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Non-Adaptive Speed and Position Estimation of
Doubly-Fed Induction Generator in
Grid-Connected Operations

Marcin Morawiec

Abstraci—The nonadaptive speed and position estima-
tion scheme for a doubly-fed induction generator (DFIG) is
presented in this article. The observer structure is based
on the extension of the mathematical model of DFIG to the
introduced H vector. Based on the defined H vector, the
nonadaptive position and speed estimation is proposed.
The Lyapunov method is extended to the practical stabil-
ity theorem to stabilize the structure. The classic stator
field-oriented control to active and reactive power control is
used in the sensorless control system. The performance of
the proposed algorithm of the speed and position observer
is validated by simulation and experimental results using
the 2 kW generator. The comparison tests to the classical
model reference adaptive system based observer are pro-
vided. Finally, the article contains a summary in which the
non-adaptive speed estimation is discussed in context to
the adaptive reconstruction of the rotor speed and position.

Index Terms—Doubly fed induction generator (DFIG),
sensorless control, state observer.

NOMENCLATURE
iszy  Stator current vector components.
im,y Stator current vector components.
Ura,3 Rotor voltage vector components.
Uso,g  Stator voltage vector components.
Wy Rotor angular speed.

0, Rotor position.

R,, R, Rotor and stator resistances.
L,, Mutual-flux inductance.

L,, L, Stator and rotor inductances.
T, Electromagnetic torque.

Ty, Load torque.

J Machine torque of inertia.

T Relative time.

0, Estimated rotor position.

Wy Estimated rotor electrical speed.
Wy Rotor speed error.
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0, Rotor position error.

Estimated values.

Error of estimated values.

Coordinate system associated with any angular speed.

[. INTRODUCTION

HE doubly-fed induction generator (DFIG) is one of the

most used constructions in high-power wind power plants
due to a few advantageous features. A generator of this type
enables the wind turbine to operate a wide range of changes
in the rotational speed of the shaft to improve the efficiency
of energy production from wind. The power of the rotor-side
converter is only a fraction of the power of the generator. Other
advantages of the system are high precision control of active and
reactive power and good quality power transferred to the power
grid. A high-performance generator system has to use advanced
control methods. Generator control techniques in different are
generally reported based on known vector control methods, such
as field-oriented control [1], [2], [3], direct power [4], [5] or
torque control [6], and nonlinear control [7], [8], [9]. In all
the above-mentioned control techniques, information about the
generator shaft position and its angular velocity is necessary
for the implementation of the control system. Measurement of
the generator rotor position with the use of the most popular
solution in the form of a mechanical rotary motion sensor causes
technical difficulties in its assembly and significantly reduces the
reliability of the entire system. Therefore, in advanced electric
drive control systems, a tendency can be observed to eliminate
the speed sensor and replace it with algorithmic solutions. This
approach, known as sensorless, can significantly increase the
reliability of the control system and reduce the wiring of the
system. Another important aspect of the application of sensor-
less algorithms is their use for diagnostics of generator operation.
The least complicated technique is the algorithms operating in an
open calculation loop [10], [11], where the rotor position angle
is determined based on the measured and calculated value of
the stator or rotor current in a specific coordinate system. These
algorithms are sensitive to changes in machine parameters and
measurement noise due to no error correction mechanism.

The model reference adaptive system (MRAS) algorithm
is the most numerous group of solutions for estimating the
shaft angle and selected generator state variables. Depending
on the adopted mathematical model of the generator and the
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working variables, the MRAS algorithm takes various variants,
the most important being stator flux (SF-MRAS) [12], rotor or
stator current (RC-MRAS) [13], and back electromotive force
(EMF-MRAS) model [14]. In general, the operation of MRAS
algorithms, depending on the choice of the reference model
structure and the error correction mechanism, is sensitive to the
operation of the generator system near a low slip frequency.
A different solution is shown in [15], [16], where rotor angle
estimation is realized by the applications of the second-order
generalized integrator and frequency-locked loop structures to
filtered rotor current in the sensorless generator control system
connected to the power grid. The correctness of the algorithm
operation is related to the limited dynamics of the machine shaft
speed change [17].

In [18] and [19], the authors present a method for estimating
velocity and angle using a high-order sliding mode observer and
a phase-locked loop. The operation of this algorithm is based
on accurate, current measurements. Considering the assumed
sliding plane, the error of the observer’s correction oscillates
around minimal values, which may affect the estimation accu-
racy. Another algorithm approach is the high-frequency method
[20], [21], whereby a high-frequency current or voltage signal
is injected on the rotor side, and then the stator side signal is
measured. Rotor angle position and speed are estimated from
the signals’ phase shift and frequency. Its effectiveness and
accuracy are influenced by the impedance value on the power
grid side. An interesting approach is using frequency methods
based on fast Fourier transform (FFT) analysis to identify and
extract a spectral frequency in the generator’s electrical signals
that have a known relationship to rotor speed to estimate rotor
position [22]. These algorithms require the use of fast digital
signal processor (DSP) processors and are characterized by a
decrease in estimation accuracy along with a decrease in the
load on the generator system [23].

