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Abstract—This paper develops a study of reduced-order
models for squirrel-cage induction generators (SCIG) used in
fixed-speed wind turbines (WTs). The squirrel-cage of these
generators must be modeled with a double-cage for accuracy
purposes. These proposed reduced-order models are valid for
unbalanced grid conditions (unsymmetrical faults), which
require flux and current decomposition into positive- and
negative-sequences. Three reduced-order models are obtained:
R2 model, where the derivative of the positive- and negative-
sequences of the stator fluxes are neglected (the usual approach
in the literature); R1 model, where the derivative of the negative-
sequence of the rotor fluxes are also neglected (proposed model);
and R0 model, where all the stator and rotor fluxes are neglected
(steady-state electrical model). The analytical models are
validated with simulations carried out in MATLAB™ and with
experimental tests. The results show that R1 model (proposed
model) shows a good performance (similar to the full-order
model) under unbalanced conditions.

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

1. INTRODUCTION

HE fifth-order single-cage model is the standard one when
modeling induction machines. However, this model fails
to represent accurately the behavior of medium- and large-
sized induction machines because it does not consider the
deep-bar effect, thus predicting a low starting torque and an
inaccurate torque-slip curve, as studied in [1]-[2]. For this
reason, the double-cage model should be considered to predict
accurately this machine behavior when modeling fixed-speed
wind turbines (WTs) [1].
This aside, the complexity of the chosen machine model
depends on the required accuracy and on the size of the
studied power system. In large electrical grids the complexity
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is reduced by means of the following approach: it is only

considered the electrical steady-state of the grid as well as the

machine’s rotor dynamics [3]. The reduced-order models are
obtained by neglecting the derivatives of the stator fluxes and
all, some, or any of the rotor fluxes. A comparison of the

different reduced-order models is presented in [4].

The classical reduced-order models in the literature, such as
[2], [4], [5], appear to be a good approximation to study the
machine’s dynamic behavior when subject to balanced grid
conditions. However, during unbalanced conditions there
appear negative-sequences on the machine’s variables, which
are not considered in these models [6]-[7]. In these conditions,
the balanced models do not provide information about the
oscillations in torque, stator flux, mechanical speed, current,
etc. during the event. This means that the classical reduced-
order models are not valid under unbalanced grid conditions.
An interesting study about the reduced-order models under
unbalanced grid conditions is developed in [8], where only the
single-cage model for the induction motor is contemplated.
The current paper fills this gap, as the double-cage induction
generator (DCIG) is considered.

Both positive- and negative-sequences are taken into
account in this paper to provide a realistic approach to the
machine study under unbalanced grid conditions, mainly
during unbalanced voltage sags. The reduced-order models for
the DCIG modeling of the generators used in fixed-speed WTs
are provided:

- The R2 model, which neglects the derivative of the positive-
and negative-sequences of the stator fluxes (this is the usual
approach in the literature).

- The R1 model, which also neglects the derivative of the
negative-sequences of the rotor fluxes (this is the proposed
model).

- The RO model, which neglects the derivative of both
positive- and negative-sequences of stator and rotor fluxes
(this is the electrical steady-state model).

It is moreover considered the dynamic equation of the
drive-train (two-mass model) between the WT and the
electrical generator. These models are validated by
comparison with the full-order DCIG model considering
different unbalanced grid conditions. The results show that the
proposed reduced-order model (R1 model) can be considered
adequate for the unbalanced machine behavior prediction
when the network equations are considered algebraic.
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Fig. 1. Drive-train of a WT modeled as a two-mass system.

II. FULL-ORDER MODEL FOR THE ELECTRICAL EQUATIONS OF
THE DCIG

The induction machine electrical dynamic equations are
usually written in Park variables (dq components) [9]. The Ku
transformation [10] provides a complex notation of the dq
components. This transformation is preferred in this paper
because the writing is more compact and it facilitates an
analytical approach. The relation between the Park and Ku
components is given in the Appendix I.

