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Parameter Independent Control of Doubly-Fed Reluctance Wind
Generators without a Rotor Position Sensor

M. R. Agha Kashkooli**, Milutin G. Jovanovi¢*

Faculty of Engineering and Environment, Northumbria University, Newcastle upon Tyne, United Kingdom

ABSTRACT

A novel model reference adaptive system (MRAS) based estimation technique for sensorless operation of a brushless
doubly fed reluctance generator (BDFRG) with maximum power point tracking (MPPT) is proposed. The main
advantage of this development is the truly machine parameter independent rotor angular velocity MRAS observer
complemented by an original position error compensation scheme for higher accuracy, making it clearly superior to
the existing designs. The simulation and experimental results have demonstrated the excellent performance prospects
for typical wind turbines emulated in a laboratory environment.

Keywords: Brushless Doubly Fed Reluctance Generator; Wind Energy Conversion Systems; Sensorless Control.

1. Introduction

A doubly fed induction generator (DFIG) has been a popular choice of wind turbine manufacturers for variable
speed wind energy conversion systems (e.g. 2:1 or so), especially in off-shore applications [1, 2]. However, the cost
benefits of a 30% rated converter and its low failure rates are compromised by reliability and maintenance issues with
brushes and slip-rings [3-5].

The emerging BDFRG, conceptually shown in Fig. 1, is a promising medium-speed alternative to DFIG [6, 7]. It
can use a similar partially-rated converter, contributing further with reliability and maintenance advantages of brush-
less structure over DFIG [8]. The BDFRG has two stator windings of different pole numbers and frequencies: the
grid-connected primary, and the back-to-back converter-fed secondary to enable a bi-directional power flow by anal-
ogy to the DFIG’s rotor winding [9]. The magnetic coupling between them is achieved through a modern reluctance
rotor having half the total number of the stator poles [10]. Such unusual design and operating principles make the BD-
FRG’s ‘natural’ synchronous speed half the DFIG’s for the same number of rotor poles and line frequency. Therefore,
a simpler and more compact two-stage gearbox can be used for BDFRG wind turbines instead of a failures prone three-
stage counterpart of DFIG, bringing extra economic benefits [6, 11]. The BDFRG also has preferable grid-integration
properties to DFIG including a potentially crowbar-less inverter protection for low voltage ride through (afforded by
the higher leakage inductances, hence the lower fault currents) and competitive frequency support [12, 13].

By virtues of the fixed switching rates and low total harmonic distortion, vector control has been a prevailing so-
lution for wind energy conversion systems (WECS) either using the commercial DFIG [14, 15] or BDFRG prototypes
[16, 17]. Shaft encoders, usually required for this purpose, raise reliability and maintenance concerns, increasing the
WECS running costs. The development of various sensorless control strategies for both DFIG [18-21] and BDFRG
[22-25] has been therefore gaining a lot in popularity recently.

A viable rotor angular position and velocity state observer has been applied for flux (field) oriented control of the
BDFRG in [22, 23]. However, the effects of machine parameter knowledge inaccuracies have neither been addressed
nor substantiated in this work. The MRAS based substitutes using the same control method as in [23] have been
proposed in [24] and [25]. The troublesome secondary-flux estimation at typically low fundamental frequencies and
PWM terminal voltages have precluded the controller stability over the whole speed range [24]. The performance
boost has been accomplished using the secondary real power as a reference model foundation [25]. Although the
adaptive model in [25] is dependent on both the secondary winding resistance (R;) and mutual inductance (L,,), the
sensitivity studies to R uncertainties have only been undertaken, but not to L, variations playing a pivotal role for

*Corresponding author
¥4 mohammad . kashkooli@northumbria.ac.uk (M.R. Agha Kashkooli)
ORCID(s): 0000-0001-7511-2910 ( M. R. Agha Kashkooli)

M. R. Agha Kashkooli and Milutin G. Jovanovic.: Preprint submitted to Elsevier Page 1 of 15



Parameter Independent Control of Doubly-Fed Reluctance Wind Generators without a Rotor Position Sensor

Vdc

AY|
PAl

Figure 1: An outline of the BDFRG wind turbine drive train.