The next very interesting group is variable state observers
based on the Luenberger theory and generator vector models.
These advanced estimation algorithm solutions generally are
divided into two groups, the full-order [24], [25] and reduced-
order [26], [27], with different technic approaches. In [28] the
full-order observer is proposed where the rotor position esti-
mation error is regarded as an additional machine parameter,
and it is tracked by the proposed adaptive law that makes
compensation for the projection error from the rotor reference
frame to the stator reference frame. A full-order observer is also
shown in [29], [30], and [31], but the backstepping technique
was used to improve performance. The most important task for
the variable state observer is his stability in a wide range of
machine rotor speeds both below and above the synchronous
speed and variationist in generator parameters.

The main contribution of this article is to propose and extend
the non-adaptive estimation scheme of position and the rotor
speed of the DFIG system, which was first time proposed in
[32]. The proposed observer is based on the DFIG mathematical
model derived for the stator and rotor current vectors and stabi-
lized using the Lyapunov method. The proposed solution brings
benefits, in particular during the uncertainty of parameters of
DFIG, disturbances in the measurement of the generator stator

and rotor currents, and the generator operating states from the
sub-and super-synchronous speed range. The order of observer
structure is decreasing in comparison to adaptive structure, from
r = 6 to r = 5. The problem with tuning the observer does not
exist. The observer structure presented in [32] is extended to
the stability analysis and uncertainties of chosen parameters.
The simple adaptation mechanism is proposed to adjust the
introduced in [32] tuning gain, which limits the overshoots of
estimation errors during dynamic states of dynamic states the
DFIG shown in Sections IIT and IV.

Presented simulation and experimental tests for a 2 kW gen-
erator show the state variables’ small value of estimation errors
and excellent performance in all working ranges.

[I. MATHEMATICAL MODEL OF DOUBLY-FED GENERATOR

The mathematical model of the DFIG system can be de-
termined in different reference frames (stationary or rotating
frames). The differential equations for the rotor and stator cur-
rent vector components were presented in [9] and [30]

di, <L5Rr . LSLT) - (LmRs . LsLm)7
- = - — JWwr 1+ +Jjwr 1s
dr W We o o
Ly . Lm
+ — Uy — —Us (l)
We We
di, (LTRS : L?n) -
- = - +wr—— | 15
dT wo‘ wo’
L,.R, . LypL.\- L,_, L,
+ ( - JWr ) by — —Up + —Us (2)
and the electromechanical equation for the rotor angular speed
dw, 1
=—-T.—-Tp — frw, 3
7 = T =Tr = frwr) ©)
do,
= r 4
dr w @)

where
wy = LpLg — L2,

where fs, iy, @y, is are the currents and voltages of rotor and sta-
tor vectors, respectively, T, and T, are the electromagnetic and
load torque, f; is the coefficient of viscous friction. It is assumed
that all machine parameters are known; the stator current vector
components and the stator voltage vector components can be
measured; the rotor voltage vector components are the control
variables; rotor current vector components, as well as the rotor
angular speed w.., are estimated by the speed observer structure.
The generator is connected to the ac grid from the stator side
and to the voltage source converter VSC from the rotor side.

[Il. SPEED AND POSITION OBSERVER OF DFIG

A. Speed Observer Structure and Stabilizing Functions

Considering the model (1)-(4) in (xy) rotating reference
frame for w, = 0 and coordinate changes within the IM model
f(iTZIH Z”l"y7 iS$7 isya w’l‘7 07“) _> f(irmy iry7 Hwa Hy7 wr» 97’)9 the
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following mathematical model of the machine is achieved

diyy L . Ly, .
dr = _E(Hy + er'rx + urw) + E(RSZSI - usz) (5)

di Ly . L .

