31 ﬂaﬁ%eaﬁ'ﬂaﬁ'uauyszﬁ

Tasen1s ‘s:‘unm‘uqunﬂmaﬁmuvl%’mmsna{’i'ﬂﬁﬂLmﬁaﬁm%'u

tﬂl Q l:ll o a
Lﬂiﬁﬂﬁ)ﬂiﬂalﬂﬁ’l Lﬂ%ﬂﬁ%ﬂ%%ﬂﬂﬂ%ﬂﬂﬂﬂﬂﬂ

I@IEI WFl. a17. qux‘]?T E‘I?iiiﬂa%

nIngjad 2557



fuaLazii RSA5580039

31 m'm?a{i'ﬂaﬂ'uauysgﬁ

Tasen1s szunmuquL'anl,maﬁl,uuvl%’mwmaﬁ'mhLmﬁaﬁm%'u

i@3a9ansna Al e shailawaadnis

{198 WAL a3, FINIA §ITIANTU
fINA ANAITIAINITNAIRAT AW IAINTTNAIRAT

ﬁgW’]ﬂdﬂitﬁNVi’ﬁ‘ﬂ PR

aﬁfnagﬂ@ﬂﬁﬁﬁfmmﬂamuaﬁfnagumﬁﬁb LLazﬁ;WWmmtﬁwﬁﬂ BNRE
@nuAnlu s uidu aa@ﬁifﬁ &n. LLazﬁ;wmoﬂifﬁwﬁﬂ NRE

laidndudaadiumeanaly)



naanssnlsend

Imanwﬁﬁ'mf:é'n%@d’mvl@i”ﬁaUmsaﬁfuagumwﬁmuﬂizmmmﬂ %N
NBINUSRLIUBNNTIY (802 NUUNITUIUNAII) Uae medsaainsalavn ame
AFINTINANFAT PRINTHNMINGNAY VovaugMiaIlJUANTITBaIANNTadNATINA
madmiainssy i ausdenssueaas @wmaﬂitﬁwﬁwmﬁ'ﬂ Alesafaanud
Tunsdfiuauldds vevaugm we. a3, auysol ugewdndlsd madmiainssy s
ﬂmﬁmmiwmam{waadﬂitﬁwﬁwmﬁﬂ AlelwTadaiunmaimnindsslomide
1aT9n13398 VOVOUAD A. AT, YYTH LATzE 1119 nadTiaansTuinng ame
JANITNAIFAT 'gwwaaﬂsnium%mé'ﬂ waz 3. a7, wlsa Fenarada nnadm
AAINIINLATEING ATKZIAINITNATAT IMAINIANR NGNS §mniudaunztilunig
AUAuIUITY UazTavaLA M WBTIIP aauds uaz wisauiy adnauysal dFa
Usyanln madmieansaaivh AULIAINTTNAEAT PWIAINTANMIINLIRY Al

ﬂ’ﬂl]"]j")F;lLﬁai’ﬂ%ﬂ’ﬁ’ﬁl@]L@%U&lﬂ’]?ﬂ(ﬂﬂﬂﬁLLﬂzi’)ﬁJi’)&JNﬂﬂ’ﬁ‘ﬂ@aﬂd



unanga

(sWala39n13): RSA5580039

o s g € o 1 ] o a [
%atﬂ‘idﬂ'ﬁ : szunmuquL'mmamnﬂsmumaimmtmmmmmmaaansﬂam%ﬂﬂ

g snadanaainig

PawniY: WA AT. qswaﬁf §I3IMNIN

a a a 6 I'4 a [
N1A221@INIIN WA amAdInIINAEAS RIRINTWHNWINLIAY
E-mail Address : suapong.su@eng.chula.ac.th
szazailasenis: 2%

Tassn133sitsianadsdszuimatnnusiuazdunnslnaasfuunlng
ﬁm%’m:uumuquL'mmaﬁmu"l,%”mmsﬁaﬁmhLmuwaam‘%'aoa'i'mﬂavlwﬂ']mﬁmﬁwﬁ@
daugasns lagldarssinasasuauuuulsuarlunsdszanmanuisinazdiunals
wasninsEwniine wazlidasendumsfuimataiaesWanS a8 sBuANIALTS
et 39ldfdymmadewsessyanaiiass nuiseiarldduduiinnud
WASTANY 24T UUUTTAN A 8T TR TR uu U LA T W T a8 waztiniaualuy
MMINITENUDUSANVBN0NUTUMTa932 DT o e 1 ldnan o Uanass waunits
WUURIIILAK NANINANINUTzUD lun U Juduaasliianinszuuyszanmannnsn
Ui:mmoﬁflmeLLazmmL%ﬂ'smaﬂ@”lunmﬁ"auvlmmsﬁwm LRZRINITOVNIUIINNL
i:uumuqﬂqmwunnma‘?ﬁﬁ@ammaﬂ@"’[@ﬂﬁammuﬂumsmuqummL%LLa:LLsaﬁ@ﬁ

=

g

ANnaN: WWULAIUANLINLG a5 IS masiadiunis ARANA1A28ILLLINRBILLLAND WAL

a € _a A o S = o a ¥
MINATLALFDLIAN 1ATBI9NINA INWLRTkesinTiadauge i



Abstract

Project Code : RSA5580039

Project Title : A Position-Sensorless Vector Control System for Doubly-Fed Induction

Machines

Investigator : Surapong Suwankain

E-mail Address : surapong.su@eng.chula.ac.th

Project Period : 2 Years

In this research work, a novel rotor position and speed is introduced to the
sensorless vector control of doubly-fed induction machines. The rotor position and
speed are simultaneously identified by a reduced-order adaptive observer. The
proposed estimation scheme is conducted by the reduced-order model of the machine;
only stator equation is involved in the estimation. The proposed scheme is
straightforward without DC drift problem since the pure integration of induced EMF is
not required for the calculation. The stability of the estimation scheme is confirmed by
the linearization method and the design guideline of the adaptation gain is provided in
order to obtain the over-damped response. Experiment on the real drive system shows
the effectiveness of the proposed scheme; the estimation system has the capability to
identify the rotor position and speed correctly for various operating conditions. Also, the
estimation system can perform well with the stator-flux vector control by which the

speed and torque can be satisfactorily controlled.

Keywords : Position-sensorless vector control system, Reduced-order error model,

stability analysis, doubly-fed induction machine.
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Abstract

In this paper, a position-sensorless vector control for doubly-
fed induction machine is proposed. To estimate the rotor position, the
proposed sensorless method is based on the adaptive reduced-order
observer. The linearization method is used for the stability analysis, and
can ensure the stability of the observer around a quiescent point.
Simulation results confirm the validity of the theoretical analysis; the
position-sensorless vector control system can work correctly, and the
rotor-position estimation is stable with

satisfactory response

corresponding to the proposed adaptation-gain design guidelines.

