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Air-Gap Power Vector Based Sensorless
Method for DFIG Control without Flux
Estimator

G. D. Marques, Member, IEEE, and D. M. Sousa, Member, IEEE

Abstract— A sensorless method for the direct estimation of the
slip position of the wound-rotor induction machine is introduced,
discussed and experimentally validated in this paper. The slip
position is necessary for the implementation of control by flux
orientation. The method proposed is based on the phase
comparison of an estimated air-gap power vector and the
measured rotor currents in a common reference frame. The
proposed method can be implemented in the rotor or in the field
reference frames with a hysteresis or with a Pl controller. The
method is sensitive to the stator no load active and reactive
power, but this dependence is not very important. Simulation and
experimental results show that the method is appropriate for the
vector control of the doubly fed induction machine. Unlike other
methods, this method gives acceptable results when the load is
small. In addition it does not need a flux estimator for the
implementation of flux orientation.

Index Terms—DFIG, Induction generator, Sensorless.

I. INTRODUCTION

The Doubly-Fed Induction Generator (DFIG) is very
attractive for Adjustable Speed-Constant Frequency (ASCF)
generators with limited speed range. In this system, the stator
circuits of the wound induction machine are directly connected
to the AC mains and the rotor circuits are supplied by one
back-to-back pulsewidth modulated (PWM) converter. This
provides flexibility of operation in sub-synchronous and
super-synchronous speeds both in the generating and motoring
modes.

The rating of the power converter is determined by the
operating speed range, normally limited to one third below and
above the synchronous speed [1], and it is lower than the
machine rating. This is a major advantage of the system.
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The major objective of the DFIG control is to obtain
decoupling in the active and reactive power chains. The
conventional approach is the implementation of stator flux
orientation. In this case, the active and reactive powers are
controlled by the quadrature and by the direct rotor current
components respectively. The performance of the system
depends on the detection of the stator flux reference frame
position and the detection of the rotor position, derived from a
position encoder or from a sensorless detection algorithm as
considered in this paper.
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Fig. 1. Block diagram for the implementation of field orientation.

Since the power converter is connected to the rotor, it is
mandatory to know the angular rotor position to implement the
proposed control. Although the control is implemented in the
field reference frame, it is necessary to implement a reference
frame transformation from the field to the rotor reference
frame. In fact, the necessary variable to allow decoupling is the
difference of the stator flux position and the rotor mechanical
position, which is the slip position.
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There are major challenges in designing a position
sensorless for a doubly-fed wound rotor induction machine.
The algorithm should be stable and work well at any speed of
the working range including near the synchronous speed. The
rotor detection position system should be able to start on the
fly, that is, it should converge on the correct position after
some period of time, when the system starts working, without
the knowledge of any initial condition [5].

Various sensorless-control techniques have been developed
for DFIG [2] - [17].

The sensorless methods presented in [2]-[7] are open loop
and based on the estimation of the rotor currents. The rotor
position is obtained using the comparison of the estimated and
the measured rotor currents. In [8] a sensorless method that
uses only the rotor voltages and currents was reported. The
flux is obtained by the integration of the rotor back-
electromotive force. Near the synchronous speed, the
frequency of rotor voltages or currents is low resulting in a
poor performance.

The sensorless methods presented in [9]-[17] are based on
the Model Reference Adaptive System (MRAS) technique
that, in this case, can be interpreted as a Vector Phase Locked
Loop (PLL). Some are implemented on the rotor reference
frame [9]-[12], others on the stator reference frame [13]-[14],
and others in both reference frames [15]-[17]. The controller is
a Proportional Integral (P1) controller [9]-[14] or a hysteresis
controller [15]-[17].

The usual approach of sensorless control consists in
detecting the rotor and the stator flux positions and therefore
uses the difference of these two values, to make the
transformations shown in Fig. 1.

