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Abstract—This paper develops a study of reduced-order mod-5
els for squirrel-cage induction generators used in the fixed-speed6
wind turbines. The squirrel-cage of these generators must be mod-7
eled with a double-cage for accuracy purposes. These proposed8
reduced-order models are valid for unbalanced grid conditions9
(unsymmetrical faults), which require flux and current decompo-10
sition into positive- and negative-sequences. Three reduced-order11
models are obtained: R2 model, where the derivative of the positive-12
and negative-sequences of the stator fluxes are neglected (the usual13
approach in the literature); R1 model, where the derivative of the14
negative-sequence of the rotor fluxes are also neglected (proposed15
model); and R0 model, where all the stator and rotor fluxes are16
neglected (steady-state electrical model). The analytical models17
are validated with simulations carried out in the MATLAB and18
with experimental tests. The results show that R1 model (proposed19
model) shows a good performance (similar to the full-order model)20
under unbalanced conditions.21

Index Terms—Double-cage induction generator (DGIG), fixed-22
speed wind turbines, reduced-order of induction generator models,23
unbalanced grid conditions.24

I. INTRODUCTION25

THE FIFTH-ORDER single-cage model is the standard one26

when modeling induction machines. However, this model27

fails to represent accurately the behavior of medium- and large-28

sized induction machines because it does not consider the deep-29

bar effect, thus predicting a low starting torque and an inaccurate30

torque-slip curve, as studied in [1] and [2]. For this reason, the31

double-cage model should be considered to predict accurately32

this machine behavior when modeling fixed-speed wind turbines33

(WTs) [1].34

This aside, the complexity of the chosen machine model de-35

pends on the required accuracy and on the size of the studied36
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power system. In large electrical grids the complexity is reduced 37

by means of the following approach: it is only considered the 38

electrical steady-state of the grid as well as the machine’s rotor 39

dynamics [3]. The reduced-order models are obtained by ne- 40

glecting the derivatives of the stator fluxes and all, some, or any 41

of the rotor fluxes. A comparison of the different reduced-order 42

models is presented in [4]. 43

The classical reduced-order models in the literature, such 44

as [2], [4], [5], appear to be a good approximation to study 45

the machine’s dynamic behavior when subject to balanced 46

grid conditions. However, during unbalanced conditions there 47

appear negative-sequences on the machine’s variables, which 48

are not considered in these models [6], [7]. In these conditions, 49

the balanced models do not provide information about the 50

oscillations in torque, stator flux, mechanical speed, current, 51

etc., during the event. This means that the classical reduced- 52

order models are not valid under unbalanced grid conditions. 53

An interesting study about the reduced-order models under 54

unbalanced grid conditions is developed in [8], where only the 55

single-cage model for the induction motor is contemplated. 56

The current paper fills this gap, as the double-cage induction 57

generator (DCIG) is considered. 58

Both positive- and negative-sequences are taken into ac- 59

count in this paper to provide a realistic approach to the ma- 60

chine study under unbalanced grid conditions, mainly during 61

unbalanced voltage sags. The reduced-order models for the 62

DCIG modeling of the generators used in fixed-speed WTs are 63

provided: 64

1) The R2 model, which neglects the derivative of the 65

positive- and negative-sequences of the stator fluxes (this 66

is the usual approach in the literature). 67

2) The R1 model, which also neglects the derivative of the 68

negative-sequences of the rotor fluxes (this is the proposed 69

model). 70

3) The R0 model, which neglects the derivative of both 71

positive- and negative-sequences of stator and rotor fluxes 72

(this is the electrical steady-state model). 73

It is moreover considered the dynamic equation of the drive- 74

train (two-mass model) between the WT and the electrical gen- 75

erator. These models are validated by comparison with the 76

full-order DCIG model considering different unbalanced grid 77

conditions. The results show that the proposed reduced-order 78

model (R1 model) can be considered adequate for the unbal- 79

anced machine behavior prediction when the network equations 80

are considered algebraic. 81
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II. FULL-ORDER MODEL FOR THE ELECTRICAL EQUATIONS82

OF THE DCIG83

The induction machine electrical dynamic equations are usu-84

ally written in Park variables (dq components) [9]. The Ku85

transformation [10] provides a complex notation of the dq com-86

ponents. This transformation is preferred in this paper because87

the writing is more compact and it facilitates an analytical ap-88

proach. The relation between the Park and Ku components is89

given in the Appendix I.90

When using the Ku transformation in an arbitrary reference91

frame (Ψ is the transformation angle for the stator variables) and92

considering the passive sign convention, the electrical equations93

of the DCIG are:94

⎡
⎢⎣

vsf

0

0

⎤
⎥⎦ =

⎡
⎢⎣

Rs 0 0

0 R1 0

0 0 R2

⎤
⎥⎦

⎡
⎢⎣

isf

i1f

i2f

⎤
⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

jωΨ +
d
dt

0 0

0 j (ωΨ − pωm) +
d
dt

0

0 0 j (ωΨ − pωm) +
d
dt

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎣

λsf

λ1f

λ2f

⎤
⎥⎦

Tm = 2pM Im {(isf i∗1f + isf i
∗
2f )}

= 2pIm {(λ1f i
∗
1f + λ2f i

∗
2f )}

= 2pIm {(isfλ∗
1f + isfλ

∗
2f )}

= 2p
M

σ
Im {(λsfλ

∗
1f + λsfλ

∗
2f )} (1)

