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Abstract — In this study, a comparison between the fifth-order model and the third-order model
of the Doubly Fed Induction Generator (DFIG) is presented. This paper aims to study and analyze
transient stability for the fifth-order and third-order models. The fifth-order model of the DFIG is
based on five differentials equations. Neglecting the stator transients from the fifth-order model of
the DFIG, we get the third-order. On startup and control of the power system that the third-order
model produces better results than the fifth-order model in the transient regime. The performance
of the two models on the startup and control of the power system is proved with the simulations

(MATLAB/Simulink® software).
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. Introduction

Recently, Renewable Energy Sources (RES) are a
natural alternative to conventional power generation.
Among all RESs, wind power is the most promising and
the fastest-growing. In this context, the electrical
machines are generally divided into two groups:
synchronous generators and induction generators. In
induction generators, the DFIGs are used more than
squirrel cage induction generators. The advantage of the
DFIG is that the power transited by both converters, rotor
side and grid side, is + 30% of the total power supplied
by the DFIG stator [1, 2]. On the other hand, the
switching losses are lower, the manufacturing cost of the
transformer is lower and the size of the passive filters is
reduced, which implies a reduction in costs and
additional losses. In addition, the possibility of control
the active and reactive power of the DFIG stator, the
reduction of stresses on the mechanical structure during
the variation of wind speed, and the increase in the
operating range, especially for low wind speeds where
the maximum power can be easily converted [3].

Generally, the fifth-order model representation of the

DFIG is more to use. The fifth-order model consists of
five differential equations, representing the state
variables of the stator, rotor, and generator speed.
Although the fifth-order model is considered the most
accurate, it has some problems [4]. Among these
problems, the fifth-order model undoubtedly complicates
the simulation model and represents a very long
simulation time when dealing with a large wind farm. In
addition, the fifth-order model of the DFIG is not
suitable for transient stability studies because the
interface with the voltage and current phases of the
power system is not easily implemented [5]. The
alternative to the fifth-order model in the study and
analysis of the transient stability, including the wind
farm, is the reduced-order models, which lower the
computational requirements. Among all the reduced-
order models, the third-order model is most used in wind
energy applications [6, 7]. To obtain the third-order
model, it is necessary to neglect the derivatives of stator
flux linkages, which appear in the fifth-order model in
Park's equations. The theoretical explanation of negle-
cting electrical transients is proposed in [8, 9]. In [10],
proposed a theoretical study and comparison between
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three reduced-order models of induction machines. In
[11], the authors presented a comparison between a fifth-
order model and a third-order model of the DFIG in wind
turbine applications. For the integration of the third-order
model in the power system, we must neglect grid
transients so that we have a coherent set of equations. An
overview of various dynamic models of induction
machines is presented in [12]. A simplified DFIG model
for the representation of positive sequence and negative
sequence components in wind energy conversion systems
is proposed in [4].

In this context, several control schemes for DFIG have
been proposed and developed in recent years. Among
these schemes, vector control (with stator flux or voltage
orientation) is the most widely used to control the active
and reactive power of the stator DFIG. The decoupled
control of the instantaneous active and reactive power of
the stator has been achieved by controlling the rotor
currents either using linear or nonlinear controllers. The
linear control such as the classical Proportional-
Integrator (P1) controller proposed in [12, 13]. On the
other hand, there are non-linear controllers such as
sliding mode control, backstepping, and fuzzy logic [1,
14, 15].

This paper deals with the detailed modeling of fifth
and third-order models of the DFIG based on transient
reactance. In addition, the comparison between fifth-
order and third-order models of the DFIG is presented.
This comparison was made between the two models in an
open and closed loop. The main contribution of this
paper is the study and analysis of transient stability, as
well as to clarify the impact of both two models of the
DFIG on the power system.

The paper is organized as follows: Section 2 gives a
description of a DFIG in a wind power system. In
Section 3, a detailed model of fifth-order and third-order
for DFIG based on transient reactance is presented. In
section 4, the control of the DFIG based on vector
control with stator flux orientation is presented. The
simulations results of the DFIG models mentioned in this
work in the open and close loop are presented and
discussed in Section 5. Finally, section 6 outlines the
main conclusions of the paper.

Il. DESCRIPTION OF DFIG IN WIND POWER
SYSTEM

In Figure 1, the control scheme of a wind energy
conversion system based on a DFIG is depicted.

——- »  Measurement signal
— = » Reference signal

Figure 1. Control scheme of a wind energy conversion
system based on a DFIG.