Some methods use an estimation of the stator flux to obtain
the estimation for the rotor position [7]-[17]. This stator flux
estimator can be implemented integrating the voltage applied
to the stator, corrected by the stator resistive voltage drop
which is normally very small. In the practical implementation,
it is necessary to use mechanisms to correct the influence of
the sensor offsets and initial conditions. When there are
voltage dips, the stator flux starts to oscillate at the mains
frequency.

This paper presents a different approach for a sensorless
algorithm to detect directly the slip position without the
estimation of the flux and the rotor position. It uses the
measured rotor current and an estimation of the active and
reactive power transferred across the air gap. Sometimes, the
stator flux, multiplied by the slip frequency, is used in the
quadrature current control as the feed forward element for
decoupling [1], [13]. This can be avoided if for the synthesis
of the PI current control the symmetry criterion is adopted
[18]. The method proposed can be implemented in the field or
in the rotor reference frames.

In a previous conference paper [16], an early version of the
proposed control algorithm was discussed and in part
experimentally tested. This paper presents the method, its
stability and sensibility analysis, simulation and experimental
results and shows that it is appropriate for DFIG control
allowing decoupling of stator active and reactive powers.

To simplify the exposition of the algorithm in this text and
of the implementation in the laboratory, per unit values are
used.

The paper is organized as follows: In section 11 the proposed
algorithm is described. Section Il presents simulation results
based on a tool constructed in the MatLab/Simulink
environment. Sections IV and V presents the stability and
sensibility analysis respectively. Section VI presents some
experimental results obtained with a prototype constructed
using a low-price fixed-point DSP. Section VII presents the
conclusions and section VI1I1 presents the nomenclature.

Il. DESCRIPTION OF THE METHOD

A. Mathematical Model.

The method analyzed in this paper is derived from the
classical model of the induction machine. Considering the
voltage equations of the stator circuits, on the stator reference
frame, in motor convention and per unit values, using the time
in seconds:

. 1 dy
Uos =Tslas +(D_Tas
s
1)
Ugs = Il +idwBS
Bs = 's'Bs o, dt

The stator flux vector w; = (s, Wgs) Can be obtained using
the classic voltage estimator based on the previous equation:

W s = 0 j (Ugs —Tsig)dt

)
v s :a)sj(uﬁs i )t

The practical implementation of the flux estimator described
in (2) depends on the initial conditions elimination and suffers
also from the flux-integrator’s drift problem. Other flux
estimators can be also used [20]. For the implementation of
stator flux orientation of DFIG, the actual position of the
vector s is necessary. It is also necessary to know the
mechanical position of the rotor. Therefore, only the difference
Ysr = Ys- Ym IS Used to control the system.

Due to its simplicity for describing the proposed method, the
I" representation of the Induction Machine model will be used.
This is well known from the classical literature and is
presented in Fig. 2 for steady state. For transient regime the
parameters and variables are defined in the same way.

Fig. 2. Equivalent I circuit of the induction machine in steady state.
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Defining the electromotive force vector e, = (€qs ©€ps) aS
(Fig. 2 and Fig. 3):
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The active and reactive powers transferred across the air gap
are given by:

Pg =€uslos +€gsigs — P
g os'as Bs'Bs m (5)

dg =©psias ~Casips —Um

where py, and gy, represents the active and reactive powers
consumed at no load represented in Fig 2 by the Ry, and L
parameters. Being pn and g, functions of the electromotive
force, in this paper they are assumed to be functions of the
square of the electromotive force and are adjusted according to

e’ +ejs e’ +ei
s s ——=  » 6
P R O L (6)

m S

In field coordinates, the active and reactive powers that
reach the rotor from the air gap can be given also by:

Pg =—(edsidR +eqsiqR)=—|es|iqR )

Qg = —(eqsidR —edsigr ): —|es|idR

A

Fig. 3. Vector definitions in the implementation of stator-flux orientation.

