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A Simple Position-Sensorless Algorithm

for Rotor-Side Field-Oriented Control
of Wound-Rotor Induction Machine

Rajib Datta and V. T. Ranganatha®enior Member, IEEE

Abstract—A simple position-sensorless method for rotor-side ¢,
field-oriented control of a wound-rotor induction machine is de-

scribed in this paper. The algorithm is based on axis transforma- 5
tions. Compared to the previously proposed methods, it is more —

r

direct and the dependence on machine parameters is also largely

reduced. The algorithm can be started on the fly without the know!- |%dy |
edge of the initial rotor position. Operation at synchronous speed, s
corresponding to zero rotor frequency, is stable, thus making it =~

suitable for variable speed constant frequency operations. Simu-
lation and experimental results show excellent performance of the

scheme.
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variable-speed constant-frequency operation, wound-rotor induc-

tion machine.
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NOMENCLATURE w,

Three-phase stator voltages. Wm, W
Three-phase rotor voltages.
DC-link voltage. West
Stator voltage vector in stator coordinate
system. Wins
Rotor voltage vector in rotor coordinate
system. P1
Components ofu, in stator flux coordinate
system. P2
Three-phase stator currents.
Three-phase rotor currents. €

Components of stator current in stator coordi-

nate system. 4
Components of rotor current in stator coordi-

nate system. H
Components of rotor current in rotor coordi-

nate system.

Components of rotor current in stator flux co-tpr, Kir
ordinate system.

= isq + Jjisg Stator current vector in stator £’
coordinate system. FF
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= 1., + Ji,p ROtOr current vector in rotor co-
ordinate system.

= .o + Jirp ROtOr current vector in stator
coordinate system.

= |i,,| Magnitude of rotor current vector.
Stator flux magnetizing current vector in stator
coordinate system.

Components ofi,, in stator coordinate
system.

Magnitude 0fé,,, .

Magnetizing, stator, and rotor inductances.
Stator and rotor resistances.

Stator and rotor time constants.

Stator, rotor, and total leakage factors.

Grid angular frequency (electrical rad/s).
Actual speed of the rotor in mechanical, elec-
trical rad/s.

Estimated value of rotor speed (electrical
rad/s).

Angular velocity of stator flux vector (elec-
trical rad/s).

Angle of rotor current vector with respect to
stator ‘«” axis.

Angle of rotor current vector with respect to
rotor “a” axis.

= p1 — p2 Rotor position (angle of rotord”
axis with respect to statoky” axis).

Angle of stator voltage vector with respect to
stator ‘«” axis.

Angle of i,,,, with respect to statord” axis
(approximated a8 — 90 by neglecting stator
resistance drop).

Gains of proportional and integral terms in the
current Pl controllers.

Number of poles.

Decoupling/feedforward signals in the current
loops.

Superscript denoting reference values of cor-
responding variables.

. INTRODUCTION

OTOR-SIDE control of a grid-connected wound-rotor
induction machine is very attractive for variable-speed
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Fig. 1. Schematic block diagram of the experimental setup.

connected to the three-phase grid and the rotor is suppliedtlgl can be initiated only when the speed rises above a minimum
two back-to-back pulsewidth modulation (PWM) converterthreshold. Hence, the position estimation algorithm should start
(Fig. 1). Such an arrangement provides flexibility of operatiowhile the rotor is already in motion, without the knowledge of
in subsynchronous and supersynchronous speeds both inahg initial condition.

generating and motoring modes. The rating of the powerPosition sensorless vector control methods have been pro-
converters used in the rotor circuit is substantially lower thgyosed by several research groups in the recent past [3]-[6]. The
the machine rating and is decided by the range of operatingethod proposed in [3] uses the rotor voltages and currents to
speed. design a torque angle controller. The major difficulty of this

