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Rotor Position Phase-Locked Loop for Decoupled
P-() Control of DFIG for Wind Power Generation
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Abstract—Implementation of decoupled P-Q control of dou-
bly fed induction generators requires the positions of the rotors
to be known. The rotor position phase-lock loop (PLL) is an in-
vention that extracts rotor position and speed simultaneously by
“sensorless” means. The rotor position PLL is parameter-
insensitive because, apart from an approximate value of the mag-
netization reactance, knowledge of the other parameters is not
required for it to function. Experimental results obtained under
noisy conditions demonstrate that it is also insensitive to noise.

Index Terms—Decoupled P-Q control, doubly fed induction
generator (DFIG), phase-lock loop (PLL), position encoder, re-
newable energy, wind turbine generators (WTGs), wound rotor
induction machine.

I. INTRODUCTION

NE workhorse of the wind turbine generators (WTGs)
O is the doubly fed induction generator (DFIG). DFIGs of
1.5 MW rating are used widely, with their size reaching 5 MW
and higher. The major attraction of DFIGs is that decoupled ac-
tive and reactive (P-(Q)) power can be controlled by back-to-back
voltage-source converters (VSCs) connected from the slip rings
of the rotor windings, so that the cost of power electronic hard-
ware is reduced to a factor of about 0.3, which is the maximum
positive slip and negative slip for wind power acquisition.
Decoupled P-Q control from the rotor side requires instanta-
neous knowledge of the rotor position 6, = w,,,t + &, . In mo-
tor drives, the preference is for “sensorless” means, and there-
fore, there have been active research in sensorless DFIGs [1]-[5]
also. The methods used are based on solving for the rotor posi-
tion from the equations of the DFIG using knowledge of the ma-
chine parameters, and the instantaneous measurements of volt-
ages and currents of the stator and rotor. This paper is the fourth
iteration of a method [6]-[8] based on simultaneous phase-lock
tracking of both the rotor speed w,, and position §,, from volt-
age and current measurements. Apart from the magnetization
reactance, the method does not require knowledge of the stator
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Fig. 1. DFIG with slip controls.

and rotor resistances, and the stator and rotor leakage induc-
tances. In fact, the accuracy of the magnetization reactance is
not critical, and experiments show that when it is assumed to
be infinite, as in [8], the method is still good if the operating
currents are large compared to the magnetization current. Ro-
bustness is implicit because there is no resistance to change with
heating or inductance to change with magnetic saturation.

This paper is organized as follows. Section II gives an
overview of decoupled P-() control of DFIGs. Section III briefly
reviews reference frame transformations, as it is an essential
background to the understanding of the operation of the inven-
tion, which is described in Section IV. Section V returns to
describe the integration of the invention to the decoupled P-()
controller. Section VI presents results of experimental tests on a
DFIG based on a 5-hp wound rotor induction machine. The
tests have been carried out in noisy conditions to prove its
robustness.

II. DECOUPLED P-@) CONTROL OF DFIG

Fig. 1 is an illustration of a DFIG with the grid-side VSC and
the rotor-side VSC. The grid-side VSC automatically conveys
the slip power to the grid by using its active power control to
maintain the regulated voltage across the dc capacitors. Little
else needs to be added regarding the grid-side VSC because the
control technique is well known.

The rotor-side VSC is assigned the task of decoupled P-Q)
control of the complex power Ps + j@ g of the stator-side of the
induction generator. At this point, it needs to be stated that the
“motor convention” is adopted so that negative Py means gen-
erated active power. Neglecting ohmic losses, it is well known
from induction motor theory that the real power crossing the
air gap from the stator is Ps = T, wsy,, where T, is the elec-
tromechanical torque and wsy, is the synchronous speed. The

0885-8969/$26.00 © 2009 IEEE
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motoring power output is P,,, = T,w,,, where w,, is the rotor
speed. The remainder, P = Ps — P,,, is the real power from
the rotor to the slip rings. Therefore, Pr = (ws — wp, )T =
SPg, where the slip S = (wsyn — Wi )/Wsyn-

For the motor, the rotor power is returned to the grid. There-
fore, the power taken from the grid is F,iq = Py — Pp =
(1 — S)Ps. The active power taken by the stator from the grid
is Ps = Pyyia/(1 — S). The formula derived for the motoring
case applies for the generating case, with the direction of power
transfer being taken care of by the change in polarity sign. The
direction of active power through the rotor changes with slip.

