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A novel model reference adaptive system for the rotor position/speed estimation and sensorless operation of a brush-8

less doubly fed reluctance generator with maximum power point tracking is presented. Its main advantage over the9

existing designs are the inherent robustness and stability afforded by the complete parameter independence of the ref-10

erence model using only the measured currents of the converter-fed (secondary) winding. In addition, the respective11

stationary frame current components are estimated by the adaptive model using the voltage and current measurements12

of the grid-connected (primary) winding at line frequency, offering higher accuracy. The simulation and experimental13

results have demonstrated the excellent real and reactive power controller performance for typical operating charac-14

teristics of wind turbines.15

Keywords: Doubly Fed Generators; Wind Energy Conversion Systems; Sensorless Control; Power Control.16
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1. Introduction18

A doubly fed induction generator (DFIG) has been traditionally used as an economical solution for wind energy19

conversion systems (WECS) with limited speed ranges (e.g. 2:1 or so) [1, 2]. However, the cost benefits of a fractional20

converter (normally around 30% of the DFIG rating) and its relatively low failure rates reported in practice [3] are21

offset by the compromised reliability and maintenance issues of brushes and slip-rings.22

The emerging, medium-speed Brushless Doubly Fed Reluctance Generator (BDFRG), shown in Fig. 1, is a DFIG23

alternative for WECS [4–6]. As a member of the doubly-fed machines family, it can use a similar partially-rated24

converter, but with virtually no maintenance requirements making it more cost-effective and reliable than the DFIG.25

Unlike the latter, the BDFRG has a conventional sinusoidal double wound stator with different pole numbers and26

applied frequencies, and a modern multi-barrier cage-less reluctance rotor having half the total number of the stator27

poles [7]. The functionality and roles of the BDFRG windings are otherwise identical to DFIG’s: the primary (power)28

winding is grid-tied directly, and the secondary (control) one through a back-to-back converter to allow bi-directional29

power flow for super-synchronous or sub-synchronous speed variations by analogy to the DFIG rotor winding. Such30

unusual design and operating principles bring another important reliability and cost advantage over DFIG: a 50%31

reduction of the ‘natural’ synchronous speed for the same number of rotor poles and line frequency. This implies32

that a compact, simpler and more efficient two-stage gearbox can be used for BDFRG wind turbines instead of a33

problematic three-stage counterpart of DFIG, susceptible to failures [8–10]. The BDFRG also offers the prospects for34

superior low voltage fault ride through properties to DFIG due to the comparatively higher leakage inductances and35

lower inrush currents, and competitive frequency support provision [11].36

By virtues of the fixed switching rates and low total harmonic distortion contrary to the hysteresis type [12], vector37

control has been a dominant choice for WECS either using the industrial DFIG [13] or BDFRG prototypes [14–16].38

However, if shaft encoders were needed for this purpose, the sturdiness and reliability of a drive train would be39

diminished and maintenance requirements increased. The research and development of sensorless control strategies40

for both DFIG [17–23] and BDFRG [24–27] have been gaining a lot in popularity recently to overcome this limitation.41

A viable rotor angular position and velocity state observer has been applied for flux (field) oriented control of the42

BDFRG in [24, 25]. However, the sensitivity to machine parameter knowledge has not been addressed and substan-43

tiated in this work. The model reference adaptive system (MRAS) based substitutes using the same control method44
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Figure 1: An outline of a wind energy conversion system using the BDFRG.

as in [25] have been proposed in [26] and [27]. The erroneous secondary-flux estimates at typically low fundamental1

frequencies have hindered the controller stability over the whole speed range [26]. Performance improvements have2

been achieved using the secondary real power as the reference model foundation [27]. However, although the adaptive3

model in [27] is dependent on both the secondary winding resistance (Rs) and mutual inductance (Lm), the sensitivity4

analyses to Rs uncertainties have only been presented, but not to Lm variations being much more important for the ob-5

server convergence and accuracy. The MRAS observer design in [28] brings additional advantages by introducing the6

measurable secondary currents as the reference model outputs, while the corresponding estimates are entirely based7

on the primary quantities at fixed line-frequency. The requirement for the flux identification and resistance knowledge8

of the primary winding is the main drawback of the adaptive model in [28]. Furthermore, the associated results are9

produced for a small BDFRG prototype with relatively limited industrial interest for wind power applications.10