The requirement for VSCF operation has led to the use séheme is the method employed for computation of rotor flux.
rotor-side field-oriented control of wound-rotor induction maThe integration of rotor voltage at or near synchronous speed, is
chines to independently control the active and reactive poweasalogous to the integration of the stator voltage at or near zero
The conventional approach for this is stator-flux-oriented cospeed in the case of a cage rotor induction machine. Hence, sim-
trol using rotor position sensors [1], [2]. The performance dfar problems of integrator saturation resulting in incorrect es-
the system thus depends on the accuracy of computation of tineation of the rotor flux is inevitable. Use of this algorithm
stator flux and the accuracy of the rotor position informatiohas to be restricted up to a certain minimum slip and opera-
derived from the position encoder. Alignment of the positiotion through synchronous speed is not possible. The scheme
sensor is moreover, difficult in a doubly fed wound-rotor magsroposed in [4] is by far the most comprehensive one avail-
chine. In applications such as wind-power generation, thereaBle in the literature. The system developed (ROTODRIVE) is
a large physical separation between the generator (whichaisommercial product aimed at the variable-speed high-power
coupled to the turbine shaft through gears) and the power eldcive market 300 kW). This algorithm, based on coordinate
tronic equipment (which is at ground level). It is, therefordransformation, provides stable operation at or near synchronous
desirable that there is minimum interface between the two arggheed and, can be started on the fly. However, the accuracy of
for higher reliability, a control scheme without shaft positiothe estimation process depends on machine parameters,like
Sensors. R, and the supply frequency.

There are two major challenges in designing a position sen-In this paper, a sensorless control algorithm is proposed
sorless scheme for a doubly fed wound-rotor induction machinvehich is also based on axis transformations. Compared to
The foremost requirement is that the algorithm should wotke other methods, it is more direct and the dependence on
stably at or near synchronous speed, corresponding to very lmachine parameters is also largely reduced. The algorithm
or zero rotor frequency. The second criterion is that the algcan be started on the fly without the knowledge of the initial
rithm should be able to start on the fly. It is understood thabtor position. Operation at synchronous speed, corresponding
the rotor side control strategy operates over a restricted spé@dero rotor frequency, is stable, thus making it suitable for
range. Therefore, with the stator connected to the grid, the cfSCF operations.
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T Equations (7) —(10) represent the unit vectors in the two refer-

O, d-axis ence frames, the former rotating at synchronous speed and, the
latter at slip frequency. The unit vectors pertaining to the rotor
positione = (p; — p2) can now be easily computed

Stator voltage

“ Rotor axis sine = sin(p; — p2)
= sin py - cos pa — sin ps - cos py (12)

Stator axis cose = COS(pl o p2)

= COS p1 - COS pa + sin p; - sin pa. (12)
Fig. 2. Location of different vectors in stationary coordinates. )
It may be noted here that the unit vecteias andcose

corresponding to the rotor position suffice for executing the
vector control algorithm. The actual angle need not be computed
The proposed sensorless algorithm is explained with the h@pough inverse functions, as in [4].
of Fig. 2. Here, the rotor current vector is shown along with the The vector control block diagram with current control is
stator and rotor axes. Seen from the stator coordinate systemshown in Fig. 3. The rotor currents are first transformed to the
makes an anglg; . The same vector makes an anglewith the  stator coordinatese(<) and subsequently to the field coordi-
rotor axis. The problem, therefore, is to compyteandp, SO nates ¢~7#) to obtaini,, andi,,. The current controllers are Pl
thate = (p1 —p2) can be determined. With the knowledge of theontrollers, followed by the addition of decoupling/feedforward
stator flux and the stator currents, the rotor current in the statggnals (denoted d@&F in Fig. 3). The full form of the controller
reference frame, i.e%;, can be computed. In the rotor referencequations are given in Appendix II. In the implementation, the
framei, can be directly measured. From this information, thgrid frequencyw, is used instead af,,,, andw,., instead of
angle between the two reference frames can be computed.byrhe reference voltageg,, andu}, generated by the current

II. CONTROL ALGORITHM

using simple trigonometric relations. control loops are transformed back to the rotor reference frame
In terms of the stator and rotor currents, the stator flux mag-/(»—€)) and modulated with a carrier triangle to generate the
netizing current,,s [1] can be expressed as PWM patterns for the rotor-side inverter.
Ims = (14 05)i5 + %4y (1) A. Computation of,,,,

The accuracy of computation g€ andcos® depends on the
lue ofi,,s, since the other quantities are directly measured.
fe stator flux can be calculated directly by stator voltage inte-