Considering Fig. 3, since the electromotive force vector e; is
in quadrature with the stator flux vector, (7) can be used to
obtain an expression for the estimated rotor currents on stator
flux reference frame. The rotor currents will be estimated with
the aid of active and reactive powers transferred across the air

gap.
-~ Y - Py

l,, = ——— -
dR [s13
e.| e.|

©)

These quantities are estimated on the flux reference frame.
The measured rotor currents and the estimated rotor currents
(8) can be used for the estimation of the rotor position as in
[10], [12], [13]-[15]. In this paper the air-gap power vector

Sig = ('QQa 'pg) (9)

is used for the estimation of the slip position. In this way,
the flux estimator is not necessary.

B. Description of the Estimator.

The detection of the rotor position can be performed using
the mechanism shown in Fig. 4.

1) System implemented in the rotor reference frame.

The slip position, in the proposed method, is obtained from
the output of the integrator, as show in Fig. 4. This integrator
transforms the output of the hysteresis comparator into the slip
position. Analyzing Fig. 4a, it is clear that the hysteresis
comparator is fed by the cross product of the rotor measured
current and the estimated air-gap power vector transformed to
the rotor reference frame. Those two quantities should have
the same frequency and phase. If so, the angle of
transformation, that is, the slip position angle will be the
correct value.

. g,
i /III :': ~ i

Y

Yr
us—p Air-gap ig A
pa(eq.5) A 5
i~ estimator
a) Rotor reference frame implementation.
. A &
I —ff eVsr n :F ~ :
A
Yor
Us—m  Air-gap | Sig
pq (eq. 5)
i, estimator

b) Field reference frame implementation.
Fig. 4. Rotor position estimator structure.
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The transformation of the power vector S;q is defined by:

Sirgx ={COSYsr —Sianr} —0g
Sirgy sinysr  COSygr ||~ Pg
System implemented in the field reference frame.
In this case the measured rotor currents should be
transformed to the field coordinates, Fig. 4b.

The detection principle is similar to the previous case, with
similar results.

(10)

C. Implementation of the Hysteresis Controller.

So far, the methods presented in the literature [7] - [10] and
[14]-[16] uses the cross product of an estimated rotor current
with a measured rotor current, thus:
g =iy Xiy (11)

In this paper, a similar reasoning is used. To avoid the
division in (8), since the vector S;; is collinear with the
estimated rotor current, the active and reactive powers are
used. So:
er =Sjg xir =dg -idr —Pg “igr (12)

The error & is the input of a hysteresis controller that
switches on or off when it is positive or negative respectively.
The average value of this output coincides with the slip speed
of the machine in steady state. In both limits, where only one
output is used, the two outputs of this controller lead to the
speed range of this system. In order to establish this speed
range at [0, 2], the output of the hysteresis controller is set at
[-os, o). In a hysteresis controller there is also the need of
determining its width, a delta parameter. In this case, a delta=0
can be used, because it is a sampled system and the estimation
process does not give rise to chattering.

A Pl controller can also be used. In this case the PI
parameters should be determined. Normally, the symmetry
criterion is used [21] leading to Pl parameters that are function
of the rotor current and of the electromotive force amplitude.
The bandwidth of the control system should be high enough to
allow synchronization. The hysteresis controller presents
higher bandwidth and was preferred in this paper.

The method works well in the two reference frames
described. No difference was found in simulation and in the
laboratory.

The major advantages of this method are that it is not
necessary to estimate rotor or stator fluxes, (since it uses
measured voltages and currents), it is not necessary to perform
any integration in open loop, and when a hysteresis controller
is used, the synthesis of their parameters depends only on the
required speed range where the system is working.

I1l.  SIMULATION RESULTS

A MatLab/Simulink program was constructed to determine
the behavior of the proposed estimator included in the control
system of the DFIG. To evaluate the performance of the
method for large machines, parameters of a 2 MW wound
rotor machine were used in simulations. This program will be
also used for the sensitivity analysis.

A simulation result for N = 1.2 p.u. is shown in Fig. 5. The
slip position decreases in time as expected. The d-q rotor
currents as well the active and reactive powers P, and Q. are
shown. The starting on the fly is also visible since the initial
estimated and real slip positions are different.
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Fig. 5. Simulation results for rated current and starting on the fly.

