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Abstract: This paper analyzes the use of high frequency
signal injection methods for the sensorless control of doubly-
fed induction generators (DFIG). High frequency signal
injection methods have been widely investigated for the
sensorless control at very low speed and position control of
induction machines (IM) and permanent magnet synchronous
machines (PMSM). Most of these methods inject a high
frequency voltage signal in the stator windings, which interacts
with the machine asymmetries (saliencies), modulating the
resulting stator high frequency currents, from which the rotor
position is estimated. The use of these methods with doubly-
fed induction generators (DFIG) is studied in this paper, with
special focus on two distinguishing features compared to the
case of other types of three-phase machines: 1) it is feasible to
inject the high frequency signal in the rotor, since the rotor
windings are accessible and 2) as a consequence of this, it is
possible to use the method with non-salient machines.’

Index Terms— DFIG, high frequency signal injection,
sensorless control.

I. Introduction

The installed wind power capacity has grown quickly
during the last years [1]. China has installed 16.500MW in
2010 for an accumulated power of 42.287MW, US has
already gone over 40.000MW, with Germany, Spain and
India being third, fourth and fifth with 27.214, 20.676 and
13.065MW respectively [1]. In countries like Spain, wind
power covers 16.4% of the overall electricity demand [1,2],
which places this technology as the third contributor behind
combined cycle and nuclear. This tendency is expected to
continue during the next years, the National Renewable
Energy Action Plan of the Spanish government foreseeing
to reach 35.000MW of on-shore and 3.000MW of off-shore
installed power in 2020 [1,3].

Due to the increase of the wind energy penetration, the
requirements to system operators in terms of operation and
connection reliability has become more restrictive [3-8],
often being similar to those for conventional power plants,
including ride through and grid support capabilities [6].

1

This work was supported in part by the Research, Technological
Development and Innovation Programs of the Spanish Ministry of Science
and Innovation-ERDF under grant MICINN-10-ENE2010-14941 and the
Ministry of Science and Innovation under grant MICINN-10-CSD2009-
00046.

DFIG’s are of great importance for wind power
generation. On-shore wind power systems based on DFIG’s
applications, accounts for around 50% of the installed wind
turbines all over the world [4]. Wind power generation
using DFIG’s have several appealing properties:

e Compared to other machine designs like IM and PMSM,
the size of the power converter is only a fraction of the
machine power [9, 10], assumed that the power converter
feeds the rotor, and the stator connected directly to the
line, therefore reducing the overall cost.

e Active and reactive power can be
controlled [11].

e Can operate both below and above of synchronous speed
[11].

e By controlling the machine speed (variable frequency),
maximum power point tracking strategies, as well as ride
trough strategies can be implemented, improving both
the quantity as well as the quality of the energy injected
to the network [11].

Control of DFIG’s has been the focus of significant
research efforts during the last years mainly due to their use
in wind power generation systems. One field of special
interest is sensorless control. The elimination of the
position/speed sensor, as well as of its associated cabling
and connectors being attractive as this reduces the number
of elements which are susceptible of failure, as well as the
cost of the overall system. While a large amount of work
has been published on the sensorless control of PMSM’s
and IM’s [17-31], much less attention has been paid to the
case of DFIG’s [12-15].

Sensorless control of AC machines, PMSM’s and IM’s
in the mid-high speed region based on the fundamental
model of the machine has been widely studied and is
commercially available [17, 18]. However, the performance
of these methods decreases with the speed as they are
primarily base on the back-emf, and can not be therefore
used at very low or zero speed. To overcome these
limitations, methods based on the injection of a high
frequency excitation [19-31] have been proposed for the low
speed range and position control. In these techniques, the
interaction between the injected high frequency signal
(normally a voltage) and the machine saliencies, modulates
the resulting high frequency currents, from which the rotor
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position can be extracted [19-31]. The high frequency
signals can be obtained either from the PWM commutations
[19, 21] or by adding some form of small magnitude, high
frequency signal voltage to the fundamental excitation [22-
32], e.g. rotating [22-27, 30, 31], pulsating [24, 26, 31] and
square-wave [27,28] wave shapes. The rotor position is
obtained by signal processing of the resulting stator high
frequency current.

