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Abstract—A simple sensorless method for the detection of the
mechanical rotor position of the wound-rotor induction machine
in order to implement stator-flux orientation is described and eval-
uated in this paper. The method is based on the phase comparison
of the actual and the estimated rotor currents using the classical
model of the machine. It can be conceptually implemented in the
rotor or in the stator reference frames. It has some similarity to the
model reference adaptive system methodology, but uses a hystere-
sis comparator instead of a proportional integral (PI) controller.
In this way, the method does not need parameter determination
for the controllers and shows a considerable independence of pa-
rameter uncertainties. Simulation and experimental results show
that the method is appropriate for the vector control of the doubly
fed induction generator (DFIG) because it leads to the decoupling
of active and reactive power chains. It is also appropriate for the
control of the DFIG in transients like those when voltage dips occur.

Index Terms—Doubly fed induction generators (DFIGs), induc-
tion generators, sensorless.

NOMENCLATURE
General
FE Estimated.
) Stator or rotor current.
ky Parameter for initial conditions effects.
k,,T; Parameters of the PI controller.

Ly Stator inductance.

M Measured.

M Mutual inductance.

P, Active power transferred to the rotor.
Qs Reactive power.

Ts Stator resistance.

T, Sampling time.

U Stator voltage.

Er Error.

Vs Position of the stator-flux vector.
Ym Electrical position of the rotor.
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Ws Electrical frequency of the ac mains.
We Crossover frequency.

P Stator or rotor flux linkage.
Superscripts

A

Estimated value.

s, T Stator or rotor reference frame.

Subscripts

«, 8 Usual af variables.

d,q  Variables on a moving reference frame.
s, T Stator or rotor quantities.

1. INTRODUCTION

HE doubly fed induction generator (DFIG) is very at-
T tractive for adjustable speed-constant frequency (ASCF)
generators with limited speed range. In this system, the sta-
tor circuits of the wound induction machine are directly con-
nected 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 subsynchronous and super-
synchronous speeds both in the generating and motoring modes.
The rating of the power converter is lower than the machine rat-
ing and is determined by the operating speed range, normally
limited to 1/3 under and above the synchronous speed [1].

The conventional approach for the control of the DFIG is the
implementation of stator-field orientation. The performance of
the system depends on the detection of the stator-flux reference
frame and the detection of the mechanical position of the rotor,
derived from a position encoder, as shown in Fig. 1, or from a
sensorless detection algorithm, as considered in this paper.

Since the power converter is connected to the rotor, it is
mandatory to know the rotor position to implement the pro-
posed control. Although the control is implemented in the field
reference frame, it is necessary to use a reference-frame trans-
formation from the field to the rotor reference frame.

There are several position-sensorless methods proposed in
[2]-[15]. A preliminary version of the method proposed in this
paper, based only on simulations, was published in a conference
paper [16].

There are major challenges in designing a position sensor-
less for a doubly fed wound-rotor induction machine. The al-
gorithm 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, i.e.,
it should converge to the correct position after some period of
time, when the system starts working, without the knowledge
of any initial condition [5].
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Fig. 1. Block diagram for the implementation of field orientation.

This paper presents a sensorless algorithm to estimate the
rotor position that can be implemented in two different reference
frames. When the rotor reference frame is adopted, the method
proposed here has some similarities to the method proposed
in [8]-[10]. When implemented in the stator reference frame,
it has some similarities to the phase-locked loop (PLL) method
proposed in [14] and [15].

The estimated position determined by this method was com-
pared with the actual position measured using an encoder. The
PLL method described in [14] and [15] was also implemented
and compared with the method proposed in this paper. To sim-
plify the exposition of the algorithm in this paper and the im-
plementation in the laboratory, per unit values are used. When
compared with the PLL system, tuned to have a bandwidth as
high as 200 Hz, this method presents similar dynamic behavior.

Section II describes the proposed algorithm. Section III
presents the stability analysis. Simulation results based on a
tool constructed on the MATLAB/Simulink environment are
presented in Section I'V. Section V presents the synthesis of the
PLL method. Section VI presents experimental results obtained
with a small prototype constructed for this purpose. Section VII
presents the conclusion.