In Fig. 2, the stator voltage vectay is also shown. Assuming
that the stator resistance drop is negligible, the stator flux a
i.e., thed axisis at quadrature to it. Hence, the stator flux mag-
netizing current vectoi,,, makes an angle(— 90°) with the gration so that the variations in the grid voltage and frequency

stator axis. It is assumed for the present that the magnltude Gt takten into gcat)un(t:éHowever 'r('j Olrfq;r to estlmaf)gtthi |
ims VECtOr (denoted &s,,,) is known. (The estimation af,,, is magnetizing inductan IS require ere s a substantia

presented later.) Therefore, the/s components can be written boost i n the grid voltage, ora Q|p in the gr|d. frequenty,| 'S
as follows: most likely to saturate. This will lead to an incorrect estima-

tion of 4,,;. Also, the presence of distortion components in the
grid voltage normally gives rise to integration problems. The ob-
jective is, therefore, to make the estimation process minimally
dependent on any machine parameter and, if possible, avoid in-
tegration of the stator voltage.

Any change in the magnitude of the stator flux being much
slower than the sampling frequency (which in this case is 2.9
bra =imsa — (14 05 )isa (4) kHz), ¢,,, can be corregtly es_timated by adopting the folloyving

i =i (140 ®) method .of recomputation. Fws&ms_for the present sampling
T8 = tmsp s/ts08 interval is computed by transforming the present rotor current
|4, = (L,Qa + 1. 3) 1/2 (6) sample to the stator coordinates using the unit vectors computed
in the previous interval. This is formulated as follows:

Tmsa = bms - SO (2)

irn,s,@ = _irn,s - COS 9 (3)

Using this value of,,,; and the measured valuef the rotor
currents can be computed in the stationary coordinates as

The unit vectors fof¢, are given by

i k] =%ralk] - coselk — 1] — i4[k] -sinelk — 1]  (13)

C?S P1 :L“‘/|i| ™ L; alk] = L,z,[/f] -coselk — 1)+ ipalk] -sinelk — 1] (14)

snpr =dra/ 2l ® il = (140 dsalk] + i 4] (15)

The rotor currents are directly measured in the rotor circuit, Lrns@[k] =(1+05) - isp[k] +4.5[k] (16)

and the unit vectors fa. can be derived as iy = (12,0 +1! 3)1/2- (17)
€08 P2 =tra /v | 9 The superscrip't indicates intermediate variables used in the

sin po =44 /|4y |. (10) computations’,, as calculated from (17) is passed through a
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Fig. 3. Block diagram of rotor-side field-oriented control.
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Fig. 4. Schematic block diagram of the position-sensorless algorithm.

low-pass first-order filter with a time constant of 1 ms. This erassign an initial value of. Instead, the algorithm is started with
sures that even if there is any small error in the previous sample initial value ofi,,,,, which is the same as its nominal value
of sine andcose, it is not directly reflected in the preseit. given by, /(w,L,). The position of,,, is computed from the
estimate. The estimation &f,, is the first step in the position stator voltage phasor as before. After a few sampling intervals,
estimation algorithm. With this value @f, ;, the algorithm pro- the algorithm switches over to the recomputation method.
ceeds from (1)—(11). The estimation process thus becomes independent of varia-
tions in the stator voltage and frequency. The only machine pa-
rameter on which the algorithm depends is the stator leakage
factoro,. The leakage is only a small percentage of the stator
It is understood that the algorithm has to start with a knowinductance and is not subjected to any saturation. Even a signif-
value ofe in order to compute,,, s by using (13)—(17). Since the icant error in the value of; does not introduce any appreciable
rotor-side control needsto be started onthefly, itis not possibledaror in the estimation afin € andcos €. This is verified through

B. Starting
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simulation as discussed later. The instantaneous nature of cc 15
putation also ensures jitter-free estimation during transients
the active and reactive power. 1 /
C. Speed Estimation 4w 05 \\
. . . . Y

With the decoupling terms associated with the rotor currei, \
controller being slip dependent, it is necessary to compute t-5 0 N [
speed of the machine. Apart from regular motor drive appliciw N, //
tions, the speed information is also necessary for generation @ g g pa
plications like wind-energy conversion systems where the acti N /
power reference is made to vary as a function of the rotor spe o
to achieve maximum power transfer. The speed can be estima
by using the following equation: 15