A new, closed-loop MRAS estimator for the rotor angular velocity and position identification and encoder-less11

control of the large-scale BDFRG has been put forward in this paper. The proposed design is more robust and easier12

to implement than the Luenberger-style observer considered in [24, 25]. The measurable stationary frame secondary13

currents have served as the outputs of the parameter-free reference model, with the primary winding measurements14

of fixed line voltage and frequency being used by the adaptive model to generate the corresponding estimates. Such15

an observer configuration can ensure the higher estimation quality and fewer parameter dependence than the MRAS16

equivalents in [26, 27]. Comprehensive sensitivity studies to inductance mismatches have been conducted to underpin17

the realistic simulations and hardware-in-the-loop test results for a 1.5 MW BDFRG wind turbine.18

2. BDFRG Fundamentals19

The rotor angular velocity and position of the BDFRG, conceptually shown in Fig. 1, can be expressed as [14, 15]:20

!rm =
!p + !s

pr
=

!p

pr

(
1 +

!s

!p

)
= !syn

(
1 +

!s

!p

)
(1)

�rm =
�r
pr

=
�p + �s

pp + ps
(2)

If the secondary winding is DC (i.e !s = 0), the BDFRG is in synchronous mode running at !syn = !p∕pr, which is21

half that of a pr-pole DFIG given (1). Thus, the BDFRG is a medium-speed machine requiring a two-stage gearbox22

and avoiding the troublesome high speed (3rd) stage of DFIG [29].23

Using (1), the BDFRG mechanical power relationship in steady-state can be formulated as follows:24

Pm = Te ⋅ !rm =
Te ⋅ !p

pr
⏟⏟⏟

Pp

+
Te ⋅ !s

pr
⏟⏟⏟

Ps

= Ps ⋅

(
1 +

!p

!s

)
(3)

= Pp ⋅

(
1 +

!s

!p

)
= Pp ⋅

(
1 +

fs

fp

)
(4)
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where the electro-magnetic torque, Te < 0, and the primary power, Pp < 0 (i.e. Pp > 0 delivered to the grid), with1

the adopted motoring (BDFRM) convention. Note from (3) and Fig. 1 that the secondary power flow (Ps) can be2

bi-directional: at super-synchronous speeds !s > 0 and Ps < 0 (i.e. Ps > 0 to the grid), and in sub-synchronous3

region !s < 0 (meaning the opposite phase sequence of the secondary to the primary winding) for Ps > 0. The latter4

speed mode is inefficient as a portion of Pp is circulated through the machine via the converter producing losses.5

The slip power recovery of the BDFRG is hidden in the following ratio for a given speed range around !syn:6

a =
!max

!min

=
!syn + Δ!

!syn − Δ!
=

!p + !s

!p − !s

⟹
!s

!p

=
a − 1

a + 1
(5)

Hence, for a typical a = 2, the maximum secondary frequency becomes !s = !p∕3 and Ps ≈ 0.25Pm according to7

(3). This means that only a 25% rated converter would ideally do for the power exchange with the grid as with the8

DFIG. Further details about the BDFRG operating principles and space-vector theory can be found in [30, 31].9

3. Dynamic Modelling and Control10

The BDFRM(G) d−q equations in rotating reference frames using standard notation in complex form are [14, 15]:11

v
p
= Rpip +

d�
p

dt
+ j!p�p (6)

v
s
= Rsis +

d�
s

dt
+ j!s�s (7)

�
p
= Lpip + Lmi

∗
sm

= Lp(ipd + jipq) + Lm(imd − jimq) (8)

�
s
= Lsis + Lmi

∗
pm

= �Lsis +
Lm

Lp

�∗p = �Lsis + �
m

(9)

Te =
3

2
pr

(
�pd ipq–�pqipd

)
=

3

2
pr

(
�md isq–�mqisd

)
(10)

where Lm,p,s are the magnetising, primary and secondary inductances, � = 1 − L2
m∕(LpLs) is the leakage coefficient,12

