ;

Pw = 0. 5‘071'R2“U3CP(677) [@D)
where, p is the air density; R is the wind turbine radius; v is
the wind speed; Cp is the power coefficient; @ is the pitch
angle; y=wwR/v is the tip speed ratio (TSR), and wy is the
turbine rotor speed.

The output aerodynamic torque is given by the following
equation:

Ty — 0. 5g7rR3 *Cp (0,7 (2)
Y
When the power generation is less than the rated
power, the wind turbine will be expected to extract as much
wind power as possible. After the rated power is reached,
the blades are pitched to reduce the power coefficient C, and
thereby to keep the rated power. In this process, the rotor
speed will have an obvious lift to absorb and store the
surplus wind powert'?,
1.2 Model of Drive Train
The drive train of DFIG consists of five parts, viz,
rotor, low-speed shaft, gearbox, high-speed shaft and

generator. In the analysis, other parts of wind turbines,
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e.g. tower and flap bending modes can be reasonably
neglected. The basic structure of the drive train is depicted

in Fig. 1.

low-speed shaft high-speed shaft

gearbox generator

TG Jgr @
wind turbine rotor (ng) (oo )
(Ty» P> o)
Fig. 1 Basic structure of the drive train

References [ 8-9] propose three-lumped mass and two-
lumped mass methods respectively for analyzing the drive
train, In this paper the two-lumped mass method is applied
due to its efficiency and convenience. The analysis is referred
to the high-speed side. Taken the relationship between the
twist angle and the mechanical angular speed into account,
the dynamics of the drive train system can be expressed by

the following equation"**) ;

. _
& w6
dw(} — T(} 7 8(}(0(} + k(@w 7 6(})
dr Ja
(3
dow
E — Www
dww _ Tw — dwww — k(Ow — 05)
dr Jw
where, the subscripts “W?” and “G” represent the

parameters of the turbine side and the generator side
respectively; J is the rotating inertia of the equivalent
lumped masses; n, is the gear ratio; ¢ is the rotating
damping; T is the torque; @ is the twist angle; £ is the shaft
stiffness; w is the mechanical angular speed.

1.3 Model of DFIG

The dynamic models of DFIG are derived from the two-

phase synchronous reference frame. In the following
analysis, the motor convention is applied.
The electrical model of DFIG in the synchronous

reference frame is given in equations (4) and (5), where the
quantities on the rotor side have been referred to the stator
side. The model includes two sets of equations, i. e. one is
the voltage equations given by equation (4) and the other is

the flux equations expressed by equation (5)M*),

Ugs — R& Las + %d% T ws S[)qs

up = Riip+ 2+ g,

. 4)
uy = Roig + Aur Cws — wr) P
dz
e = Rei + 25 4 (0 — 0
(&/st = (Ly + Lu)ig + Luia
S = L+ Lodig + Lui, 5

1@, = (Ly + Lo is + Luia
o = (L + Loiy + Loiy,

where, u and i are the voltage and current respectively; ¢ is
the flux linkage; R is the winding resistance; Ly is the
leakage inductance; L, is the mutual inductance;  is the

“ . » “_»

electrical angular speed; subscripts “s” and “r” refer to the

stator and rotor side respectively; subscripts “d” and “q¢”
refer to the d-axis and g-axis respectively.

The electromagnetic torque is given by
T(; = —ﬂme(Zqur -

2

where, n, is the number of pole pairs.

favip) (6)

According to equations (4) and (5), the equivalent
circuits of the dg-model in the synchronous reference frame

are envisaged in Fig. 2.

(a) d-axis equivaient circuit
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(b) g-axis equivalent circuit
Fig. 2 Equivalent circuits of DFIG in

the synchronous frame

Provided equation (5) is introduced into equation (4),
equation (7) is then obtained. It reveals the electromagnetic

dynamic performances of DFIG.
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where, L, =Ly +L,,L,=L,+L,,m= Li‘ —L.L,,a=
R.L,,b= (w, *w,)[‘i —w L. L.yc=R.L,.d=wL,L,.e=
R.L.,f=w:L.L.sg=R.L.,h= " (w, 7w,)1,>l,r*a),\.1li].

2 DFIG Wind Turbine Models with Different
Orders

In practice, different ordered DFIG wind turbine models
this

section, the purpose and structure of 8th, 5th and 3rd order

are used when the study focuses are different. In

models will be discussed.
2.1 The 8th Order Model of DFIG Wind Turbine
Some problems, e. g. those concerning mechanical

performances of wind turbines, mechanical dynamics of the
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drive train need to be accurately simulated. In this scenario,
the drive train has to be considered as a two-lumped mass
quantity that is defined by equation (3). Electrically, the
model of generator has to include all the dynamics from both
the stator and the rotor. So, the 8th order model of DFIG,
based on equation (3) and equation (7), is acquired.
2.2 The 5th Order Model of DFIG Wind Turbines
However, the 8th order model is not required for all
studies. When the electrical characteristics or torsion-related
problems are the main interest, the drive train can be
reduced to a single equivalent lumped mass, which is defined
by the following equation;
.]W
2

g

ch :](;+ (8)

where, n, is the gearbox ratio.
The drive train dynamics, therefore, can be described
astt,

Jo Qo5 7T D 9

dt
where, D is the friction coefficient.