Table 1

Comparisons of the existing BDFRG sensorless methods
Method Dependency | Flux observer | Vector control Compensation | Application
[23] L, L,R,J Primary Field orientated No Small-scale
[24] L, L.R, Secondary Field orientated No Small-scale
[25] L, R, - Field orientated No Small-scale
[26—28] L, L,R, Primary Voltage orientated | No Small-scale
[29] L,L, - Voltage orientated | No Large-scale
Proposed | — - Voltage orientated | Yes Large-scale

the convergence of the underlying estimation process. The MRAS observers introduced in [26-28] use the measured
secondary currents as the reference model outputs, while the corresponding estimates are entirely based on the primary
quantities at fixed line-frequency. The integration technique for the primary-flux identification and knowledge of the
primary winding resistance and inductances are the main drawbacks of the introduced adaptive models. Furthermore,
the associated simulation results are produced for a small BDFRG prototype without modelling the aerodynamics
of a WECS. The use of measured primary power in the adaptive model to obtain the secondary current estimates as
presented in [29] avoids the flux calculation and primary resistance knowledge. However, the position estimation
accuracy is affected by mismatch between the actual primary and mutual inductances and their off-line tested values.

A new, closed-loop rotor speed and position MRAS observer for inherently decoupled torque and reactive power
control of the large-scale BDFRG without a shaft sensor has been proposed and evaluated. The measurable stationary
frame secondary currents have served as the reference model outputs, providing the necessary stability and transducer-
alike accuracy. Furthermore, the grid voltage and current measurements from the primary side have been merely used
by the adaptive model to generate the corresponding high quality estimates. The observer design has been addition-
ally refined by implementing an innovative on-line position error compensation algorithm for further performance
improvements. The obtained parameter-free estimator is therefore much more robust and accurate than the parame-
ter dependent alternatives, the Luenberger observer considered in [22, 23] and the MRAS counterparts discussed in
[24, 25, 29]. Besides, the maximum torque per inverter ampere (MTPIA) strategy investigated in [23-25] requires the
machine to be entirely magnetised by the primary winding, compromising the overall power factor of the BDFRG. As
such, it is of little practical interest for large-scale applications under consideration in this paper. The aforementioned
observer-controller attributes have been underpinned by realistic simulations and hardware-in-the-loop test results
for a 1.5 MW BDFRG wind turbine. The comparative properties of the underlying MRAS approach and the other
sensorless schemes documented in the literature are summarised in Table 1.

2. BDFRG Preliminaries
The BDFRG rotor angular velocity is given by [16, 17]:
w,+w, o 1) ®
w,mzuz—”<1+—s>=wsyn<1+—s> (1)

pr pr a)p a)p
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If the secondary winding is DC (i.e @, = 0), the BDFRG is in synchronous mode running at ;,, = ®,/p,, which is
half that of a p,-pole DFIG given (1). Thus, the BDFRG is a medium-speed machine requiring a two-stage gearbox
and avoiding the vulnerable high speed (3rd) stage of DFIG [3].

Using (1), the BDFRG mechanical power relationships in steady-state become as follows:

T, - T -w , .
P, =T, v, = e P+:=Ps’p,<1+ p,s> )
by Py W p
N~—— Y~
P, P,

P s

where the electro-magnetic torque, 7, < 0, and the primary power, P, < 0 (i.e. |P,| delivered to the grid), with
the adopted motoring (BDFRM) convention. Note from (2) and Fig. 1 that the secondary power flow (P;) can be
bi-directional: at super-synchronous speeds w, > 0 and P; < O (i.e. |P,| to the grid), and in sub-synchronous region
o, < 0 (meaning the opposite phase sequence of the secondary to the primary winding) for P, > 0. The latter speed
mode is apparently inefficient as the portion of P, is being circulated through the machine via the converter producing
losses on its way.

The BDFRG speed ratio for a given range around w,,, mid point can be written as:

syn
a_wmax_wsyn+Aa’_wp+ws o, _a-1 3
Opin Oy — Ao @, — o w, a+l

Hence, for a typical a = 2, the maximum secondary frequency is w; = @,/3 and P; ~ 0.25P,, according to (2). This
means that ideally only a 25% rated converter would do as with the DFIG. Further details about the BDFRG operating
principles and space-vector theory can be found in [30, 31].

3. Vector Control Principles

The BDFRM(G) d — g model equations for the primary and secondary windings in rotating reference frames
(Fig. 2) using standard notation in complex form are [16, 17]:

dAi
; Zps |
Ep,s = Rp,sfp,s + dt + Ja)p,sip,s “4)
Ay = Lyiy 4 Lyit, = Ly(ipg + jipg) + LinCig = Jimg) Q)
L
is = les + Lml;m = GLSLS + L_m&: = Gles + im (6)
P

3 . . 3 . .
T, = 7Pr (Apd’pq_’lpq’pd) =35br (’lmd’sq - )”mq’sd) N

3 . .