T;y = w—Z(HgC — Ry + Ury) + w—?(Rszsy —Usy) (6)

dH, ‘ 1 dwy

? - Wr(*Hy - errz + Urm) + EWHE (7)

dH . 1 dw,

Try = OJ,,-(HI — erry + ury) + EﬁHy (8)
. _ wy + vo 9)
dr

where
Hz = Wyr (Lmzs:c + Lrirz) (10)
Hy = w, (Linisy + Lyiny) - (11)

The speed observer structure is based on the mathematical
model (5)—(9). The observer for this model has the following
form:

iy Ls (¢ .
o - — w—g (Hy + Rty + um)
Ly, ‘
+ — (Rsise — Usz) + Vpz (12)
We
dipy Lg (- . L, .
diTJ = o (Hx — Ry + ury> —|—w—g(Rszsy — Usy) + Upy
(13)
dH, . 5 , - ddy
de = Wr <_Hy - RT'lTJ) + ura:) + W, 1?1{1 + VH:
(14)
dH, . /- _ o ddy
g, (Fa = Ry + 1y + 07 YL + vy (19)
dé,
=W, + vy (16)
dr
where estimated state variables are marked by “*” and
ity = G, (Liioy + Lyiny ) (18)

The new input variables v, v,y and vy, vy, ve are in-
troduced to the observer structure, which can be named as the
stabilizing functions and allow the observer convergence to the
real value of the machine. The stabilizing functions will be
obtained by using the Lyapunov theorem. The estimation errors
in the observer system can be defined as follows:

lrg = lrg = bray bry = lry — lry, H,

Zﬁx—szﬁy:ﬁy_H% éT:éT_GT‘ (19)

The rotor speed in the DFIG system depends on the wind
speed of the turbine, which is assumed to be constant. Therefore,
the derivative of the rotor speed, which occurs in (14) and

(15) can be approximated, considering the time AT between
calculating the rotor speed d@, /dT ~ A&, /AT. This simplifi-
cation does not significantly influence the accuracy of the speed
observer because the rotor speed is treated as the parameter
whose value in the DFIG system is constant.

Considering the defined errors in (19) as well as (5)—(9)
and (12)—(16) the model of estimation errors has the following
form:

ddg;”” = fi—jﬁy + Vrg (20)
e o By + Riv) + v 22)
ddif! =& (Hy — Rydpy) + vy (23)

where in (20) and (21) the stator and rotor current components
are treated as measured values [as the inputs to the observer
system (12)-(16)].

The speed observer (12)-(16) will be asymptot-
ically stable if the Lyapunov function is positively
defined

1 /-~ ~ - - ~
Vzi(ifx+ify+H§+H§+9f> >0, (25

The derivatives of the function (25) by using (20)—(24) has
the following form:

* "".'2 "".'2 ~ < <
V= —cuiy, — Cylyy + g (Cxlm + vm) + (cyzry + vry)

T N ~ L~
+ Hac <errlmc + ;szry + UHx)

o

~ ~ LS ~ 0
+ Hy (-(IJTRT'L.ry - wiz'r'x + UHy) + 97” (UG) < 0.
(26)

The derivative of the Lyapunov function is negatively defined
if the stabilizing functions are determined

Vpp = —Calpg 27
Vpy = —cy%ry (28)
L~ R
VHzr = CHx _wizry — W Rty (29)
L~ R
VHy = CHy wizrz + errZry (30)

where (cz, ¢y, Cfiz, Crys co) > 0 are the observer tuning gains.

B. Stability Analysis of the Observer System

Substituting (27), (28), (29), (30) to (26) for (¢, ¢y, C s Cry»
cgp) = 1.01s easy to check that the system is asymptotically stable
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and the derivative of the Lyapunov function has the form

3D

Assuming the ideal condition, it can be considered that ¢, =
Cy = Cgy and ¢, = ¢y = ¢y and the minimum values of these
tuning gains should be at least

V= —(Z%z +g72ny +C(99~3) < 0,ce > 0.

Czy > landcy >

5 L. 2 B L~ 2
\/(errirw + : iry) + <(’:}T'R7'i7“y + i7'x> . (32)
Weo Wq

To satisty the Lyapunov theorem V <0, the stabilizing func-
tion vy should be

vp = —cyO,. (33)

In the sensorless control, the rotor speed is not measured;
therefore, the deviation 9} in (33) should be replaced by 7] H»
which means the difference between the estimated values of H,.
and H,, calculated from (17) and (18) and reconstructed from
the observer structure by using (14) and (15) as follows [30]:

Oy = tan™" (9) (34)
H,H,— H,H, N X

where ) = ——*——Y""and (H,H, + H,H,) # 0. (35)
H.H,+ H,H,

Then, since the system (5)—(9) stays in operation domain D,
hence if

¢y = max {Zm} + 61 (36)
¢y = max {Zry} + 09 (37)
Cp = max {érwr_l} + g (38)

with d1, 9, 9> 0 and for Lm,y <eq, ér < &9, @r <e3 and
€1,9,3 << 1 are sufficient small reals, the derivative of the
Lyapunov function takes the following form:

< -V

where 11 = min(v/2d3,v/289) and 63 = §; + 6.

The condition (39) implies the convergence of vector values
ir to 2, and HtwH , hence ér tend to real value 6, in finite
time, noted as ?,.