In a DFIG, the stator terminals normally are directly
connected to the grid, while the rotor terminals are available
(see Fig. 1). This produces significant differences in the
implementation of the method compared to other types of
three-phase  AC machines, also opening interesting
opportunities. In the method proposed in this paper, a high
frequency signal voltage is injected in the rotor using the
power converter. The high frequency voltage induced in the
stator will be shown to be modulated by the rotor angle,
from which it is possible to estimate the rotor position.

The paper is organized as follow: the high frequency
model of the DGIF and the physical principles of the
method are presented in Sections II and III; implementation
issues are introduced in Section 1V; finally, simulation and
experimental results to confirm the viability of the method
are provided in Sections V and VI respectively.

II. High frequency model of a DFIG

The model of a DFIG in a stationary gd-reference frame,
is given by (1)-(8) [34].
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where 7, is the stator resistance, 7. is the rotor resistance
referred to the stator, L, is the stator leakage inductance,
L, is the rotor leakage inductance referred to the stator, L,

is the magnetizing inductance, N, is the stator number of

turns, N,
frequency —line frequency—, @, is the rotor speed, i,
the stator current complex vector, i, is the rotor current
complex vector referred to the stator, v,, is the stator
voltage complex vector and v, is rotor voltage complex
vector referred to the stator, the transformation from three-

phase quantities to gd quantities being (9).
fqd — 2/3*(]2 +fh * pI* 23 +f(- *ej*4*7r/3) )

is the rotor number of turns, w, is the stator
P
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Fig. 1 Simplified wind energy conversion system using a DFIG.
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Fig. 2 Simplified block diagram showing the high frequency signal
injection, current regulation and filtering.

Fig. 3 High frequency models of the grid (referred to the stator), DFIG
and rotor brushes.

If the rotor of the machine is fed with a high frequency
voltage signal (see Fig. 1 and 2) and assuming that the
frequency of the high frequency signal is significantly
higher than the fundamental frequency and rotor speed (i.e.
®,>> o, and ®,>>o,), the terms depending on the
rotor speed and fundamental frequency in (1)-(4) can be
safely neglected, the high frequency model shown in (10)-
(13) being obtained, which is schematically represented in
Fig. 3.
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III. High frequency signal injection and rotor position
estimation

High frequency signal injection sensorless methods
add some form of high frequency signal to the
fundamental excitation command coming from the
current regulator (see Fig. 2). Different types of
periodic high frequency signals have been proponed in
the literature, the most popular choices being rotating
(14) [22-26, 29, 30], sinusoidal pulsating (15) [24, 26,
31] and square-wave (16) [27,28] signals. While all of
them respond to the same physical principles and can
potentially provide therefore the same performance,
some differences exist in their practical implementation.
The analysis following will use a rotating high
frequency signal voltage (14), as the signal processing
for this type of excitation is considered simpler. It is
noted that the analysis and conclusions could easily be
extended to other types of periodic excitation like
pulsating (15) or square-wave (16).
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|7

V;qh/ COS(a)hfz‘)_ 2 jw}f)-l-%e]( wt) (15)

r 4V, hf

Vit = h; T lsm[(zh Do, t+7] (16)

where @, is the frequency of the injected signal and V), is
the voltage magnitude of the injected high frequency signal.
If a rotating high frequency voltage signal (14) is injected
in the rotor terminals of a DFIG (see Fig. 1 and 2), and
assuming that the rotor speed and/or the fundamental
excitation frequency change relatively slowly compared to
the high frequency signal, -i.e. the machine can be assumed
to operate in steady state-, the resulting high frequency rotor
current (15) can be obtained from (10)-(14) (see Fig. 3),
with the rotor high frequency impedance being (16) and the
high frequency voltage vector induced in the stator
terminals being (17).
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where |Z hf| is the magnitude of the rotor high frequency
impedance (Z;;), ?, is the phase of the rotor high
frequency 1mpedance rb is the brushes resistance referred
to the stator (1, =(N,/N,)’r, ) and , is the rotor speed.
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Fig. 4 Block diagram of the signal processing used for rotor position
estimation. w, =slip frequency.
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Fig. 5 High frequency brushes resistance. w,=2kHz.