When using the Ku transformation in an arbitrary reference
frame (¥ is the transformation angle for the stator variables)
and considering the passive sign convention, the electrical
equations of the DCIG are:
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where the subscript s stands for the stator, subscripts 1 and 2
stand for the inner and outer cages of the rotor, respectively,
subscript f stands for the forward component of the Ku
transformed variable (see the Appendix I), ®y, =dW¥W/dt is the

derivative of the transformation angle ¥, ®,, is the generator
speed, p is the number of pole pairs, T,, is the electromagnetic

torque and 6= L,L, -M7,.
In this paper, the DCIG model is written in the state-space

form. The inverse of (2) provides the currents in function of
the fluxes:
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The substitution of (3) in (1), and writing of the result in the
state-space form, gives:
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[II. DRIVE TRAIN MODELING

The drive train of a WT, i.e., the system located between
the turbine blades and the generator, can be modeled as a
multi-mass system [11]-[12]. In practice, a two-mass model
(Fig. 1) is accurate enough to represent the dynamics of a
fixed-speed WT [12]-[13]. Considering the motor sign
convention and referring all the values to the high-speed shaft
(noted with a prime), the mechanical equations of this model
are [14]:
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where o=/ Iy is the turbine speed (Iy is the gearbox
ratio), oy, is the generator speed, J;=J/' X I'y, is the turbine
inertia, J,, is the generator inertia, K; = K|’ x rgb2 is the shaft
stiffness, D,= D’ X rgb2 is the shaft damping, T, is the
electromagnetic torque [see (1)] and T,=T/Xr, is the
mechanical torque on the turbine blades, i.e., the wind torque
on the turbine blades, which is calculated as [15]:



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

Generator nominal values Operating point

Px Ux fx cos () oN Tn Mech. torque
23 MW 690V 50 Hz 0.89 1512 rpm 14.75 kNm Tu=-Tx

Generator parameters in pu (S, =Ry, U, =Uy, f, =1y)

Rs R Ry Xsa Xia Xad X Hin p

5.6:10° 9.9-10° 0.026 0.105 °0.178 0.105 3.338 0.5s 2
Wind turbine parameters Shaft parameters
Nominal Blade Min. Max.  Nom. Ngm.
ower radius speed speed  speed wind = Hoore K D,
p speed
23MW 375m 9rpm 19rpm 18rpm 12m/s 2.5s 1:83 0.15 0
3
T, =(0.5¢,pAV;, ) [0, (8)

where, p is the air density, c, is the power coefficient of the
WT, v, is the wind speed and A; is the area swept by the
blades.

IV. FIXED-SPEED WT CHARACTERISTICS

The generator parameters of the studied 2.3 MW fixed-
speed WT have been obtained from [I1] and the WT
parameters from [16]. All this data is shown in Table I. The
fixed-speed WT is assumed to be operating at its rated torque,
i.e.,, the wind torque on the turbine blades equals the rated
torque (T, =Ty) . It is also assumed constant during the studied
grid event.

V. REDUCED-ORDER MODELS FOR THE ELECTRICAL
EQUATIONS OF THE DCIG UNDER UNBALANCED CONDITIONS

A. Positive- and Negative-Sequences

The steady-state negative-sequence voltages produced by
unsymmetrical faults are seen as a double pulsation voltage in
the synchronous reference frame. Then, two reference frames
can be considered: the first one rotates at the stator voltage
pulsation ® (for the positive-sequence) and the other one
rotates at —o (for the negative-sequence), where o = 2xf is the
pulsation of the grid voltages (f is their frequency). For this
reason, the DCIG model in (5) must be applied for the
positive-sequence, considering oy = and for the negative-
sequence, considering @y = —®.

The sequence components for all the machine variables are:
Vs Vg Mg > Mg s Mg Mg > Aag s Aap » Where the superscripts + and
— stand for the positive- and negative-sequences, respectively.