where95

⎡
⎢⎣

λsf

λ1f

λ2f

⎤
⎥⎦ =

⎡
⎢⎣

Ls M M

M L1 M12

M M12 L2

⎤
⎥⎦

⎡
⎢⎣

isf

i1f

i2f

⎤
⎥⎦ (2)

Fig. 1. Drive-train of a WT modeled as a two-mass system.

where the subscript s stands for the stator, subscripts 1 and 2 96

stand for the inner and outer cages of the rotor, respectively, sub- 97

script f stands for the forward component of the Ku transformed 98

variable (see the Appendix I), ωΨ = dΨ/dt is the derivative 99

of the transformation angle ψ, ωm is the generator speed, p is 100

the number of pole pairs, Tm is the electromagnetic torque and 101

σ = L1L2 − M 2
12 . 102

In this paper, the DCIG model is written in the state-space 103

form. The inverse of (2) provides the currents in function of the 104

fluxes: equation (3) as shown at the bottom of the page. where 105

D = M 2 (2M12 − L1 − L2) + Ls

(
L1L2 − M 2

12
)
. (4)

The substitution of (3) in (1), and writing of the result in the 106

state-space form, gives: 107

d
dt

⎡
⎢⎢⎣

λsf

λ1f

λ2f

⎤
⎥⎥⎦

=

⎡
⎢⎢⎢⎣

a11 − jωΨ a12 a13

a21 a22 − j (ωΨ − pωm ) a23

a31 a32 a33 − j (ωΨ − pωm )

⎤
⎥⎥⎥⎦

⎡
⎢⎣

isf

i1f

i2f

⎤
⎥⎦ =

1
D

⎡
⎢⎣

L1L2 − M 2
12 M (M12 − L2) M (M12 − L1)

M (M12 − L2) LsL2 − M 2 M 2 − LsM12

M (M12 − L1) M 2 − LsM12 LsL1 − M 2

⎤
⎥⎦

⎡
⎢⎣

λsf

λ1f

λ2f

⎤
⎥⎦ (3)

a11 =
Rs

(
M 2

12 − L1L2
)

D
a12 =

RsM (L2 − M12)
D

a13 =
RsM (L1 − M12)

D

a21 =
R1M (L2 − M12)

D
a22 =

R1
(
M 2 − LsL2

)
D

a23 =
R1

(
LsM12 − M 2

)
D

a31 =
R2M (L1 − M12)

D
a32 =

R2
(
LsM12 − M 2

)
D

a33 =
R2

(
M 2 − LsL1

)
D

.

(6)
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TABLE I
2.3 MW FIXED-SPEED WT CHARACTERISTICS (FROM [1] AND [16])

Generator nominal values Operating point

PN UN fN cos (ϕN ) ωN TN Mech. torque
2.3 MW 690 V 50 Hz 0.89 1512 r/min 14.75 kN·m Tm = –TN

Generator parameters in pu (Sb = PN , Ub = UN , fb = fN )

R s R1 R2 X s d X 1 d X 2 d Xm Hm p
5.6 × 10−3 9.9 × 10−3 0.026 0.105 º0.178 0.105 3.338 0.5 s 2

WT parameters Shaft parameters

Nominal power Blade radius Min. speed Max. speed Nom. speed Nom. wind speed Ht rg b Ks Ds

2.3 MW 37.5 m 9 r/min 19 r/min 18 r/min 12 m/s 2.5 s 1:83 0.15 0

Fig. 2. Block diagram for the computation of the reduced-order model equations: R2 model (usual approach), R1 model (proposed) and R0 model (steady-state).