Keywords: Position-sensorless vector control, reduced order observer,
doubly-fed induction generator.
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Abstract

This paper proposes a position-sensorless vector control for
doubly-fed induction machines with rotor-side reactive power control.
The proposed method is based on reduced-order adaptive observer by
using the rotor current as a regressor vector in order to comply with grid
codes with the requirement of reactive-power control. The stability of
the estimation system is assured by linearization method and the design
guidelines of the adaptation PI gains are also described. Experimental
results confirm the validity of theoretical analysis; the position-
sensorless vector control can work correctly along with the reactive

power control on the rotor side.
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A Position-Sensorless Vector Control of Doubly-Fed
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Abstract—In this paper, two novel adaptive reduced-order
observers are proposed for position-sensorless drives of doubly-
fed induction machines. The reduced-order observers are
conducted by the reduced-order models expressed on the
holonomic reference frames; the stator equation on stator
reference frame and the rotor equation on rotor reference frame.
The proposed rotor-position estimation schemes are
straightforward and simplicity for implementation without
suffering from the DC drift problem arising from pure
integration of stator flux. Stability analysis of the adaptive
observer is carried out, and the local stability is validated by the
linearization method. The design guidelines of adaptation PI
gains are also introduced; the over-damped response with
specified bandwidth can be successfully obtained. Simulation
results of various operating conditions are provided in order to
verify the proposed theoretical concepts.

Keywords—Position sensorless, DFIM, adaptive reduced-order
observer, holonomic reference frame.

L. INTRODUCTION

Doubly-fed induction machines (DFIMs) are very
promising for wind energy conversion systems so far. The
rotor-side fed converter attains both engineering and economic
aspects. Usually, the vector control with variable speed
operation is employed to harvest the maximum power from
wind energy conversion. In order to obtain better fault
tolerance from encoder’s failure and/or malfunction, position-
sensorless control scheme is available as a fail-safe function.

Among rotor-position estimation methods made appearance
in the literature, the model-based approach is extensively
adopted [1]-[8]. In [1]-[3], model reference adaptive system
(MRAS) observers were diversified with various error
variables, e.g. stator and rotor currents, and the comparative
performance were given. Nevertheless, these observers require
the stator flux information, the common disadvantage is the
DC-offset drift problem caused by the pure integral action of
stator-flux calculation. In [4], the rotor current is selected as the
error variable, and the estimated rotor flux is calculated
through stator flux and torque calculations. This approach not
only has the problem from drift problem caused by the stator-
flux calculation, but it also needs much more computation than
necessary.

The adaptive reduced-order observer is proposed in [5]; the
stator flux is considered as the measured state variable and the
rotor current is the estimated state. There are two drawbacks in
this approach; the former is the drift problem from pure

This work was supported by the Thailand Research Fund (TRF) under Grant
RSA 5580039.

978-1-4799-0482-2/13/$31.00 ©2013 IEEE

integration in stator flux calculation and the latter is that the
designed observer’s feedback gain required the information of
real rotor speed which is unrealistic for the sensorless system;
from a theoretical standpoint, using the estimated rotor speed
as an alternative is ambiguous. The research works in [6]-[8]
avoid the aforementioned DC-offset drift problem. Instead of
using pure integration method, the stator-flux observer is used
in [6] and the rotor-current error is the error variable for the
rotor-position estimation. The observer’s gains are employed
for the feedback of stator-flux error, and the real stator flux is
approximated with doubt. In [7]-[8], rather than the stator flux,
the induced voltage is used to calculate the air-gap power. The
rotor current and torque; both derived from air-gap power, are
chosen as the error variables in [7] and [8] respectively. To
compute the air-gap power, these schemes require the
additional parameter of core loss which is a barrier to the
practice standpoint.

The major disadvantages of the model-based rotor-position
estimation methods in the literature can be concluded as
follows:

1) DC-offset drift problem arising from pure integration

of stator flux [1]-[5].

2) Real rotor speed requirement for the observer’s
feedback gains caused by inappropriate selection of
reference frame for the model [5].

3) Complexity of calculation [4] and more parameters
requisition [7]-[8].

In this paper, novel rotor-position estimation methods are
proposed. The structure of adaptive reduced-order observer is
adopted and the models are expressed appropriately on
holonomic reference frames. The proposed schemes offer the
following distinguished features:

1) Estimations of rotor position need no stator flux

calculation; the DC-offset drift problem can be

avoided.
2) Reduced-order models expressed on holonomic
reference frames can exclude the rotor-speed

parameter; this helps design the observer’s feedback
gains without the requirement of real rotor speed.

3) Arrange properly the variables in the models with
stator and rotor currents, the computation is naturally
simple and requires less parameters.

The contents of the paper are arranged by firstly
introducing the model of DFIM on holonomic reference
frames. Secondly, the adaptive reduced-order observers are
introduced. Next, the stability of rotor-position estimations is
analyzed and the design guidelines of adaptation gains are also



presented. Finally, the proposed rotor-position estimation
subsystems and the stator-flux vector control are combined
together to assemble the sensorless drive system. The
simulation results are also given to verify the validation of the
proposed concept.

II.  MODEL OF DOUBLY-FED INDUCTION MACHINE ON

HOLONOMIC REFERENCE FRAME

Fig. 1 shows the physical structure of DFIM by 2-phase
equivalent circuit. Considering the stator windings are fixed
on stator reference frame (¢ - £ axis) while the rotor windings
are rigidly connected to rotating rotor reference frame (dr — gr
axis), the dynamic equations of both windings can be written
in (1)-(2). On this so-called holonomic reference frame [9], the
dynamic equations are very simple.

A. Dynamic equation of stator/rotor windings
The dynamic equation of stator windings on stator
reference frame & — 3 can be expressed as

Ri +—
Udt

and the dynamic equation of rotor windings on rotating rotor
reference frame dr —qr is given in (2)

)]

2
o @

where the stator flux and rotor flux equations can be written as

A Li+M (e"”‘)’ ?) 3)

i

Li +M (i) €y

B. Dynamic model of DFIM on holonomic

Substituting the stator/rotor flux in (1)-(2) with stator/rotor
current in (3)-(4), the dynamic model of DFIM on holonomic
reference frame is given in (5)-(8)

B
?

qr

. Po,
8%
dr
Fig. 1 Model of doubly-fed induction machine.
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- Stator equation on stator reference frame

i, ®)
dt
- Rotor equation on rotating rotor reference frame
di;
' (0)
dt
- Rotor speed and position:
(M
- Torque equation:
®)

For developing the estimation system; which will be described
in the next section, the dynamic models in (5) and (6) have
two major advantages; 1) Expressing the model with currents
as state variables can avoid the DC-offset drift problem from
pure integration of stator flux calculation, and 2) regarding the
holonomic reference frame, there exists no rotor speed term in
the dynamic equation (5)-(6), this can help design the
observer’s feedback gains to be independent on the real rotor
speed.