�m is the mutual flux linkage, and i
sm

is the frequency modulated secondary current vector (i
s
) rotating at !p and !s,13

respectively, as shown in Fig. 2. The following flux oriented control form relationships hold [14, 15, 25]:14

i
sm

= imd + jimq = isme
j

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
dp−qpframe

⇔ i
s
= isd + jisq = ise

j

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
ds−qsframe

(11)

The magnetic coupling between the windings is achieved through the modulating actions of the reluctance rotor15

with half the total number of the stator poles. As a consequence, the resulting harmonic side-bands, rather than16

the fundamental component, of the air-gap flux are torque producing. Periodic pulsations of the self and mutual17

inductances with the rotor position are small compared to their average values used in (8) and (9) [30, 31].18

Under the primary voltage alignment conditions (i.e vpq = vp, vpd = 0) depicted in Fig. 2, ignoring the winding19

resistance (Rp) as usual for MW range generators, and substituting (6) and (8) into Pp + jQp = 1.5 ⋅ v
p
i∗
p

for �pd ≈20

�p = vp∕!p, �pq ≈ 0, and imd = isd and imq = isq from (11), the primary real (Pp) and reactive power (Qp) expressions21

in terms of the controllable ds − qs frame secondary currents (isd and isq) can be derived as follows:22

2

3
Pp = vpipq =

�pq + Lmimq

Lp

vp ≈
Lm

Lp

vpisq (12)

2

3
Qp = vpipd =

�pd − Lmimd

Lp

vp ≈
vp

Lp

(
vp

!p

− Lmisd

)
(13)

It is worth mentioning that neglecting Rp implies much simpler and faster calculations of the primary flux magni-23

tude (�p ≈ vp∕!p) with marginal error, by-passing so the voltage integration issues (e.g. dc offset) to estimate �pq and24

�pd used in (12) and (13). Since vp and !p are constant in magnitude, Pp and Qp control via isq and isd is intrinsically25

decoupled according to (12) and (13) and can be realised as in Fig. 3. Any inductance knowledge inaccuracies can be26

handled by the correctly tuned PI gains as will be demonstrated by the results presented in the sequel.27
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Figure 2: The BDFRG phasor diagram.
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Figure 3: The BDFRG sensorless voltage oriented controller.

4. Rotor Position and Speed Estimation1

Generally, the MRAS observer principle is premised on the comparison of adaptive and reference models outputs2

for the suggested functional quantity. The error between the two models is being driven to zero using a closed-3

loop adaptation mechanism (e.g. PI controller) to estimate the rotor position by continuously updating the adaptive4

model in a recursive fashion. As shown in Fig. 3, the estimated speed is used to obtain the maximum power point of5

the turbine, and the position estimates for the frame transformation within the current control loops. The proposed6

observer design is given in Fig. 4A. The reference model is highly accurate as being purely based on the secondary7

current measurements to derive the respective is� and is� outputs in a stationary � − � frame (Figs. 2 and 4B). For a8

Y-connected winding with a positive phase sequence and no neutral connection, these are as follows:9

i
s
= ise

j� = is� + jis� = isa + j
isa + 2isb√

3
(14)

Considering (11) and Fig. 2, the magnetically coupled secondary currents in the dp − qp frame, îmq and îmd , are10

the same as the source components in the ds − qs frame, îsq and îsd . They can be estimated from the measurable ipq11

and ipd in the dp − qp frame applying (8) in the following manner:12
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Figure 4: The MRAS observer: A) Block scheme; B) Phasor diagram with characteristic vectors and reference frames.

îmq = îsq =
−�pq + L̂pipq

L̂m

≈
L̂p

L̂m

ipq (15)

îmd = îsd =
�pd − L̂pipq

L̂m

≈
vp

!pL̂m

−
L̂p

L̂m

ipd (16)

ipd + jipq = (ip� + jip�)e
−j�p (17)

where L̂m and L̂p are the inductance values acquired by off-line testing, whereas ip� and ip� are obtained from the1

measured primary currents using the equivalent of (14).2

A usual ds − qs to � − � frame conversion, i
��

= i
dq
ej�s , similar to the dp − qp one in (17), can now be used to3

calculate:4

îs� = îsd cos(�̂r − �p) − îsq sin(�̂r − �p) (18)