The variable Dy, measures the difference, in degrees,
between the estimated slip position and the slip position that
would be measured if the classical method was applied. In this
last case, the slip position is determined by the difference
between the stator vector flux position angle ys and the rotor
position yn,. So, considering Fig. 3:
Dyer =7sr —(Ys —Ym) (13)
According to the simulation result of Fig. 5, this variable is

very small when the parameters of the machine are accurately
determined.

Copyright (c) 2010 |EEE. Personal use is permitted. For any other purposes, Permission must be obtained from the | EEE by emailing pubs-permissions@ieee.org.



This article has been accepted for publication in afuture issue of this journal, but has not been fully edited. Content may change prior to final publication.

1.02
ER
Z
0.98 . . .
0 50 100 150 200
0 |
— est. real
= -1
] —
:s;‘; 2F -
-3 L L L
0 50 100 150 200
5
v!z oF
5 l\/\/‘\_/w\/\/\/\N
-5 L L L
0 50 100 150 200
Time (ms)

Fig. 6. Simulation results for crossing the synchronous speed.

The transient to obtain the correct position is clearly shown
and lasts about 5 ms. After the transient, the system determines
the real slip position without significant errors.

In Fig. 6 the results obtained when the DFIG is crossing the
synchronous speed are shown. An almost constant slip position
is obtained as expected.

IV. STABILITY ANALYSIS

The stability analysis can be performed using a small-signal
model as usual [10], [12] and the stability theory of sliding
mode systems [19].

The error & is defined as the cross product between the air-
gap power vector and the rotor current vector, that is:

(14))

. T M . .
er = Sig xir =|e5|||R|||r|5|n(5)=L—|e5|||r|25|n(8)
S

In steady state, the angle between Sy and iy, i.e. 5, is null.
This means that the rotor vector and the power vector rotated
of y5 will be in phase (see Fig. 4a). When there is a positive

perturbation Ay in the estimation angle, the power vector

will undergo greater rotation and consequently it will be in
advance relative to the rotor current vector. The cross product
will be negative and:

M . S
&r :_L—les"'rlzsm(AYsr) (15)
S

For small perturbations, the classical approximation for
sinus (sin & ~ &, in rad) can be assumed giving:

M . A
&r :—L—lesll'rleYsr (16)
s

The small signal model, in p.u., Fig. 7, can be obtained
when Fig. 4 is taken into consideration. The natural sampling
of the system is represented by the sample and hold element,
Fig.7.

M & 1 u A!)‘/sr
sl o e o ol

N
-1 TS

Fig. 7. Small-signal model for MRAS stability study.

According to the stability condition of sliding mode systems,
the stability is guaranteed if the product of the error & by its
derivative is always negative [19]. The fulfillment of this
inequality ensures the convergence of the system state
trajectories to the sliding surface & =0.

From the model, it can be concluded using p.u. values:

dep

M .2

o :_L—S|es|||r| osU (17)

Analyzing the two possible conditions:

gr<0 — u=-1 adﬁ:M|eS||ir|2mS>0

dt L

d M 2 (18)
& .

gr>0 — u=1 —>d—tr=—L—s|es|||r| ©g <0

For the proposed solution, the stability condition mentioned
above is verified.

V. SENSIBILITY ANALYSIS

A. Sensibility to Induction Machine Parameters.

Since the method presented is based on the phase
comparison of the air gap power vector and the measured rotor
current, the sensibility to parameter variations can be studied
with the formulas (4), (5) and (6) used to obtain the active and
reactive powers that crosses the air gap. The system is
dependent on the stator resistance, and on the active and
reactive powers at no load. The resistive voltage drop is small
when compared with the applied voltage on the stator. The
sensibility to this parameter is low. The most important
parameters are the iron losses and the reactive power at no
load. The first parameter, because it is very small, is
practically not important. This no-load active power value
suffers a discontinuity when the synchronous speed is crossed:
Its decrease is double that of the rotor hysteresis losses. This is
only visible when there is very low load and a very small Dy
is required. The reactive power at no load is dependent on the
stator self-inductance Ls. To avoid errors due to the voltage
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level variations, this parameter is computed at each control
step using (6).

