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Adaptive Observer for Sensorless Control of
Stand—Alone Doubly Fed Induction Generator

Post ISIE2008 Paper

Abstract— A control strategy for a Doubly—Fed (wound rotor) maintenance of the drive. It also increases the systenbitelia
Induction Machine working in variable-speed stand-alone power |ty and noise |mmun|ty So sensorless schemes appear to be
system without using mechanical sensors is presented in tis\ery atiractive and have been in constant evolution in the la
paper. Stator voltage magnitude and frequency are regulated . . .
using two control loops based on field orientation theory. A years_. Sensorle§s strategle_s usually does an estimatite of
Luenberger observer is used to estimate the stator flux, while machine flux using some kind of observer. Several proposed
an adaptive scheme modifies the rotor position required in the observers are open loop estimators in the sense that they
stator flux estimation. The proposed controls behaves very well have no error correction mechanism. This kind of estimators
in steady state as well as transient states like: start-up, varying 5re not able of either modifying their convergence speed or
speed or electric load changes. Experimental results are presestt o
t0 validate this proposal, ensure stable convergence under parameter uncertainties o

measurement noise [7]-[9].
I. INTRODUCTION Classical Model Reference Adaptive SysteriiRAS) ap-
proach compares the reference model output with the adaptiv

The Doubly-Fed Induction Machin®FIM ) is one of the model outputs to obtain the estimation error used by the
most used machine in generation system connected to the gighptive law to achieve the convergence of the adaptive Imode
or working in stand-alone mode. The main advantage of thethe reference model [10], [11]. Using this kind of observe
DFIM working in stand—alone generation system with vagabkhe convergence of the adaptive model to the reference model
(restricted) speed, is the reduced size of the power eldctrocan pe ensured, although, the reference model must be an exac
converter needed on the rotor side [1], [2]. This makes thgscription of the actual system. Other MRAS approaches
generation system suitable for variable speed diesel hydigses the actual system measurements as the reference model
and wind—energy turbine applications. outputs avoiding reference model errors. This kind of syste

Stand-alone systems must be able to provide the usggtnpares the adaptive model output with real system output
with regulated voltage and frequency [3]. In these cases, theasurements to obtain an estimation error used by the
DFIM presents several advantageous characteristics {#oIS adaptive law [12], [13].
voltage and frequency regulation can be achieved using twoOther authors have proposed Adaptive Luenberger observers
back-to—back converters connected to rotor windings (Ro#@ estimate some machine parameters and rotor speed for
Converter,RC) and stator windings (Front End Converterthe induction machine used as motor [14]-[16]. This kind
FEC) as can be seen on Fig. 1. RC is used to control tig¢ observer have shown better performance than others when
rotor currents in order to obtain the desired stator vol@ge ysed on induction motor applications [17].
frequency control of DFIM. FEC can be controlled to regulate In this paper, a control strategy to regu|ate the frequency
DC-Link voltage and filter harmonic currents introduced byng voltage of a DFIM working as a variable speed stand—
non-linear loads connected to the system [5], [6]. alone generating system is proposed. An Adaptive Luenberge

Most DFIM control strategies requires the rotor positiopbserver has been proposed to estimate stator flux and rotor
knowledge to achieve the orientation of rotor currents.dligu position in [18]. In that paper, simulation results were-pre
a position sensor like a shaft encoder is employed. Thented to test the behavior of the control loops and observer
elimination of this sensor decreases size, costs, cablg ainder load and speed changes, as well as parameters mismatch
In this paper experimental results are introduced. Theygatd
the performance of the proposed control.

In detail the paper is organized as follows: the DFIM
model is presented in Section II-A. The field oriented cdntro
‘ loops developed to regulate stator voltage magnitude and
L | frequency are presented in Sections II-B and 1I-C. An Adegpti
Tj Luenberger observer to estimate stator flux and rotor positi
is presented in Section Ill. The observer behavior is evatlia
through simulations which are shown in Section IV. The com-
plete system performance is evaluated through experimenta

results which are shown in Section V. Finally, conclusiores a
Fig. 1. Stand-alone variable—speed generation system. given in Section VI.
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Il. DFIM CONTROL stator flux observer proposed in Section Il is used to cateul

The main goal of the control strategy presented is to inf?€ rotor current g-componeniy(), used as the actuation
plement a stand—alone generation system providing reglla¥ariable,

stator voltage magnitude and frequency using a DFIM without ey = _;\qs’ (5)
a position sensor. Two independent control loops are dedign "
to regulate stator voltage magnitude and frequency. iy, = Kpyrex, +Kiy /eAqs dt. (6)