ITI. NOVEL ROTOR POSITION ESTIMATIONS USING ADAPTIVE
REDUCED-ORDER OBSERVERS

The benefit of DFIM compared to other machines is the
available of plenty information; voltages and currents on both
stator and rotor sides. Considering (5) and (6), the rotor
position is the only unknown parameter for position sensorless
system. To identify the rotor position, using only stator
equation in (5) or rotor equation in (6) is sufficient. In this
paper, two estimation schemes are proposed based on the
common theoretical framework; the first one is conducted by
the stator equation (5) and the other is initiated by the rotor
equation (6).

A. Estimation System #1: Adaptive Reduced-Order Observer
with Stator Equation

By using the stator equation in (5), the novel adaptive
reduced-order observer can be written in (9)-(11) and shown
in the block diagram in Fig. 2. The stator current is selected as
the error variable for the estimation system. In contrast to [1]-
[5], the proposed scheme is straightforward; the estimated
stator current can be calculated without stator flux
computation beforehand. By comparison with [4], [7]-[8], the
calculation is simply carried out with less parameters
employment e.g. no need of core loss parameter.

di,

R ) i
(K, +K, jdz)-(Jpe*’P@ ?)I(Z—Z) (10)
[, ar )



Real Stator Current

Stator Current Estimation

Rotor Position and Speed
Estimation

Fig. 2 Rotor-position estimation #1 based on stator equation.

Real Rotor Current

Rotor Current Estimation

Rotor Position and Speed
Estimation

Fig. 3 Rotor-position estimation #2 based on rotor equation.

B. Estimation System #2: Adaptive Reduced-Order Observer
with Rotor Equation

By using the rotor equation in (6), the other novel adaptive
reduced-order observer can be given in (12)-(13). Taking the
rotor-position estimation in (11) into account, the block
diagram of estimation system based on rotor equation can be
drawn in Fig. 3. Since the parameters among stator equations
(9)-(10) and rotor equations (12)-(13) are interchanged,
therefore the intrinsic characteristic of the estimation system
#2 is similar to that of the estimation system #1.

di’ R Md
dt L~ L dt

o’
(e-./pé, Z) 4+ v,
L

—H (i -7) a2

r

(13)

C. Identifiability Property of Estimation Systems

The identifiability property of the rotor-speed estimations in

(10) and (13) is dependent on the regressor vectors Jpe‘lpé’ 'Z,
and Jpe_‘/pé" i which are governed by the magnetizing

current and the loading condition. For the conventional grid-
connected DFIM drive, the machine usually draws the
magnetizing current from the stator side. This means that the

stator current always exists (i # 0) , and the regressor vector

—Jpé,

Jpe Z of estimation #2 (13) is available for all operating

conditions. On the contrary, the regressor vector Jpej"é’ ~z?r/ of
estimation #1 (10) will not be available at no-load condition

fr' =0 and this causes the estimation system #1 in Fig. 2 loss
of identifiability.
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Nevertheless, to fulfill the requirements of the recent grid
codes, the grid-connected distributed generations should
provide the capability of power factor control. This prerequisite
leads the DFIM drive to control the reactive power on the rotor
side and the machine will draw the magnetizing current from
the rotor side instead. In this regard, the estimation #2 can be
loss of identifiability at no-load condition with zero reactive

power on the stator side (zt = 0) ; the estimation system stops
tuning (£=0) even though there is rotor-position error

(éf # Qr) . On the other hand, since the rotor current always

exists (z:’ # 0) in this case, the estimation #1 can be able to

identify the rotor speed and complies with the grid codes. In
addition, this estimation #1 has the capability for the stand-
alone application. Fig. 4 compares the mechanism of rotor-
speed identifications for both estimation #1 and estimation #2
at no-load condition with reactive power control on the rotor
side.

/
ii=0

(a) Estimation #1

(b) Estimation #2
(Loss of identifiability)

Fig. 4 Vector diagram showing the tuning mechanism of
estimation systems at no-load condition with feeding
magnetizing current from rotor side.

[V. STABILITY ANALYSIS OF ROTOR-POSITION ESTIMATIONS

Stability analysis of rotor-position estimations systems #1
and #2 can be carried out by the linearization method. The
detailed analysis of estimation system #1 is given, and can be
further adopted for the estimation system #2 as well. From (5)

and (9)-(11) and given that the feedback gain G =0, the error

equations of stator current, rotor speed and rotor position can
be firstly derived as

. R MdA[, o e f,J
_ 1 _ s O et (N r ]4
S @ Lo L d (=i |y
. _dw-a,) j wo 7\ S
b=TE (K, K, Jdt)L(Jpe i) e pas)
40 -6)
)= (16)
Where e 2@ -w and



By linearizing the error equations (14)-(15) around the
quiescent point; €, =0,e, =0 and e, =0, the linearized
error equation in state-space formation is derived as

P 2 ]
(R, i 0 Kz‘r{; 0
Aé,, L, Ae,,
> P pl
Aesfl 0 (R, 1: M i 0 Ae,,
iYe L, AL
Ae, —K;i; K;i; 0 0 A
-K, ;rg K i, 1 0
17)

T
where (2o K, ( Jpe’t®: .,-r') .

The eigenvalues can then be carried out in (18) and it
consequently confirms the local stability of the estimation
system #1.

s, =0

Using the same analysis framework of estimation system #1,
the eigenvalues of estimation system #2 can then be derived as

s, =0
(MK, +R,)
2L,

— 12
1

s

Sy =

(MK, +R)

T T

=12 1+
il | -1+

The resultant eigenvalues in (19) also assure the local stability
of the estimation system #2.