0.25 0.255 0.26 0.265 0.27
_ a . i 18 secs
West = COSE - g sine — sine - g COSE. (18) @
1.5

The usual method of differentiation of rotor position woulc
requires to be computed from the unit vectors using invers 1
trigonometric functions. This is avoided in this method o
speed estimation. Moreover, the unit vectors are smoott 05 / \

varying continuous functions unlike (which is discontinuous 8

ate = 27) and are easier to differentiate without Checkin!chl /

for discontinuity. However, the differential terms contribute® 0

to some noise which is eliminated by employing a first-orde's \\ /

low-pass filter. The position and speed estimation bloc ®-05 )

diagrams are shown in Fig. 4. \\\ /
The simulation of the system has been carried out on -1

MATLAB-SIMULINK platform to study the starting and the

effect of parameter variation on the proposed algorithm. Tt 45

machine and controller parameters selected are the same  0-31 0.315 0.32

. . . secs

used in the laboratory experimental setup (see Appendix Il ®)

Generating mode of operation is considered in the present case. _ _ o
Fig. 5(a) and (b) shows the effect of varationdn on the 3.5, Sstet uauelorns of esated (sl )+ actil cotes

estimation process. In the first cage, used in the estimation actual and (b) value of. used in computation equals 0.5 times the actual

algorithm is 1.5 times the actual value and, in the second cagsye.

it is 0.5 times. The plots show almost negligible errors in the

computation of the unit vectors, even at starting.

0.325 0.33

5.00Y 2 5.00v 3 SV —0.00s __ 20.0%/ Sngl£3 STOP

I1Il. EXPERIMENTAL IMPLEMENTATION AND RESULTS

The schematic block diagram of the laboratory experiment
setup is already shown in Fig. 1. It consists of a 3.5-k\|’
wound-rotor induction machine with its stator connected to tt|-+
415-V 50-Hz3 — ¢ power grid, and the rotor being fed by two| . .
back-to-back insulated-gate-bipolar-transistor (IGBT)-bas:
PWM converters. The setup is organized for generation o|
eration where the torque—speed characteristics of the pril :
mover (such as a wind turbine) is simulated by a 5-hp (e oo = s
motor driven by a commercial four-quadrant thyristor drive.

A TMS320F24digitall-signal-processor (DSP)-based digitalfilg. 6. Experimental waveforms showinin py, sin p2, andsin e for w =
control platform is designed and employed for implementing

the position sensorless algorithm. The front-end converter

control and simulation of the turbine characteristics are alsoThe steady-state relations betwegnp,, sin p», andsin € are
executed by the same processor. Since there are several cogivan in Fig. 6. It is observed from these plots that the frequency
loops involved, the software is organized for multitaskingf sin ¢ is the difference of the frequenciessif. p; andsin ps.

The processor runs at a clock frequency of 36 MHz and theA comparison between the unit vectin ¢ generated using
sampling frequency for the position control algorithm is 336 an incremental position encoder wiiln e computed employing
The software is assembly coded for fast real-time execution.the proposed sensorless algorithm is given in Fig. 7. The plots

1748t = 39.68 Hz
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2.00v 2 Z.00V —0.00s 10.0%/ Sngl£2 STOP

2.00v 2 2.00V

—0.00s 50.0%/ Snglf£2 STOP

R R RS B R Y VR BT R R PR R YR YR B B R R

siﬁ E(est)

@)

Z.00Y 2 2.00v .—0.00s 10.0%/ Sngl£2 STOP

2,00V 2 Z.00V

—0.00s 50.0%8/ Sngl£2 STOP

(b)

Fig. 7. Experimental waveforms showing estimated and asiualat starting
for (@) w = 1460 r/min and (b}o = 1600 r/min.

2.00Y 2 2.00v 3 5V ;0.00s 5. oog/ Sngl£3 STOP

(b)

Fig. 9. Experimental waveforms showing estimated and actual starting
(a) before filtering and (b) after filtering.