îs� = îsd sin(�̂r − �p) + îsq cos(�̂r − �p) (19)

where �̂s = �̂r − �p (Fig. 4B) and �̂r = pr�̂rm are the estimated control frame and rotor ‘electrical’ positions using (2).5

The normalised error of the adaptive model is defined as:6

" =
î
s
× i

s

i2s
=

îs ⋅ is

i2s
sin�err =

îs�is� − îs� is�

i2s� + i2
s�

(20)

where �err = � − �̂ is the angular misalignment between the actual (i
s
) and estimated (î

s
) secondary-current vectors.7

This is being driven to zero by feeding-back the enhanced �̂r as shown in Fig. 4B. Once �err ≈ 0, then tan�̂ = îs�∕îs� ≈8

tan� = is�∕is� i.e. îs and is become nearly aligned both rotating at !̂s ≈ !s. The underlying adaptive scheme to make9

this happen is devised from a small signal analysis of (20) around the �err ≈ 0, cos �err ≈ 1, îs ≈ is steady-state point:10

d"

dt
=

îs ⋅ is

i2s
cos �err

(
d�

dt
−

d�̂

dt

)
≈

d�

dt
−

d�̂

dt

≈ !s − !̂s = (!r − !p) − (!̂r − !p) = Δ!r (21)

" ≈ ∫ (!r − !̂r)dt =
!r − !̂r

s
= pr

Δ!rm

s
(22)

The above relationships clearly indicate that a key factor for the observer stability is the high accuracy of !̂r (i.e11

Δ!r ≈ 0 ⇒ "̇ ≈ 0). A PI controller is designed using (22) to obtain the !̂r resulting in " ≈ 0. Adaptive PI tuning12

under variable loading conditions is provided by the i2s division term in (20).13
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5. Parameter Mismatch Inferences1

The adaptive model, build upon (15)-(19), is contingent on the machine inductances. So, any deviations of L̂m,p2

from the exact Lm,p induced by off-line testing, magnetic saturation or other practical effects, can deteriorate the3

observer performance. For example, the current estimates generated using (15) and (16) are subject to variances in4

L̂p∕L̂m from the actual ratio, whereas îsd is additionally influenced by the L̂m discrepancies. The errors in îsq and5

îsd are propagated further by erroneous �̂r through (18) and (19), making îs� ≠ is� , îs� ≠ is� , hence îs ≠ is. The6

implications of these variations on the position estimation quality, can be better understood by manipulating (18) and7

(19) using (2) into the form:8

tan(�̂r − �p) = tan �̂s =
tan �̂ −

îsq

îsd

tan �̂ +
îsq

îsd

(23)

where considering (15) and (16):9

îsq

îsd
=

!pL̂pipq

vp − !pL̂pipd
=

!pipq

vp∕L̂p − !pipd
(24)

Substituting for (24), (23) can be rearranged as follows:10

tan �̂s =
vp tan �̂ − !pL̂p(ipd tan �̂ + ipq)

vp + !pL̂p(ipq tan �̂ − ipd)
(25)

It is evident from (23)-(25) that whilst the �̂r and �̂s errors are unaffected by L̂m, they are by the L̂p inaccuracies,11

even so, equally, which can be easily confirmed by applying (2):12

Δ�r = �r − �̂r = (�s + �p) − (�̂s + �p) = �s − �̂s = Δ�s (26)

The observer ensures that " ≈ 0, hence �err ≈ 0, no matter the inductance mismatch according to (20)-(22). Given13

that �̂ ≈ � is fairly accurate, the Δ�r = Δ�s values originating from (23) and (25) purely result from the incorrect14

îsq∕îsd as both vp and !p are constant, with ipd and ipq being parameter independent, in (24). In fact, for an arbitrary15

(Pp, Qp) set-point, the larger the L̂p in (24), the lower îsq∕îsd (i.e. getting more negative as ipq ≤ 0), and the greater16