Q,= B (Upgipd = Upaipg) ®)
where L,, , ; are the 3-phase magnetising and self inductances, 6 = 1 — ern /(L,Ly) is the leakage coefficient, 4,,
is the mutual flux linkage, and i, is the frequency modulated secondary current vector (i ) rotating at w, and w,,
respectively, as shown in Fig. 2. The following flux oriented control form relationships hold [16, 17, 23]:

i =g+ Jigg = i€ S0 =i+ jig, =ie ©)

. ~ / . ~ J/

dp—qpframe dy—q, frame

Under the primary voltage alignment conditions (i.e v,, = v,, v,; = 0) depicted in Fig. 2, ignoring the winding
resistance (R), which is justified for MW range generators, and substituting (4) and (5) for 4,; =~ 4, = v,/w,,
qu ~ 0, withi,; =i, and Img = igq from (9), into (7) and (8), T, and the primary reactive power (Qp) in terms of
the controllable secondary d — g, frame currents can be expressed as:

3 3 UP Lm

T, = Eprllpipq ~ Epr : an : L_pisq (10)
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Figure 2: The BDFRG phasor diagram.

3 3v, (v, .

Q) = 50plpa X 57~ <w— = Lyigy an
P P

Since v, and w, are virtually constant in magnitude, 7, and Q,, control via iy, and iy, is intrinsically decoupled

according to (10) and (11) and can be realised as illustrated in Fig. 3. Any inductance knowledge inaccuracies can be

handled by the correctly tuned PI gains.

T* i [
PI JP@—P PLf—
Te
| 1.Sp,vpl'pq/wp |
* i * .
T Q 'sd Ted
P pr <A Pl |—
Wy Qp
MPPT |1'5(”pﬁipa'vpaiﬁﬁ)| 'sq| lsd Y
~ Aes 90
Wrm A
0s

| MRAS Observer |

w , 2
< HPT lp“5$
o= lha
PLL i” i 20y
NG

Figure 3: The BDFRG sensorless voltage oriented controller.
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Figure 4: The parameter-free MRAS observer: A) Block scheme; B) Phasor diagram with key space vectors and
reference frames.

4. Angular Velocity and Position Observer

The MRAS observer layout is presented in Fig. 4A. The reference model is highly accurate as being purely based
on the secondary current measurements to derive the respective i, and iy, outputs in a stationary a — f frame as
formulated in Fig. 3 for a Y-connected winding with a positive phase sequence and no neutral connection.

Considering (9) and Fig. 2, the magnetically coupled secondary currents in the d, — g, frame, fmq and i,,,, are the

same as the source components in the d; — g, frame, fsq and i,,;. They can be estimated from the measurable i pg and
ipq in the d, — g, frame applying (5) in the following manner:

I Tk O (12)
mg = Lsq i i P~ 7
a )”pd B Lpipq - Up !pd 13
lmd = lsqa = ~ ~ s 7 (13)
L, a)me
. .. . .. i
ipg + Jipg = (ipy + ji,pe™ " (14)

where ﬁm and ip are the inductance values identified by off-line testing (# = I:m / ﬁp) [32], whereas i pa and i pp are
obtained from the measured primary currents as in Fig. 3.

In order to minimise the parameter dependence and potential sensitivity issues, 7, is estimated applying (12) and
(14) as follows:

P o= 2= a2 =2 Jp2
lsd—\/ls quN\/ls i, /F 15)

where i is the measured secondary current magnitude. Doing so, i, is now only dependent on a ‘more predictable’
inductance ratio (#), and not additionally on L,, has (13) been used.
A usual d; — g, to a — f§ frame conversion, i, 5= i dqej 9, can now be applied to calculate:

Iy = Iygc08(0, — 0,) — i, sin(d, — 0,) (16)
isp=1lysin(d,—0,)+1iy,cos@d, -0, (17)

where 6, = 6, — 6, (Fig. 4B) and 6, = p,0,,, are the secondary frame and rotor ‘electrical’ positions estimated using
the angular version of (1):

0, =p0,, =0,+0 (18)
By applying (18), it can be easily shown that the 9r and és errors are equal:

A, =0,-0,=0,+0,)—(0,+0,)=0,—0, = Ab, (19)
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The normalised error of the adaptive model is defined as:

ioXio i Lsalsp = Lsplsa
e=3 S _3 S-smA5=# (20)
i2 i2 i2 + i2
s s sa sp

where AS = 6 — 6 is the angular misalignment between the actual (i ) and estimated (zs) secondary-current vectors.
This is being driven to zero by feeding-back the enhanced 8, as shown in Fig. 4B. Once A8 = 0, then tané = 7, s/ o R
tand =iy /iy, i€, i, and i nearly overlap both rotating at &, ~ .

