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Abstract—This paper explores steady-state characteristics
grid-connected doubly fed induction motor (DFIM) éase of unity
power factor operation. Based on the synchronizedhematical
model, analytic determination of the control lavgspresented and
illustrated by various figures to understand tHeafof the applied
rotor voltage on the speed and the active powe©n other hand,
unlike previous works where the stator resistanes neglected, in
this work, stator resistance is included such thatequations can be
applied to small wind turbine generators which laeeoming more
popular. Finally the work is crowned by integratiohthe studied
induction generator in a wind system where an dpep control is
proposed confers a remarkable simplicity of impletagon
compared to the known methods.

of Furthermore, many authors was examined the Staluifit
the DFIM by considering only the steady state m¢dgl

In this paper, we present a detailed analysis efaverall
performance of the DFIG operating at the steadie siad in
the case of unity power factor. Stator resistarscincluded
such that the equations can be applied to smalil winbine
generators. This research of the steady state atkasdics is
useful to understand the DFIM behaviors in a broade
spectrum. Especially it shows how the speed and
electromagnetic torque are affected by the injectetbr
voltage. Moreover results obtained from the statign
analysis can allow initializing electrical variable the

Keywords—DFIM, equivalent circuit, induction machine, steadydynamic models. This study can be used as a tmaisalyze

state

|. INTRODUCTION

URING the last years the induction machine is thestm

used to produce electrical energy in wind powejguts.
A common configuration for large wind turbines iaskd on
doubly fed induction generator (DFIG) with back back
converter between the AC grid and the rotor windinbhe
mean advantage of the DFIG is the ability of vdsagpeed
operation with only 20-30% of the generated powaaritg to
pass through the power converter. This yield carsidle
reduction in the converter size which translatesubstantial
system cost benefit Therefore, the power extradtiom the
wind can be optimized since the rotating speedbeachanged
proportionally to the wind speed. Many control &ges of
the DFIG have been proposed in the literature. Mostbased
on the transient state model of the machine andsl¢éa an
adequate control of the active and reactive powkfZ]. The
methods intended to the control remains complexnadf
simplification are made in the transient model aiw not
contribute to understand how the DFIM operates.

Useful analytical methods for the determinationstéady
state control laws have also been presented. Th& are
usually performed using nonlinear constrained ojatition
routine [3] - [4]. Many authors show that is possito drive
analytical solution from the steady state modekim of rotor
voltage and control angle on the whole speed rapgeation
[5]-[6]. But in the proposed approaches it is assdrthat the
mechanical loss and the stator resistance areatedle
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this generator and shed more light on the operatonts.

This work includes appropriate way to find the timi
guantities and safety areas, according to the egpilotor
voltages and the slip, ensuring safety operation thu
machine.

At the end, analytical expressions, derived from steady
state model, are given and which lead to an easy loop
control of the DFIM. The proposed control doesréed any
sensors but ensure a zero reactive power.

The equivalent circuit is obtained from the coni@mal dg
stator and rotor equations. The steady state emsati
describing the model of the DFIM are function ofrei
independent variables. These are: the speed ofeherator
which is introduced through the slip, the two roéxcitation
voltages components. All the quantities are refero the
stator voltage.

This paper is organized as follow:

- Section Il gives a methodology which leads te tised

DFIM equivalent circuit.

- Section lll deals with the different charactéas of the

DFIM under unity power factor operation.

- Section IV defines the safety operation aresodting to
slip, rotor voltage and the acceptable maximalemnitr

- Section V presents an open loop control of tHdND so
easy to implement, without any sensors and ensuwnirity
power factor operation.

- The conclusion of this study is given in sectid.