The frequency control loop is realized aligning the sta- _ i i
tor flux with a reference frame rotating with synchronous, ' NS control loop is presented in the lower part of the block
speed. This strategy for frequency control is preferredesindidgram shown on Fig. 2. The frequency control loop band-
the estimated flux offers smother signals than the measul¥gth should satisfy a trade-off between load perturbation
voltages. On the other hand, the voltage magnitude is wrecliEJeCtlon and the measurement noise rejection capabilitie

controlled using a Pl control loop built-up using the stator 1€ angular position of the reference frantgj, is ob-
voltage measurements. tained from a free—running integral as follows,

A. DFIM model O4q = / Wq dt. (7)

The DFIM can be described by the following equation usingd

. . is used to transform and anti—transform currents and
a reference frame rotating at arbitrary spegg [19], 4

voltages as shown in Fig. 2.

As = wigIAs =15 s + Vs, M) c. stator Voltage Magnitude control loop

wherery, is the stator resistancd,, v, andi, are the stator The stator voltage magnitude control loop is designed to
flux, stator voltage and current vectors referred to an rntyit regulate the voltage magnitud&) of the DFIM stator voltage
reference frame respectively and vector, defined as follows,

P B I L IS I e V= /vh + i ®
Ads Vds lds 1 0 X X
) ] ~ wherew,, anduvys are the quadrature and direct axis compo-
For the present workyg, is c0n3|dere_d equal to the desired,anis referred to a synchronous reference frame.
stator frequency 50 [H2]) so the arbitrary reference frame The stator voltage control loop is implemented using a Pl

becomes the desired synchronous one. The stator flux can alsfirolier where the voltage erroeyf ) can be defined as
be obtained from stator and rotor currents like
ey, = V*=V. 9)

The main goal of this control loop is to reject the voltage
where L, is the stator inductance)! is the magnetizing variations produced by electric load or speed changes.
inductance and, (i, = [iq,i4-]") is the rotor current referred  The d—component of the rotor current;,() modifies the
to the synchronous reference frame. This stator flux curreptcomponent of the stator flux which also modifies the stator

>\s = Ls is +M ir7 (2)

model can also be expressed as follows voltages as can be deduced from (1) and (2). Then this current
A = L.i. 4 Med0r—0a0) 3) is used as the actuation variable for the stator voltagerabnt
s e " loop, so,

where 6, is the rotor position defined as the angular dis- ,

placement between the rotor and stator circultg, is the tar = Kpoev, +Kpy /6\/5 dt. (10)
angular position of the synchronous reference frame iénd

. . . T, .

(ir = [zgr,zg,_] ) is the rotor current referred to a referenc?h
frame fixed to the rotor. This is the rotor current which can
be directly measured.

The stator voltage magnitude control loop is presented in
e upper part of the simplified block diagram shown on Fig. 2.

Ji vl eV, le—Lle—9

B. Stator Frequency control loop

The angular speed of the stator flux space vector mu
be constant in order to generate a stator voltage constant
frequency. The frequency control is achieved by defining a
synchronous reference-frame and forcing the stator flusovec
to be aligned with its d-axis, so that,

II PWM-CC-VSI
¢
.
N~y

Ags =0 and Ags = 0. 4)

The frequency control loop is implemented using a Pl con-
troller with g—component flux reference defined ¥s = 0.
The g-component stator flux estimakg, obtained from the Fig. 2. Stator voltage magnitude and frequency control biielgram.
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The band-width of this control loop should satisfy a tradé—othen, the rotor position can be estimated using the angular
between load perturbation and the measurement noiseiogjectlifference €) between the estimated rotor curreﬁit) (and the
capabilities. measured rotor current].
It is not simple to calculate the angular difference between
Ill. OBSERVER two vectors when the vector angles are defined over a large

An adaptive observer for estimating the stator flux and rotéange(—m, 7). Some proposed observers uses the cross prod-
position is proposed in this section. The stator flux esiiomat uct between two vectorg{ = AosAgs — AasAgs) as the error
is obtained from a Luenberger observer. to estimate rotor position on induction machines [10], [14]

The angular difference between the estimated and the mé#ese cases the error depends on the magnitude of the vectors
sured rotor current vectors is used to build an adaptive ld@ be aligned [12], [13]. Moreover, the cross product is a-hon
to estimate the rotor position. The correction term of thiéear function of the angular differencex) between both
Luenberger observer is calculated using this rotor positivectors €, = sin («)) which is less sensitive to big angular
estimation. Fig. 3 shows a block diagram of the proposedrors, as those above/2.