Remark 1: The rotor speed value can be determined from the
following dependence [32]

ﬁaﬂzjr’x + I:[yl/:'ry —CfSw

V =01 |ira| — 62 |iry| — 00 |0, (39)

o 2,02, “
S = Hothry — Hythrg 1)
where
Gre = Linise + Lyirg (42)
Gry = Lupisy + Lyiry (43)

are the rotor flux components that can be calculated from the
above dependencies.

o

v o,

'
_OI% 1

T2

'
O 2o

2 3T .2

>

o 400 800 1200 1600
Time [ms]

Fig. 1. DFIG is crossing from subsynchronous to supersynchronous
speed, after 100 ms the value of ¢y is determined from (44). Simulation
results.

It is worth noticing that if (39) is satisfied, then the vectors
of estimated values tend to their real in finite time, noted as #
and 1[)31 + 1[),%3/ # 0 the rotor flux vector components defined
in (42) and (43), tend to real values in finite time, noted as 3,
and the same the rotor speed estimated from (40), converges
exponentially to its real value w,.. For (¢, ¢y, CHgz, CHy, Co, Cf)
> 0, the observer system is practically stable [33].

Remark 2: The form of (40) results from (17) and (18) by
using (42) and (43). The value of s,, defined in (41) depends
on the mutual position of the vectors H and 1/3;. For the per-
pendicular case, the s, = 0 because s, = cos(ﬁ , 1/_;) this is the
scalar product of the vectors. In the rotor speed dependence, (40)
the value of ¢y can be determined by using a simple adaptation
mechanism

dCf

o = sen (8wf) (Swref — Swf) (44)

where s,y means the filtrated signal of s,, by using LPF with
1/T=0.005 and s, ¢ is the reference value of the scalar product,
which in the ideal condition could be equal to zero and it is
assumed v = 10/T = 0.05 p.u.

In Fig. 1, in the DFIG system, the active reference power is
set to —0.1 p.u. and reactive power —0.6 p.u. The rotor speed
crosses from the sub to the supersynchronous range. The value
of ¢y coefficient is estimated from (44) and limited according to
(45). For the subsynchronous speed range, the cf value is about
1.0 up to 3 (depending on the generator load). If the rotor speed is
increased, the value of ¢is not constant, and during the dynamic
state is about ¢y = 20 p.u. After that, it settles to about 10-11 p.u.
The same behavior is visible in the experimental tests.

The maximum value of ¢; for (2, + 1[),2@) ~ 1, | max| =
1.2 p.u. and |sere | = 0.005 can be determined

Ha:wry - Hy'(/)rw + ‘d)rmax|

max — 45
“ |Swrefl )

and ¢y should be chosen 0 < ¢y < ¢fmax. The observer scheme
with the folwchart diagram is presented in Fig. 2.

Remark 3: As aforementioned, the observer structure will be
stable for the tuning gains determined from (32) and (38). The
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Fig. 2. (a) Scheme of the observer structure. (b) Flowchart diagram
for the observer structure. (a) (b)
Fig. 3. Spectrum of matrix A of the linearized observer system for

observer tuning gains influence the speed of observer conver-
gences. It is worth noticing that for ¢y = 0, the observer structure
is unstable due to the open integrator (16). The tuning gains can
be specified from the model of observer errors linearized near
an equilibrium point in the (d—q) reference frame connected to
the stator flux vector. The general form of the linearized system
is

d

dt

where A and B are the Jacobian matrices; Ax(t) =

Ax(t) = AAx(t) + BAu(t) (46)

[ird,irq, Hey Hy, éT]T; Au(t) is treated as known control inputs.
By using the observer errors model (20), (21), (22), (23) and
for (dq), the matrix A can be determined as follows:

—Cry Wy 0 —a
A— —Wy —Cry ap 0
| WwiR.(1—cp) —cpay 0 —w;
CHGO1 —wiR(1—cy) w: 0

(47)
where a; = L;/w, and values of w; are determined for the
chosen working points and w,, = 1.0 p.u.

It is worth noticing that the position error equation is omitted
in the linearized system because the rotor speed is treated as the
parameters, and due to the open integrator form, the value of ¢y
should always be ¢y # 0. For ¢y = 0, it is easy to check that the
one pole of the system matrix A has equal to zero. It means that
the observer system has undamped oscillations. Therefore, it can
be assumed that ¢y # 0 and to analyze the reduced linearized
system order with n = 4. The spectrum of the matrix of the
linearized observer system for different tuning gains value c,,
from 0.1 to 25 is presented in Fig. 3(a). The values of poles are
close to zero for ¢y = 0. In Fig. 3(b) the value of ¢ is changed
from 1 to 5 p.u., but ¢y = 0.1 p.u.

The next section confirms the theoretical investigations by
using the simulation results in the 2 kW DFIG system.