Assuming that (r, +r,) <<(®, t®, )L, +L,+L,) and
r,<<(w, t,)L,, which is realistic given the inductive
behavior of the machine and the large value of ®,, , the

induced stator high frequency voltage, (17), can be
simplified to (18).
) V L Hoytte, o +2)
Vi s = (a) tw,)L, —2——e w2

(18)
It can be observed from (15) and (18) that the phase angle
between the rotor high frequency current complex vector
(i ,) and the resulting stator high frequency voltage



complex vector (v,, ,) is m/2+¢,. It is possible

therefore to estimate the rotor position ¢, from these two

quantities.

The block diagram showing the signal processing needed
to estimate the rotor position is shown in Fig. 4, with the
inputs being the measured rotor current vector (i, ) and the
measured stator voltage vector (v, ). It is noted that both
signals are normally available in a DFIG [4, 10, 11, 16] for
control and synchronization purposes. The filtering shown
in Fig, 4 works as follow:

e The phase angle of the high frequency rotor current
vector ¢, is obtained from the measured rotor current
complex vector after a filtering process and a complex
PLL, while the phase of the resulting stator high
frequency voltage complex vector (@, ) is obtained
from the stator voltage complex vector after removing
the fundamental component by a filtering process and a
complex PLL.

e The input to both complex PLLs, i.e. the high frequency
components of the stator voltage vector, vi/, . = (19) and
of the rotor current vector, ;. , (20), are obtained after
removing the fundamental components from the
measured signals, which is achieved using band-
rejection filters (see Fig. 4).
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e The resulting high frequency components are then
rotated to the high frequency signal synchronous
reference frame. The error signal of the complex PLL
whose input is v, , is obtained as the vector cross-
pr/_gduct of the input signal and the estimated unit vector
e i , the resulting error (21) being function of the
phase error between the actual high frequency voltage
vector phase and its estimated phase (‘2’% , )

=iy xe W = sinG, ~, ) @D
e The output of the PLL’s PI regulator is the estimated
frequency of the input voltage vector (va%h, ), which is
equal to the estimated machine speed in electrical units
(see Fig. 4). Finally, (f)v% , . » is obtained by integration
of the frequency
A different approach for the sensorless control of DFIG’s
injecting a high frequency signal voltage in the rotor was
proposed in [32], the phase shift between the injected high
frequency rotor voltage (instead of the high frequency rotor
current), and the resulting high frequency stator voltage,
was used in this case. However, estimating the rotor
position using these two quantities requires the knowledge
of the high frequency impedance phase angle ?, (16) as

well as the equivalent impedance of the machine, brushes
and grid. In [32] it was assumed that ®;, = 7/2 . However,
this assumption might not always be correct. Though it can
be assumed that

(r, + rg) << (a)hf To )L, + Lg +L,) (22)

and
r,<<(w, to,)L, (23)

it is not straightforward to reach general conclusions on the
value of r,, since it can change with the speed of the
machine, brush temperature or other ambient conditions.
Fig. 5 shows the measured high frequency resistance of the
brushes for the test machine (see Table I), as a function of
the speed. It can be observed that the high frequency
resistance is significantly larger when the machine is at
stand still, its value at rotor speeds different from zero being
almost independent from the speed.

Table I Motor Parameters

URA TED (V) URATED (V) [RA TED (A) IRATED (A) f (HZ)
(Stator) (Rotor) (Stator) (Rotor) RATED
380 190 12.5 25 50
Prarep (kW) | @parep (rpm) r () L, (mH) n(Q)
7.5 1500 0.416 5 0.75
L, (mH) L, (mH) J(Kgm?®)
5.2 125.4 0.071

It is finally noted that one of the major limitations of
saliency tracking based sensorless control techniques using
high frequency signal injection [22-26] is their sensitivity to
saturation induced and other secondary saliencies.
However, as the method proposed in this paper doesn’t track
spatial saliencies but estimates the phase shift between the
rotor high frequency current vector and the resulting stator
high frequency voltage vector, it is not affected in principle
by such effects.

IV. High frequency signal injection

Implementation of the proposed method requires selection
of the high frequency signal magnitude V,, and frequency
®,, . Generally speaking, it is desirable to keep the
magnitude as small as possible. The magnitude will be
limited in first instance by connection standards [33], since
the high frequency current resulting from the high frequency
voltage induced in the stator might increase the THD,
having therefore a negative impact on the power quality. In
addition, if a large number of DFIG’s relatively close to
each other inject the high frequency signal simultaneously,
interference might occur, strategies to avoid interference
between DFIG’s might then be needed. Deeper analysis of
this issue is the subject of ongoing research.