4.1. Small signal model and stability analysis

The overall stability of a MRAS observer depends on the adaptation mechanism to guarantee the convergence of
the estimated quantity to its actual value. The hyper-stability concept is applied to different adaptation mechanisms
structures to provide global asymptotic stability for the MRAS observer [33, 34]. The dynamic response of a particular
MRAS, with a proven stable adaptation technique, can be analysed by linearising the observer around a selected
operating point [35]. The small signal model of (20), around the AS ~ 0, cos AS =~ 1, i, ~ i, steady-state point, is:

de—ls‘lscosA(S(@_@)m%_@

dr 2 dr  dt dt
za)s—c?)s=(a),—a)p)—((f),—wp)=Aw, 21
, —® Aw
ER /(a), —-,)dt = ! . L = Dy Srm (22)

The above relationships clearly indicate that a key factor for the observer stability is the high accuracy of @, (i.e
Aw, = 0 = ¢ =~ 0). The PI controller, shown in Fig. 5, is designed using (22) to obtain the @, resulting in € = 0.
Adaptive PI tuning under variable loading conditions is provided by the i? division term in (20).

—> K,,+?‘ Ly
B,

W, 1] €& K. D)
s

Figure 5: The MRAS small signal model.

4.2. Sensitivity studies and position error compensation technique
The observer ensures that € ~ 0, hence Aé ~ 0 (i.e. 5~ 0), no matter the inductance ratio mismatch according to
(20)-(22). Using Fig. 4B and (15), one can write the following relationship in the cfs — ¢, (control) frame:

2 2

I R i
X =tan(6 - 0,) = —~— (23)
PR,

Differentiating (23) with dé ~ Aé = 0 it can be obtained that:
i2-dig,

T2 _ 232
(ls lsq)/

9 [1 +tan?(s — 8,)] 8, =

L B— (24)
cos2(§ —0,)

Substituting for (23), (24) may be simplified to:

digy m —\[i2 =12 - db, (25)

The above expression can be further rearranged by applying 7 - di sq = —fsq - d coming from (12) as follows:

h AD i i
I I pq

def N—F=—— = <0 (26)
dr AF Pl 5. /f2-i2—i2
s pq
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Figure 6: Graphical representation of (26) showing the observer sensitivity to 7.

where A7 =~ r — 7. The rate of change of 9S is obviously decreasing with 7, being the slowest for the maximum
empirical value of 7 ~ 0.95 common with commercial DFIGs [36], when |A9S| is the smallest for a given |AF|. The
sensitivity to 7 is presented in Fig. 6, which illustrates the position estimation error (i.e. the frame misalignment) at
various operating speeds.

Under this practical assumption, which forms the basis of the proposed parameter independent observer and sen-
sorless controller designs in Figs. 4A and 3, both (15) and (26) get purely based on i; and i),,, which can be obtained
directly from measurements using the conventional transformations shown in Fig. 3. With optimally designed BD-
FRGs, the leakage flux is predominantly located in the secondary (and not primary) winding rendering the actual
r > 0.85 up to r,,, ~ 0.95 at most as for DFIGs of similar rating [13]. So, for A7 ~ —0.1 or higher (i.e. less
negative), (26) can serve well for A@S predictions. Such an approach has been implemented on-line to compensate the
observed 9S as illustrated in Fig. 3. This has significantly improved the observer accuracy and quality of response as
will be demonstrated in the following section.

S. Simulation and Experimental Results

The sensorless scheme in Fig. 3 is simulated and validated by laboratory tests using the BDFRG turbine specifi-
cations from Table 2 and Fig. 7. Note that T, has been controlled for the MPPT as being directly responsible for the
rotor speed variations. This should reinforce the drive train stability under the open-loop speed control conditions.
The Simulink® studies have been made realistic by including: discrete-time implementation, high frequency white
noise and transducer dc offset in measurements, and detailed IGBT converter models. The BDFRG design particulars
can be found in [13].