observer. This dependence can be avoided normalizing the cross
o product with the dot product of both vectors. In this way a

A. Stator Flux estimation better estimation for the angular error is calculated as,

fo|'|l;r\1,\(lasstator flux is estimated using a Luenberger observer as ¢ = tan! ( il (i: . i:)) (15)

5‘5 _ wquXS e (5\5 _/\5)7 (11) Using (15) requires only ongan—! (qt an2) fqr solving
angular difference and the programming algorithm becomes
simpler and better defined than using the angular difference
directly. Solving the angular difference directly requingo
tan~! for solving individual angles and additional calculus
G = ol—-wyJ, (12) must be performed to solve the result on a rangé-af, 7).
Moreover, (15) offers a simple way of getting the required

where o is the observer gain. The design of the errof,q ar difference independently of the vector magnitude i
correction matrix can be found in [20]. the whole range.

Using this kind of observer, the convergence transient of kg 4 shows both error signals. It is clear that an angular

the estimation errorefs = As — A,) is exponential and gigterence neartr radians means a value @f, near zero
the observer gain is chosen to set the desired speed,®fen only the cross product is used.

where 5\8 is the stator flux estimate antx is the error
correction matrix,

convergence. This angular difference can be driven to zero using a Pl
Since the actual stator flux cannot be measured, a 9qQshtroller as follows

guess can be obtained using,
o = Keu+En [ € (16)

wherew, is the estimated rotor speed.
The rotor position estimation is obtained integrating

Ay = Lyis+ Mei(0n—0a) (13)

™)

Whereér is the rotor position estimation obtained as described
in the next subsection.

B. Rotor Position estimation O = /w” dt. (17)
First, an estimation of the rotor currents in a reference IV. OBSERVERPERFORMANCE
frame fixed to the rotorif) is obtained using the stator flux |n order to test the proposed observer, simulations were
estimation from (11) and (13), carried out with SIMULINK/MATLAB. Here, the proposed
e —i(0,—04,) ( o ) control loops use the actual stator flux and rotor position as
I € V(A= Lals ) /M, (14) feedback signals. Simulations are preferred at this icstée-

cause the actual stator flux cannot be measured (withoug usin

v, DFIM - —
S B e S

3FT

A (5 _ . 2r il

A =@ i, —ri +v,~G(3, —Li - me/ ") i;j) T & €

(5 =
& -il6-0,) (2 . ) ]
ii=e (XS—LSlS )/M w ]
0 @, s > = o 1 2 s
f 1/s]<—[Kpm(s+K,m/K,,m)/s o [rad.]
Fig. 3. Proposed observer simplified block diagram. Fig. 4. Angular error estimation comparisa, = sin («).
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flux sensors or special machine). So, simulation results ar
provided to compare the actual stator flux with the estimater S _
one.

(a) ]

0.15 0.152 0.154 0.156 0.158 0.16 0.162 0.164 0.166

A. Observer Sart-Up

This test shows the observer start—up behavior. The gene
ation system is started first. At= 0.04 s the observer starts 01l
estimating as shown in Fig. 5. The rotor speed is set to 0.3
p.u. and the rated stator electric load is fixed to 1 p.u.. Thes 1

) |

stator flux estimate converges to the actual value in less the S € g
20ms. This is clearly seen in Fig. fa). “02r

At the beginning, the rotor position estimation shows a very 015 0152 0154 0156 0158 016 0162 0164 0166
fast transient due to the Pl convergence speed as can be st [s]

on Fig. 5(b). After that, the slow evolution is due to the stator
flux convergence speed since a right rotor position estonati rig. 6. Angular position estimation error rejection testrsiation test).
depends on correct estimation of stator flux.