IV. SIMULATION RESULTS

The simulation model of the DFIG system contains the
doubly-fed machine model, wind emulators, and the VSI model
with the space vector modulation (SVM).

The sample period for the control system is 150 us and for
the SVM is 300 us. The system parameters are given in Table I1.

wr=0.8p.u.anda) cy =0, b) ¢;, =15, ¢y = 0.1 p.u.

" S s d Sp
Sp Oj—_/wsq s
1 T T " T " ] 1'2_)7 5
0 se 1]
Sq ¢
-1
o-
{Z)r
-0.015
1.5,
!m O:
g4
-1.5
3
g, a,
= VA T e ————
0.0150 200_. A]oo 600 0 200 400 600 800 1000
Time [ms. Time [ms]
(a) (b)
Fig. 4. (a) Active and reactive power changes for the constant rotor

speed of about 0.8 p.u. (b) Crossing from subsynchronous to supersyn-
chronous rotor speed from 0.72 to 1.25 p.u.

In Fig. 4(a) the active power (s,) is changed from —0.1 to
—0.35 after 100 ms (reactive power (s,) is set to —0.6), and after
400 ms, the active and reactive powers are changed together -
sp t00.35, 5, t0 0.2 p.u. As aresult, the estimation error of rotor
speed is smaller than 0.01 in the steady-state and about 0.015
in the transient state. On the other hand, the rotor position error
is about 0.012 in the steady state and approximately 0.017 in
the transient state. The components of rotor current i,q, i,, are
shown.

In Fig. 4(b) the active power s, is set to 0.02 p.u. and reactive
power s, is set to —0.6 p.u. The rotor speed of the DFIG is
changed from the subsynchronous to supersynchronous mode.
The estimated speed error is increased during the rotor speed
crossing through the synchronous speed (1.0 p.u.). The error of
rotor position is almost constant and at about 0.01 p.u.

In Fig. 5(a) the rotor current estimation errors Em,ys, rotor
flux “x” component v,,s, measured and estimated rotor posi-
tion, estimated rotor speed and rotor speed and position errors,
and rotor current vector components for the DFIG steady-state
are presented. The rotor speed and position errors are about
0.015 p.u. In Fig. 5(b) the DFIG parameters uncertainties test is
presented. After 300 ms the stator resistance is changed twice.
The rotor position error is changed from —0.012 to 0.012 rad; the
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(a) (b)
Fig. 5. (a) Steady-state of DFIG and the estimated variables by the

speed observer and their errors for subsynchronous mode — index “S”
means reference frame connected to the stator. (b) After 300 ms the
stator resistance and after 600 ms magnetizing inductance are changed

twice.
1 DFIG turbulences
5 M
T T T T T T T T T T
0
05T T 1 T T T T T T
0.1
@,0
B e e IS B s e N
0.05
g.0
0.05-
10 20 30 _40 50 60 70 80
Time [s]
Fig. 6. Turbulences in DFIG system are modelled.

rotor speed error is below 0.01 p.u. in the stationary state; after
600 ms, the nominal value of magnetizing inductance is twice
(together with stator and rotor inductance). This change has
resulted in a reduction of the errors of rotor speed and position
below 0.01. Changes in the nominal value of stator resistance
and the magnetizing inductance do not affect the stability of the
proposed observer structure.

In Fig. 6, the DFIG turbulences are modeled. The turbulences
are turned on in the control system. It is visible that the estimated
rotor speed has oscillated; however, the estimated speed and
position errors are below 0.02. in the steady state. The proposed
observer is stable during these simulated conditions.

The theoretical issues are confirmed using experimental in-
vestigations presented in the following section.

V. EXPERIMENTAL RESULTS

Experimental results were carried out in the 2 kW generator
system (Table II in Appendix). The sensorless control system
with the Field-oriented control from Fig. 5 was implemented
in a DSP board with a Sharc ADSP21363 floating-point signal
processor and Altera Cyclone II FPGA. The PWM switching
frequency was 3.3 kHz. The code of the algorithm was not

converter

+ Urq_ref
> QD > P! Rotor-side ~
+ dq

o (S _Ure_ret ap o SPwM ~
L >
+ + - 7y
Auq Auyg | g Irg dq irabe
decoupling | _ [—e
I
A
A ) Osiip
Wslip - O
A
+ I
A ®s
Wed L sa 05 | e
sabc
Non-adaptive rotor o I
position observer Il S E
; s | S5
algorithm > »2
c
©
e o | Usabo
Sp Stator active and < 52
reactive power Usp E E
Sq calculation °5
GRID

Fig. 7. Vector control structure for the rotor side converter.

optimized for a DSP processor. The interruption time was set
at 150 ps. The sensorless control system structure is shown in
Fig. 7. The experimental stand contains the DFM connected
to the squire cage induction machine. The stator of DFM was
supplied to the ac grid. The rotor was connected to the ac
grid through the voltage source converter. The computing time
of the proposed sensorless control system structure is 42 us.
The observer structure tuning gains are chosen using stability
analysis of the observer presented in Section III: ¢, , = 10,
CHzy = 2, ¢ = 0.1 pu, ¢y = 5...15 [or using the adaptive
“44)].