×

⎡
⎢⎢⎣

λsf

λ1f

λ2f

⎤
⎥⎥⎦ +

⎡
⎢⎢⎣

vsf

0

0

⎤
⎥⎥⎦ (5)

where equation (6) as shown at the bottom of the previous page.108

III. DRIVE TRAIN MODELING109

The drive train of a WT, i.e., the system located between the110

turbine blades and the generator, can be modeled as a multi-mass111

system [11], [12]. In practice, a two-mass model (see Fig. 1) is112

accurate enough to represent the dynamics of a fixed-speed WT113

[12], [13]. Considering the motor sign convention and referring114

all the values to the high-speed shaft (noted with a prime), the115

mechanical equations of this model are [14]:116

J ′
t
dω′

t

dt
= T ′

t − K ′
sγ − D′

s (ω′
t − ωm)

Jm
dωm

dt
= −Tm + K ′

sγ + D′
s (ω′

t − ωm)

dγ

dt
= ω′

t − ωm (7)

where ωt = ω′
t/rgb is the turbine speed (rgb is the gearbox ra- 117

tio), ωm is the generator speed, Jt = J ′
t × rgb is the turbine 118

inertia, Jm is the generator inertia, Ks = K ′
s × r2

gb is the shaft 119

stiffness, Ds = D′
s × r2

gb is the shaft damping, Tm is the electro- 120

magnetic torque [see (1)] and Tt = T ′
t × rgb is the mechanical 121

torque on the turbine blades, i.e., the wind torque on the turbine 122

blades, which is calculated as [15]: 123

Tt =
(
0.5cpρAtv

3
w
)
/ωt (8)

where ρ is the air density, cp is the power coefficient of the WT, 124

vw is the wind speed and At is the area swept by the blades. 125

IV. FIXED-SPEED WT CHARACTERISTICS 126

The generator parameters of the studied 2.3 MW fixed-speed 127

WT have been obtained from [1] and the WT parameters from 128

[16]. All this data is shown in Table I. The fixed-speed WT is 129
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Fig. 3. Equivalent circuits of the DCIG under unbalanced grid conditions. (a) Full-order model, (b) R2 model (usual approach), (c) R1 model (proposed) and
(d) R0 model (steady-state).

assumed to be operating at its rated torque, i.e., the wind torque130

on the turbine blades equals the rated torque (Tt = TN). It is131

also assumed constant during the studied grid event.132

V. REDUCED-ORDER MODELS FOR THE ELECTRICAL133

EQUATIONS OF THE DCIG UNDER UNBALANCED CONDITIONS134

A. Positive- and Negative-Sequences135

The steady-state negative-sequence voltages produced by un-136

symmetrical faults are seen as a double pulsation voltage in the137

synchronous reference frame. Then, two reference frames can138

be considered: the first one rotates at the stator voltage pulsation139

ω (for the positive-sequence) and the other one rotates at −w140

(for the negative-sequence), where ω = 2πf is the pulsation 141

of the grid voltages (f is their frequency). For this reason, the 142

DCIG model in (5) must be applied for the positive-sequence, 143

considering ωΨ = w and for the negative-sequence, considering 144

ωΨ = −w. 145

The sequence components for all the machine variables are: 146

v+
sf , v

−
sf , λ

+
sf , λ

−
sf , λ

+
1f , λ

−
1f , λ

+
2f , λ

−
2f , where the superscripts + and 147

– stand for the positive- and negative-sequences, respectively. 148

It should be noted that at constant speed, the system of dy- 149

namic equations (5) is linear. Thus, the superposition principle 150

can be applied for the positive- and negative-sequences: 151

xf =
√

3/2
(
x+ejωΨ t + x−e−jωΨ t

)
e−jΨ , (9)
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Fig. 4. 2.3 MW fixed-speed WT equipped with DCIG under unsymmetrical voltage sag type D: transformed stator flux (λsf ), transformed rotor fluxes (λ1f and
λ2f ), electromagnetic torque (Tm ) and mechanical speed (ωm ). (a) Full-order model, (b) R2 model (usual approach), (c) R1 model (proposed), and (d) R0 model
(steadystate).Sag characteristics: h = 0.5 and Δt = 5 cycles.

where xf represents the forward component of the transformed152

variable (voltage, current or flux), the subscripts + and – stand153

for the positive- and negative-sequences of the transformed vari-154

able, ωΨ is the pulsation of a generic reference frame and Ψ is155

the transformation’s angle. If the synchronous reference frame156

is considered, then ωΨ = w (where ω = 2πf is the pulsation of157

the grid voltages and f is their frequency), and Ψ = ωt + Ψ0 ,158

(where Ψ0 is the transformation’s initial angle). Then, (9) can159

be rewritten as (see equation (26) in the Appendix I):160

xf =
√

3/2
(
x+ + x−e−j2ωt

)
e−jΨ0 . (10)