V.  DESIGN GUIDELINES FOR ADAPTATION GAINS

From the linearized error equation in (17), the block
diagram of rotor-position estimation can be shown in Fig. 5.
Considering the allocation of open-loop poles and zeros in Fig.
5, the adaptation PI gains can be designed in order to achieve
an overdmaped first-order response. The design criteria for the
estimation system #1 are given by

K, R

S

K L

s

(20)

P

@2y

Equation (20) provides the cut-off frequency for the adaptation
PI gains which implies the pole/zero cancellation among the
pole of transfer function G(s) and the specified zero of

adaptation gains. The bandwidth of estimation system @), can
be assigned through the adaptation proportional gain given in

(19)

(21). The root loci in Fig. 6 shows the resultant closed-loop
pole; the closed-loop pole will move along the negative real

axis toward the assigned crossover frequency @), . The

following example is given to demonstrate the proposed design
method. Specify the bandwidth @, of 500 rad/s and using the

machine’s parameters in the appendix and the design criteria in
(20)-(21), and the corresponding Bode plot can be shown in

Fig.7. Using the aforementioned design guidelines, the
adaptation gains for the estimation system #2 are given as
K, R
" 22
L (22)
(23)

6,

G(Av) Adaptation Pl Gains

Fig. 5 Block diagram of rotor-position estimation system #1.

Close-loop pole
moving toward (),

Pole of G(s)

/

K, zero of PI Pole of PI

K

5
Fig. 6 Root loci of rotor-position estimation system #1.

Bode Diagram

20

Magnitude (dB)

Phase (deg)

Frequency (rad/sec)

Fig. 7 Bode plot of the open-loop transfer function of
estimation system #1.

VI. STATOR-FLUX BASED VECTOR CONTROL OF DFIM

To manipulate the stator flux and torque, the models in (5)-
(6) and (8) are expressed on the stator-flux reference frame (d-
q axis) as given in (24)-(27) and the torque equation in (28).

Stator equation on the stator-flux reference frame:
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© Decoupling Control

@ Current Controller

LV, Stator Flux Calculation

MR

Fig. 8 Position-sensorless vector control of DFIM

di, R vy
R RPN L R 24
dl LS rd LS 0 M ( )
6, _ ) Rl Yy 25)
dt L i, Mi

Rotor equation on the stator-flux reference frame:

di 1 M
i = —[ _(Rcixd —Vu ) + vrd} (26)

-Ri,+w0oLi +
dt ULrl rrd s rrq L

s

Torque equation:
M? .
]—;' = _p L—l(lllq

s

(28)

Flux and torque of DFIM can be controlled by the rotor
current vector; the d-axis component i, plays the role of

controlling the stator-flux magnetizing current i, (24), while
the g-axis component i

rq
(T,) (28). It can be seen from the rotor equations (26)-(27) that
both d-q axis current is coupled to each other. To control

independently each component of the rotor current (7, 7, ) ,

manipulates the induced torque

the decoupling control is introduced in (29)-(30).

» .M .
errd - a)x O-Lr qu +— ( vsd - Rs lsd ) (29)
—— L
Feed Forward Term b
Decoupling Voltage Terms
- .M M
errq +a)so-Lrlrd +L_(vsq _Rs'lsq )_—pwrln (30)

%

——
Feed Forward Term

4

Decoupling Voltage Terms
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@ Rotor Position and
Speed Estimation

—J (6,6,
e .-6,)

v
1

ry

The commanded rotor voltages (v:d,v:q) in (29)-(30) are
comprised of two terms; the feedforward terms which are
assigned by the commanded rotor current (i,,i, ) and the

decoupling voltage terms. The stator equation (24) helps
compute the magnetizing current i used in the decoupling

control. In addition, the other stator equation (25) calculates
the stator-flux position 8, using in the axis transformation.

VII. SIMULATION RESULTS

Fig. 8 shows the position-sensorless vector control system
of DFIM. The proposed rotor-position estimation (#1 or #2) is
embedded in the stator-flux vector control with current
control. The simulation results in Figs. 9-12 are carried out for
both rotor-position estimation schemes. The performance of
variable-speed control is firstly shown in Fig. 9. Under the no-
load condition, the rotor speed is varied from synchronous
mode to super-synchronous and sub-synchronous modes
respectively. It can be seen that the estimated speed can track
the real speed nicely. The satisfactory responses with well-
damped rate of convergence verify the feasibility of the
proposed adaptation gains design guidelines. Secondly, Fig.
10 illustrates the performance against the step change of the
load torque for both motoring and generating modes. The
commanded speed is set at synchronous speed of 1,500 rpm,
the decoupling control can control the rotor currents i, and
i
and the system successfully responds to the step change of
load torque. Finally, the overall performance is depicted in
Fig. 11 and by the torque-speed planes in Fig. 12. The
sensorless system with each estimation scheme can work
properly for various operating conditions e.g. sub/super-
synchronous modes and motor and generator operations.

independently. Flux and torque controllability is obtained



VIII. CONCLUSION

The novel adaptive reduced-order observers for DFIM
sensorless drives are presented in this paper. The salient
features of the proposed rotor-position estimation schemes are
1) the estimation systems are straightforward due to the
concept of reduced-order models on holonomic reference
frames, and 2) the identifications of rotor position are
achieved without pure integration of stator flux; the DC drift
problem can therefore be avoided. The local stability of the
adaptive observers is assured by the linearization approach. In
addition, the design guidelines of the adaptation PI gains are
introduced with the satisfactory overdamped response. The
outcomes of the theoretical concept are verified by the
simulation.

APPENDIX

Motor rating and parameters: 4 kW, 50 Hz, 1393 rpm,
stator/rotor voltage 400/196 V, stator/rotor current 8.1/13.5 A,

R =16Q,R=70Q, L =172.6mH, L, =172.6 mH
M =1658mH .
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Abstract—In this paper, a novel adaptive reduced-order
observer is proposed for position-sensorless drives of doubly-fed
induction machines. The reduced-order observers are conducted
by the reduced-order models expressed on the holonomic
reference frames; the stator equation on stator reference frame.
The  proposed  rotor-position  estimation  scheme s
straightforward and simplicity for implementation without
suffering from the DC drift problem arising from pure
integration of stator flux. Stability analysis of the adaptive
observer is carried out, and the local stability is validated by the
linearization method. The design guidelines of adaptation PI
gains are also introduced; the over-damped response with
specified bandwidth can be successfully obtained. Experimental
results of various operating conditions are provided in order to
verify the proposed theoretical concepts.

Keywords—Position sensorless, DFIM, adaptive reduced-order
observer, holonomic reference frame.

l. INTRODUCTION

Doubly-fed induction machines (DFIMs) are very
promising for wind energy conversion systems so far. In order
to obtain better fault tolerance from encoder’s failure and/or
malfunction, position-sensorless control scheme is available as
a fail-safe function. Among rotor-position estimation methods
made appearance in the literature, the model-based approach is
extensively adopted [1]-[8]. In [1]-[3], model reference
adaptive system (MRAS) observers were diversified with
various error variables, e.g. stator and rotor currents, and the
comparative performance were given. Nevertheless, these
observers require the stator flux information, the common
disadvantage is the DC-offset drift problem caused by the pure
integral action of stator-flux calculation. In [4], the rotor
current is selected as the error variable, and the estimated rotor
flux is calculated through stator flux and torque calculations.
This approach not only has the problem from drift problem
caused by the stator-flux calculation, but it also needs much
more computation than necessary.