Decoupled P-Q control is approached by using the -9
synchronously rotating frame equations given as shown (1)
at the bottom of this page, where Ly, = L;s + L,, and Lp =
L;p + Ly, and Lj; and L;r being the leakage inductances.

The stator-side active power is Py = vg,ig, + vg5igs and
the reactive power is Qs = vs%i55 — Vssis,. Decoupled P-Q
control is possible when vgs = 0 in (1) can be assured. When
vgs =0, Pg = ’US,YZ'SA/ and Qg = VS ig5. Under this decou-
pled condition, the stator complex power references Ps* and
Qs * can be controlled by the stator current references ig,* =
Psx/vg, and igs* = Qg% /vg,, respectively. The * symbol
denotes a control quantity. Since the DFIG is controlled from
the rotor side, one looks for rotor control references. The rotor
current references 4,~* and i7,5* are obtained by solving the
rotor currents from the first and second rows of (1). Neglecting

the d/dt terms
(4 (—wsLSi}, — Ryits)/ws L, @)
(9 (—=Vsy —wsLsigs + Rsii«,)/ws[/m '

Furthermore, assuming that the leakage inductances and the
resistances are small compared to wg L,,, (2) is approximated

as
)= () (G s )
(iia igs —V5~ /L ws

The method used in this paper depends on ensuring that vgs =
0 is satisfied. In this, it is necessary to track, 0,, = w;,t + .,
the angle between the axis of the stator a-phase and the rotor
a-phase. This is because the a—( reference frame of rotor wind-
ings are carried around by the position of the rotor iron 8, . The
angle 0,,, disappears after the transformation from the a—/3 frame
to the d—q frame, and thereafter, transformation to the y—¢ frame.
Therefore, in the reverse transformation from the y—¢§ frame to
the a—( frame, it is necessary to recover 0,, = wy,t + 0, .

This paper extracts from the stator current measurements
and the rotor current measurements, the instantaneous posi-
tion of the stator flux vector, g = wgt + dg, with respect to
the stator iron, and the instantaneous position of the rotor flux
vector, 6, = w,t + J,, with respect to the rotor iron. Unlike

~ _
~

3)
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on the phase-lock loop (PLL) principle. Through the equiva-
lent of the voltage-controlled oscillator (VCO) in the PLL, it
introduces an algebraic unknown angle 0y = wxt + dx. At
the equivalent of the detector of the PLL, it extracts the er-
ror ex = 0g — (0, + 0x ). The error is applied to increase 6x
in negative feedback until 05 — (6, + 6x) = 0. For the error
to be zero, it is required that wg — (w, +wx ) = 0. From in-
duction machine theory, ws — (w, 4+ wy, ) = 0. This means that
wx = wp,, 1.e., the speed is measured without a tachometer. At
this point, the axes of the stator and the rotor yv—9 frames are
rotating at the same speed, but they are still not aligned. There
is still an equation ds — (d, + dx ) = 0 to be satisfied, except
that one needs a signpost to fasten the rotor v—9 axes to. The
reasoning used is: if vgs = 0 yields the current conditions given
by (3), then satisfying (3) implies that vg; = 0. Therefore, (3)
is used as the criterion of phase lock.