It should be noted that at constant speed, the system of
dynamic equations (5) is linear. Thus, the superposition
principle can be applied for the positive- and negative-
sequences:

X = 3/2(x+ej‘”"‘t + x’e’j“’"‘t)e’j'{' , 9)

where X; represents the forward component of the transformed
variable (voltage, current or flux), the subscripts + and — stand
for the positive- and negative-sequences of the transformed
variable, my is the pulsation of a generic reference frame and
Y is the transformation’s angle. If the synchronous reference
frame is considered, then wy=® (where ©=2xnf is the
pulsation of the grid voltages and f is their frequency), and
Y=ot + ¥, (where ¥ is the transformation’s initial angle).
Then, (9) can be rewritten as (see equation (26) in the

Appendix I):

Xe =3/2(x" + x0T (10)
B. Considerations Regarding the Induction Generator
Models under Unbalanced Grid Conditions

The full-order model of the induction generator will respond
properly to both balanced and unbalanced grid conditions.
However, due to the assumption of constant quantities in
steady-state, the reduced-order models are valid only for
balanced conditions [8]. Then, the superposition principle (10)
must be applied for both positive- and negative-sequences of
the machine’s variables.

The idea explained above, which was applied in [8] to the
single-cage induction machine, is used in this paper to provide
reduced-order models for the DCIG under unbalanced grid
conditions. Then, the electrical equations of the full-order
model of the DCIG (5) can be applied to both positive- and
negative-sequences:
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where s=(w- po,,)/®is the machine’s mechanical slip

(p is the number of pole pairs).

In order to solve the above two differential equations it is
assumed that in each integration step the grid voltages (stator
voltages) are sinusoidal (but unbalanced) and the generator
speed, o, does not change considerably. Then, (5) is a linear
differential equation system, thus it is possible to apply the
superposition principle (10). Then, the excitation of the
system, i.e., the stator voltages, is separated into positive- and
negative-sequences and the response of the system (fluxes) is
also separated into these two sequences, as (11) and (12)
show.

C. R2 Model for the Electrical Equations (Usual Approach)
Simplification: the transients of both positive- and negative-

sequences of the stator fluxes are neglected. Then,

%K;} = %XS} =0 . By doing this in (11) and (12) we obtain:
1 =@k +ash +V5)/(-ay, + jo) (13)
ha = (@pAip + a3k +Vyg )/(—311 —jo) (14)

The remaining fluxes, A, Ap, Az, Aop, are obtained by

integration of the last two differential equations in (11) and in

(12):
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Fig. 2. Block diagram for the computation of the reduced-order model equations: R2 model (usual approach), R1 model (proposed) and RO model (steady-state).
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Finally, according to (10), the transformed stator and rotor
fluxes are:
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D. R1 Model for the Electrical Equations (Proposed Model)

Simplification: in this model the transients of the negative-
sequences of both inner and outer cage are also neglected.

Then, 4 o :iks’f :ikl} :ikgf =0. Note that all of
dt dt dt dt
the negative-sequence fluxes are algebraic, and they are

calculated from (12) as follows:
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The fluxes A{; and A3, are obtained again by integration of

(15) and L}; is calculated by (13). Finally, according to (10),

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

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

Simplification: the transients of all the machine’s fluxes are
neglected (steady-state model). Thus, only the mechanical
transient is considered. Then:

d,, d,. d,, d,_ d,, d, _

dt}‘sf TSt T g e —dtxlf—dtlzf —dtsz =0. By
doing this simplification in (11) and (12), we can calculate all
the algebraic fluxes:

sf a —Jo an a3 Vst
= 2y ay, — Jso ay; (19)
b a3 a3 a3 —jso] | 0 |
At a,+jo  a, a, '[vg]
Me [=—| 8y ay, + JSo a; 0 (20
Aoe a3 as ay +jso) | 0|

Finally, according to (10), the transformed stator and rotor
fluxes are given by (17).

F. Computation of the Reduced-Order Models

The computation procedure of the proposed reduced-order
models is depicted in the block diagram of Fig. 2. Note that
the grey rectangle in this figure means that the integration of
the dynamic variables has to be done for each reduced-order
model separately, not together. Expressions (13)-(20) can be
represented by the equivalent circuits shown in Fig. 3.