The adaptive reduced-order observer is proposed in [5]; the
stator flux is considered as the measured state variable and the
rotor current is the estimated state. There are two drawbacks in
this approach; the former is the drift problem from pure
integration in stator flux calculation and the latter is that the
designed observer’s feedback gain required the information of
real rotor speed which is unrealistic for the sensorless system;
from a theoretical standpoint, using the estimated rotor speed
as an alternative is ambiguous. The research works in [6]-[8]
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avoid the aforementioned DC-offset drift problem. Instead of
using pure integration method, the stator-flux observer is used
in [6] and the rotor-current error is the error variable for the
rotor-position estimation. The observer’s gains are employed
for the feedback of stator-flux error, and the real stator flux is
approximated with doubt. In [7]-[8], rather than the stator flux,
the induced voltage is used to calculate the air-gap power. The
rotor current and torque; both derived from air-gap power, are
chosen as the error variables in [7] and [8] respectively. To
compute the air-gap power, these schemes require the
additional parameter of core loss which is a barrier to the
practice standpoint.

The major disadvantages of the model-based rotor-position
estimation methods in the literature can be concluded as
follows:

1) DC-offset drift problem arising from pure integration

of stator flux [1]-[5].

2) Real rotor speed requirement for the observer’s
feedback gains caused by inappropriate selection of
reference frame for the model [5].

3) Complexity of calculation [4] and more parameters
requisition [7]-[8].

In this paper, a novel rotor-position estimation methods is
proposed. The structure of adaptive reduced-order observer is
adopted and the model is expressed appropriately on
holonomic reference frames. The proposed schemes offer the
following distinguished features:

1) Estimations of rotor position need no stator flux

calculation; the DC-offset drift problem can be
avoided.

2) Reduced-order model expressed on holonomic
reference frames can exclude the rotor-speed

parameter; this helps design the observer’s feedback
gains without the requirement of real rotor speed.

3) Arrange properly the variables in the models with
stator and rotor currents, the computation is naturally
simple and requires less parameters.

The contents of the paper are arranged by firstly
introducing the reduced-order model of DFIM on stator
reference frame. Secondly, the adaptive reduced-order observer
using stator equation is introduced. Next, the stability of rotor-
position estimation is analyzed and the design guidelines of
adaptation gains are also presented. Finally, the proposed rotor-
position estimation subsystem and the stator-flux vector control
are combined together to assemble the sensorless drive system.
The experimental results are also given to verify the validation
of the proposed concept.



Il.  REDUCED-ORDER MODEL OF DFIM

Using the stator equation on stator reference frame, the
reduced-order model of DFIM is given in (1)
- Stator equation on stator reference frame

6 Ry MO

: i)+ )
dt L ° L dt L

S

For developing the estimation system; which will be described
in the next section, the dynamic model in (1) has two major
advantages; 1) Expressing the model with currents as state
variables can avoid the DC-offset drift problem from pure
integration of stator flux calculation, and 2) regarding the
holonomic reference frame, there exists no rotor speed term in
the dynamic equation, this can help design the observer’s
feedback gains to be independent on the real rotor speed.

I1l. ADAPTIVE REDUCED-ORDER OBSERVER USING STATOR
EUQATION

By using the stator equation in (1), the novel adaptive
reduced-order observer can be written in (2)-(4) and shown in
the block diagram in Fig. 2. The stator current is selected as
the error variable for the estimation system. In contrast to [1]-
[5], the proposed scheme is straightforward; the estimated
stator current can be calculated without stator flux
computation beforehand. By comparison with [4], [7]-[8], the
calculation is simply carried out with less parameters
employment e.g. no need of core loss parameter.

di, R,z Md ; v 2
— = ——Sls———(er‘g i )+——G(| —I)(Z)
dt L ° L, dt ]
= (KP+KJdQ(Mm )(g—g) 3)
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Fig. 2 Rotor-position estimation based on stator equation.

IV. STABILITY ANALYSIS OF ROTOR-POSITION ESTIMATION
Stability analysis of rotor-position estimation systems can
be carried out by the linearization method. From (1) and (2)-
(4) and given that the feedback gain G =0, the error

equations of stator current, rotor speed and rotor position can
be firstly derived as

d(i, -1) R, Md[ 4 Jw,i
> -8 ———| (eP" —e®")i 5
) dt L, ° L dt ( & ©)
. 4o -o) d AL
e, = m = 5 (K +K jdt){(Jpe |,) g 1 (6)
. d(6.-6)
e = —~r v e 7
‘ dt ’ @
= es As _is ~
Where esé{ d}= SO0 e, 24 - and
esq Isq_lsq
e, 20 -0,.

By linearizing the error equations (5)-(6) around the quiescent

point; € =0,e,=0 and e,=0, the linearized error
equation in state-space formation is derived as

(R +MK,) [ 0 Mira 0

Aé,, L, L Ae,,

Aesq _ 0 _(Rs +'\/lKP) -:’ _Mia 0 Aesq

Ag L, L " Ag
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N
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S

The eigenvalues can then be carried out in (9) and it
consequently confirms the local stability of the estimation
system.

s, =0 \
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V. DESIGN GUIDELINES FOR ADAPTATION GAINS

From the linearized error equation in (8), the block diagram
of rotor-position estimation can be shown in Fig. 2.
Considering the allocation of open-loop poles and zeros in Fig.
2, the adaptation PI gains can be designed in order to achieve
an overdmaped first-order response. The design criteria for the
estimation system #1 are given by

N

K _R (10)
K, L
L
KP = Ms 1,\ 7 @ (11)
P




Equation (10) provides the cut-off frequency for the adaptation
Pl gains which implies the pole/zero cancellation among the
pole of transfer function G(s) and the specified zero of

adaptation gains. The bandwidth of estimation system @, can

be assigned through the adaptation proportional gain given in
(11). The root loci in Fig. 4 shows the resultant closed-loop
pole; the closed-loop pole will move along the negative real

axis toward the assigned crossover frequency @,. The
following example is given to demonstrate the proposed design
method. Specify the bandwidth @, of 500 rad/s and using the

machine’s parameters in the appendix and the design criteria in
(10)-(11), the corresponding Bode plot can be shown in Fig.5.