Fig. 8. Experimental waveforms showing estimated and asiual for step

smz(act) : 12,00 2 2.00%

—0C.00s 20.0%/ Sngl£1 STOP

in ¢, from 0 to 0.5 p.u.

given in Fig. 7(a) and (b) correspond to synchronous and sup*, . oov_2 2.00v

@)

synchronous modes of operation. The instantaneous tracking
the position (when the rotor side control is activated) and acc
rate steady-state operation are observed.

In Fig. 8, the impact of sudden active load on the estimatic
algorithm is shown. A step changef, from 0 to 0.5 p.u. does

not produce any transient in the estimatiorsiof=.

The estimated speed signals (freim e andcos €) before and
after filtering are shown in Fig. 9(a) and (b). During the initial
period, there is a large error in the estimated speed due to-
filter time constant. If this incorrect value of estimated speed

;—0.00s 20.0%~ Snglf2 STOP

used to determine the slip-dependent cross-coupling termsin
rotor current control, it will give rise to undesired transients and,

(b)

inturn, erroneous estimation. In practice, the estimated positigg 1o, gxperimental results showing (a) stepip from 0 t0 0.5 p.u. with
would not be able to catch up with the actual position. Hence, = 0.75 p.u. and (b) showing step i, from 010 0.75 p.u. and;, = 0.
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2.00v_2 2.00v §9.00s  S50.0%/ Sngl#f2 STOP S.00v 2 2.00v Rall 5001/ STOP

"""“'i'“'"‘"i"""“'[:""""'i"‘"""‘""""'i""""'|""'""i""""‘i""""‘

A

i,,; (after filter)

Fig. 11. Experimental results showing steady-stafe before and after Fig. 13. Experimental results showing, w during transition through
filtering. synchronous speed.

2.00¢v 2 2.00v 3 SV —0.00s S0.0%2/ Snglf2 STOP

rotor side, hence, the stator power factor is unity. In Fig. 12(b),
the rotor currents are dc, showing that the estimation algorithm
operates stably at zero rotor frequency. The transition through
synchronous speed is also observed to be smooth, as is illus-
trated in Fig. 13.

IV. CONCLUSION

Position-sensorless control of wound-rotor induction ma-
chines is a desirable feature of VSCF generation systems like
wind power generation. The proposed position-sensorless

algorithm meets the requirements for such applications. The
() algorithm can be started on the fly without the knowledge

2.00v_2 2.00v 3 5V —0.00s _ 50.0%/ snaisz stop Of the initial rotor position. Operation at synchronous speed,

corresponding to zero rotor frequency, is stable; also, it can ride
through synchronous speed smoothly. The proposed method
of computation of stator flux magnetizing current makes the
estimation process independent of critical machine parameters.
The simulation and experimental results show that the dynamic
performance of the system compares well with that using
position sensors.

APPENDIX |

The slip-ring induction machine equations in the stator flux
(d—q) coordinates [1] are as follows:

b
) stator:

Fig. 12. Experimental results showing steady-state, ¢s;, andi.; with
iry, = 0.75 p.u. andiy, = 05 p.u. at (a) 1620 r/min (supersynchronousd-axis:
operation) and (b) 1428 r/min (synchronous operation). i s 1+

TS dt + 'l:rns = RSOS Usd + ird (All)

during starting the computed slip is forced to zero for aboygtaxis:

100 ms; after this, the estimated speed signal is used to calculate du 1 1+ o,
the slip. =
The transient response of theaxis andd-axis rotor current

Uag + Lq} (A1.2)

dt " T Tyis | R

rotor:

loops are shown in Fig. 10(a) and (b), respectively. In Fig. 10(b),
the response is taken during switching on of the rotor convertdraxis:

hence, a small transient is observed in the rotor currents (before dirg | . Urd p

: . . O—CTT +trd = + (wrns - w)O—CTrqu
the estimated position catches up with the actual one). dt R,

[ i > - d/rns
filtgg' 11 shows the estimateégl, before and after the low-pass _(1-o0)T, ;t (A13)
In Fig. 12(a) and (b), the steady-state stator and rotor cigraxis:

' [ i divg | . v .

rents in their own reference frames are shown along with the o1 Hra Y, = Urqg (wis — )0 Tirg

stator voltage waveform for supersynchronous and synchronous Todt R,
modes of operation. The reactive power is supplied from the — (Wms —w)(1 — ) Trims (AL4)
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