The sensitivity to the stator inductance parameter is
illustrated in Fig. 8 where a simulation result with 20% error in
the self inductance parameter is shown. In this case, an error in
the estimation value is obtained as can be observed. It depends
on the parameter error and on the rotor current level. Table 1
shows the results obtained for several rotor currents and
inductance values. These values were obtained considering lg
= 0, i.e,, all the magnetizing current is fed from the stator.
Similar results are presented in Table 2 when all the
magnetizing current is supplied from the rotor. It can be
concluded that, when higher values of 14 are considered, the
error decreases considerably when I, is small, but remains for
higher values of 1. The error is practically not dependent on
the speed neither on the acceleration. As can be observed,
when the inductance used in the calculations is smaller than
the real value L, the error is positive, and when greater, it is
negative. This dependence is similar when other methods are
used [12]-[17].

ldr‘ lqr (p.u.)
=

dr qr

0 10 20 30 40 50 60 70

50
v:z oF 1
&
50 , . ; . ; .
0 10 20 30 40 50 60 70

Time (ms)

Fig. 8. Simulation result using a lower stator inductance parameter.

TABLE 1
Simulation Results in Degrees for the Rotor Estimation Error Considering
N=1.0 p.u., l¢=0
| r * * * *
(pqu ) Ls =0.8LS Ls =0.9Ls Ls =1'1LS LS =1.2Ls
1 6 3 -2.5 -4
0.5 12 5 -4.6 -8.2
0.25 25 10.5 -9 -15
TABLE 2

Simulation Results in Degrees for the Rotor Estimation Error Considering
N=1.0 p.u., 13-=0.32 p.u.

|qr * * * *
(puy | Ls=08Ls | Ls=09Ls | Ls=lils | Ls=L2Ls
05 8.1 34 33 58
0.25 8.6 36 35 52

The parameters p,, and g, can easily be obtained in a no
load test. This can easily be done with null rotor current and
using the system to measure the active and reactive powers
absorbed on the stator. The copper losses should be taken into
account.

B. Sensibility to Stator Voltage Sensor Offsets.

The response to the system on the stator voltage sensor
offsets is illustrated in Fig. 9, where a 5% offset on the sensor
of phase 3 is considered. There are steps on the d-q rotor
reference currents as can be seen in Fig 9. The P, and Q.
variables are shown. It can be concluded that the system has an
acceptable response. To evaluate the error, in this case, stator
fluxes without the influence on the voltage offset are used
because the removal of the offsets when calculating the flux is
considered absolutely essential. This can be done using an
automatic offset removal as will be described in the next
section.

Voltage offset sensibility
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Fig. 9. Sensibility to stator voltage sensor offsets (N=1.2.p.u.).

C. Sensibility to Stator Current Sensors Offsets.

The sensibility to the stator current sensors offset was
studied in the same way as for the stator voltages. The system
works also adequately.

D. Sensibility to Rotor Current Sensor Offsets.

Because the method uses a phase comparison between the
measured rotor current vector and the air-gap power vector, an
offset on the rotor current sensors affects the estimation. In this
case, when the system is working at the synchronous speed, the
rotor currents are DC variables, and so, no automatic offset
elimination can be used. Fig. 10, with steps on the reference
currents, shows the response of the system when an offset on
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the rotor current sensor is considered. This offset gives rise to
an oscillation at slip frequency on the slip position angle as
well in the Dy, variable. This is particularly visible at low
rotor currents.

5% Offset on rotor current sensor of phase 3

s Op—
5 -1 ; . . ; . ]
0 50 100 150 200 250 300
51 v r T v r
g . et e —
o 0" —
< _Pc Qc
a” -1t \
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20 T T T v r
o5 of 1
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Fig. 10. Sensibility to rotor current sensor offsets (N=1.2.p.u.).