K _R @2
Kp L,
L
K, = _r;w (23)
P M ~ 2 c
HJ Pl

r Ms

56, " Sa, 56,
RPN H‘] pl" Kp+ﬁ P
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Fig. 2 Block diagram of rotor-position estimation system.
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Fig. 4 Root loci of rotor-position estimation system.
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Fig. 5 Bode plot of the open-loop transfer function of
estimation system.

V1. EXPERIMENTAL RESULTS

Fig. 6 shows the position-sensorless vector control system
of DFIM. The proposed rotor-position estimation is embedded
in the stator-flux vector control with current control. The
performance of variable-speed control is firstly shown in Fig.
7. Under the no-load condition, the rotor speed is varied from
synchronous mode to super-synchronous and sub-synchronous
modes respectively. It can be seen that the estimated speed can
track the real speed nicely. The satisfactory responses with
well-damped rate of convergence verify the feasibility of the
proposed adaptation gains design guidelines. Secondly, Fig. 8
illustrates the performance against the step change of the load
torque for the generating modes. The commanded speed is set
at synchronous speed of 1,500 rpm, the decoupling control can
control the rotor currents i ; and i, independently. Flux and

torque controllability is obtained and the system successfully
responds to the step change of load torque. Finally, the steady-
state response and the overall performance are depicted in the
torque-speed plane in Fig. 9 respectively. The sensorless
system with each estimation scheme can work properly for
various operating conditions e.g. sub/super-synchronous
modes and motor and generator operations.

VII. CONCLUSION

The novel adaptive reduced-order observer for DFIM
sensorless drives is presented in this paper. The salient
features of the proposed rotor-position estimation schemes are
1) the estimation systems are straightforward due to the
concept of reduced-order models on holonomic reference
frames, and 2) the identifications of rotor position are
achieved without pure integration of stator flux; the DC drift
problem can therefore be avoided. The local stability of the
adaptive observers is assured by the linearization approach. In
addition, the design guidelines of the adaptation Pl gains are
introduced with the satisfactory overdamped response. The
outcomes of the theoretical concept are verified by the
experiment.

APPENDIX

Motor rating and parameters: 4 kW, 50 Hz, 1393 rpm,
stator/rotor voltage 400/196 V, stator/rotor current 8.1/13.5 A,

R=16Q,R =70Q, L, =1726mH, L =172.6mH,
M =165.8mH .

ACKNOWLEDGMENT
The authors would like to thank Dr. Somboon
Sangwongwanich; department of electrical engineering,

Chulalongkorn University, for his valuable academic advice.

REFERENCES

[1] R.Cardenas, R. Pena, J. Proboste, G. Asher, and J. Clare, “MRAS
observer for sensorless control of standalone doubly fed induction
generators,” IEEE Trans. Energy Conv., vol. 20, no. 4, pp. 710-717,
Dec. 2005.



[2]

(3]

[4]

(5]

R.Cardenas, R. Pena, J. Proboste, G. Asher, and J. Clare, “Sensorless
control of a doubly-fed induction generator using a rotor-current based
MRAS observer,” IEEE Trans. Ind. Electron., vol. 55, no. 1, pp. 330-
339, Jan. 2008.

R.Cardenas, R. Pena, J. Clare, G. Asher, and J. Proboste, “MRAS
observers for sensorless control of doubly-fed induction generators,”
IEEE Trans. Power Electron., vol. 23, no. 3, pp. 1075-1084, May 2008.
F. C. Dezza, G. Foglia, M. F. lacchetti and R. Perini, “An MRAS
observer for sensorless DFIM drives with direct estimation of the torque
and flux rotor current components,” IEEE Tran. Power Electron., vol.
27, no. 5, pp. 2576-2584, May 2012.

S. Yang and V. Ajjarapu, “A speed-adaptive reduced-order observer for
sensorless vector control of doubly fed induction generator-based

Fig. 6 Experiment setup of position-sensorless vector control system.

S00ms

15004

15004

Fig. 7 Experimental result showing the variable-speed control
at no-load condition.

(6]

(7]

(8]

(9]

variable-speed wind turbines,” IEEE Trans. Energy Conv., vol. 25, no.
3, pp. 891-900, Sep. 2010.

D. G. Forchetti, G. O. Garcia and M. I. Valla, “Adaptive observer for
sensorless control of stand-alone doubly fed induction generator,” IEEE
Trans. Ind. Electron., vol. 56, no. 10, pp. 4174-4180, Oct. 2009.

G. D. Marques and D. M. Sousa, “Air-gap-power-vector-based
sensorless method for DFIG control without flux estimator,” IEEE
Trans. Ind. Electron., vol. 58, no. 10, pp. 4717-4726, Oct. 2011.

G. D. Marques and D. M. Sousa, “New sensorless rotor position
estimator of a DFIG based on torque calculations—stability study,”
IEEE Trans. Energy Conv., vol. 27, no. 1, pp. 196-203, Mar. 2012.

G. Kron, Equivalent Circuits of Electric Machinerey, New York, Dover
Publications, 1967.

SUthms

5 Mm

1,504+

130
1500 pm

'
' ' v
' ' '

' ' '
————— LR R el
' ' '

' ' '

L L L

Fig. 8 Experimental result showing the response against step load in
generating operation.

30 T

]| — ——

20

Sub-Synchronous
Speed

Synchronous

Super-Synchronous
Speed

Speed

«—

Torque(Nm)
o

5o

i
1200 1350 1500

Speed(RPM)

1650 1800 1950

Fig. 9 Experimental result showing torque-speed characteristics.



The 2014 International Power Electronics Conference

A Stator-Equation-Based Reduced-Order Observer
for Position-Sensorless Vector Control System of
Doubly-Fed Induction Machines

Somrat Smiththisomboon and Surapong Suwankawin

Dept. of Electrical Engineering, Faculty of Engineering, Chulalongkorn University
254 Phayathai Road, Pathumwan, Bangkok, 10330 Thailand. e-mail: surapong.su@eng.chula.ac.th

Abstract— In this paper, a novel adaptive reduced-order
observer is proposed for the position-sensorless drive of
doubly-fed induction machines. The reduced-order observer
is conducted by the reduced-order model expressed on the
holonomic reference frame; the stator equation on stator
reference frame. The proposed rotor-position estimation
scheme is straightforward and  simplicity  for
implementation without suffering from the DC drift
problem arising from pure integration of stator flux. The
proposed rotor-position estimation is integrated with the
stator-flux vector control. Experimental results of various
operating conditions are provided in order to verify the
proposed theoretical concepts. The proposed sensorless
system can successfully operate in both motor and gener ator
regions, and the performances of sub-synchronous,
synchronous and super-synchronous modes are also
evaluated.