The DFIG consists of two three-phase windings, in
stator and rotor. Generally, the stator of the DFIG is
connected directly to the electrical network through
three-phase lines while the rotor is connected to the
electrical network through two bidirectional AC-DC and
DC-AC converters. The converters on the generator side
and on the grid side are modeled as a voltage. The main
purpose of these converters is to change the frequency
between the electrical network and the generator rotor,
allowing the operation of wind turbine at variable speed.
The Grid Side Converter (GSC) controls the DC bus
voltage and the Rotor Side Converter (RSC) controls the
active and reactive stator power.

I11. MODELING OF DFIG IN WIND POWER
SYSTEM

Typically, the electrical system part of a wind power
system consists of a generator, a set of power electronics
converters, and a control system. Generally, the induction
machine is modeled using the well-known "T-form"
equivalent circuit with self and mutual inductances [16].
The DFIG is generally represented by fifth-order
differential equations of the flux linkages and shaft
speed. According to a standard per-unit notation, can be
represented this model in the (d —q) rotating reference
frame by the stator and rotor voltages equations which
can be written as follows [4, 13]:

1 d .

- %o = Vg +Rslgg + ¢sq

(pase  dt 1)
1 dég .

—— —— =Vsq +Rslsqg — dg

(hase i
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1 d .

- ¢rd :Vl‘d _Rflrd +S¢rq

wnase dt (2)
1 d .

L G =Vrq —Rrirg =S¢

Opase i

Where vgy,vsqand v, viqare the stator and rotor
voltages, respectively, iy, isqand i.,iqare the stator
and rotor courants, respectively, ¢, #qand @, ¢rqare
the stator and rotor flux, Rs,Rr are the stator and rotor

resistances, respectively, s is the synchronous speed,
Wyase 1S the synchronous speed base, s is the slip.

The electromagnetic relations can be expressed as

follows:
@ ):(gésdJ:{—xsisd + Xy ] ‘)
U | | Xsisg + Xanig
Bra Xrig = Xmig
(q)r):{@q]:[xrim —xmisq] @)
With the stator and rotor reactance defined as follows:
Xs =Xso¢ +Xm , Xr =Xt +Xm,

Where X ., X« is the stator and rotor leakage
reactance, respectively.

The fifth differential equation describing mechanical
motion is:

e — =Tmec —Tem (5)

Where H is the inertia constant in seconds TmeciS

the mechanical torque and Tem is the electromagnetic
torque.

111.1.1. Fifth-order model of the DFIG

In this section, model fifth-order based on transient
reactance and internal voltage components are presented.
According to equation (4), the rotor currents, as follows:

(6)

Substituting equation (6) into equation (3), we get the
stator flux as follows:

Psq= —X r'sd + Eé
)

¢Sq: -X 'isq - E(;

X2

Xm Xm
B =2M g X=X -
$ra.Eq Xr¢rd s -

Xt

With Ej = -

.

After substituting equations (6) and (7) into equations

(1) and (2), the fifth-order model of the DFIG behind a
transient reactance is obtained:

disd (XS _XS,)j ’
—S0 | Ry —~—=— " ji  +(1-Sax )E} +...
ar ( : T ) (L-se s
I 1 !’
Xslsg —T—, Eq +Kkvyg —Vgg
di (Xs —X{) ©
sq s —As ) ’
=|-Rs +—— fisg + (1 —Sws JEq —...
U pm ( s T )sq (1-sax )Eq
rs 1 !
Xsigy +T_' E4 +KVig —Vsq
dE 1., o ,
—4L == Ed —(Xs =X )isg) +5m5Eq —kvrg
dt T )
dEg )
d_tq__%(Eé +(Xs = X&igg) —SaxE§ +kvyg

With constants defined as follows:

Xy

Ly X X
0)5er

AL AL,
Ws Xr

Where T 'is the transient open circuit time constant,
X4 is the transient reactance, E§and E g are the internal

voltage components of induction generator.
The electromagnetic torque is calculated based on
internal voltage as follows:

Tem = Eéisd + E(,]isq (10)

111.1.2. Third-order model of the DFIG

By neglecting the stator transients in the fifth-order
model of a DFIG, a third order model is obtained. The
third order model frequently used in transient stability
studies. The following equations describe the third-order
model of the DFIG in the (d —q) rotating reference
frame [7].