B. Considerations Regarding the Induction Generator Models161

Under Unbalanced Grid Conditions162

The full-order model of the induction generator will respond163

properly to both balanced and unbalanced grid conditions. How-164

ever, due to the assumption of constant quantities in steady-state,165

the reduced-order models are valid only for balanced condi-166

tions [8]. Then, the superposition principle (10) must be ap-167

plied for both positive- and negative-sequences of the machine’s168

variables.169

The idea explained above, which was applied in [8] to the170

single-cage induction machine, is used in this paper to provide171

reduced-order models for the DCIG under unbalanced grid con-172

ditions. Then, the electrical equations of the full-order model173

of the DCIG (5) can be applied to both positive- and negative- 174

sequences: 175

d
dt

⎡
⎢⎣

λ+
sf

λ+
1f

λ+
2f

⎤
⎥⎦ =

⎡
⎢⎣

a11 − jω a12 a13

a21 a22 − jsω a23

a31 a32 a33 − jsω

⎤
⎥⎦

×

⎡
⎢⎣

λ+
sf

λ+
1f

λ+
2f

⎤
⎥⎦ +

⎡
⎢⎣

v+
sf

0

0

⎤
⎥⎦ (11)

d
dt

⎡
⎢⎣

λ−
sf

λ−
1f

λ−
2f

⎤
⎥⎦ =

⎡
⎢⎣

a11 + jω a12 a13

a21 a22 + jsω a23

a31 a32 a33 + jsω

⎤
⎥⎦

×

⎡
⎢⎣

λ−
sf

λ−
1f

λ−
2f

⎤
⎥⎦ +

⎡
⎢⎣

v−
sf

0

0

⎤
⎥⎦ (12)

where s = (ω − pωm) /ωis the machine’s mechanical slip (p is 176

the number of pole pairs). 177

In order to solve the above two differential equations it is as- 178

sumed that in each integration step the grid voltages (stator 179

voltages) are sinusoidal (but unbalanced) and the generator 180
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Fig. 5. 2.3 MW fixed-speed WT equipped with DCIG under unsymmetrical voltage sag type F: transformed stator flux (λsf ), transformed rotor fluxes (λ1f and
λ2f ), electromagnetic torque (Tm ) and mechanical speed (ωm ). (a) Full-order model, (b) R2 model (usual approach), (c) R1 model (proposed), and (d) R0 model
(steady state). Sag characteristics: h = 0.5 and Δt = 5 cycles.

speed, ωm , does not change considerably. Then, (5) is a lin-181

ear differential equation system, thus it is possible to apply the182

superposition principle (10). Then, the excitation of the system,183

i.e., the stator voltages, is separated into positive- and negative-184

sequences and the response of the system (fluxes) is also sepa-185

rated into these two sequences, as (11) and (12) show.186

C. R2 Model for the Electrical Equations (Usual Approach)187

Simplification: the transients of both positive- and negative-188

sequences of the stator fluxes are neglected. Then, d
dt λ

+
sf =189

d
dt λ

−
sf = 0. By doing this in (11) and (12) we obtain:190

λ+
sf =

(
a12λ

+
1f + a13λ

+
2f + v+

sf

)
/ (−a11 + jω) (13)

λ−
sf =

(
a12λ

−
1f + a13λ

−
2f + v−

sf

)
/ (−a11 − jω) . (14)

The remaining fluxes, λ+
1f , λ

−
1f , λ

+
2f , λ

−
2f , are obtained by in-191

tegration of the last two differential equations in (11) and in192

(12):193

d
dt

[
λ+

1f

λ+
2f

]
=

[
a22 − jsω a23

a32 a33 − jsω

] [
λ+

1f

λ+
2f

]

+

[
a21

a31

]
λ+

sf (15)

d
dt

[
λ−

1f

λ−
2f

]
=

[
a22 + jsω a23

a32 a33 + jsω

][
λ−

1f

λ−
2f

]

+

[
a21

a31

]
λ−

sf . (16)

Finally, according to (10), the transformed stator and rotor 194

fluxes are: 195
⎡
⎣

λsf
λ1f
λ2f

⎤
⎦ =

√
3
2

⎡
⎣

λ+
sf

λ+
1f

λ+
2f

⎤
⎦ +

√
3
2

⎡
⎣

λ−
sf

λ−
1f

λ−
2f

⎤
⎦ e−j2ωt . (17)

D. R1 Model for the Electrical Equations (Proposed Model) 196

Simplification: in this model the transients of the negative- 197

sequences of both inner and outer cage are also neglected. 198

Then, d
dt λ

+
sf = d

dt λ
−
sf = d

dt λ
−
1f = d

dt λ
−
2f = 0. Note that all of the 199

negative-sequence fluxes are algebraic, and they are calculated 200

from (12) as follows: 201

⎡
⎢⎣

λ−
sf

λ−
1f

λ−
2f

⎤
⎥⎦=−

⎡
⎢⎣

a11 + jω a12 a13

a21 a22 + jsω a23

a31 a32 a33 + jsω

⎤
⎥⎦

−1 ⎡
⎢⎣

v−
sf

0

0

⎤
⎥⎦ .