Keywords— Position sensorless, doubly-fed induction
machine, adaptive reduced-order observer, stator equation.

I.  Introduction

Doubly-fed induction machines (DFIMs) are very
promising for wind energy conversion systems so far.
The rotor-side fed converter attains both engineering and
economic aspects. Usualy, the vector control with
variable speed operation is employed to harvest the
maximum power from wind energy conversion. In order
to obtain better fault tolerance from encoder’s failure
and/or malfunction, position-sensorless control schemeis
available as afail-safe function.

Among rotor-position estimation methods made
appearance in the literature, the model-based approach is
extensively adopted [1]-[8]. In [1]-[3], model reference
adaptive system (MRAS) observers are diversified with
various error variables, e.g. stator and rotor currents, and
the comparative performance were given. Nevertheless,
these observers require the stator flux information, the
common disadvantage is the DC-offset drift problem
caused by the pure integral action of stator-flux
calculation. In [4], the rotor current is selected as the
error variable, and the estimated rotor flux is calculated
through stator flux and torque calculations. This approach
not only has the problem from drift problem caused by
the stator-flux calculation, but it also needs much more
computation than necessary.

The adaptive reduced-order observer is proposed in
[5]; the stator flux is considered as the measurable state
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variable and the rotor current is the estimated state. There
are two drawbacks in this approach; the former is the
drift problem from pure integration in stator flux
calculation and the latter is that the designed observer's
feedback gain required the information of real rotor speed
which is unredistic for the sensorless system; from a
theoretical standpoint, using the estimated rotor speed as
an alternative is ambiguous. The research works in [6]-
[8] avoid the aforementioned DC-offset drift problem.
Instead of using pure integration method, the stator-flux
observer is used in [6] and the rotor-current error is the
error variable for the rotor-position estimation. The
observer's gains are employed for the feedback of stator-
flux error, and the real stator flux is approximated with
doubt. In [7]-[8], rather than the stator flux, the induced
voltage is used to calculate the air-gap power. The rotor
current and torque; both derived from air-gap power, are
chosen as the error variables in [7] and [8] respectively.
To compute the air-gap power, these schemes require the
additional parameter of core loss which is a barrier to the
practice standpoint.

The major disadvantages of the model-based rotor-
position estimation methods in the literature can be
concluded as follows:

1) DC-offset drift problem arising from pure

integration of stator flux [1]-[5].
2) Red rotor speed requirement for the observer's
feedback gains caused by inappropriate selection
of reference frame for the model [5].
3) Complexity of calculation [4]
parameters requisition [ 7]-[8].

In this paper, a novel rotor-position estimation
method is proposed. The structure of adaptive reduced-
order observer is adopted and the reduced-order model is
expressed appropriately on the holonomic reference
frame. The proposed scheme offers the following
distinguished features:

and more

1) Estimation of rotor position needs no stator flux
calculation; the DC-offset drift problem can be
avoided.

2) Reduced-order model expressed on holonomic
reference frame can exclude the rotor-speed
parameter; this helps design the observer's
feedback gains without the requirement of real
rotor speed.

3) Arrange properly the state variables in the models
with stator and rotor current, the computation is
naturally simple and requires less parameters.
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The contents of the paper are arranged by firstly
introducing the model of DFIM on holonomic reference
frames. Secondly, the adaptive reduced-order observer
based on sator equation is introduced. Next, the
proposed rotor-position estimation subsystem and the
stator-flux vector control are combined together to
assemble the sensorless drive system. Findly, the
performances of the drive system are evaluated by the
experimental results.

II.  Model of Doubly-Fed Induction Machine on

Holonomic Reference Frame

Fig. 1 shows the physical structure of DFIM by 2-
phase equivalent circuit. Considering the stator windings
are fixed on stator reference frame (¢ - f axis) while the
rotor windings are rigidly connected to rotating rotor
reference frame (rd — rq axis), the dynamic equations of
both windings can be written in (1)-(2). On this so-called
holonomic reference frame [9], the dynamic equations
arevery smple.

A. Dynamic equations of stator/rotor windings

The dynamic equation of stator windings on stator
reference frame & — 3 can be expressed as

- di,
= Rij+—>
dt
and the dynamic equation of rotor windings on rotating
rotor reference frame dr —qr isgivenin (2)

<

oy

’

\%

r

dd d/i,
I +—
R’I’ dt

where the stator flux and rotor flux equations can be
written as

(o)

B. Dynamic model of DFIM on holonomic reference
frame

Subgtituting the stator/rotor flux in (1)-(2) with

stator/rotor current in (3)-(4), the dynamic model of
DFIM on holonomic reference frame is given in (5)-(8)

(2

A _ g Jpgrﬁ/
A = LS|S+M(e

II’

3)

= Li'+M

(4)

- Stator equation on stator reference frame

i R- Md »)+&
L

R __| —_—
dt L, ° L dt .

S

(ejpgr d (5)

II’

- Rotor equation on rotating rotor reference frame
-
di,

6
p (6)
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rd
Fig. 1 Model of doubly-fed induction machine.

- Rotor speed and position:

d6,
dt
- Torque equation:

—P(i,x4,) 8)

For developing the estimation system; which will be
described in the next section, the dynamic models in (5)
and (6) have two major advantages;, 1) Expressing the
model with currents as state variables can avoid the DC-
offset drift problem from pure integration of stator flux
calculation, and 2) regarding the holonomic reference
frame, there exists no rotor speed term in the dynamic
equation (5)-(6), this can help design the observer's
feedback gains to be independent on the real rotor speed.

(7)

r

T

e

I11. Novel Rotor-Position Estimations using Adaptive
Reduced-Order Observer

The benefit of DFIM compared to other machines is
the available of plenty information; voltages and currents
on both stator and rotor sides. Considering (5) and (6),
the rotor position is the only unknown parameter for
position sensorless system. To identify the rotor position,
using only stator equation in (5) or rotor equation in (6) is
sufficient. In this paper, the estimation scheme is based
on the stator equation (5).