] 11
Vsq = —Rslsq + g D

{Vsd = Rsligg — ¢q
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Vig = Rfird _S¢fq +Ld¢i
%HSE dt (12)
. der
qu = Rr|rq +S¢I‘d + —q
a)nase dt

Substituting equations (6) and (7) in equations (11)
and (12), respectively, it is obtained a third-order model
of the DFIG behind transient reactance, given by the
following electrical equations:

VSd :—Rsisd +Xs’isq +Eé
. " , 13
Vsq =—R3|5q —Xslsd +Eq ( )
dE 1 ]
d—IdZ—F(Eé —(Xs —Xé)'sq)‘i‘sa)sEc; _erq
dEq 1 (14
Bl T+ (6 - XENug) 5B v

1V. CoNTROL OF DFIG IN WIND POWER
SYSTEM

IV.1. Decoupling of the active and reactive powers

The following steps must be taken to connect the
DFIG to the grid. The first step is to synchronize the
stator voltage with the grid voltage, the second step is to
connect the stator to the grid and the last step is to
regulate the active/reactive power between the DFIG and
the grid. In order to facilitate the control of the stator
active and reactive powers injected into the electrical
network, it is necessary to realize an independent control
by the orientation of the stator flux. The objective of this
choice is that the rotor currents are directly related to the
stator active and reactive powers. An adapted control of
these currents allows controlling the power exchanged
between the DFIG stator and the network. If the stator
flux is linked to the d-axis of the frame we have [12, 13]:

bg =¢ = ¢ha =0 (15)

Neglecting the stator voltage drop and assuming that
the network system is perfectly stable, with a single
voltage that conducts a constant flux to the stator, we can
easily deduce the voltages as follows:

Vg = 0 (16)
Vsq = @sdyq =Vs

Where Vs is the value of the grid voltage.
From the orientation of the stator flux, the fluxes
equations of DFIG stator are simplified as below:

. . 17
0= —Xslsq +Xm|rq

{¢5 = _XsiSd +Xmil’d

Using equation (17), the stator currents equation
becomes the following:

. 1 Xm .
lsg = =5 % +X—m'rd
S S

Xm .
irg

(18)

isq =
S

Substituting equation (18) in equation (4), we obtain
the following expression:

o[

. (19)

S

By substituting equation (19) in equation (2), we
obtain the following expression:

. Xr X&) Xr =X & \dig
Vg =Rriyg —S@ws| ————[irg +| ———— |—=+
rd rlrg a’{ Xe ]rq ( X< dt

Xm dgs
Xs dt

Xm
F o
A

: Xr =X& )
qu :errq —Sa){%}lrd +Sws
S S

Xr =X 3 \dirg
X dt

(20)
By simplifying equation (20), we obtain:
Xa \di, _
Vdr = (Xr —Zjd—td + errq + and
«2 g (21)
m Ir .
Vqr :[)(r — XS J dtq +Rr|rq +Ea,q

With E,, and E,4are the crosses coupling terms

between the d axis and q axis:

X )
and :—Sa){Xr —X—TJqu

2

Xm ). Xm
anq :Sa)s[Xr _X_Jlrd +Sa)5 X ¢3

S S

(22)
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Using equation (21), the rotor current equation beco-
mes the following:

1

g = m(\/rd —Eaq) -
. 1
Irg = m(qu —Eaq)

2
With 5 = X —>><<‘“

S
The active and reactive power of the DFIG can be
expressed by:

Ps =Vsisq
- 24
Qs =Vsigy 24)

By substituting the stator currents by their expre-
ssions given in (18), the stator active and reactive power
can then be expressed only as a function of these rotor
currents as:

V2
Xsws

XmVs

Xs -
Ps* XmVs + Pl (qu) V;‘ *

\2
—>0

Xm .
Ps :Vs Xm |rq
® 25
Q __V_5¢S +V5Xm i 9
S Xs Xs rd

By replacing the rotor currents with their values from
equation (23) in equation (25), we obtain the following
equations for the active and reactive powers:

b _VsXam (v,q+Ea,q j
s =
Xs ((Rr +7-p)

V2 +vsxm[vm +Ea,dJ
Xsos  Xs ((Rr+7-p)

(26)

Qs =-

IV.2. Indirect control power of DIFG

In the section, control without a power regulation
loop is presented. These forces are controlled indirectly
by tuning the direct and quadratic components of the
rotor current with a proportional integration (PI)
corrector. Simple and fast to implement Pl corrector
while offering acceptable performance. The indirect
control without the power control loop of the DFIG
connected directly to the network is shown in Figure 2.