III. REFERENCE FRAME TRANSFORMATIONS

After transformation from the a—b—c frame, the stator and
rotor current vectors in the a—( frame are

1Sa . Ig COS(w5t+5i5) @)
isg | | Is sin(wst + d;5)

ira | | I cos(wyt + 6;) 5)
g || I sin(wt +8;) |7

Fig. 2(a) is drawn to highlight 0,, = w,,t + J,,, which is
tracked by the method used in this paper.
By applying the transformation matrix [/ ]

—sind,,
cos 0,

e/ ] = [COS b ©6)

sin 6,

where 6,, = w,,t + J,,, the resultant d—q rotor current vector is

ird
lrq

As illustrated in Fig. 2(b), the angle 6, = w,,t + §,, has
disappeared in the d—g frame, so that it has to be recovered
in the back-transformation. From induction machine theory,
wg = wy, + w,, so that the magnetic flux produced by the stator
currents [igq, 4s,]’ and the rotor currents [i,q4, i,,]" are
both rotating at a synchronous speed wg.

In transforming to the y—0 frame, the rotational transforma-
tion matrix

] _ [IT cos(w,t + i + wint + 0) )

I,» Sin(wrt + 61'7- + wm,t + 67n)

_jogy _ | cosfs  sinfg
le I=1_ sinflg cosfg ®)
where g =wst is multiplied to [igs, is,]’ and

[ird, irq]". Therefore, the resultant vectors in the y—4 frame

other papers [1]-[5], the method used in this paper is based are [ig,, iss]’ = [Iscosdis, ssind;g]7 for the stator
d d .
Vs Rs + ELS _WsLs ELm —Ws Lm lsy
VUss _ ws Lg R + %Ls ws Ly %Lm 1ss (1)
UT“/ L%Lm _(ws — Wn )LIIL RR + %LR _(Ws — Wn )LR ?TW’
Urg (ws — Wn )Lm %Lm (ws - wm,)LR RR + %LR brg
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Fig.3. Schematic of rotor position PLL.

currents and [i,, 5|7 = [I, cos(dir + ), Iy sin(d;r +
d)]" for the rotor currents.

IV. ROTOR PoSITION PLL

Fig. 3 is the schematic of the rotor position PLL. Its in-
puts are the three-phase stator currents, the three-phase rotor
currents, the three-phase stator voltages, and the stator voltage
PLL. Its outputs are the estimates of rotor speed and position
0y = Wit + 9, . In three-phase PLLs, the a—b—c quantities are
converted to two-phase a—(3 quantities.

A. Stator PLL

The output of a traditional three-phase PLL is originally an
algebraic unknown angle (w,t + d, ). When the PLL tracks the
three-phase stator voltage, the error between the angle (wgyt +
dsv ) of the stator voltage and (w,t + J, ) is detected. Then, the
error changes w, and ¢, in negative feedback manner to null the
error. Ultimately, (wyt + ¢, ) converges to (wsyt + dsv ).

B. Rotor Position PLL

The same principle is applied to the rotor position PLL, except
that the algebraic unknown (wy ¢t + dx ) is added to the rotor cur-
rent angle (w;,t + d;,.), so that the angle [(w;, + wx )t + &, +
dx )] is made to track the angle (wgt + d) of the stator currents.
On convergence, (wyt + dx ) yields the angle of rotation of the
rotor, which is 0,,, = w,,t + Oy, -

Fig. 3 depicts two-phase information channels. The cos(-)
and sin(-) symbols under the transformation blocks denote the
channels containing the cosine and the sine of arguments, the
arguments being the angles 0, = w,t + ., 0, = w,t + 6,, or
fs = wgt + dg, which are placed by the sides of the channel
lines.

C. Criterion of Phase Lock

Because decoupled P-@ control assumes that vgs = 0 and
(3) is the consequence, the criterion of locking is based on (3).
The resultant space vector I g formed by the stator-side currents

iy 0
() + (oot

is shown in Fig. 4(a). The resultant space vector I g formed by
the rotor-side currents
( ir/y >
bys

is shown in Fig. 4(b). As Fig. 4(a) and (b) illustrate, the
~v—0 axes of the stator and the rotor are not, in general, aligned.
By aligning the space vector I g to the space vector I'g, as il-
lustrated in Fig. 4(c), both the v—9 axes are coincident so that
(1) is valid.