A. Sator-Equation-Based Adaptive Reduced-Order
Observer

By using the stator equation in (5), the novel adaptive
reduced-order observer can be written in (9)-(11) and
shown in the block diagram in Fig. 2. The stator current
is selected as the error variable for the estimation system.
In contrast to [1]-[5], the proposed scheme is
straightforward; the estimated stator current can be
calculated without stator flux computation beforehand.
By comparison with [4], [7]-[8], the calculation is simply
carried out with less parameters employment e.g. no need
of core loss parameter.
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Fig. 2 Rotor-position estimation based on stator equation.
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6 = Ia)r dt (12) Lo
B. Identifiability Property of Estimation System Fig. 3 Vector diagram showing the tuning mechanism of
The identifiability property of the rotor-speed estimation system at no-load condition.

estimations in (10) is dependent on the regressor vectors
JpeJ'“ér ﬂ which is governed by the magnetizing current
and the loading condition. For the conventional grid-

connected DFIM drive, the machine usually draws the
magnetizing current from the stator side. This means that

the regressor vector JpeJ'“ér ﬂ in (10) will not be

available at no-load condition ﬂ' =0 and this causes the
estimation system in Fig. 2 loss of identifiability.
Nevertheless, to fulfill the requirements of the recent
grid codes, the grid-connected distributed generations
should provide the capability of power factor control.
This prerequisite leads the DFIM drive to feed the
reactive power through the rotor side and the machine
will draw the magnetizing current from the rotor side
instead. In this regard, the rotor current aways exists

(ﬂ' ¢0) even no-load condition and the estimation in

(10) can overcome the loss of identifiability as shown in
Fig 3. According to the reactive-power control through
the rotor side, the estimation system aso has the
capability for the stand-alone application.

IV. Stator-Flux Based Vector Control of DFIM

To manipulate the stator flux and torque, the models
in (5)-(6) and (8) are expressed on the stator-flux
reference frame (d-q axis) as given in (12)-(15) and the
torque equation in (16).
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Stator equation on the stator-flux reference frame:

di .
lo _&lrd—&|0+v;Sd (12)
dt L L, M
d&:a}ﬂ:illﬂ.kv;’? (13)
dt L, i, Mi,
Rotor equation on the stator-flux reference frame:
di, 1 . M
d_td = O_—L{—errd +ool i, +L_(RSIS” _Vsd)+vrd} (14)

d. 2
(;rtq = O_ll_r{—Rirq —a)SO'I_,i,d +%(&|Sq _Vg])""\ﬂi pa)mio +qu}
(15)
Torque equation:
M?. .
Te :_pL_Ioqu (16)

Flux and torque of DFIM can be controlled by the rotor
current vector; the d-axis component i,, plays the role of
contralling the stator-flux magnetizing current i, (12),

while the g-axis component i, manipulates the induced

torque (T,) (16). It can be seen from the rotor equations

(14)-(15) that both d-q axis current is coupled to each
other. To control independently each component of the

rotor current (i, , 1, ), the decoupling control is
introduced in (17)-(18).

q
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Fig. 4 Position-sensorless vector control of DFIM.
. . ) M ] motor and generator operations, 2) speed control in
Vig = 5"5: —oobi, +L_(Vsd -Rigy) (17)  synchronous, super-synchronous and sub-synchronous
Feed Forward Term _° modes, and 3) step change of rotor side’s reactive current.
Deooupling Voltage Terms Fig. 6 shows the steady-state response; the rotor
, position and speed can be well estimated. The position
. - .M : M : error is inconsiderable and is dependent on the operating
vV, = i +wolLi, +—(v,—Rig,)—— pai - . " .
a 5,2 s” Ls( = R“q) L, P&, conditions. In Fig. 6(a), the utmost position error is
Feod Forward Term YS—— roughly 4 degree in the subsynchronous speed region
(18) while it is less than 1 degree in synchronous speed and

The commanded rotor voltages (V,,,V,,) in (17)-(18) are
comprised of two terms; the feedforward terms which are
assigned by the commanded rotor current (i, ,i:q) and

the decoupling voltage terms. The stator equation (12)
helps compute the magnetizing current i, used in the
decoupling control. In addition, the other stator equation
(13) calculates the stator-flux position 6, using in the
axis transformation. Fig. 4 shows the position-sensorless
vector control system of DFIM. The proposed rotor-

position estimation (Fig. 2) is embedded in the stator-flux
vector control with current control.

V. Experimental Results

Experiment setup is shown in Fig. 5 and the
under test machine's rating and parameters are given in
Appendix A. A speed control is created with the
senorless controller from Fig. 4, the commanded flux or
commanded reactive power can be varied through the
commanded d-axis rotor current. The evaluations are
conducted with the operating conditions as follows: 1)
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supersynchronous speed regions as shown in Figs. 6(c)-
6(e). Figs. 6(a), 6(c) and 6(e) adso help confirm the
identifiability property at no load. In sequel, using the
estimated rotor position and speed, the stator flux can be
identified properly and the speed is well regulated. The
torque-speed plane in Fig. 6(f) depicts the overal
performance of stead-state response; the sensorless
system can work properly in sub/super-synchronous
modes and motor and generator operations.

The tracking performance is evaluated by the
acceleration and deceleration as shown in Fig. 7. In Fig.
7(a), the rotor speed is varied in a wider range which
covers + 30% of dip frequency, the estimated rotor speed
and position can track the real ones nicely; the rotor-
position error is less than 8 degree during the ramp
response of acceleration and deceleration. In Figs. 7(b)-
7(d), the rotor speed is varied from synchronous mode to
super-synchronous mode and sub-synchronous mode
respectively. The satisfactory responses are obtained even
though the load is ssimultaneously taken as shown in Figs.
7(c)-7(d).
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Fig. 5 Experiment setup for evaluation of position-sensorless drive of DFIM.

Fig. 8 demonstrates the capability of reactive
current variation; the rotor-position estimation and drive
system work properly with the sudden change of the d-
axis rotor current. Fig. 9 illustrates the performance
against the step change of the load torque for both
motoring and generating modes where the commanded
speeds are set at synchronous speed, supersynchronous
speed and subsynchronous speed. The decoupling control
can control the rotor currents i ; and i, independently;

flux and torque controllability is obtained and the system
successfully responds to the step change of 1oad torque.

V1. Conclusion

A novel adaptive reduced-order observer for
DFIM sensorless drive is presented in this paper. The
salient features of the proposed rotor-position estimation
scheme are 1) the estimation systems are straightforward
due to the concept of reduced-order model on holonomic
reference frame; the stator equation on stator reference
frame and, 2) the identification of rotor position is
achieved without pure integration of stator flux; the DC
drift problem can therefore be avoided. The outcomes of
the theoretical concept are verified by the experimental
results from various operating conditions.

Appendix

Motor rating and parameters. 4 kW, 50 Hz, 1393 rpm,
stator/rotor voltage 400/196 V, stator/rotor current

81135 A, R =16Q, R =70Q, L =1726 mH ,
L =1726mH, M =165.8mH .
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Fig. 6 Experimental results showing steady-state response.
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