II. DESCRIPTION OF THE METHOD

The method proposed in this paper is derived from the clas-
sical model of the induction machine. Consider the following
voltage equations of the stator circuits on the stator reference
frame, in motor convention, and per unit (p.u.) values:

1 di,
ws dt
1 dy 8s

UBs = TslBs + ; dt

Uqs = Tslas T

ey
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The stator-flux vector ¥ = (1,5, 1y ) can be obtained using
the classic stator-flux estimator based on (1)

¢as = ws/(“as_rsi(zs)dt

’(/)85 = ws/(u,@,s_rsi@s)dt~ (2)

Section VI will address the practical implementation of the
flux estimator described in (2). Other flux estimators can also
be used [17]. The position of the stator-flux angle -, measured
in the stator reference frame, is determined by

L siny, = ——2 . 3)
Vs + U3, \ Vas + ¥,

The stator-flux vector W4 can also be determined using stator-
and rotor-current vectors is = (iqs,i8s), ¢r = (Gar,igr) and
the rotor-position angle ,,

%3 s

CcosYs =

1/}048 = Lglas + MCOS’Ymiar - MSin’Ymi[)’T
w,‘b’s = Lsiﬁs + M sin TYm i(!V‘ + M cos TYm Z.Gr (4)

or
|:"/)as:| B |:LSZ.(),S + MZ'Z,} )
Uae) L Luip, + Mig,
where 4, and 4% are the rotor currents in the stator reference

frame. These variables are related with the measured rotor cur-

rents by
{z} _ {cosvm
5, sin vy,
Equations (5) and (2) can be used for the estimation of the

rotor currents. The estimated rotor current on the stator reference
frame can be given as follows:

¢as - Ls las

Gar M
o = ] ™
L3y Yas — Lgias

M

The estimated rotor current given by (7) and transformed to
the rotor reference frame using the transformation defined in (6)
can be compared with the actual, measured rotor current. The
external product of these two vector quantities gives the error
for a hysteresis comparator, as shown in Fig. 2(a), which is

- Sln’Ym:| . |:'%ur:| ) (6)

COS Yy 18y

Er = Z'ariﬂr - iariﬂr' (8)

The error ¢, is the input of a hysteresis comparator that
switches on or off when it is bigger than a certain delfa. In [16],
a study of the system with different values of delta was pre-
sented and shows that different values for delta give rise to
different responses. It was concluded that the best value is
delta = 0. The higher switching frequency of the hysteresis con-
troller with delta = 0 does not give rise to chattering problems
because it is limited to the sampling frequency used, and this
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Fig. 2. Rotor-position-estimator structure. (a) Rotor-reference-frame imple-
mentation. (b) Stator-reference-frame implementation.

does not give rise to any power electronics commutation. The
behavior of the hysteresis controller only results in adjustments
of phase in software. The output of the hysteresis comparator
will switch from two determined values and will be integrated
leading to the estimated position 7,,, as shown in Fig. 2 where
the exponential block represents the reference-frame transfor-
mation (6).

Because the output of the integrator is the estimated rotor
position, the input will be the speed, i.e., the output of the
hysteresis comparator is, in average and in steady state, the speed
of the machine. Therefore, the output values of the hysteresis
controller are the theoretical limits of the speed range of the
estimator. Because the speed range of the DFIG is usually set
on [0.7, 1.3] p.u., in order to establish the appropriate speed
range of the observer, the output of the hysteresis comparator
was set in [0, 2] p.u.

Equation 8 can also be written in the form

Er = |ZAT X 7,1| = Z?cw”iﬁr - iar{ﬁr = |’zr|-|7:1'|-Sin('7error)~ (9)

The angle 7eror is defined between the vectors that repre-
sent the real and the estimated rotor currents. The hysteresis
comparator adjusts the position of the rotor in response to this
error. In steady state, the two vectors i, and i, are moving at
the same speed. If, in a considered instant of time, the estimated
vector 'Z,. lags the measured vector current ¢,, the hysteresis
comparator gives a positive output speed leading to an increase
of the position and so the error will become smaller in the next
sampling period. If i, leads 4, the output of the hysteresis con-
troller will be zero giving a fixed position of the vector i, ie.,
the vector {,. will wait for 2,. If Yeror 1S zero, the estimated
rotor position coincides with the mechanical position of the ro-
tor. The accuracy of the method depends on the accuracy of
the rotor-currents measurement and on the accuracy of the es-
timation of the rotor currents. These depend on the stator-flux
estimation and on the accuracy of the parameters of the ma-
chine (7). When a hysteresis controller is used with delta = 0,
the critical parameter is the phase and not the amplitude of i
and ,.