It should be noted from [6] that the first order model (our RO
model) can be used for small induction machines to determine
their dynamic response to load disturbances. However, this is
not valid for large induction machines. In general, the first
order model will not yield correct results during the transient
operation of machines fed by unsymmetrical voltages.

This aside, the reduced-order models are also valid for either
rigid or non-rigid drive-train models [11], thus the obtained
models are valid either for two-mass or for one-mass model.

VI. VALIDATION OF THE REDUCED-ORDER MODELS

A. Voltage Sags

Unbalanced grid conditions are mainly caused by
unsymmetrical voltage sags, which are reductions in the rms
grid voltages of one, two three phases during a time interval.
According to [17], there exist six types of unsymmetrical
voltage sags, namely: B, C, D, E, F and G. In the current paper
two voltage sag types have been considered:
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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) RO model (steady-state).

- Sag type D, which can be caused by a 2-phase fault after
a Dy transformer or by a 1-phase-to-ground fault after
two Dy transformers [17].

- Sagtype F, which is caused by a 2-phases-to-ground fault
after a Dy transformer [17].

B. Simulation Results

Fig. 4 and Fig. 5 show the time evolution of the transformed
stator flux, Ay, the transformed inner- and outer-cage rotor
fluxes, A;¢ and Ay, respectively, the electromagnetic torque, T,
and the mechanical speed, ®, when the generator is exposed
to unsymmetrical sag types D and F. These sags have been
assumed to have a depth h= 0.5 and a duration At= 15 cycles

(i.e., 100 ms considering f =50 Hz). All the simulation results
are shown in pu by dividing them by their nominal values,
except the fluxes, which are given by:

At (pu):k‘sf/xb » Aqp (pu) =7“1f/7‘b s Aop (pu) :7‘2f/7‘b (21)

where:
A = Loly s Ly =2y Joy » Zy =UZ/S, 0 =21f, , 1, = 1y (22)
The following observations can be made from Fig. 4 and

Fig. 5 results:

- Under unbalanced grid conditions there appear pulsations
in all the variables, which correspond to twice the
fundamental pulsation. These pulsations are very
noticeable in the electromagnetic torque.
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Fig. 4. 2.3 MW fixed-speed WT equipped with DCIG under unsymmetrical voltage sag type D: transformed stator flux (A, transformed rotor fluxes (A, and L),
electromagnetic torque (T,,) and mechanical speed (wy). (a) Full-order model, (b) R2 model (usual approach), (¢) R1 model (proposed), and (d) RO model (steady-

state). Sag characteristics: h = 0.5 and At =5 cycles.

- The reduced-order models reasonably predict the behavior
of the machine, as the time evolution of all the variables is
similar to the ones of full-order model.

- Among all the reduced-order models the most simplistic
dynamic model, i.e., the R1 model (proposed model) is
accurate enough to study the machine behavior under
unsymmetrical sags.

- As the RO model has no derivative terms in the electrical
equations, the information of the DCIG behavior during
the voltage sag is lost. It can be clearly seen in the time
evolution of both rotor fluxes, which does not correspond
with the full-order model. Note also that the oscillation in
these variables during the sag is due to the fact that the
transients in the mechanical equations have not been
neglected. If these transients had been neglected, the time
evolution of the stator and rotor fluxes during the sag
would have followed a constant line.

C. Experimental Results

In order to validate both the analytical study and the
simulation results, a real 4 kW three-phase double-cage
squirrel-cage induction generator is tested. Its parameters are
given in Table II. The machine has been tested at its nominal
operating point, ie., at 1440 rpm. Fig. 6 shows the

experimental setup which has been used to test the machine
under voltage sags.