Several issues need to be considered for the frequency
selection:




e The maximum frequency is the Nyquist frequency (half
of the switching frequency). In general, higher
frequencies would be preferred, since they provide
higher spectral separation from the fundamental
component, which makes filtering easier [35].

¢ From the machine perspective, an inductive behavior was
assumed in section III, higher carrier frequencies would
boost the effect of the inductive terms over the resistive
terms, therefore making this assumption safer. Fig. 6
shows the high frequency impedance of the test machine
for three different frequencies, confirming the previous

assumptions.
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Fig. 6 High frequency impedance magnitude a) and phase b), of the test
machine for different frequencies of the injected high frequency signal.

e The high frequency signal could interact with the grid
resonance frequency, which can vary in a large range
depending on the grid topology and transmission lines
[33], also the ratio r, / L, of the grid being function of
this. It is therefore difficult to reach general conclusions
in this regard.

V. Simulation results
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Fig. 7 Simulation setup.

The proposed sensorless control strategy was first tested
by means of simulation, DigSILENT PowerFactory and the
scenario shown in Fig. 7 were used for this purpose. The
wind turbine power and machine speed changing, the model
parameters being shown in Table II.

Fig. 8 shows the simulated response to step like changes
of the wind speed from zero to 0.16 pu and 0.36 pu

respectively, with the rotor g-axis current and the rotor
speed responding as shown in Fig. 8a and 8b respectively.
An MPPT strategy was used to select the operating points of
the DFIG. Fig. 8c shows the phase error estimated from the
injected high frequency signal voltage using the signal
processing described in section I1I.

It is observed from Fig. 8c that the steady state error is
negligible, the maximum transient error being <2deg.
Transient errors are primarily due to the dynamic response
of the filters used for the signal processing, including band-
stop filters, band-pass filter and PLL (see Fig. 4). It is noted
however that such transient effects should be of reduced
importance in practice, as the large inertia of the wind
turbine will smooth the changes in the actual speed [36].

Table IT Simulation Parameters
DFIG HF signal & signal
processing
Ugrarep (Stator) =380 V r. =0.164 Q Vy =9.5V (0.05 pu)
Ugrazep (Rotor) = 190 V L, =5mH ,, =500 Hz
Trarep (Stator)=12.5 A rn=0.75Q PI Gain Kp =70
Irarep (Rotor)= 25 A L, =52mH PI Gain Ki= 1.6
frarep = 50 Hz L, =1254mH | BS Filter BW =20 Hz
Prarep = 7.5 kW J=1254Kgm* | BP Filter BW = 10 Hz
WRATED = 1500 pm
0.6
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Fig. 8 Simulation results. Injected 7, rotor current, a), machine speed, b)
and position error, ¢). V,,~0.05pu, @,~500Hz.

VI. Experimental results

Experimental results showing the validity of the
proposed method are presented in this section. The
experimental setup is shown in Fig. 9, with the parameters
of the test machine being shown in Table I. The short-
circuit power of the grid is 2MVA, with



r,/X,=0.1@50Hz. The wind turbine (see Fig. 1) is
emulated by means of a vector controlled IM, where a
torque vs. speed curve providing MPPT of the wind turbine

was used (see Fig. 14).
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Fig. 9 Experimental setup.
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Fig. 10 Steady state error in the estimated rotor position when the DFIG
is not connected to the grid. V,=5% of the line-to-line voltage, /,=0pu,

1~0pu.

¢(‘I‘rol‘(deg )

2000
1500

1000 50
o H2) 500 100 w0 (%, )
Fig. 11 Error in the estimated rotor position when the DFIG is connected
to the grid. V;,~=5% of the line-to-line voltage, 7, =Opu, /, =Opu.

Fig. 10 shows the steady state error in the estimated
rotor position for different frequencies of the injected signal
and machine speeds when the machine is not connected to
the grid (see Fig. 9), the error is always smaller than 1 deg.
As no stator current flows in this working condition, the
phase shift between the rotor high frequency current and the

induced stator high frequency voltage vector mainly

depends on the high frequency magnetizing inductance
(L,,) of the machine.