B. Angular position estimation error rejection test C. Estimated flux error rejection test

This test shows the rejection capabilities of the observerThis test shows the rejection capabilities of the observer
when a rotor position error is introduced. The observer hagien stator flux dg—components errors are introduced as can
already converged to the actual values when the estimatexd rde seen in Fig. 7. The observer has already converged to the
position is changed sa{ (0.15) = —7/2) as can be seen onactual values when the estimated stator flux dg—components

Fig. 6. are changed so that, , = 0.1 p.u. ande,,, = —0.1 p.u., at
The angular errorep) is defined as the difference betweeri = 0.03 s.

estimated rotor positiond{) and actual onee = 6, — 6,) Fig. 7 (a) shows the angular errore) and the rotor

while the rotor current angular errof)(is given by (15). current angular erroréf while (b) shows the stator flux dg—

Fig. 6 (a) shows the angular erroe{) and the rotor current COMponents errors. The estimated flux error decays exponen-
angular error {) while Fig. 6 (b) shows the estimation errorstially as stated on Section Ill-A reaching zero in less than
of the stator flux dq_components_ The rotor current angu|w ms. The instantaneous Change of the estimated stator flux
error €) reaches zero very fast although the angular ergy ( COMponents, provokes an instantaneous change of the rotor
shows a very fast initial decrease but a small error remaifigrrent angular erroréf. Since the estimated rotor position
until flux error reaches zero. This behavior can be explainéiobtained as a result of a free—running integral, the amgul
as a cross coupling between the stator flux and rotor positiBffor €s) does not change instantaneously as shown in Fig. 7

estimation mechanisms. This is due to the selected gains(@f- It is also shown thaf reaches zero very fast bej only
the proposed observer given by Kp_ and K _. reaches zero when the estimated stator flux converge to the
¢ i actual value.

= 0.05 (a) 1
S
(a) & 0 -
] -
< -0.05 1
O
‘ ; ; ; : ot 003 0 632 0 634 0 636 0 638 0 64 0 642 0 644 0 646
0 0.02 0.04 0.06 0.08 0.1 0.12 : ’ : : ’ ’ ’ ’ ’
o1 : : : : : : : —
— EN, . (b)
S 005 as 1
RS
<
-0.05 J
© CXas
; ; ; ; ; _Ol L L L L L L L L ]
0 0.02 0.04 0.06 0.08 01 012 0.032 0.034 0.036 0.038 0.04 0.042 0.044 0.046
[s] [s]
Fig. 5. Observer start—up simulation results (simulatiot).tes Fig. 7. Estimated flux error rejection test (simulation test).
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Parameter mismatch should be considered when the whélelLoad rejection capabilities
control system performance is evaluated. The stator flux eShis test shows the system start-up and its behavior with
timates depend on stator resistanceand stator inductance |54 changes, while the DFIM rotor speed is set to 0.6
L. The stator resistance, varies with temperature which, \, The estimated stator flux and rotor position are used as
can change with load condition and rotor speed. A detail¢geqhack signals in control loops. The system is starteld Wit
analysis through simulation results can be found in [18]. |, of rated load connected on stator terminalz At 0.118 s
the stator load is changed to 0.5 p.u. and at0.18 s the load
is set back to 1 p.u.. Fig. 9 shows the stator phase currents
(a), the stator phase voltag€s), the stator voltage control

The performance of the proposed control system is evaIIH—op error(c), the stator flux d and g-componeft) and the

ated through extensive experimental results covering @ wi stimated rotor position errge) along the whole test.

range of operating conditions. The test rig used to obtain th The stator voltage shows no significant perturbation con-
experimental results is shown on Fig. 8 sidering the load change as can be seen on Fig.alGnd

The Rotor Converter (RC) is implemented using a ban b). The control loop errors reaches zero in less thams.

i . he control error dynamics depends on the control gains, the
bang current control over a voltage source inverter to irapos

the DFIM rotor currents. In this work, the FEC shown on Fig. ?ozrgpcljlgr?a%r?ces and the inverter switching frequency plus the

is not implemented and the DC-Link voltage is achieved using
a full bridge rectifier connected to machine stator ternsinag. Speed rejection capabilities
through a transformer. A dump resistive load is connected
to DC-Link to burn the generated energy during super= . . . .
. ities. The generating system is working with 1 p.u. ratedlloa
synchronous speed operation. Stand-alone system requires
initial energy for excitation. In this work a standard bate
connected to the DC-Link through a diode is used to inité&liz
the system, as can be seen on Fig. 8. — 1f
A capacitor bank, connected to the generator termirals:( ; of
50 uF) is designed taking three premises into account: a) t .& |
filter the high frequency commutation noise induced by the 0 0.05
RC, b) to smooth the voltage peak that appears after a sudd i

o o agnatang e oo o e et 2 '*Wt't"’t’t"%’t’t’t’&@W&i&%%%%’%%’t"'ww'&'

by the rotor Windings. 0 0.65 0. 0.15 0.2 0.25 (C) 0.3
A purely resistive load was applied to the generator termi

nals. This load may be fixed in two values corresponding tc = O'ZWW
0.5 p.u. and 1 p.u. of the generator rated load. =0