(18)
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TABLE II
PARAMETERS OF THE TESTED THREE-PHASE SQUIRREL-CAGE DCIG

Nominal values Operating point

PN UN fN cos (ϕN ) ωN TN Mech. torque
4 kW 400 V 50 Hz 0.78 1440 r/min 26.52 N·m Tm = −TN

Machine parameters in pu (Sb = PN , Ub = UN , fb = fN ) Shaft parameters

R s R1 R2 X s d X 1 d X 2 d Xm Hm p K s D s

0.042 0.033 0.104 0.054 0.064 0.054 1.581 0.2 s 2 0.15 0

Fig. 6. Experimental setup used to test the 4 kW three-phase squirrel-cage
induction machine. (a) Sag generator (programmable voltage source of Spitzen-
berger) and dSPACE (DS1104 of Texas Instruments), and (b) induction machine
and measuring devices.

The fluxes λ+
1f and λ+

2f are obtained again by integration of202

(15) and λ+
sf is calculated by (13). Finally, according to (10), the203

transformed stator and rotor fluxes are given by (17).204

E. R0 Model for the Electrical Equations (Steady-State)205

Simplification: the transients of all the machine’s fluxes are206

neglected (steady-state model). Thus, only the mechanical tran-207

sient is considered. Then:208
d
dt λ

+
sf = d

dt λ
−
sf = d

dt λ
+
1f = d

dt λ
−
1f = d

dt λ
+
2f = d

dt λ
−
2f = 0. By209

doing this simplification in (11) and (12), we can calculate all210

the algebraic fluxes:211

⎡
⎢⎣

λ+
sf

λ+
1f

λ+
2f

⎤
⎥⎦ = −

⎡
⎢⎣

a11 − jω a12 a13

a21 a22 − jsω a23

a31 a32 a33 − jsω

⎤
⎥⎦

−1

×

⎡
⎢⎣

v+
sf

0

0

⎤
⎥⎦ (19)

⎡
⎢⎣

λ−
sf

λ−
1f

λ−
2f

⎤
⎥⎦ = −

⎡
⎢⎣

a11 + jω a12 a13

a21 a22 + jsω a23

a31 a32 a33 + jsω

⎤
⎥⎦

−1

×

⎡
⎢⎣

v−
sf

0

0

⎤
⎥⎦ . (20)

Finally, according to (10), the transformed stator and rotor 212

fluxes are given by (17). 213

F. Computation of the Reduced-Order Models 214

The computation procedure of the proposed reduced-order 215

models is depicted in the block diagram of Fig. 2. Note 216

that the grey rectangle in this figure means that the inte- 217

gration of the dynamic variables has to be done for each 218

reduced-order model separately, not together. Expressions (13)– 219

(20) can be represented by the equivalent circuits shown in 220

Fig. 3. 221

It should be noted from [6] that the first-order model (our R0 222

model) can be used for small induction machines to determine 223

their dynamic response to load disturbances. However, this is 224

not valid for large induction machines. In general, the first-order 225

model will not yield correct results during the transient operation 226

of machines fed by unsymmetrical voltages. 227

This aside, the reduced-order models are also valid for ei- 228

ther rigid or non-rigid drive-train models [11], thus the ob- 229

tained models are valid either for two-mass or for one-mass 230

model. 231

VI. VALIDATION OF THE REDUCED-ORDER MODELS 232

A. Voltage Sags 233

Unbalanced grid conditions are mainly caused by unsymmet- 234

rical voltage sags, which are reductions in the rms grid volt- 235

ages of one, two three phases during a time interval. According 236

to [17], there exist six types of unsymmetrical voltage sags, 237

namely: B, C, D, E, F and G. In the current paper two voltage 238

sag types have been considered: 239

1) Sag type D, which can be caused by a two-phase fault 240

after a Dy transformer or by a 1-phase-to-ground fault 241

after two Dy transformers [17]. 242

2) Sag type F, which is caused by a two-phases-to-ground 243

fault after a Dy transformer [17]. 244
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Fig. 7. 4 kW squirrel-cage DCIG tested under unsymmetrical voltage sag type D: modulus of the transformed stator flux (λsf ), modulus of the transformed
stator current (isf ), electromagnetic torque (Tm ) and mechanical speed (ωm ). Comparison with (a) Full-order model, (b) R2 model (usual approach), (c) R1 model
(proposed), and (d) R0 model (steady-state). Sag characteristics: h = 0.7 and Δt = 2 cycles.