Ay
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Fig. 3. Small-signal model for stability study.

The aforementioned method is implemented in the rotor ref-
erence frame because the phase comparison is performed us-
ing the original rotor current and the estimated rotor current
is transformed to the rotor reference frame using the estimated
rotor-position angle.The same principle can be used in the stator
reference frame by transforming the measured rotor currents to
the stator reference frame and comparing it with the estimated
rotor current obtained by (7), [see Fig. 2(b)]. The method works
well in these two reference frames as will be shown with ex-
perimental results. The stator-reference-frame implementation,
which was adopted with the majority of the results presented
in this paper, has the advantage of using variables with the
same frequency independent of the speed, normally a higher
frequency.

The detecting procedure of this method is very similar to
the detecting flux method proposed in [6]. It is also similar to
the method called rotor-current model reference adaptive sys-
tem (MRAS) proposed in [8] and [10]. In [14] and [15], a
rotor-position PLL method similar to the stator-reference-frame
implementation is presented. The major advantages of the ap-
proach proposed in this paper are as follows.

1) Itis not necessary to adjust any PI parameter;

2) It can be implemented on the stator or on the rotor refer-

ence frame.

III. STABILITY ANALYSIS

The stability analysis can be performed using a small-signal
model as in [8]. Linearizing (9) and considering that in steady
state |i,| = |4, | results in

Er = |ir|2(A7m - A’A}/m)- (10)

The small-signal model for stability analysis, as shown in
Fig. 3, can be obtained using (10) and Fig. 2. The natural sam-
pling of the system is represented by the sample and hold ele-
ment, as shown in Fig. 3.

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 in-
equality ensures the convergence of the system state trajectories
to the sliding surface ¢, = 0.

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

A’Ym - wsTswm
de

— = ‘ir|2(wswm - wsu)~

7 arn
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Fig. 4. Waveforms with small rotor currents (I, = 0, Iz, = 0.15 p.u.)

Analyzing the two possible conditions and considering the
usual speed range (0.7 < w,,, < 1.3), we have

de; )
& <0 — u=0-— c = i, Pwswym >0
dt
de, .19
&g >0 — u=2-— o = iy | "ws(wm — 2) < 0. (12)

This verifies the aforementioned stability condition.

IV. SIMULATION RESULTS

A MATLAB/Simulink routine was constructed to determine
the behavior of the proposed estimator included in the DFIG.
The simulation results were obtained with the parameters of a
2-MW machine [18]. No problems of stability were verified.

The performance of the hysteresis comparator depends on the
delta parameter [16]. After careful analysis of several simulation
results, it was concluded that the best value is delta = 0. This
nil value was adopted on the experimental apparatus.

It was also verified that the performance of this system is
dependent on the rotor currents amplitude. Because the system
is based on the comparison of rotor currents, when the load is
small, the performance of the system is degraded. A value of
15% of rotor current was found in simulations as a limit for
acceptable response.

The system has good responses in the speed range of the
DFIG including the synchronous speed, as shown in Fig. 4.
This figure shows the waveforms of the rotor currents when low
level of rotor currents is considered (15%).

A simulation result showing a starting on the fly is presented
in Fig. 5. On beginning, the rotor reference currents are nil and
the system is not able to control the currents, as shown in the
figure, and also it is not able to estimate the position. Near the
instant £ = 10 ms, the system starts to estimate the position, and
when a step of the direct current reference occurs, the estimated
position converges to the correct position.
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Fig. 5. Starting on the fly.
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Fig. 6. Block diagram for the synthesis of the PI controller.

V. SYNTHESIS OF THE PLL METHOD

In order to obtain a fair comparison between the PLL method
and the method proposed here, a synthesis of the PI parameters
is presented in this section.

The variable gain of the open-loop transfer function that de-
pends on the squared rotor current is compensated on the PI
parameters, as shown in Fig. 6, where the hysteresis controller
of Fig. 3 was replaced by a PI controller. The sampling de-
lay of the sample and hold element is now represented by the
first-order block diagram with 7 time constant.