The experimental investigations are divided into the following
scenarios: steady-state of the DFIG, nominal power changes of
active and reactive, and nominal parameters uncertainties. In the
figures, the selected variables are presented as follows.

1) s, 54 active and reactive power respectively.

2) @, estimated rotor speed and their error @,..

3) Estimated 9} and measured 6,.5; value of the rotor position
and their error 9;.

4) Values of the signals s,, and 0 H.

5) Stator and rotor vector components s, %mw S.

6) Error of the estimated rotor vector component Em S.

7) Rotor flux vector components 7/;7«”; S-

A. Steady State of the DFIG System

In this scenario, the DFIG is in the steady state in which
the active power is set to —0.1 p.u. and reactive power is set
to —0.6 p.u. the rotor speed is about 0.72 p.u. In Fig. 8(a) the
estimated rotor speed, rotor current vector componentsimﬂs,
and rotor flux vector components ﬂm’y s are shown. The current
vector components have visible higher harmonics resulting from
the machine’s design (slots harmonics [30]). In Fig. 8(b), the
rotor speed is about 0.82 p.u. and the measured and estimated
rotor position, stator vector component i, s, and the error of the
estimated rotor vector component 7,45 are shown. The average
value of error Ems is smaller than 0.02 p.u.
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Fig. 10.  (a) Reactive power is equal to —0.6 p.u. and after 400 ms, the
active power is changed to —0.35 p.u. (b) Active power is —0.1 p.u. and
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Fig. 9. Steady-state for (a) subsynchronous speed range (w, = 0.75 @) (b)
p.u.) and (b) supersynchronous speed range (w, ~ 1.2 p.u.).
Fig. 11.  Characteristic speed observer waveforms for the crossing of

In Fig. 9(a) the chosen variables in the steady state of the
DFIG are presented. For the subsynchronous range, the rotation
speed is about 0.75 p.u. for the supersynchronous range, which is
about 1.2 p.u. The estimated and measured rotor position values
are compared, and the values of filtrated scalar product s, ; and
stabilizing function 7] pr are shown. In Fig. 9(a) the value of sy
is almost equal to zero, and the value of ¢y is determined using
the adaptive term (44) for s, = 0.001 p.u. The estimation of
position error is then about —0.03 rad.

In the supersynchronous case presented in Fig. 9(b), the value
of s,,ret = 0.001 p.u. However, s,,5 ~0.0025 p.u. and the value
of cyis limited t0 Cfmax = 20 [from(45)]. Respectively, the
generator’s active power was set to —0.3 p.u. and reactive to
—0.4 p.u.. The filtrated value of s, as well as instantaneous s,
are presented.

B. Dynamic States of DFIG

In Fig. 10(a) the active power is changed to —0.35 p.u., and
reactive power is maintained to a constant value of —0.6 p.u.
The estimated rotor speed error in the transient state is 0.05 p.u.
in the steady state is smaller than 0.02 p.u. The estimated rotor

generator rotor speed through synchronous speed for (a) value of ¢y is
determined adaptively from (44), and (b) ¢; = 11 and it is constant.

position error is about 0.1 rad. in the transient state and, after
this, is decreased to about 0.04 p.u. In Fig. 10(b), after 300 ms,
the reactive power is changed from —0.6 to —0.4 p.u. The rotor
speed error is constant and at about 0.02 p.u. however, the rotor
position error is increased to 0.07 rad. This error occurs after the
value of the reactive power is decreased to —0.4 p.u. This test
confirms that the reactive power value influences the estimation
errors of the speed observer structure.

In Fig. 11 the rotation speed of the generator rotor increases
from0.72to 1.25 p.u. as aresult of increasing the external driving
torque of the generator. The generator power control system
works correctly, the values of active and reactive power set in the
control system are kept almost constant around reference values.
The time waveforms presented in Fig. | | refer to the unfavorable
operating point with an underloaded generator. The references to
active and reactive powers are —0.1 and —0.6 p.u., respectively.
The sensorless control system works stable, crossing through
the synchronous rotor speed. The rotor position error is smaller
than 0.15 rad. in the transient states and, after reaching the
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Fig. 12.  DFIG is crossing from subsynchronous to supersynchronous

speed; the value of ¢y is determined from (44).

synchronous speed, is decayed to the constant of about —0.05
p.u. The value is maintained, and it results from cfyay and s,,,.
It means that the vectors H 1,5} are not perpendicular s, # 0.
Hence, to minimize the position error, the value of ¢y should
not be limited to ¢fpax. On the other hand, the term (—cys,)
is introduced to (40) and without its bounded; the rotor speed
value may not tend to the actual value though this 0, does not
tend to real value 0, in finite time, noted as ¢, and the observer
system can be unstable.