This offset can be eliminated manually, reading the rotor
current output sensor values when the rotor currents are null.

VI. EXPERIMENTAL RESULTS

This section presents some experimental results obtained in
a prototype using a 3.2-kW wound induction machine driven
by a DC machine. This DC machine can be used to emulate a
wind turbine or another prime mover. It can deliver or absorb
mechanical power from the rotor. Current transducers are used
to measure the stator and rotor currents. The stator voltages are
measured by two voltage transducers. The estimation and
control algorithms are implemented in a Microchip
dsPIC30F4011. To obtain experimental results in real time,
four PWM output channels with simple RC filters were used.
The actual rotor position is also measured using an encoder
with a 4096 step resolution and the Quadrature Encoder
Interface (QEI) module of this dsPIC. Because a 2-pole pair
machine was used, the electrical position resolution decreases
to 2048. This encoder was used only for comparison purposes
and was calibrated in order to align its zero point with the zero
position of the machine leading to an error smaller than 1
degree. The sampling frequency used was 10 kHz.

A. Practical Issues.

Information about the stator flux is not necessary to
implement this method. However, to compare the estimated
slip position with the one obtained with the classical method, it
is necessary to implement a stator flux estimator. In practice,

for the evaluation of the flux, it is necessary to eliminate the
effect of the stator A/D converter offsets. This was performed
using an automatic ADC offset elimination. This was
implemented maintaining a running average of the ADC offset
that is subtracted from the ADC output value before scaling.
The offset is accumulated as a 32-bit signed integer and is used
to correct the raw ADC. This procedure is equivalent to using
a high pass filter with a time constant of 6.5 s.

The automatic offset elimination was implemented only on
the stator voltage and current measurements. It was not used
on the rotor current ADC conversion because, at synchronous
speed, these variables are of zero frequency, and this system
will eliminate not only the offset, but also the actual
measurement. In this case a manual offset elimination was
implemented.

The automatic offset elimination is much more important
when a flux estimator is used because this is implemented
using the integration of the stator voltages. Offset values in this
case are not allowed.

To evaluate the estimated rotor position a flux estimator was
used as was described in [17]. It uses a low pass filter and a
phase corrector in order to have n/2 phase difference between
the resulting flux and the electromotive force.

B. Results in Steady State.

Figures 11-13 show the behavior of the system in steady
state at 3 different speeds when 14,=0 and 14,=-0.5 p.u.. These
figures show the estimated slip position obtained, the o
component of the stator flux that gives cos(ys), the o
component of the rotor current and D ;.

Stedy state N=1350 rpm

y_ (rad)
Ebowe

Voo (p.u.)

(p-u.)

wr

I

~ 20
JE
2 20 . _ _ _
0 50 100 150 200 250
Time (ms)

Fig. 11. Performance in steady state below the synchronous speed.

The slip position obtained behaves as expected. It increases,
and decreases in time below, and above the synchronous speed
respectively. At synchronous speed it is constant as also the
rotor currents. The quantity Dy, is presented in degrees to be
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more visible and averages respectively -6.3°, -10.8° and -7.6°.
These errors could be reduced if some adjustment was made
on the Ly parameter. The L parameter used here was obtained
using the classic no load test. On the transition of the slip
position between —7 and 7 there is some oscillation. This is
due to the fact that —z and = represent the same position, and
there is always some variation that is magnified in this case.
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Fig. 12. Performance in steady state at the synchronous speed.

Stedy state N=1650 rpm
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Fig. 13. Performance in steady state above the synchronous speed.

It was observed in the laboratory that the system works
acceptably, but with errors, with loads as low as 3% of the
rated rotor current.

C. Starting on the Fly.

An experimental result showing the result of starting on the
fly is presented in Fig. 14. The starting estimated position is
almost 7 (or -7). It decreases slowly when there is no current,
but when the IGBTSs are fired the rotor currents are flowing
and the estimated position starts to converge on the correct
position. This transient depends on the instant of switching on
and can take different waveforms. This is done using a small
amount of d and q rotor currents as can be seen.