D. Magnetization Currents

The magnetization currents are not measured, and are ob-
tained by making use of the v—0 frame stator voltages obtained
from measurements and dividing them by the magnetization
reactance j L, wg. The stator voltages after a—b—c to a—/3 trans-
formation become the vector Vg[cos(wgt),0]7. As shown in
Fig. 3, the a—( frame stator voltages (which is the same as the
d—q frame) are then transformed to the y—9 frame stator volt-
ages by using the [e77%s] block. The angle 05 = wgt of the
[e=7%] block is obtained from the stator voltage PLL. The
stator voltage PLL outputs the vector of reference angles
[cos(wst), sin(wst)]T. The resultant y—J frame stator voltage
vector is [v,, 0] . In order to obtain

(— (LE;?,?;S ) )

il
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Fig. 4. Criterion of phase angle lock.

the stator voltage vector is multiplied by

0 1
-1

0
Ly ws

The -9 frame magnetization current vector is transformed
to the d—q frame by [e/?% ] to yield the d—q frame magnetization
current vector

{inul} _ [IAICOS(wSt+5A1)] . ©

Imgq Iy sin(wst + (SM)

E. Stator Currents

After a—b—c to a—43 transformation, the d—q frame stator cur-
rent vector is

[iSd} B [Ié COS(w5t+(5i5):| (10)
isq| | ILsin(wst +dis) ]
F. Stator-Side Inputs to PLL
Combining (9) and (10), the stator-side inputs are
{iSder} B [I; cos(wgt—i—éig)} {IM cos(wgt—i—(SM)}
N IL sin(wgt + 6;5) Iy sin(wgt + 0ar)

(
- [Is cos(wgt—I—(Ss)}
B Ig sin(wgt + dg) '

1Sq+m

Y

G. Rotor Currents
After a—b—c to a—[3 transformation, the rotor current vector is

{im] _ {Ir cos(wrt+6ir)] .

: 12
(" I, sin(w,t + ;) (2

o Vs Vs Ve | Stator | v,

P PLL
lsa ’ lsb ’ lsc

l..s'a ’ .l.vb ’.lu'
L 1,1

ra®“rb> re

Ps,QOs Reference Rotor Position

Generator

Fig. 5. Block diagram of rotor-side VSC control.

The stator currents are at frequency wg, whereas the rotor
currents are at frequency w,. When the rotor currents are passed
through the [¢7% ] block, where 6, = w,t + J,, the rotor cur-
rents become

{irdﬂ} _ {L. cos(wpt + i + wyt + 0,) (13)
irq+.7: I,> sin(w,,,t + 5” + w;,,t + (S;,;)
H. Detector of PLL

Theinputs [ig,,,, ig,sm] from(IDand[i, ;. , 4.,,]"

from (13) meet at the detector of the PLL whose output is based
on the operation
Ex = Z.Sq-&-m i?‘d-’r:(? - Z'S(H—mi7’q+:):- (14)
Substituting (11) and (13) in (14), it can be shown that
gy = IgI, sin[(wg — w, —w, )t + (6s — 0, — d,)]. The error
€., after passing through the proportional—integral (P-I) block,
yields the signal Awx. On adding a central frequency wy,
the speed estimate w, = wy + Aw, is formed. After pass-
ing through an integrator, one arrives at the position estimate
0, = w,t + 0., where d, is the constant of integration. The alge-
braic unknown 6, is used as an address of cosine and sine lookup
tables that outputs the vector [cos(w,t + 6, ), sin(w,t + §,)]7.
The error e, causes Awy and d, to change until (wg —
wy —wy )t + (0g — 6, — 6,) = 0. When €, = 0, it means that
(ws —w, —w,) =0and (6g — I, — &, ) = 0. From induction
machine theory and Section III, the following relationships
always hold: (ws —w, —wy;,,) =0 and (dg — 6, — J,,) = 0.
Therefore, w, = w,, and J, = d,,. Thus, the rotor position
PLL tracks the rotor position 6, = w,, t + &,,. The information
0, = wnt + &, feeds the blocks [e/?] and [e~/%+] in Fig. 5.