Fig. 8. 4 kW squirrel-cage DCIG tested under unsymmetrical voltage sag type F: modulus of the transformed stator flux (λsf ), modulus of the transformed stator
current (isf ), electromagnetic torque (Tm ) and mechanical speed (ωm ). Comparison with (a) Full-order model, (b) R2 model (usual approach), (c) R1 model
(proposed), and (d) R0 model (steady-state). Sag characteristics: h = 0.7 and Δt = 2 cycles.
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B. Simulation Results245

Figs. 4 and 5 show the time evolution of the transformed stator246

flux, λsf , the transformed inner- and outer-cage rotor fluxes,247

λ1f and λ2f , respectively, the electromagnetic torque, Tm and248

the mechanical speed, ωm when the generator is exposed to249

unsymmetrical sag types D and F. These sags have been assumed250

to have a depth h = 0.5 and a duration Δt = 5 cycles (i.e.,251

100 ms considering f = 50 Hz). All the simulation results are252

shown in pu by dividing them by their nominal values, except253

the fluxes, which are given by:254

λsf (pu) = λsf/λb , λ1f (pu) = λ1f/λb ,

λ2f (pu) = λ2f/λb (21)

where255

λb = LbIb , Lb = Zb/ωb , Zb = U 2
b /Sb

ωb = 2πfb , Ib = IN . (22)

The following observations can be made from Figs. 4 and 5256

results:257

1) Under unbalanced grid conditions there appear pulsations258

in all the variables, which correspond to twice the funda-259

mental pulsation. These pulsations are very noticeable in260

the electromagnetic torque.261

2) The reduced-order models reasonably predict the behavior262

of the machine, as the time evolution of all the variables263

is similar to the ones of full-order model.264

3) Among all the reduced-order models the most simplis-265

tic dynamic model, i.e., the R1 model (proposed model)266

is accurate enough to study the machine behavior under267

unsymmetrical sags.268

4) As the R0 model has no derivative terms in the electrical269

equations, the information of the DCIG behavior during270

the voltage sag is lost. It can be clearly seen in the time271

evolution of both rotor fluxes, which does not correspond272

with the full-order model. Note also that the oscillation273

in these variables during the sag is due to the fact that274

the transients in the mechanical equations have not been275

neglected. If these transients had been neglected, the time276

evolution of the stator and rotor fluxes during the sag277

would have followed a constant line.278

C. Experimental Results279

In order to validate both the analytical study and the simula-280

tion results, a real 4 kW three-phase double-cage squirrel-cage281

induction generator is tested. Its parameters are given in Table II.282

The machine has been tested at its nominal operating point, i.e.,283

at 1440 rpm. Fig. 6 shows the experimental setup which has284

been used to test the machine under voltage sags.285

As it is a squirrel-cage induction generator, the lecture of the286

rotor variables was not accessible. Then, only the stator currents287

and voltages were measured. The stator flux was obtained by288

numerical integration of:289

dλsf/dt = vsf − Rsisf − jωΨλsf . (23)

TABLE III
COMPUTATIONAL TIME TO SIMULATE THE DCIG UNDER AN UNBALANCED

GRID∗

Reduced-order models

Sag type Full-order model R2 (usual) R1 (proposed) R0 (steady-state)

D 2.893 s 2.645 s 2.473 s 2.105 s
F 2.815 s 2.573 s 2.432 s 2.101 s

∗ Considering:
→A transient of 14 cycles (280 ms).
→The 2.3 MW DCIG whose parameters are shown in Table I.
→Sag characteristics: h = 0.5 and Δ t = 5 cycles.
→Matlab simulation software using ode45 solver.