Table 2

The 1.5 MW BDFRG ratings and parameters
Stator voltages (V rms) V,=690 V, =230
Stator currents (kA rms) I,=11 I =12
Winding resistance (mQ) R,=7 R, =142
Winding self-inductance (mH) L,=49 L;=57
Mutual inductance (mH) L,=45
Primary and secondary pole-pairs p,=4 py=2
Generator and turbine speed (rev/min) 600 20

The performance is examined on the Hardware-In-the-Loop (HIL) system shown in Fig. 8. The C-code is compiled
in dSPACE® [37] from the Simulink® model using the Real-Time Workshop® and run at 10 kHz switching rate of the
space-vector-pulse-width-modulated (SVPWM) converter. The dynamic model of the BDFRG-based wind turbine
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with its associated controller shown in Fig. 3 have been implemented in the PowerPC 750GX® processor at 100 us
sampling time. The real-time generated voltage and current values are provided for the MRAS observer estimation of
speed and position to achieve the promising sensorless control performance for large-scale wind power applications.

The BDFRG response to wind speed step changes in Fig. 9 has been considered to expose the controller to dy-
namically the most challenging circumstances. he rotor speed variations are relatively slow due to a high inertia of the
BDFRG wind turbine. The &,,, estimates used to generate the MPPT torque reference (7*) 100 rev/min around, and
down to, the synchronous speed (500 rev/min), as per Fig. 7, are observed with negligible error. The same applies to &
since the mean A = 0 throughout. Such a high estimation quality is expected and represents the observer trademark
as discussed in Section 4. However, the accuracy of 95 is compromised to some extent by the underlying # ~ 0.95
assumption, and it is getting worse with the speed increase, culminating in the super-synchronous mode of most prac-
tical importance. This undesirable trend can be explained by the rising |7, | and |i, | levels in (26), according to Fig. 7
and (10). The corresponding Aiy, and Aig, can be formulated by means of Fig. 4B and small-angle approximations
as follows:

Aig; =i - [cos(6 —6;)—cos(é — 9S)]

Ab, ‘
- Q7

Aig, =iy - [sin(6 — 0,) — sin(6 — 6,)]

. . 93 . A
= 2isin - sin(é6 — 0, —

P 93 ) Aes .
= 2i sin > cos(6 — 0, — > )R —=Al - iy, (28)

A cross-coupling has been introduced by the speed dependent Af,. The effects are much more pronounced in (27)
than (28) due to the comparatively larger |i, | magnitudes, especially at higher rotor speeds. Furthermore, both [Ai |
and |Ai,| are nearly proportional to Afy, so there is a great deal of similarity in their behaviour and spread over the
entire speed range.

Despite the fact that the previously addressed absolute error propagation is not suitable for the BDFRG’s most
efficient super-synchronous operation, the extremes are relatively small to cause any visible performance degradation.
It can be seen from Fig. 9 that O, hence i, are effectively controlled for the unity power factor (i.e. Q; = 0) with
the secondary winding taking over completely the machine magnetisation from the primary side as i,; = 0 given
(11). The iy, and i,, waveforms are essentially scaled replicas of the closely related P, and 7, ones considering
(10). They don’t seem affected by the sudden variations instigated in the Q,, and further reflected upon the iy, and
ipq counterparts, to demonstrate the excellent disturbance rejection capabilities of the PI regulators. Notice that the
isq step increases in response to the Q, < 0 dips (i.e. for the over-excited BDFRG producing |Q,| by analogy to a
classical wound field synchronous generator) lead to a favourable decline of A, according to (26).

It is also worth pointing out in relation to Fig. 9 that the MPPT has been achieved indirectly through torque control.

For instance, the desired total power output at the rated wind speed of 12 m/s is P,, = —1.5 MW as shown in absolute
1.75 T T
MPPT  —
15 Tmppt =T )

0.5 =

] 8m/s

025F | Tm/s
6m/s
0 ] ] i ]

300 350 400 450 500 550 600 650 700
Rotor speed [rev/min]

Power [MW], Torque [10 kNm]
(=)
>

Figure 7: Turbine characteristics for various wind and BDFRG speeds, including the MPPT torque and power profiles.
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01 8 :
\ DS1103 Host PC ’

Figure 8: HIL instrumentation for the BDFRG WECS emulation.

sense in Fig. 7. The secondary frequency at 600 rev/min for @ = 1.5 and f, = 50 Hz in (3) is f; = 10 Hz. Thus, the
primary winding input should be P, = —1.25 MW from (2), which can be verified from the P, curves. The remaining
0.25 MW is delivered to the grid via the converteri.e. P, =~ 0.17P,,. Note the secondary phase sequence reversal from
positive to negative (i.e. @, < 0 in Fig. 2) accompanied by the speed mode transition from super to sub-synchronous.
For this reason, at 8 m/s and 400 rev/min, f; = —10 Hz in (2) making P, ~ —0.56 MW for P, ~ —0.45 MW. The
secondary side provides the power balance, but now consuming 0.11 MW i.e. P, ~ 0.24|P,|. Finally, there is a
very good correlation between the oscillograms, captured as shown in Fig. 8, and the simulated subplots presented
back-to-back in Fig. 9.