V. ROTOR-SIDE DECOUPLED P-() CONTROL

Fig. 5 shows the rotor-side control that implements the de-
coupled P-(Q) control. Because the block diagram is similar to
that in other publications, little needs to be added in explanation
except to point out the phase angle of the [¢*/?5 ] transformation
blocks comes from the stator voltage PLL and the phase angle of
the [¢*7% ] transformation blocks comes from the rotor position
PLL.
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Fig. 6. Experimental three phase current waveforms. (a) Rotor (2.4 Hz).

(b) Stator (60 Hz).
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VI. EXPERIMENTAL TEST RESULTS

The prototype is tested in a noisy environment to show that
the rotor position PLL is insensitive to noise as it tracks the rotor
position in implementing the decoupled P-@ control.

Fig. 6 shows quality of rotor currents at slip frequency in (a)
and the 60-Hz stator currents in (b).

A. Proof of P-Q Decoupling

Fig. 7 shows the stator complex power Py and ()g of the
prototype in response to step changes in references P,.; and
@yt Note that negative real power Py denotes generated power.
Also note that the time axis ranges from 60 to 150 s, so that the
noise fluctuations that are not evident in Fig. 6 are present in
Fig. 7. The experiment has been planned to demonstrate the
decoupling of the P and the () control over a wide operating
range. In a step change of P,.¢, for instance, Qg is only disturbed
briefly. The converse applies.

As a control, an experiment has been performed with the
slip rings of the wound rotor induction machine connected to a
three-phase resistance bank. In this experiment, the wound rotor
machine operates simply as a motor. The measurements of Py
and (g also show the noise fluctuations of Fig. 7. The noise in

-500 5 T T T T
-1000
-1500 |-+
F -2000
ES
2
a
-2500
-3000
3500 i i i i i
30 40 50 60 70 80 90
Time (s)
Fig. 9. Experimental results on tracking capability of Pg.

Ps and Qg are due to noise from slight unbalance in the power
supply, magnetic saturation, and mechanical vibrations.

B. Speed of Step Response

Fig. 8(a) shows, on an expanded time scale, the response of
Ps due to a step change in the reference. The response of Qg
is not recorded. Fig. 8(b) shows the response of Qg due to a
step change of its reference in an entirely separate experiment.
The settling time of Pg is within 0.26 s and that of Qg is within
0.36 s. As the wind turbine blades have moments of inertia with
time constants of H = 4 s, no effort has been made to shorten
the response time.

C. Tracking Capability

In wind farm operation, Ps of the DFIG is expected to track a
reference P,¢ determined by a control strategy of the user. Fig. 9
demonstrates this capability in the generated power range from
1 to 3 KW, the latter being 80% of the rating of the induction
machine. As the power to implement this experiment comes
from the dc-chopper-driven dc motor, a higher power output
and a higher oscillating frequency are not within the reach of
our laboratory.
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Fig. 10. Experimental measurements of rotor speed w; ~ wy, .

D. Speed Measurement

In the same experiment in which Fig. 9 was recorded, the es-
timate of rotor speed w, ~ w,, was also recorded, and is shown
in Fig. 10. The synchronous speed of 1800 r/m is shown in
Fig. 10 to bring home the point that the power used in Fig. 9
is generated partly at subsynchronous speed and partly at su-
persynchronous speed. The noise in w, comes from the noise
in the stator and rotor currents. Unlike the rotor position, the
rotor speed is not essential in the implementation of decoupled
P-Q control. In many control strategies, as shown in Fig. 5,
rotor speed is used only as a pointer to the lookup tables in
the Prer(wy,) and Qrer(w,, ) references. A low-pass filter can
remove the noise without affecting the control stability, as has
been verified experimentally.

It is well known that PLLs are good filters of noise. The first
stage of filtering is the P-I block after the detector in Fig. 3. But
its output is a relatively noisy speed estimate Awyx , which added
to wy yields wx . The second stage is the 1/S integrator block,
so that §x has significant reduction. For instance, it reduces the
fifth harmonic noise by 5 x 60 x 27 = 1884.