Il. STEADY STATE DFIM MODELS

A. Dynamic Equations of DFIM

The DFIM consist of a wound rotor induction machine
connected to a converter. The stator is suppliethbygrid so
that the rotor's side frequency superimposed wiité totor
speed result a synchronously rotating field. Onlye t
fundamental components of the voltage and curremes
considered for stator and rotor. Core losses agteoted in
the general analysis.
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Using the dq reference frame, the general full order

{ ce Ie=1,+]l, (18)
dynamic model of DFIM is given by: ) a
da By noting:
Va =Rlg +_dt8d W, @ X, =L, (19)
d¢ Xr = |_r6¢)S (20)
Vig = Rl + =+ @iy &y X =L @ (21)
oy . dg, @ =5, (22)
Via =Rl + dt WY, ©) Easy intermediate calculations makes possible &ol l®
d two equations, one at the stator and the otheheatrotor,
V. =R, +ﬂ+wr% (4) which determinate the steady state operation of DRéM.
! 4 dt These two equations are given by:
The rotor and stator fluxes are related to theerurby:
Vs=(R +jX)Is+jX_I 23
@, =Ll +L,14 (5) _ (& : S) P @3)
— Ve ., U T
@ =Llg + Ll (6) = Xmls"'(&"'lxr)'r (24)
_ S S
Ba =Ll + Ll ™ In matrix form we got:
A, =L, Ll (8)
. | Vel [R*iX, X 7
The electromagnetic torqué can be expressed according — |- s (25)
to the stator flux and rotor current by: ﬁ iX & +iX 1T
1A s JAL T
S

Lm
Fe= pfs(lfq% B Ifd(ﬂsq) ©) The equations (23) and (24) can be translated iivaltgnt

circuit called: transformer equivalent circuit oFDM given by

The variation of the mechanical speed is given hg ¢ Fig- 1.
following differential equation:

r =392 tq+r (10)
e dt |

B. Seady Sate Equations of DFIM

The steady state equations of the DFIG are obtabed
cancelling the time derivatives in the dynamic amues (1) to
(4). Moreover, by replacing the different flux byeir
respective equations given according to the statat rotor

currents, we obtain: Fig. 1 Transformer equivalent circuit of DFIM
The equivalent circuit of Fig. 1 is rarely used tine
Va =Rlg ~Lalg - Ll (11) Jiterature. It is preferable to adopt the equivalgincuit where
V, =Rl +Laly + L@l (12) all the sizes are referred to the stator. This egmtation
would be obtained by introducing on the rotor qiiea# the
Vie =Rl —Lal, - Lalg (13) transformation ratio defined bya= X_/ X,
V=Rl tLal,+Lauly (14) Then we pose:

V. =aV, : Rotor voltage referred to the stator.

The four equations (11) to (14) can be reducedvtn bne

! 1. =1./a : Rotor current referred to the stator.
at the rotor and another at the stator by intrauycihe By introducing this variable changes into (23) 4@d) it

voltages and currents space vectorsV,,|sand 1. defined gives:

by: _ B L
Vo=V, +jV, (15) Vs =Rls+ X (Is+1r) (26)
Vi =V + Vg (16) Ve R X T+ X (e +T) @7)
Ts=lg+ilg (17) s S
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With:
X, =a’oX, : Leakage Reactance referred to the stator
R =a’R : Rotor resistance referred to the stator

The equations (26) and (27) can be written in tlieding

matrix form:
Ve | [R+]X, X, T
— |z ~ = (28)
VTl ik, Beixoeix, H
s S

Then it possible to lead to an equivalent circutiich
differs from the induction machine conventionaktuait by the

presence of the rotor voIta&é /s:

Fig. 2 Equivalent circuit of DFIG referred to thtater side

C. Analytical Expressions of I'sand |_Ir

To find the expressions of the stator and rotoress, I's
andl_'r, according to the voltages and the slip, it wohkl
easier to apply the theorem of superposition. Thecurrent
will be the superposition of two currerits and | 2s which are
respectively created by the sourde with \7'r /snull and by
the source\7‘r /'s while keepingVs null. The same procedure

will be applied to the currerﬁt .

1. lsand |_;lr Computation

By shorting-circuit the rotor side sourgé, one leads to

the equivalent diagram of Fig. 3.
R,

iXg 3

Tl 3 f{r

Fig. 3 Superposed theorem applied to the equivaleruit for
Tssandi» computation

From Fig. 3 it is easy to write:
|_15 = VS. ;
R+ (X (R Is+jX,))
_ R+ +IN, o
XZ+(R+IX)(R +sX, +jsX,)

(29)

i =X RIS X,) 7
R /s+ X,
_ -jX,
TR+ X)(R + [SX, + [SX,)

(30)

Vs

2. Tas and T2 Computation

By short-circuiting the stator side souie, one leads to
the equivalent diagram of Fig. 4.