As it is a squirrel-cage induction generator, the lecture of
the rotor variables was not accessible. Then, only the stator
currents and voltages were measured. The stator flux was
obtained by numerical integration of:

d}\‘sf /dt =V — Rsisf _jm‘l’xsf (23)

Fig. 7 and Fig. 8 show the time evolution of the modulus of
the transformed stator flux, A, the modulus of the transformed
stator current, iy, the electromagnetic torque, T, and the
mechanical speed, o, of the tested induction generator under
voltage sag types D and F. These sags have been assumed to
have a depth h=0.7 and a duration At=2 cycles (i.e., 40 ms
considering f = 50 Hz).

In Fig. 7 and Fig. 8, the time evolution of the measured
variables is compared with the full-order model and the
analyzed reduced-order models. It is observed that all the
reduced-order models predict accurately the real behavior of
the DCIG measured from the stator, as well as the torque and
the speed. Among them, the R1 model (proposed model)
predicts with good precision the behavior of the machine
under unbalanced grid conditions.
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Fig. 5. 2.3 MW fixed-speed WT equipped with DCIG under unsymmetrical voltage sag type F: transformed stator flux (L), transformed rotor fluxes (A;r and Ay,
electromagnetic torque (Ty,) and mechanical speed (wy). (a) Full-order model, (b) R2 model (usual approach), (c) R1 model (proposed), and (d) RO model (steady-
state). Sag characteristics: h = 0.5 and At =5 cycles.

TABLE II
PARAMETERS OF THE TESTED THREE-PHASE SQUIRREL-CAGE DCIG
Sag generator
Nominal values Operating point
Px Un fn cos (on) N Tx Mech. torque
4kW 400V 50Hz 078 1440rpm 26.52 Nm Tw=-Tn
Shaft

Machine parameters in pu (S, =P, U, =Uy, f, =fy) parameters

Rq R R, X X1 Xad Xn  Hn p K D
0.042 0.033 0.104 0.054 0.064 0.054 1.581 0.2s 2 0.15 0

Note that the RO model fails to describe the DCIG behavior,
specially when the voltage recovers. As there are no derivative
terms in the electrical equations, it is observed that there is
almost no transient in both the stator flux and the stator current
when the fault is cleared. Indeed, when the sag ends these
variables return to the pre-fault steady-state value almost
instantaneously (it is not instantaneous at all due to the
dynamics in the mechanical equations).

D. Computational Time and Reduced-Order Model Errors

Induction machine

Table III shows the computational time required to simulate
the full-order model and the reduced-order models of the
DCIG. As can be observed, the R1 model (proposed model) is (b)
the dynamic model that requires the lowest computational  Fig. 6. Experimental setup used to test the 4 kW three-phase squirrel-cage
time to simulate the DCIG (the RO model is the steady—state induction machine. (a) Sag generator (programmable voltage source of

K ki N . K Spitzenberger) and dSPACE (DS1104 of Texas Instruments), and (b) induction
model, so its computational time is not taken into account). machine and measuring devices.
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Fig. 7. 4 kW squirrel-cage DCIG tested under unsymmetrical voltage sag type D: modulus of the transformed stator flux (As), modulus of the transformed stator
current (i), electromagnetic torque (T,) and mechanical speed (®,). Comparison with (a) Full-order model, (b) R2 model (usual approach), (c) Rl model
(proposed), and (d) RO model (steady-state). Sag characteristics: h = 0.7 and At = 2 cycles.

Fig. 9(a) shows the error in the DCIG simulated variables
between the full-order model and the reduced-order models.
Fig. 9(b) shows the error in the DCIG variables between the
experimental results and the simulated reduced-order models.
It is observed that the R1 model (proposed model) has a good
accuracy, as the error made with this model is pretty much the
same as the error in the standard R2 model.

As a result, between all the reduced-order models, the R1
model (proposed model) appears to be the most suitable one,
because it predicts with good accuracy the DCIG behavior
under unsymmetrical sags. Moreover, it requires the lowest
computational time to simulate the behavior of this machine
under unbalanced grid conditions.

E. Final Remarks

The analytical models have been validated by means of the
simulations of a 2.3 MW fixed-speed WT equipped with a
DCIG and the experimental tests of a 4 kW DCIG, considering
unbalanced grid conditions caused by sag types D and F.