E. Insensitiveness to Measurement Noise

Based on using the software position transducer as reference,
Fig. 11 shows that the error of the rotor position PLL is around
0.11°, an accuracy lying between an 11- and a 12-bit absolute
position encoder. The noise in the current measurement appears
as fluctuation around the average, which is the estimated position
by rotor position PLL. In order to show that the rotor position
PLL is insensitive to noise, at t = 14 s, the three-phase ac voltage
supply of the DFIG injects fifth and seventh voltage harmonics,
each in the order of 10%. The average is not changed. Once the
transient has subsided, the increased amount of noise appears
as a slight increase in the fluctuation about the average.

F. Proof on Insensitivity to Parameter Variation

Fig. 12 displays experimental results in tests similar to Fig. 7,
but with the difference that the magnetization inductance of
105.1 mH of the test machine (see Appendix B) has been re-
placed by L,, ws = oo. Fig. 12 is proof of the high insensitive-
ness to variation in the magnetization reactance. But instability
sets in operation at low-power rating when the stator and rotor
currents are small when compared to the magnetization current.

0.2

Rotor Position Error (Deg.)
o
o =
= I

o
=)
53]

10 1 12 13 14 15 16 17 18
Time (s)

Fig. 11.  Simulation of position error € osition -
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Fig. 12.  Experimental results on the operation of the prototype in the model

which assumes L, wg = oo.

Rotor current (A)

20
138 139 140 141 142 143 144 145 146 147 148
Time (&)

Fig. 13.  Experimental rotor current waveforms at synchronous speed.

It should be remembered that no other machine parameter apart
from the magnetization reactance is required.

G. Operation at Synchronous Speed

During conferences [6]—[8] in which the earlier iterations of
the rotor position PLL were presented, doubts were raised as
to its ability to track at synchronous speed. Fig. 13 shows the
experimental measurement of the three-phase rotor currents for
a 10-s-long duration when the speed is held synchronous. A
slight and slow variation of the rotor voltage angle is evident
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Fig. 14.  Circuit layout of experimental test equipment.

in Fig. 13. The poor waveform appearance is because the 10-s
duration is compressed within the display window.

VII. CONCLUSION

This paper has described the principle of operation of the
rotor position PLL, which acquires the rotor position and rotor
speed simultaneously, which is a vital information for the im-
plementation of decoupled P-@ control in the DFIG. The rotor
position PLL is designed to operate without the knowledge of
any parameter of the DFIG except the magnetization reactance.
A prototype has been assembled and tested. The experimental
tests in a noisy environment are strong proofs that the invention
is robust and insensitive to measurement noise.

APPENDIX A
EXPERIMENTAL TEST EQUIPMENT

The experimental tests of the DFIG were conducted using a
5-hp wound rotor induction machine coupled to a 3.5-kW dc
machine. The power electronics consists of three sets of VSCs.
In the experiments, one VSC was connected to the stator side
of the DFIG via a step-up transformer. The other VSC was
connected to the rotor side of the DFIG. The third VSC was
used as a chopper to control the armature voltage of the dc
machine when used as a prime mover. Switching frequency of
1260 Hz and dc-link voltage of 185 V4. have been used.

Fig. 14 shows the circuit layout of the laboratory experimental
prototype. Fig. 15 shows the DFIG coupled to the dc machine.
Fig. 16 shows the power electronics converters and the digital
controller.

APPENDIX B
PARAMETERS OF DFIG AND DC MACHINE

DFIG (Wound Rotor Induction Machine)

Measured parameters: Ry, = 0.431Q, R, =0.9001), L;s =
L;. =2.12mH, and L,, = 105.1 mH.

DFIG name plate: 5 hp, 1700 r/m, 220 V, 13.5 A stator
current, 60 Hz, 40 °C temperature rise. Rotor: 153 V, 15 A.

DC Machine

Fig. 15. Laboratory DFIG and dc machine.
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Fig. 16. Laboratory power electronics converters and digital controller.

DC machine name plate: 3.5 kW, 1750 r/m, 220 V shunt
winding (used as separately excited dc machine) 16 A armature
current, 40 °C temperature rise, 0.75 A field current.
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