i R,
iXo = I

Ly

Fig. 4 Superposed theorem applied to the equivalenit for 125

and T, computation

By using fig. 4, it can be easily deduced that:

I— - \7r/S
TR s+ X))+ (RIGX,)

_ (SR + jsX,) V.
SXZ+(R+JX)(R + X, + jX,)

(1)

(32)

- _jsxs \7r
X +H(R+IX)(R +jsX, +jsX,) s

Finally the currentsl s and I_; are given by the following
expressions:

(R + jsX_ + JsX, Vs = [X V.
X2 +(R + IX,)(R + jsX, + jsX,)

ls=lis+ 12 =

(33)

—JSX Vs + (R + XV,
SXZ+ (R + jX)(R + jsX, + jsX,)

= |—1r + |—2r = (34)
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3. Modified Equivalent Circuit of the DFIM via a three-phase transformer. Moreover, the comfdahe
The equivalent diagram of Fig. 3 can be modifienl, t9rid side rectifier ensures a unity power factottsat the rotor

become more realistic, by giving a physical intetation for Side reactive power can be considered as null. DR&G

" — _ ) . reactive powe is defined as only that passing through the
the fictitious source/, /s, fictitious resistanceR /s and by POWERen ythatp g g

stator.
reasoning on the power having to pass throughatos.r Q.. =Q
According to the equivalent circuit of Fig. 2, wanc gn s .
conclude that the electromagnetic povertransmitted to the 4“7 Grid ——

stator, is equal to the active power provided by \_h/s LN«‘_ _ + l_‘__
source minus the joule losses dissipated in thétidias | -L N Q {@
resistancer /s: T

\7' . Q=0 pWMIrectifier ~ PWM inverter Qgen=0Qs
P =Re(—I, )_5||r'2| (35) Fig. 6 DFIG connected to the grid
S S

On other hand, the electromagnetic powgis the sum of A. Sator Reactive Power Characteristics

thee active poweP,, provided by the real sourtd , plus the The reactive powef), swapped between the stator and the

mechanical poweP,, minus the Joule losses dissipated in thgrIOI Is given by the following relation:
real resistancR, : _
Q. =ImVs.ls) (38)
P =Re{/1 )+P,-R|I? 36 _
¢ Vel )+ Ry R| ' | (36) By taking the stator voltage vectorsas origin of the

Making member to member the equality between (3f) aphases we are able to witg =V + [V =V =V,

(36), we lead to the following mechanical powerregsion: moreover, by substituting the curremt given by (33) the
reactive powerQ, is given by:

1-s_ ==, 1-S | 4 _1-s O
R, =——Re:l: =—R|[I=—(R -R|[1}) @7 .
S S S Q =V..Im(Is)
It can be seen according (37) that the mechanimakp P, _ (RV, +V, X )(SR X, +RX, +R X)) ~(39)
is made up of two terms: the first ter(a;-s)P. /s is part of | (RX, +RX,+RX) +(RR -sX.X,)?
the active power provided by the souMe which converted (SV.X, +sV. X, -V X )RR —sX.X,)
into mechanical power. The second terfl-s)R |l ?|/s (RX, +RX, +RX)*+(RR —sX.X,)?

represents the mechanical power provided from tiside.
By taking account of the losses in the resist®iceve lead To haveQs constantly null, the following equality should be
finally to the modified equivalent circuit shownFy. 5: satisfied:

[(RV, +V X )(SR X, + SR X, +R X,) -
40

From (40) we deduce that if we want to operate eab z
reactive power, the rotor voltage componé\ng must be

calculated accordinl}fr; by the following relation:

Fig. 5 Modified equivalent circuit of the DFIM - (SVsX; + Vi X, _Vrld Xs)(R: R - stxclf) _ ervs (41)
rq ' '
IIl.  CHARACTERISTICSOF THE DFIG IN THE CASE OF UNITY XS(S&XU +SR5X5 + fos) XS
POWERFACTOR OPERATION

The rotor of a DFIM is generally supplied by a PwM Fig. 7 shows the DFIM rotor Voltag‘ér'q against the slijg as

inverter. The DC bus voltage is maintained constan@n ariation inV,, . Note that the operating characteristics ensurera
adequate control of a PWM rectifier which is fedthe grid | e power at the stator side
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05

05 -

Vg {p.u)