InFig. 11(b), the value of ¢fis set to constant value c;= 11 p.u.
The constant value of ¢y was presented in [32]. For this case, the
maximum value of the estimated error of rotor position is about
0.15 rad in the supersynchronous speed range. The sensorless
control system is stable. In Fig. 12, the DFIG crosses from w, =
0.75 to w, = 1.2 p.u. The cf value is estimated adaptively using
(44) and bounded t0 ¢ fax. Then the value of s, is changed from
— S, t0 +s5,,, which is visible in Fig. 12. Therefore sgn(s,, ) is
added to (44). The estimation error of the rotor position during
the transient state is about 0.12 p.u.; however, in the steady state
is smaller than 0.05 p.u. In Fig. 12(b) the chosen variables are
presented for the MRAS observer presented in [34]. The active
power is set to —0.1 and the reactive power to —0.6 p.u. The
MRAS system is stable; however, the estimated position and
speed oscillate. The average rotor position is about 0.12 [rad].

The coefficient ¢y in (40) has not a physical meaning. How-
ever, this value influences the estimated rotor speed and position.
This minimizes the position and rotor speed errors, particularly
in the crossing through the synchronous speed visible in Fig. 12.

C. Parameter Uncertainties of DFIG

The uncertainties test of the parameters in the observer system
was carried out to check the behavior of the proposed observer to
the variability of chosen nominal parameters. The values of the
stator and rotor resistances are changed at the same time. These
values were changed two times according to R, ,. = 2R, ,.n. This
test is presented in Fig. 13(a). The active and reactive powers
are —0.1 and —0.6 p.u., respectively. The rotor speed is about
0.75 p.u. After O s values of the resistances are changed, and

0.29R =2R 1561 ______ Ly
- R
R R =" 075
Oy L e R I o B o e e
07 0. A
Sa VAL 5 e —
A T T
60.11 0.1
0.1 M
0 e B o
0.05\\\\\\\\\\\0.05:
éofNWWWWWWAMé,OfVWNWVWMWWW
0.05F 0. 05
1*’7\\\\\\\\\\\ 14
o, A @,
0 [ e e e e e e e e e B
0 0.4 0.8 1.2 1.6 2.0

o 04 o8 12 1e ad T
Time [s] Time [s]

(a) (b)

Fig. 13.  Uncertainties of nominal parameters in the speed observer
structure for (a) after 0 s R, , = 2R, .y and after 1 s, R, , = R ,n,
(b) after 0 s L,,, = 0.75L,,,y and after 0.8 s L,,, = L,,,n-

after 1s, the nominal values are set. The estimated value of rotor
position error is about 0.1 rad. In Fig. 13(b), after O s nominal
value of the magnetizing inductance L,,, = 0.75L,,n, and after
0.8 s is set to the nominal value. The estimated rotor position
error is about 0.07 rad. Changes in the nominal parameters of
the generator do not stimulate the observer structure significantly
and have the influence of a negative effect on the estimated rotor
position value, however, for the assumed range of the parameters
changes, the observer structure is stable.

VI. DISCUSSION

The performance of the proposed non-adaptive speed estima-
tion approach is shown in Sections IV and V. The proposed
sensorless control system works stable even if the nominal
parameters of the generator are changed. This test has been
presented in Fig. 13. The error of rotor position is increased
up to 0.1 rad; for the nominal parameters is decreased up to
0.04 p.u. (for Ry = 2R, ,n); almost the same position error
value occurs during the changes of the nominal value of the
magnetizing inductance L,, = 0.75L,,x [see Fig. 13(b)]. The
average error of estimated rotor speed is always below 0.025 p.u.;
and higher in case of uncertainties of L,,,. In Fig. 10 the responses
of the stator’s active and reactive power are shown. As shown in
Fig. 10(b), the observer structure is sensitive to reactive power
changes. In this case, the estimated position errors changed their
value from positive to negative; however, their average value
does not change and is kept to about 0.05 rad. In Figs. |1 and
12 the rotor speed of DFIG is changed from subsynchronous to
supersynchronous. The rotor speed is estimated non-adaptively;
however, the additional stabilizing function is introduced to the
estimation law (40) and particularly described in Section III. The
reinforcement of this function marked as ¢y can be determined
as the constant or by an adaptive approach (44). Both cases are
shown in Fig. 11. After changing the rotor speed, for ¢y = 11
[see Fig. 1 1(b)], the estimated rotor position has a constant value
of about 0.15 p.u. While cyis adaptively estimated, the position
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Fig. 14.  MRAS [34](a) reactive power is equal to —0.6 p.u. and after error [rad]
350 ms, the active power is changed to —0.35 p.u. and (b) the active Avg.
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Fig. 15.  MRAS [34], s, = —0.1, sq = —0.7 p.u. for (a) subsynchronous

operation, and (b) supersynchronous operation, 6..,; is measured posi-
tion.

error is minimized almost to 0.03—0.05 p.u., which is visible in
Fig. 12(a).