On the rotor side, two angular speeds (the electrical
angular speed w, and the mechanical angular speed wg) exist
and they have such a relationship as:

W = N,w; (10)

Introduce equations (6), (8) and (10) into equation (9)
and then the drive train model is:

dow,

Je N

= n,[Tw — 1.5n, Ly, Giyigr — iacipy) — D, |

an

So, equations (7) and (11) constitute the 5th order
model of DFIG wind turbines.
2.3 The 3rd Order Model of DFIG Wind Turbines

When the transients in the stator of the DFIG and in the
power system are considered, the order of the simulated
system will be overwhelmingly augmented and be extremely
time consuming. In this case, the order of the generator
model should be further reduced. For the electromagnetic
behaviors in the stator are much faster than those in the
rotor and have little effect on the machine’ s transient
stability. it can be neglected for the stability study'”', which
means the derivatives of the stator flux in equation (4)
become zeros. So, equation (4) can be changed into the
following form:

ugs = Ritas — wodys

Uy = Riiys + wydus
g = Rridr+%d%7(wx7wr)¢qr (12)

%:K%+%LHM7MM,

According to the first two equations in both equation
(5) and equation (12), the d- and g-components of the rotor

current i, and 7, can be expressed with uy sty » 24 and i, as

follows :

ws L

J . Ridas —w Lidy — uas
Lar =
(13)

. Rig Fwliie — uy
Lgr

w L
Two electrical potential components e, and e, are defined

as follows:

o = luts
' (14)
o (,U.\'I4n15[_)dx
T T

Introduce the last two equations in equtions (5) and
(13) into equation (14) and then the stator current in terms
of the d- and g-components i,, and 7, can be expressed by e, .
ey sugs and u,,.

Meanwhile, the other two voltage components u,, and

u,. are defined as follows:

qr

o wilnug
Uyy = i
“r
(15
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Introduce equations (14) and (15) into equation (12)

and then the following equations are obtained:

R — (ws — )
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Tlds
The electromagnetic torque is given as:
T, = i Ugs iqs + Uaidas an
2 s

Therefore, equations (9), (10), (14), (16) and (17)

constitute the 3rd order model of DFIG wind turbine.
3 Simulink Based Modeling

The three types of DFIG wind turbine model are
developed in MATLAB/Simulink R14 software package.
Each type of model consists of two blocks: the drive train
block “DriveTr” and the generator block “Generator”. The
overall structures of the 8th and the 5th order models of
DFIG wind turbine are shown in Fig. 3. As shown in the
figure, the d-and g¢-components of the stator and rotor
currents i, s i, ia and i, are outputted from “Generator”
and passed to “DriveTr” to make the electromagnetic torque
T.

The input mechanical torque Ty is determined by
equation (2).

The generator block “Generator” in the 8th and the 5th
order DFIG wind turbine are both derived from equation (7)
and are represented by Fig. 4. In the figure, the gains a, ¢,

e, g have the same meaning as those defined in equation (7)
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and the user-defined functions f; (u) ~ fs (u) are used to
calculate b, —d, —b, d. f+ —h, — f and h respectively.

’ is used to calculate the

The user-defined function “u, _u,”
input terms in equation (7). The blocks “Cal_is, Cal_i, .

Cal_iy, and Cal_i,,” are the integrator blocks.

U g —| Ids
uqs — ,qs T
L
G
L .
Udr — Generator ~— DriveTr
1
Ugr —>1 £ o
| Ty —]

Fig.3 Overall structure of the 8th and 5th order models
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Fig. 4 Detailed generator structure in the 8th and
Sth order models

Fig. 5 depicts the detailed structure of the drive train in
the 8th order model. In Fig. 5, the electromagnetic torque
T is calculated according to equation (6) and the gain K, =
1. 57, L,. In the block “Cal_w,”. the electrical angular speed
w; is calculated based on the state-space model of the drive

train that is represented by equation (3).

I

=,

Fig. 5 Drive train structure in the 8th order model

The drive train structure in the 5th order model is
shown in Fig. 6, which can be explained by equation (11).
In the figure, K, =D and K;=n,//J.,.

The overall structure of the 3rd order model of DFIG
wind turbine is shown in Fig. 7. As analyzed in Section 2. 3,

the block “DriveTr” in Fig. 7 is used to calculate the

electrical angular speed w, based on equations (9), (10) and

an.