5.1. Enhanced position error compensated control

The erroneous rotor position estimates manifest themselves through a secondary (control) frame misalignment
(A6;) as depicted in Fig. 4B producing the current feedback inaccuracies as a by-product. The latter are mainly in
the d-axis (i.e. |Aigy| >> |Aig|) as a consequence of the cross-coupling incurred, which can be approximately
quantified by (27) and (28). Although these estimation errors are not significant even at super-synchronous speeds
of the considered BDFRG turbine having r ~ 0.92 (Table 2) as shown in Fig. 9, they can be further reduced for
superior performance by using (26) to generate a Aés compensation term for # & 0.95 as mentioned in Section 4.2
and implemented in Fig. 3. As the exact inductance ratio () is assumed unknown for control purposes, but is typically
between 0.85 and 0.95 for most BDFRGs, A7 = —0.1 and A# = —0.05 have been chosen as reasonable mid to low r
range options to demonstrate the effectiveness of the proposed method. The comparative test results are displayed in
Fig. 10. The |Af|, and in turn |Ai g, .|, values from Fig. 9 have notably decreased, the biggest % reduction (more than
twice) for either case study occurring where needed the most i.e. at the rated point, and particularly with A7 = —0.05
as expected for the example BDFRG.

Similar comparisons without or with A8, correction for the same A7 as in Fig. 10 can be done from Fig. 11 for
a hypothetical BDFRG with the higher primary leakage flux i.e. the lower r than in Table 2. Unlike the situation in
Fig. 9, the uncompensated error levels are further elevated since the # mismatch is now much higher. A considerable

accuracy improvement has been achieved with A6, compensation for A7 = —0.1. The |A6,|, hence |Aiy, .|, have
fallen nearly by a factor of 3, being approximately a half of those experienced for A7 = —0.05 throughout.
Judging by the comparative studies of Figs. 10 and 11, summarised in Table 3, A# = —0.1 appears to be a more

representative compensation solution overall, offering good quality estimates and performance for a wider range of
BDFRGs. This is also apparent from Fig. 12 showing oscilloscope recordings of the decoupled sensorless 7, O, and
current control responses of the BDFRG (Table 2) to naturalistic wind speed variations [38].
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Figure 9: Comparative experimental and simulation studies of the BDFRG operation with uncompensated MRAS.

6. Conclusions

An innovative, parameter independent MRAS based estimation technique for sensorless control of torque and
reactive power (Q,) of large BDFRG wind turbines has been presented and validated by realistic simulations and
experimentally. The results produced for a custom 1.5 MW design have demonstrated the controller ability to pro-
vide mutually decoupled MPPT and Q, responses to variable Q, and loading conditions. Such performance has
been afforded by the precise rotor speed estimates of the MRAS observer having strong advantages over the existing
counterparts reported in the open literature. These include highly reliable reference and closed-loop adaptive models
utilising measurements only: the former of the secondary currents, and the latter of the primary voltages and currents
at fixed line frequency. The valid approximations made going to the essence of the BDFRG operation, coupled with
the properly tuned PI gains derived from a small-signal analysis, have allowed to: (1) by-pass the L,, /L, dependence
of the suitably tailored adaptive model; (2) significantly improve the observer accuracy by implementing a position
error predictive scheme for on-line compensation of the secondary (control) frame misalignment; (3) enhance the
stability and robustness of the observer/control algorithm by making it truly machine parameter-free. The supporting
sensitivity studies to mismatches in the BDFRG inductance ratio have verified the effectiveness of the proposed esti-
mation approach by comprehensive simulations and HIL experiments for fast wind speed changes including realistic
wind speed profiles.

The above arguments are stimulating for continuing BDFRG research as a prospective, medium-speed DFIG
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Figure 10: Real-time performance with control frame misalignment compensation for: (a-c) A# = —0.1; (d-f) A? = —0.05.

substitute. Its maintenance-free sensorless operation with a more reliable 2-stage gearbox should be attractive cost
saving factors to consider for grid-connected wind power applications.
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