The determination of the PI controller parameters is a standard
control problem similar to the speed-control loop of an electrical
machine with inner torque control. The method generally used is
the symmetrical optimum [20], [21]. According to this method,
the £, and T; parameters are selected such that the amplitude and
phase plot of the open-loop transfer function, as shown in Fig. 6,
are symmetrical about the crossover frequency w,., which is the
geometric mean of the corner frequencies (1/7%) and (1/7;) of
the open-loop transfer function. Given a normalized factor «,
the following can be obtained [20], [21]:

1
We = —
ol
T; = o’T,
1

k, = . 13

P aTwg (13)

Since T is determined by the sampling frequency used, the
response of the system can be adjusted using the o parameter ac-
cording to a required bandwidth. It is also necessary to consider
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a damping factor ¢ that is given by [21]

a—1

=

(14)

By changing the «, the system damping or bandwidth can be
adjusted as required.

VI. EXPERIMENTAL RESULTS

This section presents some experimental results obtained in
a prototype constructed for this purpose using a 3.2-kW wound
induction machine. The estimation and control algorithms are
implemented in a Microchip dsPIC30F4011. Two dq PI current
controllers were implemented in a classical way. To obtain ex-
perimental results in real time, four PWM output channels with
simple RC filters were used. The actual rotor position was mea-
sured using an incremental encoder and the quadrature encoder
interface (QEI) of another dsPIC30F4011. On the oscilloscope,
the actual measured and the estimated rotor positions can be
compared.

The PLL system described in [14] and [15] was also imple-
mented. The PI parameters were fixed in order to get a bandwidth
of 200 Hz. The sampling frequency adopted was 10 kHz.

A. Practical Issues

In practice, it is necessary to eliminate the effect of initial
conditions when the estimator defined by (2) is used. The sim-
plest solution consists in using a low-pass filter replacing the
pure integrator. This is achieved introducing a feedback loop
leading to

wnzs = Ws / (uas*rsirys - kfw(H)dt

'(/);(35 = Ws / (u‘ﬁs_rsiﬁs - k.fwﬁs)dt- (15)

The elimination of these effects is dependent of the k; pa-
rameter. However, this technique produces an error of amplitude
and phase. This can be analyzed using the transfer function of
the low-pass filter, which is

P(s) 1

(a—ri)(s) ~ Gaofoo) T hy- (1o

Because the flux estimator is working always at the mains
frequency w = wj, the error in amplitude and the error in phase
can be determined by

1

\/1+k7

Phaseeyor = 0 = atn(ky).

|Gerror| =

A7)

For stator-flux orientation, the quantity of interest is the phase
angle of the stator flux. Because ~s obtained with (3) has the
error estimated with (17), the corrected stator-flux position is
given by 7, — 0. A better angle can be obtained easily using
well-known trigonometric formulas. Since k is a small number,

¥ m (rad)

Io (pu)

Time (ms)

Fig. 7. Implementation on the rotor reference frame.

this leads to

cosf =1 sinf =ky

cos(ys — 0) = cosys + ky sin~y,

sin(ys — 0) = siny, — ks cos ;. (18)

The correction given by (18) can be easily implemented giv-
ing rise to significant benefits.

B. Experimental Results in Steady State

The results are presented using per unit values defined with
the peak of the rated values. All these figures were obtained with
the dg rotor current control.

Fig. 7, obtained with the hysteresis controller implemented
on the rotor reference frame, shows the estimated position 7, ,
the rotor current, and the estimated rotor current on the rotor
reference frame.

The rotor current and its estimated value are in phase. This
shows the correctness of the method.

A similar result, obtained with the estimation algorithm work-
ing on the stator reference frame, is presented in Fig. 8(a), where
the measured position obtained with the encoder is also present.
In this case, the estimated and measured rotor currents are indis-
tinguishable from one another (on the stator reference frame).
Very similar results, obtained using the PLL method, are pre-
sented in Fig. 8(b).

It was verified that the starting on the fly is as expected and so
there is no need of any care with the initial conditions. This start-
ing transient occurs more easily when the hysteresis comparator
is used. The safe operation down to 15% was also verified ex-
perimentally in the hysteresis controller.

C. Experimental Results With Steps on the Reference Currents

The objective of this section is to show that the system is
appropriate for the implementation of stator-flux orientation.

This is the major purpose of the rotor-position-estimation
system. In this case, it can be shown that the rotor quadrature
current acts on the active power and the direct current acts on
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Fig. 8. Implementation on the stator reference frame. (a) Using a hysteresis
controller. (b) Using the PLL method.

the reactive power. These relations are given by

) ) M?
Py = (ig, +i5,) + T¢szq7‘
S

s M.
Qs = Ws(pu)ws <w - Zdr) .