Fig. 6 Drive train structure in the Sth order model
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Fig.7 Opverall structure of the 3rd order model

The block “Generator” in Fig. 7 is illustrated in detail
by Fig. 8. where., “Cal_i,.” functions to calculate i, and i,
based on equations (5), (13) and (14), “Cal_i4. " to
calculate #,, and 7,, according to equation (13), “Cal_e,” and
“Cal_e,” to calculate e, and e, respectively according to

equation (16).
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Fig. 8 Detailed generator structure in
the 3rd order model

4 Simulation and Analysis

In order to validate the models and compare their
dynamic behaviors, simulations for the wind speed changes
and the rotor voltage adjustment are performed on
MATLAB/Simulink. Analysis and comparisons of the
simulation results will hopefully contribute to deeply
understanding the dynamic performances of each type of the

models and choosing an appropriate one for specific studies

as well.
A DFIG of 200 kW, 4 poles, 690 V is used and the
machine parameters are as follows: f = 50 Hz, R, =

0.0934 Q, R, =0.094 2 Q, Ly =0.000 53 H, Ly =
0.000 56 H, L, =0. 025 17 H, Jo =5 kg + m*, Jw =
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15 000 kg * m*, R=17 m, £=70 000 (N *» m)/rad, n, = 370F
. .. . 200
30, y=17, the corresponding power coefficient C, =0. 41, ~ _
the friction coefficient D = 0. 02. Two cases have been 7360 k g -400
el
simulated to verify and compare the models. In the £ 350 & 1000
= < -
simulation, electrical angular speed w, and electromagnetic S =
torque T are displayed for each model. 3403 /9 10 11 -16007—% ? 10 11
. . [z /s
Case 1: at t=8 s, as the wind speed increases, w, has to s
go up from 343 rad/s to 365 rad/s. In this case, the two axis Fig.13 Simulation f'esults of the Sth order
model in Case 2
components of the stator voltage are u,, =0, wu, =398 V.
The simulation results are shown in Fig. 9 ~ Fig. 11. 370 200
370 2200 " 360 k E 0o q/
- |
R — S 1 Z
" 360 £ -600 < 30 D -1000
3 > N h
g . z 0L s
£ 350 < -1000 T o 10 o M1 T
] &~ /s t/s
3407 g 9 10 11 12 1400570 1T 12 Fig. 14 Simulation results of the 3rd order
tls tls

Fig. 9 Simulation results of the 8th order
model in Case 1

-200
“'_: T -600
EL %-1 000
3 &
M7 9 10 11 12 1400510 1T 12
t/s t/s

Fig. 10 Simulation results of the Sth order
model in Case 1

2200
"'_: T -600
El_ € oo
3 &
M5 10 11 12 14007510 1T 12
t/s t/s

Fig. 11 Simulation results of the 3rd order
model in Case 1

Case 2;: at t=8 s, there is a 30% dip (from 398 V to
278 V) in the stator voltage. After 0. 3 s, the voltage
recovers to the value of 398 V. In this case, the wind speed
remains unchanged at 7 m/s. In order to compare the
dynamic performances of different models, the two axis
components of the rotor voltage remain unchanged,
Specifically, wye = 4. 7 V. u, = — 30 V. The simulation
results are shown in Fig. 12 ~ Fig. 14.

370 .

. 200 | }

A N — |

< 360F i S N

X ) = 400 Il

5 AN -

4 [ — | L

S 350 e <000} |

S < | f

B0 1 1 i

is tls

Fig. 12 Simulation results of the 8th order
model in Case 2

model in Case 2

The simulation results demonstrate that the models
provide very similar responses to external disturbances. But
the 8th order model displays the phenomenon of torsional
oscillation, which can be credited to the inclusion of
flexibility of the drive train. Therefore, this type of model is
more suitable for investigating the torsion related problems.
The 5th order model provides very similar results with those
of its 8th order counterpart. In Case 2, the change of the
electrical torque of the 3rd order model is much slighter than
any of the other models. This is mainly caused by neglection
of the electromagnetic transients in the stator.

The simulation of the two cases is conducted on a
1.6 GHz personal computer. The simulation times for the
three types of model are given in Table 1, where, ¢4 is the
simulation time in Case 1 (from 7 s to 12 s) and g is the
simulation time in Case 2 (from 7 s to 11 s) respectively.
Apparently, the 3rd order model is the most time-effective.
So, this model is more suitable for studying complex power
systems when taking into account the characteristics of
DFIG.

Table 1 Simulation time comparisons

model types Limi /s Lime /S
8th order 0.100 0.182
5th order 0.023 0.063
3th order 0.017 0.061

5 Conclusion

The 8th, 5th and 3rd order models of DFIG wind
turbine are described in the paper. The three types of models
are simulated in MATLAB/Simulink software package and
two scenarios are studied. The simulation results exhibit a
good agreement between different models. However, the
responses of the 8th order model reveal the nature of the
complete drive train dynamics, but with the slowest
simulation speed. When the problems, such as torsional
fatigue, are studied, this model is more reliable than the

other two. Although the 3rd order model is very largely
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approximate, its result is acceptable in precision and its
simulation is the fastest. Therefore, this model is
appropriate for the study of large power systems with DFIG
wind turbines connected. It is noteworthy that the 5th order
model describes the behavior of the generator in more details
with the transients on both the stator and rotor side
reflected, and the simulation speed is fast enough for most

studies.
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