-15
-|:|5 .
slip (p.u)

Fig. 7 Vr'q component versus slip for different value\tf;'fj

B. Stator Current Characteristics
By supposing the reactive power equal to zer@sults:

Q, =ImVels)=V,Im(l, - jl,)=0=1_=0 (42)

It is deduced that the stator current does not hawe
imaginary component; the space ved_termerges with the
real component,, :

Is=lg =1,

By using the relation given by (33) combined witiet
fundamental relation of (40) we find that the catrd s is
given by:

| = SV, X, + sV X, =V X,
T OSRX, +SRX,+RX,

(44)

The active powePs passing through the stator is given by

the following relation:
P, =Rel{/s1:)=V,l, (45)

15

=
o

--------------------------------------------------------

.......................................

stator current (pu)
=)

)
o

45 L1 i i | i i
05 04 03 02 01 ] 01
Slip (pu)

Fig. 8 |1 | versus slip for different value o,

02 03 04

(43)

Fig. 8 shows the stator current with respect to dlie as
Vr'd increases from -0.4p.u to 0.4p.u. Note that charstics have a
line forms whenl not exceed the rated current. It is possible to
give an explanation if the resistance is made eguagro in (44):

| :VS(XU + Xs) S—V;d
T — ;
RX, R
The characteristics have a constant

V, (X, +X,)/R X, with a minor influence of thev,/R

term.

(46)

slop

C. Rotor Current Characteristics

The rotor currenf,, with the adopted Conventions, is the

difference between the magnetizing currehi passing
throughX;and the stator current:

- _V,-RI, _.RI, =V, TR
|r—j—x5—|s—jT—|s—|rd+j|rq 47)
With:
SV,X, +SV. X~V X,
I, =1, == 2% (48)
SRX, +sR X +R X,
I' — Rsls _Vs — & SVSX('T +SVSXS _Vrld Xs _ Vs (49)
A Xs Xs S&XU + SRsXs + R’Xs Xs
15 T T T T T T T

—

=
El

Rotor current (pu)

o H H H H H H
05 04 03 02 01 o 01
Slip {pu}

Fig. 9 |I r| versus slip for different value d\fr'd

02 03 04 05

Fig. 9 shows the modulus of the rotor currgsrsus the slip as
V,, increases from -0.4p.u to 0.4p.u. It is noted that current is
still different of zero because of the needed mtging reactive
power passing only through the rotor.

D. Electromagnetic Torque Characteristics

The electromagnetic powed?. passing through the rotor
towards the stator, across the air gap, is equaheopower
provided by the stator to the grid increased byjoées losses
in the R; resistance. With the adopted conventions, it is
written:

R==(R-RI)=RI/-P, (50)
B R{svsx;, +SV. X, -V, X, ]2 VX +SV.X -V, X,

RX, +sRX, +R X, TSRX, +SRX,+R X,
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The electromagnetic torque is consequently given by

(51)

2 A
g S WA WS S
E’ 1
= osl I_‘&P_E'J | 0. 2|Ju‘ _‘P-Dpu‘ i 0. 2|:|u ‘ _____ |

. . .
' ' '
' ' '
L 1 oo
'

0.2 03 04 05

5L i

05 04 03 02 01 O
Slip (pu)

Fig. 10 ", versus slip for different value df’r'd

0.1

One can observe, in Fig.10, the electromagnetiqueor
characteristics versus the slip as variatioijn It is noted

that the electromagnetic torque has a line equaiiotihe
torque not exceed the rated value. It is easy i@ @n
explanation ifR is made equal to zero in (50):

VI(Xo X
R X.Q,

Mr,=- V, (52)

RQS
From (52), note that electromagnetic torque vaithva

negative and constant slope:VZ(X, +X,)/R X.Q.. This
justifies the characteristics given on Fig. 10.

E. Reactive and Active Rotor Powers Characteristics

The reactive powe®; provided by the rotor side inverter is
used to magnetize the machine since the statotivegmwer
Qs is imposed null. This last is given by:

*

=Im(VeT) =iV, + iv;q)[-'s : i—&';_VSJ
- =/ (53
. Vr
:quls +YZ(VS - Rsls)

The rotor side inverter provides to the rotor ativecpower

given by:
RI, - J
(54)

S

P=Re{/ 1 )= RE(Vr;,+er;1)[ I+

-Vl

rd's

+

%, VemRIL)

1.5

1

=3

=

o 05

g

a2

g

2 05 :

g i

[a] .