— 1
L. L. 19)

Equation (19) shows that, if the rotor quadrature current is
constant, the power transferred to the rotor, P, = Ps — pj; re-
mains also constant. Conversely, if the rotor direct current re-
mains constant, the stator reactive power also remains constant.

The results obtained are presented in Figs. 9-11. These
figures show that the decoupling of the active and reactive power
can be partially achieved.

In Fig. 9(a), step of 80% on the rotor-reference direct current
was applied. The quadrature current was maintained constant in
asmall value (15%). At the beginning, when the current is small,
the system estimates the position with a visible error. This error
decreases rapidly when the current increases. It can be verified
that P. is almost constant.

Similar results for the PLL system are also presented. It can be
concluded that the differences are small. However, these results
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Fig. 9. Step response to rotor direct current. (a) Response with a hysteresis
controller. (b) Response of the system based on a PLL.

were not obtained exactly in the same situation because the rotor
current is a little bit higher.

The response to a step of 80% on the rotor quadrature current
is presented in Fig. 10(a). In this case, the rotor direct current
was maintained in a constant value (15%). It can be observed
that there is a small coupling in the stator reactive power. If
the correcting system presented in (18) is not implemented, this
coupling will be more visible.
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Fig. 10.  Step response to rotor quadrature current. (a) Response with a hys-

teresis controller. (b) Response of the system based on a PLL.

A similar result for the PLL system is also obtained, as shown
in Fig. 10(b), which is very similar to the hysteresis controller.

When a quadrature step current is applied, the DFIG produces
a corresponding torque. If the load torque is small, the system
starts to accelerate and will cross the synchronous speed, as
shown in Fig. 11. Note that the amplitude of the rotor currents
remains constant and the slip frequency decreases to zero and
increases again.

4 T T T T T T
2
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E o} 1
E
-
a2t .
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=
& I IR
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Fig. 11.  Crossing the synchronous speed.
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Fig. 12. Responses to a voltage dip of 50% amplitude using a hysteresis
controller.

D. Results During a Voltage Dip

The behavior of the system proposed in this paper during
voltage dips is presented in Figs. 12 and 13. The amplitude of
the voltage dip is approximately 50%. The figure shows the
behavior of the estimated position, the amplitude of the flux
vector, and the direct and quadrature rotor currents. It can be
seen that the system presents good results during this transient.
The oscillations presented are due to the natural frequencies of
the system.

Fig. 13 shows thesame response for two cases when a PLL
system is used. In the first case (100-Hz bandwidth), three
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Fig. 13.  Responses to a voltage dip of 50% amplitude using a PLL system.
(a) Using a PLL with 100-Hz bandwidth. (b) Using a PLL with 200-Hz
bandwidth.

failures can be seen near the time instants 600, 700, and 850
ms. These failures produced considerable torque variations and
were found during the experiments when an insufficient band-
width was used in the synthesis of the PLL. This shows that the
synthesis of the PI controller is critical. The problem was solved
increasing the bandwidth to 200 Hz, as shown in Fig. 13(b). It
was also verified that both the rotor current necessary for syn-
chronization and the time of synchronization increase when a
lower bandwidth is used. The failures shown in Fig. 13(a) never
occurred with the hysteresis controller.
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VII. CONCLUSION

The paper presents a sensorless system for the estimation
of the rotor position of the DFIG. The proposed sensorless al-
gorithm fulfills the requirements of this system in the general
applications when a restricted speed range is necessary. The op-
eration at synchronous speed, corresponding to zero rotor fre-
quency is stable and presents no special problem. The starting
on the fly of the system is established easily.

Although the performance of the system is dependent on the
rotor current, it was shown that the system works acceptably
well with low currents as low as 15% of rotor current.

Stator and rotor reference frame implementation can be easily
achieved.

Experimental results showing the system working in different
situations are presented. When compared with the PLL system,
tuned to have a bandwidth as high as 200 Hz, this method
presents similar dynamic behavior.

APPENDIX
PARAMETERS OF THE DFIG

Induction machine: stator 380 V, 8.1 A, rotor 110 V, 19 A,
3.2 kW, four poles, 1400 r/min, L, = 1.62 p.u., M = 1.17 p.u.,
rs = 0.06 p.u.
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