�̂r and �̂s become looking at (23). In other words, bearing in mind (26), a smaller Δ�r = Δ�s would occur if L̂p > Lp17

than for L̂p < Lp. This conjecture can be formally verified by differentiating (25) and using the Euler’s approximation18

of the derivative, which after considerable manipulations, and taking into account that ipq ≤ 0 for the BDFRG, leads19

to the following expression for the rate of change of �̂s in relation to L̂p:20

d�̂s

dL̂p

≈
Δ�s

ΔLp

=
−!pvpipq

(vp − !pL̂pipd)
2 + !2

pL̂
2
pi
2
pq

≥ 0 (27)

where ΔLp = Lp − L̂p and Δ�s is defined by (26). Therefore, �̂s is increasing with L̂p so in case of L̂p > Lp (i.e.21

ΔLp < 0) Δ�s < 0, and if L̂p < Lp (i.e. ΔLp > 0) then Δ�s > 0. More importantly for control, Δ�s∕ΔLp is22

decreasing with L̂p meaning less |Δ�s| when L̂p > Lp than if L̂p < Lp. For a given L̂p, the |Δ�s| is further reduced23

for the over-excited BDFRG being of most practical interest when Qp ≤ 0 in (13) (i.e. |Qp| production), hence ipd ≤ 024

in both (13) and (27).25

The steady-state errors of the estimated position for the whole operating speed range are displayed in Fig. 5.26

The analytical predictions for ±25% and +10% mismatches in L̂p are compared with the simulated values showing27

dynamic and steady-state position estimation errors, in Section 6.2.28
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Figure 5: Analytical calculations of the control frame misalignment (Δ�s) using (27) for ipd = 0 (i.e. Qref
p

= 0 in Fig. 3).

6. Simulation and Experimental Results1

The sensorless control in Fig. 3 is simulated using the BDFRG wind turbine specifications from Table 1. The2

SimulinkⓇ studies have been made realistic by including: discrete-time implementation, high frequency white noise3

and transducer dc offset in measurements, and detailed IGBT converter models. The BDFRG design particulars can4

be found in [11]. A real-time response of the MRAS observer in Fig. 4A, and the dedicated BDFRG controller in5

Fig. 3, is examined on the Hardware-In-the-Loop (HIL) test system shown in Fig. 6. The C code is compiled in6

dSPACEⓇ [32, 33] from the Simulink model using the Real-Time WorkshopⓇ and ported to the DS1103 platform7

to be executed at 10 kHz control sampling rate i.e. switching frequency of the space-vector-pulse-width-modulated8

(SVM) converter. The DS1103 is built around the 32-bit PowerPC 750GX as the master processor with a 1GHz clock9

and the rapid control prototyping is achieved using 16-bit A/D and D/C converters and a slave Texas InstrumentsⓇ10

TMS320F240 DSP.11

Table 1

The 1.5 MW BDFRG ratings and parameters

Stator voltages (V rms) Vp = 690 Vs = 230

Stator currents (kA rms) Ip = 1.1 Is = 1.2

Winding resistance (mΩ) Rp = 7 Rs = 14.2

Winding self-inductance (mH) Lp = 4.7 Ls = 5.7

Mutual inductance (mH) Lm = 4.5

Primary and secondary pole-pairs pp = 4 ps = 2

Generator and turbine speed (rev/min) 600 20

6.1. Variable speed operation12

The GEⓇ turbine power curves for different wind and BDFRG speeds, and the drive train response to step-changes13

in wind speed are plotted in Fig. 7. Although such fast transients may be considered extreme even for gusty winds,14

they are imposed to test the controller functionality under the most challenging conditions. The !̂rm to generate the15

MPPT reference, and both �̂r and �̂s for the clearly decoupled Pp and Qp control, are provided by the observer with16

negligible estimation error over the range of 100 rev/min around, and down to, the synchronous speed (500 rev/min)17

of the BDFRG with a 6-pole rotor and 50 Hz line frequency. The Qp is accurately controlled for the unity power18

factor (i.e. Q
ref
p = 0), and so is the respective isd at i

ref

sd
= vp∕(!pLm) ≈ 0.4 kA being fully responsible for the flux19

production with ipd = 0 in this case given (13). The active current components, isq and ipq , are essentially scaled20

speed dependent Pp profiles as expected from (12). They are mutually intact by the sudden variations in the isd , ipd21

and Qp counterparts, introduced to demonstrate the excellent disturbance rejection properties of the PI regulators.22