The rotor speed is set using an adjustable speed dri 502} 1

(ASD). A standard PC is used to solve the observer and contrc —

equations. A National Instrument conversion board (NI--AB ; 1t
PC+) is used to acquire the signals obtained from current ar g osf : ‘ 8
voltage sensors. The machine parameters are listed on [Table . o

V. EXPERIMENTAL RESULTS

This test shows the system speed change rejection capabil-

0.15

[

o

I I I
0 0.05 0.1 0.15 0.2 0.25 (d) 0.3

The gains of the PI controllers and the observer are listed 0< o 0.05 o1 015 02 025 (e) 03
Table II. 02 ‘ ‘ ‘ ‘ ‘
3 %WWMWWW“WMWWWM
3
& 0o
>
[\8)
. _02 L L L L L
1. V. [LoaD 0 0.05 01 015 [s] 02 025 03
|~ -i Fig. 9. Load change response.
*
I_l-
\4 N~ L _I 1
A C d
e Lit(a 50
% - T \
L NS - 0.1 012 [s] 014 0.16 0.16 018 [5] 0.2 0.22
Fig. 8. Test rig used to obtain experimental results. Fig. 10. Stator voltage during load change.



Page 7 of 7 Transactions on Industrial Electronics

©CoO~NOUTA,WNPE

connected to stator terminals and the rotor speed is forwed t = i

follow the profile shown on Fig. 11e).
Speed changes are designed to evaluate the system on a vel $
hard condition (acceleratid00 [rpm/s]). The stator voltage i

magnitude control loop error is not affected by a speed ahang 02 022 (&2 026 028

as can be seen on Fig. 14) @nd ¢). Frequency control loop ZONJ ‘ ‘ D)

[p.

ot

error seen from from the variations of the flux g-components 3
shown on Fig. 114). It can be seen that there is no significant
perturbation on d nor g—component during speed changes.
Commutation noise mask the frequency and voltage control o so 10 [Hz] 300 500
loop, and angular estimation errors as can be seen on Fig. 11

(b), (¢) y (d). Even so, all errors remains at small values as Fig. 12.
can be seen from the presented results.

Ugs [P

C. Steady State performance = !

This test shows the quality of the energy provided by the = °f
generation system using a rated load connected on stat0|§_1
terminal while the DFIM rotor speed is set to 0.6 p.u.. A stato 04 041 042 0435|044 045 06 047 043
phase voltage is plotted on Fig. X2). It can be seen that 20 %10
stator voltage is a sinusoidal waveform with a small amount s’
of 37¢ harmonic component in Fourier spectral decomposition %‘107
as shown on Fig. 12bJ. S

Stator voltage during speed variations is also shown in 0 w w w
Fig. 13 (a). This stator voltage waveform is obtained from a °o % 10 [Hz] a0 °00
zoom of Fig. 11(a). In this case, stator voltage is very similar
to that obtained at constant speed. This is easily verified byig- 13. Steady state stator voltage waveform during speeidtions.

the Fourier spectrum shown in Fig. 18).(

VI. CONCLUSIONS presented. An adaptive Luenberger observer is designed to
estimate the stator flux and the rotor position of the DFIM.

xperimental results have been presented to validate this
proposal. These results have shown very good performance
of the whole system even in presence of load and speed

A sensorless control strategy for a DFIM working Wiﬂ“E
variable—speed variable—load in stand alone power syst@sn w

(a) variations.
= 1 ‘ ‘ 1 Moreover, this control strategy can be used successfully
& 0 for synchronizing the generation system to connect it to the
S ot ‘ ‘ grid. Synchronism can be achieved aligning the stator flux
0 05 1 (b) 15 reference frame with a fictitious grid flux vector obtained

) ‘ ‘ from grid voltages [21]. In this case, control loops should
S or be changed to work properly controlling active and reactive
g o1l : : power as required for grid connection [22]. The proposed flux
El
&

0 05 ! (¢) 5 observer can be used on either working condition with no
L [roseing ANt BN further modifications.
05} ,
“< 0 oM AN A ot REFERENCES
~< 0 05 1 (d) 15 [1] A. C. Smith, R. Todd, M. Barnes, and P. J. Tavner, “Improveérgy
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S -0.1] ‘ ‘ .
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Fig. 11. System response during speed change.
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