Ty L
15 |
05 04 03 02 01 0 01 02 03 04 05

Slip (pu)

Fig. 11 P versus slip for different value oY,

F.Global DFIM Active Power Characteristics

The active power of the generatBpry was defined as
being the sum of the power exchanged with the gjdd stator
and the inverter side rotor:

Porne =P+ R =0V, =)l + (V RI.) 69

15

________________________________________________________

s

_______________________________________

=2
o

_____________________________________

[=]

_____________________________________

=
o

_________________________________________________________

Generator active power (pu)
L

0.1

0
Sip (pu)

Fig. 12 P, versus slip for different value o¥/,

15 1 1 1 H
05 04 03 02 01

02 03 04 05

IV. SAFETY OPERATINGRANGESOF THE DFIM

To avoid the excessive heating of the machine'sliwgs, it
should be taken care that stator and rotor curgmetdelow or
equal to their rating values. Owing to the fact #xpression
of the stator current is simpler; we give the latin strategy
by acting of the stator current.

A. Limitation by the Rotor Voltage
We suppose that the machine operates at a givenveti
thus calculate the voltage, to be applied to the rotor so that

the machine stays within the acceptable limitspgration.
To answer the put question, it should be solved the
following inequality:
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Svsx'g + SVsXs _Vrld xs 2 with: . \
: S g (56) XV, -RI,..)
SRX, +SRX +R X, Shin = = —— (62)
(X + X )V; + Rl gna)
The Resolution of this inequality enables to fihe range s - XV +RI,..) (63)
ax

of V,, to apply to the rotor to avoid overloading the niaeh
It is found that:

(XS + XIIT)(\/S - Rslsmax)

Vrd min —Vrd —Vrd max (57) 1

With: 0.8

0.6

' = 04

Vrd min = (S(V + Rsl smax)(x + X ) + R | smax) (58) =

X < 0.2

1 E o

Vrd max Y(S(V &I smax)(x +X, ) R I smax) (59) c 02

g, 0.4

0.6

AT T T Ll | 08
0.6 )

1 i

-1 08 06 04 02 0 02 04 06 08 1
Wrd (pu)

Fig. 14 Slip limits with regard to the rotor voleag

=
s

=
=]

Fig. 14 shows that the acceptable operating ardaliimited
by two lines: one corresponding to the maximumsskp,,

not to exceed for a given voltayg,,, - And the other line
corresponds to the points of minimal sligs, of which one
should not go down.

Rotor voltage Vrd (pu)
(=)

o o 9
@ M

08 i
05 04 03 02 01 0 01 02 03 04 05
Slip (pu) V. OPENLOOPCONTROL OF THE DFIM

Fig. 13 Rotor voltage limits with regard to thepsli . .
g g g ® In this section we propose an open loop controlthaf

Fig.13 shows the acceptable operating range oD/ DFIM. The control has as a main aim to answer gtiewing
question: which is the value of the voltage to pplied to the

according to voltagev,, and the slip s. This range area ISrotor if we want to operate under a known appledjue and

delimited by two lines: one corresponds to the mmxh 5 desired mechanical speed? Moreover, the additiona
voltage V,,.not to exceed and which coincides withconstraint to operate under a null reactive powerstrbe
generator operation. The other line delimits thenimal verified. This open loop control doesn’t requirey aensor as

voltage V., from which one should not go down andn the case of other known controls.
corresponds to motor operation. To check the validity of the proposed control, nucsd

The safety operating range is subdivided into tadby a simulation results are given where the controlpigliad to the

line corresponding to a null value of the statomrent which dy?rarr?tlcli%c?t rzogel n?jf nt]hehDrl]:iIMl. fﬁc{[?sr:ra'vr\';ﬁ bs;chhn ianst the
admits as equation: curre ation a echanicat frictions € 0

account to supplement this study.