O
QD
S
FF
MG
-
oYS

1 +T Vrg )
i E
Irg a,q O R
E (" 2 ) < Irq 'Eq ira
(i 75%(Xr _£m Jqu - €«
s < P Irp
~ ~ Ird < Irc )
E 2
<& Sa)s((Xr 7—]|rd +X;¢5] < abc
| s _/
—>O<€—
7 <
1T
. Encoder
&s wr == === ===== 1
N< 2 L d] 9
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Figure 2. Indirect control without power control loop of the DFIG directly connected to the grid.
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V. Simulation Results and Discussions

In this section, the comparison results between the
fifth-order model and third-order model of the DFIG in
the open-loop and close-loop are presented. This
comparison is performed by simulations using
MATLAB/ Simulink® software. The DFIG used for
simulation was a 2 MW, 690 V and DFIG parameters are
given in Appendix B. During the simulation period, the
DFIG operates at nominal conditions. The total time of
the simulation is fixed at 10s and Runge-Kutta
integration is used with a 0.0001s time step.

Figure 3 shows the simulation results for the two
DFIG models, fifth-order and third-order in an open
loop. Figure 3a shows the generator speed applied to two
models. This speed starts at 0.8 during the first five
seconds of the simulation. Then it goes up to 0.95 p.u. 5
to 10 seconds. Figures 3b, 3c, 3d show respectively the
electrom-agnetic torque and the currents of the stator on
the d —q axes.

Figure 4 shows the simulation results for the fifth-
order model and third-order model of the DFIG in the
closed-loop.

Figures 4a, 4b, 4c, 4d, 4e, 4f, show respectively the
generator speed, the electromagnetic torque, the currents
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of the stator on the axes, the active and reactive power of
the stator. According to the simulation results of figure 4,
we notice that the active and reactive stator power
(Ps,Qs ) generated by the DFIG follow their references

power (Ps ,Qs ) and there is a small error. Moreover, we
notice that the currents (isq,irq) are promotional to the

active power generated by the DFIG and that the currents
(igq,i,q ) are promotional to the reactive power. Electro-

magnetic torque has the same shape as active power
because torque and active power are directly related to
the quadrature rotor current.

Through the simulation results obtained in the open-
loop and in closed-loop, the third-order model compared
to the fifth-order model does not allow any disturbance in
the magnitudes of the stator (direct and quadrature
currents) and the electromagnetic torque during the DFIG
start-up. Moreover, it can be concluded that the complete
neglect of stator flux transients gives a stable response in
the transient regime during the simulation process. Not
neglecting stator flow transients, as noted above, can
have critical effects on the integration of a large wind
farm into the power grid. Although the dynamic behavior
is similar for the two models in the permanent regime
and when the generator speed changes, the third-order
model is suitable for the study of transient stability.
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Figure 3. Comparison results between 51" and 3™ order model of the DFIG in the open-loop.
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I\VV. CONCLUSION

This paper presents the detailed model of the DFIG in
the fifth-order and third-order based on the transient
interaction. A comparison between the two open and
closed loop models was also presented. Through the
simulation results, it was found that the fifth-order
model, although it gives an accurate representation of the
dynamic performance of DFIG, but has an impact on the
start-up of a DFIG and the insta-bility of the transient
system. On the other hand, the third-order model
adequately reproduces the transient current and torque
responses of the DFIG at startup and stability of the
transient system.

The results achieved allow the conclusion that the
third-order model is suitable for the study and analysis of
the transient stability of large-scale electrical systems. In
addition, the third-order model for modeling and the
study of the transient behavior of a wind farm integrated
into the power grid than the fifth-order representation can
be preferred.

Appendix A

Base values for the per-unit system converting.

The base voltageV ., =690 V, the base power Sy q.=2MW,
the basic electrical speed my,, = 27f, . the base frequency

foase =50HZ.

Appendix B

The parameters of our system are in Table 1[11].
Table 1. WT parameters

Parameters Symbol Values
DFIG
Stator resistance R 0.0488 pu
Stator leakage reactance Xos 0.09241 pu
Rotorresistance R, 0.0549 pu
Eotorleakage reactance Xor 0.09955 pu
Magnetizing reactance Xom 395279 pu
inertia H 35s
References

[1] K. D. Kerrouche, A. Mezouar, L. Boumediene, A. Van
den Bossche, Speed sensor-less and robust power control
of grid-connected wind turbine driven doubly fed
induction generators based on flux orientation, the
mediterranean journal of measurement and control, vol.
12, 2016, pp. 606-618.