The performance of the proposed observer structure was
compared to the well-known [34] SFMO—MRAS structure. In
the MRAS [34], the reinforcement in the integration part of PI
controllers was taken 0.9 p.u.; for the error, the part was 1.0 p.u.
The active power changes are shown in Fig. 14(a), while changes
in the reactive power are in Fig. 14(b). The rotor position error is
more oscillating than in the proposed observer structure. Their
average value is above 0.18 rad [see Fig. 14(a)]. If the reactive
stator power is generated after 300 ms, the power is —0.4 p.u.,
then the average rotor position error is 0.15 p.u. and their value
is smaller than in Fig. 14(a). The rotor speed error is smaller
than 0.05 p.u. for both cases.

Fig. 15 shows the estimated and measured rotor position
waveforms and their error for subsynchronous and subsyn-
chronous operation. The position error for the subsynchronous
speed has a higher value (up to 0.27 rad) than the supersyn-
chronous (up to 0.2 rad). In Fig. 12(b), the rotor speed is changed
from the subsynchronous to supersynchronous operation for

I— changes of active and reactive powers.
II - from subsynchronous to supersynchronous of DFIG operation.

MRAS. It is visible that the rotor position error is changed from
—0.15 to —0.2 rad during the changing of rotor speed. As a
result, the maximum estimated rotor speed error has a value up
to 0.07 p.u.

The comparison of estimation rotor speed and position errors
between the proposed non-adaptive speed estimation structure
and SFM—MRAS [34] is given in Table 1.

VIl. CONCLUSION

In the article, the speed and position observer structure which
was based on the non-adaptive approach was considered. The
non-adaptive dependence (40) was based on the scalar and
cross-product of the introduced internal vector H and the rotor
flux vector 1@. The scalar product s,, of the two vectors has
not a constant value. However, its value depends on the DFIG
working points (as mentioned in Section III-B and confirmed
by simulation and experimental results). The integration of
the estimated rotor speed value determines the rotor position.
However, integrating the rotor speed value, especially for an
initial condition, introduces the estimation error of the position.
Therefore, it was proposed to introduce the stabilizing function
to the position differential equation. This stabilizing function
was based on the error angle between the estimated value of
the vector H and vector 1@” (calculated from measured values)
multiplied by w,.. It prevents the unstable of the whole observer
structure and improves the properties, especially during the “dif-
ficult” DFIG working condition while the generator is crossing
through the synchronous rotor speed (in which the frequency of
the rotor current vector is close to zero).

The stabilizing functions in the proposed observer structure
are determined using the Lyapunov approach. Based on the
Lyapunov stability theorem of the linearized observer close to
the equilibrium points and by the pole placement method, the
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obse

rver functions and introduced tuning gains are determined.

The simulation and experimental results demonstrate the desired
sensorless control system performance for a wide operating
range. The proposed solution is characterized by “good” ac-
curacy estimation for rotor position and speed. The accuracy
of speed estimation does not exceed the value of 0.025 p.u.
(2.5%) synchronous speed and 0.05 [rad] of rotor position in
steady-state conditions. The observer structure is stable in the
operating speed range demonstrated by laboratory tests.

APPENDIX

The DFIG nominal parameters are given in Table II. The
drive system consists of a 4 kW squire-cage motor driving a
2 kW doubly-fed generator and an incremental encoder with a
720 pulse resolution to compare the results.

TABLE Il
GENERATOR PARAMETERS AND REFERENCE UNIT

Symbol Quantity Values
Ry stator resistance 2.833 Q/0.067 p.u.
Ry rotor resistance 2.867 ©/0.068 p.u.
Lo magnetizing inductance 0.15H/1.123 p.u.
Ly, Ly stator and rotor inductance 0.164 H/ 1.1227 p.u
L, leakage inductance 0.014 H/

P, nominal power 2 kW
Lus nominal stator current 55A
L nominal rotor current 34 A
U, nominal stator voltage 400 V
N nominal rotor speed 910 rpm
Iu nominal frequency 50 Hz
r Turn ratio N¢/N; 1
Uy=U, reference voltage 400 V
5= 1 reference current 9.52 A
Sy reference power 3810 VA
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