The R2 model neglects the transients of both positive- and
negative-sequences of the stator fluxes. This is the usual
approach in the literature. As observed in the results, it
predicts with good accuracy the behavior of the machine under
unbalanced grid conditions. However, it requires the largest
computational time.

The R1 model is the author’s proposed model. Apart from
the transients of the stator fluxes, the transients of the
negative-sequences of both inner and outer cage are also
neglected. Of course, this model is not as realistic as the R2
model. However, judging by the simulations and test results
obtained in the paper, this model predicts accurately the
behavior of the machine under unbalanced grid conditions, as

the time evolution of the variables are pretty much the same as
the ones in the R2 model. The advantage of this model is that
it has more algebraic equations and less differential equations
(it only has two differential equations, while the R2 model has
4 differential equations), so it requires a lower computational
time to be simulated.

The RO model is the electrical steady-state model. Naturally,
as all the transients of the electrical variables are neglected
(but not the transients of the mechanical equations), this model
does not predict the behavior of the machine under unbalanced
grid conditions as precisely as the other models.

Then, among all the studied models, the authors propose
that the R1 model accurately predicts the behavior of the
DCIG under unbalanced grid conditions. It almost does not
loose detail of system performance and it has the advantage of
requiring a lower computational time than the R2 model.

It should be noted that the models have not been validated
under variable wind speed. In this case, the reliability of the
reduced-order models would not depend on the models
themselves but on the control algorithm, which goes beyond
the scope of this paper. Then, an interesting future work could
be to use the proposed reduced-order models of DCIG
(specially the proposed R1 model) plus a control scheme in
order to predict the dynamics of the DCIG when a sudden
change in the wind speed occurs.

Finally, it should also be noted that an analysis of the
reduced-order models considering different sag durations and
depths has not been carried out due to extension purposes.
Then, another interesting work to be done in the future would
be to study how the reduced-order models behave (specially
the proposed R1 model) under unsymmetrical voltage sags
with a wide range of durations and depths.
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Fig. 8. 4 kW squirrel-cage DCIG tested under unsymmetrical voltage sag type F: modulus of the transformed stator flux (As), modulus of the transformed stator
current (is), electromagnetic torque (T,) and mechanical speed (©,). Comparison with (a) Full-order model, (b) R2 model (usual approach), (c) R1 model
(proposed), and (d) RO model (steady-state). Sag characteristics: h = 0.7 and At =2 cycles.

TABLE IIT
COMPUTATIONAL TIME TO SIMULATE THE DCIG UNDER A UNBALANCED GRID"

Reduced-order models

Full-order
Sag type model R2 RI RO
(usual) (proposed)  (steady-state)
D 2.893 s 2.645s 2.473 s 2.105s
F 2.815s 2.573s 2.432s 2.101s
" 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 At =5 cycles.

- MATLAB™ simulation software using ode45 solver.

VII. CONCLUSION

This paper has developed a study of reduced-order models
of double-cage squirrel-cage induction generators (DCIG)
used in fixed-speed wind turbines. These models are valid for
unbalanced grid conditions.

From the full-order model (fifth-order model) the following
reduced-order models have been studied. The R2 model has
been obtained neglecting the derivative of the positive- and
negative-sequence of the stator fluxes (usual approach in the
literature). The R1 model has been obtained neglecting the
derivative of the stator fluxes and the derivative of the
negative-sequence of the rotor fluxes (proposed model). And
the RO model has been obtained neglecting the derivative of
both positive- and negative-sequences of the stator and rotor
fluxes (electrical steady-state model).

Both simulation and experimental results have shown that

the reduced-order models show a good performance (similar
to the full-order model) under unbalanced conditions. Among
them, the most simplistic dynamic model (the proposed R1
model) shows a good accuracy to predict the behavior of
DCIG. Moreover, it requires the lowest computational time to
simulate the machine behavior.

