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Abstract: The transient state performances of the Doublysigniﬁcanﬂy on the saturation of the mutual and
Fed Induction Generators (DFIG) has frequentlyjaayage fluxes. For this purpose and in ordertiiese
determined by a models based on the constant paeasne . .
So, an accurate analysis of these performancesinetju & better repre_senta_tlon of the DFIG’ Sat_uratlontllnﬂs
necessarily considers the magnetic saturation esffecthis  incorporated in their mathematic modelling. It baen
paper, a simple procedure is proposed to charaseethe found for other type of machines, that the inclosié

machine’s mutual and leakage fluxes saturation.e€hr the saturation effects gives more realistic reJuH3
models are developed to predict the transient perémces 16, 19, 20] ,

of a saturated DFIG. The results calculated by nihedel L .
that considers only mutual flux saturation and tmes by In [7-12, 19], the saturation is taken into accafnt
the model that includes both mutual and leakagereu the mutual flux paths only for squirrel-cage antf-se
saturation are compared with the results when thexcited induction machines. In these works, theagff
saturation is ignored in DFIG modelling. Talidate the of leakage flux saturation is ignored. In [13, 1t
developed models and investigate the transient . ) ’ .
performances of the saturated DFIG, a simulatiomade DFIG model proposed, include only the saturation
during transient conditions such as direct startinglitage ~ effect in the mutual flux. In [15], the saturatiofthe
sag and short-circuits at the terminal of the maehiThe |eakage flux is considered in the machine modethmut
model that considers saturation both in the muawa the 1, ;tual flux saturation is neglected. On the ottaerdh
leakage flux paths produces the most accurate ieans for DFIG, the magnetic saturation of both the mutua
responses ’ g .

and the leakage fluxes is neglected.
Key words: Doubly-fed induction generator (DFIG), In this paper, the effect of saturation in the uaiit
Leakage flux saturfatlon, Mutual flux saturation, diéding,  fjyx and the leakage flux on the transient perforoea
transient state periormances. of the DFIG is investigated. For that, three modets

considered. The first model is the unsaturated hiode

L |Ir?ttrh%du$2\c/)igu decades and after increasing of OiY\/hich the saturation effect is completely ignor€de
P 9 second model considers the saturation only in the

rices,overallawarenes®r renewable energy sources . : .
P ) ) , ) nergy mutual flux paths while the third model considers
has been increasing intensively. Wind energy in

. : . : saturation both in the mutual and leakage fluxélsgpa
particular, has received an immense impulse, reftec In the second model, a saturation fadtggis used to
in great technology advances regarding reliabaitg adjust the unsatura[ted mutual inductance and the
cost-efficiency. Wind turbines generate a few qifant aturation in the leakage inductances is ignorethéd
of the word electricity consumption [1]. These win hird model, the saturation factist, is used to adjust
turbines are usually based on a Doubly-Fed InOIl]Cti?he unsatljrated mutual inducnt]ance and another
Gelrr:err;t:(;;gl:;;;?g. many papers investigate the DFl%?turatlon factork,, is used to ac.jJUSt both the
from various aspe’cts However, in those investigat unsatu_rated stator and rotor leakage mdu_ctanbgseT

. ) - .= saturation factors are based on the nonlinear ifamct

the DFIG is modelled with some simplifying

assumptions, among which, the magnetic saturaetionfcl)und in [10]. Using these DFIG models, the trantie

. . . . stator and rotor currents and the electromagraeticie
ignored as in [1-6]. In reality however, thISduring direct starting, voltage sag and short-discat

phenomenon is present in all electrical machine ie terminal of the machine have been calculated.

Moreover, the performance and the accura h | lculated by th del th

identification of the machine parameters depen oreover, The results calculate : y the model that
considers only mutual flux saturation and the dmes



the model that includes both mutual and leakage flu With:
saturation are compared with the results when the 2, B _
saturation is ignored in DFIG modelling. g=1- L L=lythn, L=lotly  (5)

2. The DFIG modd _ _ _

In this section, three models of the DFIG are The_electromagnetlc torqUemncan be written in the
developed. In the first model, effect of flux satiisn ~ following form:
?s completely ignored. Then the mutual flux saliprat T, = Pi(l//déqr ~Yedar) (6)
is considered to develop the second model. Irhiing t Ls
model both the main flux saturation and the saitmat
in the leakage flux paths are integrated in thB. DFIG model considering the mutual flux
unsaturated model. saturation

A. Unsaturated DFIG model A model of DFIG considering the mutual flux
The two-axis equivalent circuit for a doubly-fedsaturation can be developed using the unsaturated
induction generator is shown in figure 1 [16]. Thenodel developed in the section 2.A. In this apphpac
voltages equations of the DFIG in the synchrorbgs the unsaturated mutual inductariggin (3) to (6) is
reference frame are given by: replaced by its corresponding saturated vajueThis
saturated mutual inductance is obtained by adjgistin
Vs = Rdge +%V,ds ~ 0 g the co_rresponding unsaturateq valug, with a
saturation factoKs,, corresponding to the saturation
condition.
1) From figure 1, the magnetizing current can be
calculated by:

. d
Vqs - Rs'qs*’al//qs*'wsl//ds

R d
Var = Relge ¥ —wq T Y

dt
. d . . .
Var = Rr'qr +E‘//qr oy 'm:\llgm""gm (7)
Where:
In (1), the rotor frequenay, is given by:
igm =igs *igr iqmziqs"'iqr (8)

Wy = Wg ~ Oy = Shg 2)

The flux linkages in (1) are obtained

_ : from therpe saturated mutual inductarigg.can be expressed
following equation system:

as a function of the magnetizing currepas:
= i+ i :
(//ds j L s?ds I-m?dr B Lm |m<| msat
qu_LSIQS+Lmlqr Q) ms K (I )L i > (©)
(//dr =I-ridr +I—mids smm m m o meal
(//qr =Lriqr +Lmiqs H
The saturation factoKs, can be represented by

_ . the function [10]:
The equation system (3) is used to calculate titerst 1 i <l

<
t
and rotor currents: m~! msa

K. (i )=
sl Z{arcsil(llf“sa‘ﬁ QSsin(Zarcsmlf“sa‘)} in 2 neat

1 T In In
lgs = ULer (Lrl//ds Lml//dr) (10)
1 _ Wherel sarepresent the magnetizing current at which
|qs_ (Lrl//qs Lml//qr) . . . .

oLsL, the saturation begins. Its value is arouh8 pu,i.e
. 1
|dr - E(stdr - Ln#jds) O7XIn[13]
iqr = ;(stqr - Lm‘/’qs)

oLL

r



ids Rs LSG L}’G R;~ idr 1 i<l msat
—l — 1) =
— AM— N ——TIN—AN S Kso(0) Z[arcsir(lia‘)+058in(2arcsir(IT“)J i>|

lldm 1 ; msat
(13)

é War Vdr
| I The limiting value of the current, at which the
saturation begins is typically in the rangelg3-3 pu

¢ @ ¢ i.e.1,8x,—4,2xl, [15,17,18].

Ips R Lss Lrs R iy 3.SIMULATION RESULTS

— M—TIN——TIN—AMY— In order to verify the developed models and see th
llqm T behavior of the DFIG, it's necessary to compare the

dynamic results of the proposed models with theltes

Vgs Was Lmé Yyr Vagr of the unsaturated DFIG model. All simulations are

I | achieved by Matlab/Simulink and the machine

H parameters are listed in Appendix B.

(b) ¢ The DFIG, investigated in this paper, is excitad o
the stator by a perfect three-phase voltage system
(220V, 50 Hz). The generator rotor is supplied vaith
reduced three-phase voltage (sx220, sx50 Hz)
according to the equation (2). The machine rotor is

C. DFIG mode consideringthemutual and leakage ~ driven with a super-synchronous speed of 180 rd/s.
flux saturation The transient performances have been calculated fo

The saturation representation in the DFIG modelin}ﬁjree saturation cases. In th_e first case, bo.tme
should also include the variation in the stator entdr x and leakage flux saturation have_ been |gnd|_red.
leakage inductances due to saturation in the Imksf&e s_econd case, the effect of the main flux SBou e

flux paths. In this model, the effect of the mutthax considered while ?h? effect of the saturation I8 th
saturation is represented by adjusting the unstatﬂlraleal_(age flux paths is ignored. In th_eth|rd casm_ H_we
mutual inductance with the saturation fackay, as Main flux gnd Ieakage flux saturation are considére
demonstrated in section 2.B.Then in order to take t!€ machlne modelmg. : :
saturation in the leakage flux paths into acconitée For taking saturation effect into account in the
model developed in Section 2.A, the unsaturatedrstaMutua! flux for the investigated DFIGysain (10) was
and rotor leakage inductancdsy( L;;) in (5) are taken to be equal @7x .I” =6A V\_/hereln represent
replaced by their corresponding saturated valugs ( the rated current given in _appendlx B. L

L. These saturated stator and rotor Ieaka%e The mutual flux saturation factbgmwhich is used
inductances are obtained by adjusting their reismact_o determine the saturated value of the magnetizing

unsaturated values with a saturation factsy, nductanCelmsis shown in figure 2. o
corresponding to the stator and rotor currents, In order to take the leakage flux saturation into
respectively account for this machingsy in (13) was taken to be

The saturated leakages inductances are expresseg@l 101.8x1,=15.8 A This Leakage flux saturation

a function of the stator curreigind the rotor curreiit 1@Ct0rKs, curve is plotted in figure 3. L
currents by: The transients state considered in this investigati

are done during DFIG direct starting, voltage sag a
L i <l short-circuit at the machine terminals.
Lm(is)={ < > (11)
Kol bos 1o 2 T A. Direct gtarting
The performance of the DFIG with the developed
.| L, RS 12 models during direct starting is investigated by
Ll )= K G)L. 02l (12) calculating thed-q stator and rotor currents, as well as
sovritTre sl the electromagnetic torque as shown in figure 4.
Figures 4a, 4.b, 4.c and 4.d show some of the

The saturation factoKs, can be represented by - gynamic responses of thieg stator and rotor currents.
the function [10]:

Fig.1: Equivalent circuits of a DFIG: (a) on d-gxis) on g-axis



It can be noticed that the effect of the saturaisoto

The effect of saturation on the electromagnetiguer

increase the stator and rotor currents of the géorer during the direct starting is shown in figure 4tean
during the direct starting. However, the saturatias be noticed that the effect of saturation is imputria

an insignificant effect on the steady-state vabfdhe
generator currents.