Starting on the fly
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Fig. 14. Start on the fly transient.

D. Response to Steps on the Reference Currents.

The responses to steps on the direct and quadrature
reference currents are presented in Fig. 15 and Fig. 16
respectively. As expected, there is a decoupling between the
active and reactive control chains. When a step is applied on
the direct rotor current, only the stator reactive power is
changed. If a step is applied on the quadrature rotor current,
only the active power changes. The proposed system shows
itself to be appropriate for the active and reactive power
control of the DFIG.

In Fig. 15, the reference Iy, was varied from -0.5 p.u. to
0.5 p.u. producing a negative step on the reactive power
transferred on the stator. Even when 14=0.5 p.u., the reactive
power on the stator is still positive. This is due to the fact that,
in this machine, the no load current is very important (0.62
p.u.).

In Fig. 16, the reference of 1, was varied from 0 to 1 p.u..
The machine is working above the synchronous speed and
produces a step on the active power as shown. In this case, the
system starts working as a generator delivering active power to
the network by the stator circuits.
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Fig. 16 Response to a step on the quadrature current.

E. Response at Variable Speed and Low Load.

The response at variable speed and low rotor current (14,=0,
l4~=-0.125 p.u.) is presented in Fig. 17.

The power electronic inverter, connected to the rotor, is
switched on when Iy, changes, as can be seen in Fig. 17. The d-
q rotor reference currents are constant. Because the load is
low, the electromagnetic torque is sufficient to produce some
acceleration. Near the instant t=1.4 sec, the system crosses the
synchronous speed, as can be seen in Fig. 17. During the
acceleration, the rotor d-q current components remain
constant, as can be observed in Fig. 17.

Variable speed at low load
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Fig. 17. Response at variable speed and low load.

VII. CONCLUSIONS

The paper presents a sensorless system for the estimation of
the slip position of the DFIG. This variable is necessary for the
implementation of field orientation. The proposed sensorless
algorithm fulfills the requirements of the DFIG in general
applications. Starting the system on the fly is -easily
accomplished. Although the performance of the system is
dependent on the stator self-inductance Ls parameter, it was
shown that the system works acceptably well with currents low
as 3% of the rated rotor current.

VIIl. NOMENCLATURE

General

7% Stator or rotor linkage flux.

Stator and mutual inductance.

rs Stator resistance.

i Current.

u Stator voltage.

e Electromotive force.

N Rotor speed.

Pe Active power transferred on the stator minus the stator
copper losses.

Qe Reactive power transferred on the stator.

Pq Power transferred across the air gap.

dq Reactive power transferred across the air gap.

Om Reactive power consumed on the stator.

Pm Stator iron losses.

Rm Resistance for the representation of iron losses.

) Angle between S and i,

% Position of the stator flux vector.
Y Electrical position of the rotor.
Yer Electrical slip position.

& Error.

s Electrical frequency of the ac mains.
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is Stator current vector.
i Rotor current vector.
U Stator voltage vector.
€5 Electromotive force vector.

Vs Stator flux vector.
Sig Air-gap power vector

Superscripts

n Estimated value.

S, r Stator or rotor reference frame.
Subscripts

a, f  Usual of variables.

d,q Variables on a common moving reference frame.
S, r Stator or rotor quantities.

R Rotor variables or parameters of the T circuit.

g Airgap

The per-unit values are defined as usual, but using as base
values, the peak of the rated values. Because the time is in
seconds, the angular speed and frequency are in rad/sec. The
synchronous speed is the base value for the rotor speed.

APPENDIX

Parameters of the DFIG

2-MW rated machine in the simulations

L=3.1 p.u, M=3p.u, r=0.01p.u,
p.u.

Laboratory prototype

Induction Machine: stator 380 V, 8.1 A, rotor 110V, 19 A,
3.2-kW, four poles, 1400 rpm, Ly = 1.62 p.u., M = 1.17 p.u,,
rs=0.06 p.u.

r=0.01 p.u. L,=3.1
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