Figs. 7 and 8 show the time evolution of the modulus of the 290

transformed stator flux, λsf , the modulus of the transformed 291

stator current, isf , the electromagnetic torque, Tm , and the me- 292

chanical speed, ωm , of the tested induction generator under 293

voltage sag types D and F. These sags have been assumed to 294

have a depth h = 0.7 and a duration Δt = 2 cycles (i.e., 40 ms 295

considering f = 50 Hz). 296

In Figs. 7 and 8, the time evolution of the measured variables 297

is compared with the full-order model and the analyzed reduced- 298

order models. It is observed that all the reduced-order models 299

predict accurately the real behavior of the DCIG measured from 300

the stator, as well as the torque and the speed. Among them, the 301

R1 model (proposed model) predicts with good precision the 302

behavior of the machine under unbalanced grid conditions. 303

Note that the R0 model fails to describe the DCIG behavior, 304

specially when the voltage recovers. As there are no deriva- 305

tive terms in the electrical equations, it is observed that there 306

is almost no transient in both the stator flux and the stator 307

current when the fault is cleared. Indeed, when the sag ends 308

these variables return to the pre-fault steady-state value almost 309

instantaneously (it is not instantaneous at all due to the dynamics 310

in the mechanical equations). 311

D. Computational Time and Reduced-Order Model Errors 312

Table III shows the computational time required to simulate 313

the full-order model and the reduced-order models of the DCIG. 314

As can be observed, the R1 model (proposed model) is the 315

dynamic model that requires the lowest computational time to 316

simulate the DCIG (the R0 model is the steady-state model, so 317

its computational time is not taken into account). 318

Fig. 9(a) shows the error in the DCIG simulated variables 319

between the full-order model and the reduced-order models. 320

Fig. 9(b) shows the error in the DCIG variables between the 321

experimental results and the simulated reduced-order models. 322

It is observed that the R1 model (proposed model) has a good 323

accuracy, as the error made with this model is pretty much the 324

same as the error in the standard R2 model. 325

As a result, between all the reduced-order models, the R1 Q1326

model (proposed model) appears to be the most suitable one, 327

because it predicts with good accuracy the DCIG behavior 328

under unsymmetrical sags. Moreover, it requires the lowest 329



IE
EE

Pr
oo

f

10 IEEE TRANSACTIONS ON ENERGY CONVERSION

Fig. 9. Error in the DCIG variables under unsymmetrical voltage sag types D and F when comparing the different reduced-order models. (a) Error between the
fullorder model and the reduced-order models in the simulation results, and (b) error between the experimental results and the simulation results considering the
reduced-order models. Solid line = R2 model (usual approach), dashed line = R1 model (proposed) and dotted line = R0 model (steady-state).

Fig. 10. Equivalent circuits of the DCIG under unbalanced grid conditions considering the compact equations of the reduced-order models.

computational time to simulate the behavior of this machine330

under unbalanced grid conditions.331

E. Final Remarks332

The analytical models have been validated by means of the333

simulations of a 2.3 MW fixed-speed WT equipped with a DCIG334

and the experimental tests of a 4 kW DCIG, considering unbal-335

anced grid conditions caused by sag types D and F.336

The R2 model neglects the transients of both positive-337

and negative-sequences of the stator fluxes. This is the usual338

approach in the literature. As observed in the results, it predicts 339

with good accuracy the behavior of the machine under unbal- 340

anced grid conditions. However, it requires the largest compu- 341

tational time. 342

The R1 model is the author’s proposed model. Apart from 343

the transients of the stator fluxes, the transients of the negative- 344

sequences of both inner and outer cage are also neglected. Of 345

course, this model is not as realistic as the R2 model. However, 346

judging by the simulations and test results obtained in this paper, 347

this model predicts accurately the behavior of the machine 348
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under unbalanced grid conditions, as the time evolution of349

the variables are pretty much the same as the ones in the R2350

model. The advantage of this model is that it has more alge-351

braic equations and less differential equations (it only has two352

differential equations, while the R2 model has four differen-353

tial equations), so it requires a lower computational time to be354

simulated.355

The R0 model is the electrical steady-state model. Naturally,356

as all the transients of the electrical variables are neglected (but357

not the transients of the mechanical equations), this model does358

not predict the behavior of the machine under unbalanced grid359

conditions as precisely as the other models.360

Then, among all the studied models, the authors propose361

that the R1 model accurately predicts the behavior of the DCIG362

under unbalanced grid conditions. It almost does not loose detail363

of system performance and it has the advantage of requiring a364

lower computational time than the R2 model.365

It should be noted that the models have not been vali-366

dated under variable wind speed. In this case, the reliability367

of the reduced-order models would not depend on the models368

themselves but on the control algorithm, which goes beyond the369

scope of this paper. Then, an interesting future work could be to370

use the proposed reduced-order models of DCIG (specially the371

proposed R1 model) plus a control scheme in order to predict372

the dynamics of the DCIG when a sudden change in the wind373

speed occurs.374

Finally, it should also be noted that an analysis of the reduced-375

order models considering different sag durations and depths has376

not been carried out due to extension purposes. Then, another377

interesting work to be done in the future would be to study how378

the reduced-order models behave (specially the proposed R1379

model) under unsymmetrical voltage sags with a wide range of380

durations and depths.381

VII. CONCLUSION382

This paper has developed a study of reduced-order models of383

double-cage squirrel-cage induction generators (DCIG) used in384

fixed-speed WTs. These models are valid for unbalanced grid385

conditions.386

From the full-order model (fifth-order model) the following387

reduced-order models have been studied. The R2 model has been388

obtained neglecting the derivative of the positive- and negative-389

sequence of the stator fluxes (usual approach in the literature).390

The R1 model has been obtained neglecting the derivative of391

the stator fluxes and the derivative of the negative-sequence392

of the rotor fluxes (proposed model). And the R0 model has been393

obtained neglecting the derivative of both positive- and negative-394

sequences of the stator and rotor fluxes (electrical steady-state395

model).396

Both simulation and experimental results have shown that397

the reduced-order models show a good performance (similar398

to the full-order model) under unbalanced conditions. Among399

them, the most simplistic dynamic model (the proposed R1400

model) shows a good accuracy to predict the behavior of DCIG.401

Moreover, it requires the lowest computational time to simulate402

the machine behavior.403

APPENDIX I 404

A. Analytical Expressions of Voltage Sags 405

The Ku transformation relates the abc phase components of a 406

three-phase system to the Ku transformed components, namely 407

zero (0), forward (f) and backward (b): 408

[v0fb ] = [K (Ψ)] [vabc ] [vabc ] = [K (Ψ)]−1 [v0fb ] (24)