L V(X + X)) A. Control Voltage Computation
Vigo = X S (60) Desired operating points can be imposed to the mach
s according to the rotor applied voltage. While phacin the
B. Limitation by the Sip case of the wind power system, to have an MPTT atjuer,

The safety operating area of the DFIM can also éfindd  the desired speed of the DFIG can be given by teasored

by acting on the slis instead of the voltage,, . By solving wind speed. The applied torque can be known from th
) L . mechanical power available on the turbine shatft.
the inequality given by (60) it is found:

To find the voltage to be applied to the rotor, pveceed in
two steps: to calculate initially the stator cutréyaccording
Sin S S= Spax (61) to the applied torque then we calculate the vol@geording
to the slip and,.
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The electromagnetic torque equation is first wnittes: B. Smulation and Results

A numeric simulation was carried out using MATLAB-
Simulink software under the following conditionshet
. Piw _ P-RIZ_ VI,-RI’Z machine being at a standstill (s=1), then we wat the
om0 - 0 - 0 (64) DFIM start up and operates as generator and in sub-
s s S synchronous range. The applied torque is of 15 Hru the
i . desired slip is 0.3. The machine is connected ¢ogtiid; it is
To find the value ofl corresponding to each valuelqf, , supplied with 220/380V balanced three-phase system

we solve the second order equation (64) and we tedtle 50Hz of frequency. To avoid overflow of the curerat the

following resullts: time of starting up, the reference slip is applgedually
using a weak negative slope. Remembered the prdpose
/7 control ensures a null stator reactive power.
- (V +4rQR) (65) The simulation results shown at the Fig. 16 to 18
demonstrate that the desired operating point i$ elehined
- (Vs + Msz +4r Q.R) (66) {ind the rgactlve power is equal to zero. The preg@®ntrol
2R, is then validated.
250
The second solutiorl,,, given by (66) is to be rejected 5,
since it gives only negative values. 4w
Knowing the value of thés current, given by the equation _ 150
(65), it is possible to deduce from (44) the voltam be ﬁ "4 Wref
applied to the rotor according the desired meclasioeed: 3"
\ K 50
C X+ X / -
Vrd=_ SX U(RSIS_VS)S_R'IS (67) OVM
S
By introducing the mechanical spe@d A 02 0.4 ﬁn?eﬁ(s) 08 1 12
X X Fig. 16 Simulated reference speed and DFIM speed
R 000
Ve ===+ (Fél -V)(Q,-Q)-RI, (68)  °
s 4000
. 3000 i
Obtaining the supply rotor voltage and the steaatescontrol il !
can be summarized by the following diagram: g 2000 '\ | H\ -
o 3 1000WHN\NV uwﬂ\,an
> =% 0 {
2D.C Vi > -1000 uu.ll” | nU’\VAVVv_ Ps
id ) . oo LA I \
dq |2 ; jii
—p > :
-3000, 02 0.4 06 0.8 1 1.2
. o . time (8)
Relation (58) Relation (60)| Via | pvnamic Fig. 17 Simulated stator active and reactive power
— dg model 6
A of the
I, DFIM 4
‘ 2 Isq
Wind Relation (40) | Viq 0 (TAT I —
turbine 55T > z J .
z -2 lsd=Ig
I'm E 4 v \
——> 3 : s
-6 Yy '
Su L
-10
Fig. 15 Steady state control of the DFIM assurimykreactive
power and without any sensors 12 0.2 0.4 0.6 0.8 1 1.2
time (s)

Fig. 18 Simulated stator current
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VI. CONCLUSION

In this work, it have been established the steaidyes
characteristics of a DFIM under unity power facbperation.
Driven from the forth synchronized model, it is givthe
relation between the rotor voltage components émgur zero
reactive power at the stator. This assumption ldadsery
interesting analytical expression of the electronegig torque,
the speed and the other sizes, permitting to utateisthe
DFIM behaviors and to define the safety operatingaa
Moreover, the analytical expressions lead to a u@gresting
and easy open loop control of the DFIM without aepnsors.
The simplicity holds promise of greater reliability

TABLE |

STUDIED DFIM CARACTERISTICS
Nominal power R 3Kw
Nominal supply voltaga/Y 220V/380V
Stator rated curremt/Y 11A/6.3A
Nominal speed 1415 rpm
Stator resistancR. 1.5Q
Stator cyclic inductanck 260mH
Leakage coefficient 0.0872
Rotor constanT, 0.09¢
Rotor resistancB 0.7Q
Transformation rati@=_L¢/Ln 2.02
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