Mutual flux saturation factor
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Fig.2. Main flux saturation factd€,
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Fig.3. Leakage flux saturation factog,K

the transient state compared to a small valuesizdst
state. This developed torque reaches their stdathy-s
values faster by the model that considers botimtia

and the leakage flux saturation. In addition, i te
seen from this transient case that there is agpseicy
between the results calculated by the model that
considers only mutual flux saturation and the dnes
the model that includes both mutual and leakage flu
saturation. However, oscillations of these perforoes

are damped quickly than the ones without saturation
and the ones by the model that includes only mutual
flux saturation.

B. Voltage sag

In this test, we consider that the machine terimina
voltage sag to 75% of the pre-sag value, accorting
the IEEE definitions for power quality [20]. In #hi
investigation, it is assumed that the pre-sag \afltiee
terminal voltage is 220 V. Att = 0.1 s, a voltageg to
75% occurs, i.e. 165V, then att = 0.2 s the galtis
recovered to its pre-sag value 220 V.

The effect of saturation on the dynamic respoakes
the generator associated with such procedures is as
shown in figure 5. It can be noticed that the dffic
leakage flux saturation is to increase the machine
currents, at the restoration of the pre-voltagewhgn
compared to the results calculated by consideniiyg o
the main flux saturation and by ignoring saturation
(figures 5.a, 5.b, 5.c and 5.8owever, oscillations of
these currents are damped quickly than the ones
without saturation and the ones by the model that
includes only mutual flux saturation. It can alse b
noticed, as shown in figures 5.e that the effect of
saturation on the electromagnetic torque appednein
restoration of the pre-voltage sag. In this tramisie
condition it can be seen that there is a difference
between the results calculated by the model that
considers only mutual flux saturation and the dmes
the model considering both mutual and leakage flux
saturation effect.
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C. Short-circuit

In this analysis, it was clear that the valuehef t
terminal voltage is 220 V before the default. At t
0.2 s, amomentary interruption occurs tharrd.4
s the voltage is restored to its pre-fault valle20
V. The effect of saturation on the short- circuit
performances of the generator under such dynamic
condition is as shown in figure 6.

Short-circuit can be considered as a severe
voltage drop in which the voltage sags to 0 Vali c
be noticed from Fig. 6 that the above mentioned
conclusions in the case of the voltage sag carbalso
applied in the case of short-circuit. In this cabe,
effect of leakage flux saturation is to increase th
machine currents by 50-75 A when compared to the
results calculated by considering only the maiw flu
saturation and by ignoring saturation as shown in
figures 6.a, 6.b, 6.c and 6.d. In the case of the
torque, the increase is in the range of 150 N .tmeat
short-circuit occurrence (figure 6.e.).

It can be also seen from figure 6 that there is a
discrepancy between the results calculated by the
model that considers only mutual flux saturatiod an

Appendix A

Table 1. List of symbols

Symboal Significance

DFIG Doubly-fed induction generator

Vs Vs Van Ve |d @ndq axis stator and rotor voltages,

Wds Was Wan Warid @ndg axis stator and rotor fluxes,

ige Ige lan Igr |0 @ndq axis stator and rotor currents,

R, R Stator and rotor resistances,

Lo, L, Stator and rotor inductances,

Le, Lis Stator and rotor leakage inductances,

Less Lios Stator and rotor saturated leakage
inductances,

6 Leakage coefficient

[ Rated current,

Loy Mutual inductance,

Line Saturated mutual inductance,

p Number of pole pair

s Generator slip,

ws, Or Stator and rotor current frequencies (rd/s),

o Mechanical rotor frequency (rd/s),

Ten Electromagnetic torque.

Appendix B

Table 2. Machine parameters

the ones by the moo!el that includes both mutual and 55 Zmeters Rated Value lUnit
leakage flux saturation. Nominal powe P, 75 KW
Stator voltagd/, 220 V
4. Conclusion Stator current, 3,6 A
This paper examines the effect of both the  Stator frequency 50 Hz
mutual and the leakage flux saturation on the DFIG ~ Number of pairs pol p 2
transient performances. According to the simulation ~ Nominal spee @ 144 radrs
results, it is shown that the DFIG transient resgsn Stator resistandd, 1.2 <2
Rotor resistanck, 1.8 Q
calcu_lated by_ mutual and Ieakage flux are Mutual inductancé,, 015 v
considerably higher and reach their steady-stateé |eakage stator inductande.  [0.0054 H
values faster than the ones calculated by igndhieg Leakage rotor inductance,,  [0.0068 H

saturation or considering only the saturation i th
mutual flux.
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