APPENDIX |
ANALYTICAL EXPRESSIONS OF VOLTAGE SAGS

The Ku transformation relates the abc phase components of
a three-phase system to the Ku transformed components,
namely zero (0), forward (f) and backward (b):

-1

[Vor ] = (K ()] [Vape] [Vave] = [KCV) [Vor]  (24)

The original Ku transformation is defined in [10]. In this
paper it is used in the normalized (or power-invariant) form:

1 1 1
(K)ol

! ae ¥ , (25)
3

eIt gq200Y

where a=¢”? and ¥ is the transformation angle. If the

synchronous reference frame is considered, then ¥ = ot + ¥,

where o = 2xf is the pulsation of the grid voltages (f is their
frequency) and ¥ is the transformation’s initial angle.

It should be noted that the backward component, v, equals
the complex conjugate of the forward component, v;. Apart, if
no Zero component, Vo, is considered (if the studied equipment
has no neutral connections), only the forward component has

to be studied, which is:
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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 full-
order 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 = RO model (steady-state).

—i¥,

Ve = (Vg +vpe P e Yo (26)

where Vg and vy, are:

Vo =32V, =32V, v =32V =32V, T (27)

where V,, and V, are the rms value of the positive- and
negative-sequence voltages of sags and o, and o, are their
angles. Then, (26) can be expressed in terms of the positive-
and negative-sequence voltages as:

Ve = \/3/_2<Vpejap +Vnefj(2cot+cxn))e—j‘i’0 )

The transformed Ku forward component (X;) is a complex
notation of the Park dq components [10]:

(28)

Xy =2 Re(xy) xq:\/flm(xf). (29)
APPENDIX II
ELECTRICAL EQUATIONS OF THE DCIG WRITTEN IN A MORE
COMPACT FORM

Equations (13)-(20) can be written in a more compact form.
The R2 model for the electrical equations of the DCIG is
obtained when assuming a constant stator flux, i.e., neglecting
the differential term of the stator flux in (1), which results in:

st = Rslsf +j('0‘{’7"sf

. d .
0=Ryi;¢ +a)“1f +j(ogy = poy, ) A (30

. d .
0= Ryiy +E7"2f +j(0y — poy, )y
Substituting the stator flux from (2) into the first equation in
(30) we obtain:
Vor = Rilgs + joy (Liige + Miye + Miye ) (31)

From (2) it is possible to obtain the rotor currents in
function of the rotor fluxes and the stator current as:

. 1 ; i
[ :E[L2 (Mg +Mige ) =My, (Ayp + Mig )]

| (32)
e = E[Ll (g +Mig ) =M, (Ayp +Mig )]

By substituting (32) in (31) and grouping terms, it yields to:
Vr = (R + jog Ly )i +V;, +Vy, (33)

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

(¢

Es={Ls+M2(2M12_Ll_L2)J
(34)

. M . M
Vg = J0g ?(Lz “Mp)hip Vi, =joy ?(Ll =My ) Ry

By substituting (32) in the rotor equations in (1) and
grouping terms, we obtain:

d . .
E)"lf =—Al;r —j(og — poy, )Ap +Brye —Cig
q (35)
EXZf =-Dhy —j(0y = poy, ) Ayp + EAyp —Fig
where
R L R/M RM
A= 1(52 B 1(512 C:_IG (L, —My,)
R L R,My, R,M (0
D= E=—— F= (LI_MIZ)
c c c

Then, the R2 model of the DCIG is given by (33)-(36).
Note that this model should be applied for the positive- and
negative-sequences of the DCIG variables.

If the transients of the negative-sequence of both inner and
outer cages are neglected in (35), the R1 model (proposed
model) is obtained.

Finally, if the transients of all the machine’s fluxes are
neglected, the RO model (electrical steady-state model) is
obtained. Note that (33)-(36) can be represented by the
equivalent circuits shown in Fig. 9 (for the positive- and
negative-sequence components), where the difference between
R2, R1 and RO models lies in considering (or not), de
derivative of the fluxes, i.e., considering (or not) the
dependent voltage sources.
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