[2] H. Benbouhenni, Comparison study between SVPWM
and FSVPWM strategy in fuzzy second order sliding
mode control of a DFIG-based wind turbine, Carpathian
Journal of Electronic & Computer Engineering, vol. 12,
2019.

[3] Y. Saidi, A. Mezouar, Y. Miloud, M. Benmahdjoub, M.
Yahiaoui, Modeling and comparative study of speed
sensor and sensor-less based on TSR-MPPT method for

PMSG-WT applications, International Journal of Energ-
etica (IJECA), vol. 3, 2018, pp. 6-12.

[4] 1. Al-ledani Z. Gajic, Order reduction of a wind turbine
energy system via the methods of system balancing and
singular perturbations, International Journal of Electrical
Power & Energy Systems, vol. 117, 2020, p. 105642.

[5] P.Ledesmaand J. Usaola, Doubly fed induction generator
model for transient stability, IEEE Transactions on
energy conversion, vol. 20, 2005 , pp. 388-397.

[6] H. Li, C. Yang, B. Zhao, H. Wang, and Z. Chen, Aggreg-
ated models and transient performances of a mixed wind
farm with different wind turbine generator systems,
Electric Power Systems Research, vol. 92, 2012 , pp.1-10.

[71 L. Shi, Z. Xu, J. Hao, and Y. Ni, Modelling analysis of
transient stability simulation with high penetration of
grid-connected wind farms of DFIG type, Wind Energy:
An International Journal for Progress and Applications in
Wind Power Conversion Technology, vol. 10, 2007, pp.
303-320.

[8] P.C.Krause, F. Nozari, T. Skvarenina, and D. Olive, The
theory of neglecting stator transients, IEEE Transactions
on Power Apparatus and Systems, , 1979, pp. 141-148.

[9] P. C. Krause, O. Wasynczuk, S. D. Sudhoff, S. Pekarek,
Analysis of electric machinery and drive systems vol. 2:
Wiley Online Library, 2002.

[10] O. Wasynezuk, Y.-M. Diao, P. Krause, Theory and
comparison of reduced order models of induction
machines, IEEE Transactions on Power Apparatus and
Systems, 1985, pp. 598-606.

[11] J. B. Ekanayake, L. Holdsworth, N. Jenkins, Com-parison
of 5th order and 3rd order machine models for doubly fed
induction generator (DFIG) wind turbines, Electric Power
Systems Research, vol. 67, 2003, pp. 207-215.

[12] S. Chatterjee, A. Naithani, V. Mukherjee, Small- signal
stability analysis of DFIG based wind power system
using teaching learning based optimization, International
Journal of Electrical Power & Energy Systems, vol. 78,
2016, pp. 672-689.

[13] B. Mehta, P. Bhatt, V. Pandya, Small signal stability
enhancement of DFIG based wind power system using
optimized controllers parameters, International Journal of
Electrical Power & Energy Systems, vol. 70, 2015, pp.
70-82.

[14] Y. Dbaghi, S. Farhat, M. Mediouni, H. Essakhi, A.
Elmoudden, Indirect power control of DFIG based on
wind turbine operating in MPPT using backstepping
approach, Intemational Journal of Electrical & Computer
Engineering (2088-8708), vol. 11, 2021.

[15] V. Galdi, A. Piccolo, P. Siano, Designing an adaptive
fuzzy controller for maximum wind energy extraction,
IEEE Transactions on energy conversion, vol. 23, 2008,
pp. 559-569.

[16] J. J. Justo, F. Mwasilu, J.-W. Jung, Doubly-fed induction
generator based wind turbines: A compre-hensive review
of fault ride- turbines: A comprehensive review of fault
ridethrough strategies, Renewable and sustainable energy
reviews, vol. 45, 2015, pp. 447-467.

IJECA-ISSN: 2543-3717. December 2021

Page 51



	I. Introduction
	II. Description of DFIG in wind power system
	III. Modeling of DFIG in wind power system
	IV. Control of DFIG in wind power system
	IV. Conclusion
	This paper presents the detailed model of the DFIG in the fifth-order and third-order based on the transient interaction. A comparison between the two open and closed loop models was also presented. Through the simulation results, it was found that th...
	The results achieved allow the conclusion that the third-order model is suitable for the study and analysis of the transient stability of large-scale electrical systems. In addition, the third-order model for modeling and the study of the transient be...
	Appendix A
	Appendix B