The original Ku transformation is defined in [10]. In this paper 409

it is used in the normalized (or power-invariant) form: 410

[K (Ψ)] =
1√
3

⎡
⎢⎣

1 1 1

e−jΨ ae−jΨ a2 e−jΨ

ejΨ a2 ejΨ aejΨ

⎤
⎥⎦ , (25)

where a = ej2π/3 and Ψ is the transformation angle. If the 411

synchronous reference frame is considered, then Ψ = ωt + Ψ0 , 412

where ω = 2πf is the pulsation of the grid voltages (f is their 413

frequency) and Ψ0 is the transformation’s initial angle. 414

It should be noted that the backward component, vb , equals 415

the complex conjugate of the forward component, vf . Apart, if 416

no zero component, v0 , is considered (if the studied equipment 417

has no neutral connections), only the forward component has to 418

be studied, which is: 419

vf =
(
vf1 + vf2e−j2ωt

)
e−jΨ0 , (26)

where vf 1 and vf 2 are: 420

vf1 =
√

3/2V p =
√

3/2Vpejαp

vf2 =
√

3/2V ∗
n =

√
3/2Vne−jαn , (27)

where Vp and Vn are the rms value of the positive- and negative- 421

sequence voltages of sags and αp and αn are their angles. Then, 422

(26) can be expressed in terms of the positive- and negative- 423

sequence voltages as: 424

vf =
√

3/2
(
Vpejαp + Vne−j(2ωt+αn )

)
e−jΨ0 . (28)

The transformed Ku forward component (xf ) is a complex 425

notation of the Park dq components [10]: 426

xd =
√

2Re (xf ) xq =
√

2Im (xf ) . (29)

APPENDIX II 427

B. Electrical Equations of the DCIG Written in a More 428

compact Form 429

Equations (13)–(20) can be written in a more compact form. 430

The R2 model for the electrical equations of the DCIG is ob- 431

tained when assuming a constant stator flux, i.e., neglecting the 432

differential term of the stator flux in (1), which results in: 433

vsf = Rsisf + jωΨλsf

0 = R1i1f +
d
dt

λ1f + j (ωΨ − pωm) λ1f

0 = R2i2f +
d
dt

λ2f + j (ωΨ − pωm) λ2f . (30)
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Substituting the stator flux from (2) into the first equation in434

(30) we obtain:435

vsf = Rsisf + jωΨ (Lsisf + Mi1f + Mi2f ) . (31)

From (2) it is possible to obtain the rotor currents in function436

of the rotor fluxes and the stator current as:437

i1f =
1
σ

[L2 (λ1f + Misf ) − M12 (λ2f + Misf )]

i2f =
1
σ

[L1 (λ2f + Misf ) − M12 (λ1f + Misf )] . (32)

By substituting (32) in (31) and grouping terms, it yields to:438

vsf = (Rs + jωΨL′
s) isf + vλ1 + vλ2 (33)

where439

L′
s =

(
Ls +

M 2 (2M12 − L1 − L2)
σ

)

vλ1 = jωΨ
M

σ
(L2 − M12) λ1f

vλ2 = jωΨ
M

σ
(L1 − M12) λ2f . (34)

By substituting (32) in the rotor equations in (1) and grouping440

terms, we obtain:441

d
dt

λ1f = −Aλ1f − j (ωΨ − pωm) λ1f + Bλ2f − Cisf

d
dt

λ2f = −Dλ2f − j (ωΨ − pωm) λ2f + Eλ1f − Fisf

(35)

where442

A =
R1L2

σ
B =

R1M12

σ
C =

R1M

σ
(L2 − M12)

D =
R2L1

σ
E =

R2M12

σ
F =

R2M

σ
(L1 − M12) .

(36)

Then, the R2 model of the DCIG is given by (33)–(36). Note443

that this model should be applied for the positive- and negative-444

sequences of the DCIG variables.445

If the transients of the negative-sequence of both inner and446

outer cages are neglected in (35), the R1 model (proposed447

model) is obtained.448

Finally, if the transients of all the machine’s fluxes are ne-449

glected, the R0 model (electrical steady-state model) is obtained.450

Note that (33)–(36) can be represented by the equivalent circuits451

shown in Fig. 9 (for the positive- and negative-sequence com- 452

ponents), where the difference between R2, R1 and R0 models 453

lies in considering (or not), de derivative of the fluxes, i.e., 454

considering (or not) the dependent voltage sources. 455
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