¢frl‘()r(deg )

50 50

L% 0 100 1(%)

Fig. 12 Error of the estimated position for different d- and g-axis rotor
current, and the DFIG connected to the grid. V;,~5% of the line-to-line
voltage, w,~2 kHz and w,=40 Hz.
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Fig. 13 Transient response when the DFIG is connected to the grid
(t=1.25s). a) Stator phase voltages, b) rotor phase currents, c) estimated
rotor position (bue) and measured rotor position (red) and d) estimated
position error. V;,~=5% of the line-to-line voltage, w;=2kHz and w,=30Hz.

Fig. 11 shows the same result as in Fig. 10 when the
machine is connected to the grid, with the fundamental
current commands, /; and 7, being equal to zero. A slight
increase of the estimated position error is observed for this
case. This is due to the high frequency current flowing from
the stator to the grid, meaning that the phase shift between



the rotor high frequency current and the induced stator high
frequency voltage now depends on both the stator and grid
high frequency impedances.
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Fig. 14 Toque vs. speed characteristic of the wind turbine and MPPT
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Fig. 15 a) Estimated (blue) and measured (red) rotor speed and b)
position error. Wind speed change form 7 to 9 m/s, V;r=5% of the line-
to-line voltage and w; =2kHz.
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Fig. 16 a) Estimated (blue) and measured (red) rotor speed, and b)
position error. Wind speed change form 9 to 11 m/s, Vj,=5% of the line-
to-line voltage and w; =2kHz.

Fig. 12 shows the error of the estimated rotor position
with the machine operating at constant speed for different
values of the d and g-axis currents. It can be observed that
the changes in the working condition have reduced impact
on the estimated rotor position error.

Fig. 13 shows the transient response when the DFIG is
connected to the grid, with the machine operated at constant
speed and the high frequency signal voltage being injected
continuously. It can be observed that before the DFIG is not
connected to the grid (t<1.25s) (see Fig. 13a and 13b), only
the rotor high frequency currents (Fig. 13b) and the stator
high frequency voltage are present (Fig. 13a) while once the
DFIG is connected to the grid (t>1.25s), both the
fundamental and the high frequency signals are present.
Fig. 13c shows the estimated and the measured rotor
position while Fig. 13d shows rotor position error. It is
observed that the mean position error is =<0.35 deg. when the
machine is not connected to the grid, increasing up to ~0.90
deg. when the machine is connected to the grid, the absolute
error being function of (r, +r,) / (@, *o,)(L,+L,) for this
case.

Finally, experimental results emulating the operation of
a wind turbine controlled using MPPT for various working
conditions are shown in Fig. 14 to 16. Fig. 14 shows the
MPPT characteristic of the DFIG and the torque vs. speed
characteristic of the wind turbine for different values of the
wind speed. To emulate the wind turbine, its characteristics
curves are programmed in the IM converter control (See
Fig. 9). The high pass filters bandwidths (see Fig. 4) were
set to 200Hz for both current and voltage complex vectors,
the low pass filter for the current complex vector was set to
50Hz, the bandwidth for the complex PLL also being
adjusted to SOHz. Fig. 15 and 16 show the experimental
results of a step change of the wind speed command in the
IM control system. Fig. 15a shows the estimated and the
measured rotor speed of the machine when a wind step like
change from 7 to 9 m/s is commanded to the IM control
system, while Fig.15b shows the estimated position error.
Fig. 16 shows the same experimental results but for a wind
step like change from 9 m/s to 11m/s, a similar behavior as
for the previous case is observed. It is observed from Fig.
15b and 16b that there is a slight increase of the transient
position error when the step commands are applied.
However, as already stated, this effect should be of little
importance in practice in real wind turbines, due to their
large mechanical inertias.

VII. Conclusions

This paper proposes the use of a high frequency signal
injection method for the sensorless control of DFIG for
wind power generation. While the physical principles are
the same as for the case of other types of inverter fed three-
phase AC machines like PM’s and IM’s, significant
differences exist due to the fact that the rotor windings are
accessible and that the stator windings are directly
connected to the grid. The high frequency model of a DFIG
has been derived from the fundamental model. Using this
model, the physical principles of the method have been



established, and the signal processing needed to estimate the
rotor position from the phase shift between the rotor high
frequency current vector and the resulting stator high
frequency voltage complex vector has been defined.
Experimental results have been provided to confirm the
viability of the proposed method.

Finally, the computational requirements of the proposed

method are relatively small, meaning that it can be easily
integrated in already existing digital signal processors.
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