The maximum wind energy extraction has been achieved. For instance, the desired MPPT output at the rated 12 m/s23
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Figure 6: A HIL equipment for the BDFRG WECS emulation.

is P
ref
m = −1.5 MW as read from the corresponding turbine characteristic in the top right subplot. The secondary1

frequency at 600 rev/min for a = 600∕400 = 1.5 and fp = 50 Hz in (5) is fs = 10 Hz. Therefore, the primary2

winding contribution should be P
ref
p = −1.25 MW according to (4), or the block diagram in Fig. 3, which has indeed3

been confirmed by the obtained Pp curves in the first 10 s. The remaining 0.25 MW is delivered to the grid by the4

secondary i.e. Ps ≈ 0.17Pm. Note the phase sequence reversal of the latter from positive to negative (i.e. !s < 05

in Fig. 2) accompanied by the speed mode transition from super to sub-synchronous beyond 25 s time instant. For6

this reason, at 8 m/s and 400 rev/min, fs = −10 Hz in (4) making P
ref
p ≈ −0.56 MW for P

ref
m ≈ −0.45 MW. The7

secondary side again provides the necessary power balance, but consuming 0.11 MW this time i.e. Ps ≈ 0.24|Pm|.8

Finally, there is a very close correlation between the real-time (captured on oscilloscopes as shown in Fig. 6) and9

simulated back-to-back waveforms in Fig. 7. Similar comments on the observer high accuracy, decoupled control,10

bi-directional secondary power flow, and winding participation in the energy conversion, can be made from Fig. 8.11

6.2. Parameter sensitivity studies12

The latest review of the parameter identification procedures for the most promising 8/4-pole BDFRG type has13

reported < 10% relative differences between the experimental and design predictions for Lm, and < 5% for Lp [34].14

Nevertheless, a variance of up to 30% in L̂m, and 25% in L̂p, has been assumed to demonstrate the observer and15

controller robustness. For ease of comparisons, the same wind speed and ±0.3 MVAr step reference signals have been16

simulated as in Fig. 7 produced using the actual Lm and Lp values from Table 1.17

The observer salient features discussed in Sections 4 and 5 have been validated by the results presented in Fig. 9.18

The complementary remarks are as follows: (1) The rotor speed estimation errors (Δ!rm) are zero in average by anal-19

ogy to Fig. 7 despite the severe inductance mismatches (|ΔLm,p|). The secondary current vector angular displacement20

(Fig. 4B) is minor too (e.g. mean |�err| ≈ 0.25◦), the plots being nearly identical in all cases so only one is shown in21

Fig. 9e. Such precise !̂rm = !̂r∕pr and �̂ are imperative for the algorithm convergence and can be largely attributed22

to the adaptive PI control actions coupled with the closed-loop observer design (Fig. 4A), meaning that the main sta-23

bility criteria (i.e. Δ!r ≈ 0 and " ≈ 0), coming from (20)-(22) have been satisfied; (2) The position estimates (�̂r,s),24

although inferior to those in Fig. 7 as expected, are of sufficiently high quality, the respective errors (Δ�r = Δ�s)25

gradually increasing in absolute sense with lowering L̂p for a given |ΔLp|. This can be seen in Figs. 9a and 9h for26

|ΔLp| = 0.25Lp, as well as from Fig. 5 in steady-state; (3) Δ�s is unaffected by L̂m inaccuracies, and so is the �̂s27

dependent current control performance (Fig. 3), as per Figs. 9f-h showing the entirely coincident waveforms for either28

L̂m; (4) The L̂m,p variations have a notable impact on the îs accuracy, which is much worse than in Fig. 7, as illustrated29

in Fig. 9l. However, this drawback is irrelevant to control as the secondary current measurements are used to derive the30

feedback components (isd,q) as indicated in Fig. 3; (5) The decoupled Pp and Qp characteristics in Fig. 9d, generated31

from the measured primary voltages and currents (Fig. 3), are basically the same as in Fig. 7 and do not seem to be32

influenced by Δ�s even for the maximum |ΔLm,p| considered; (6) The corresponding isq = is sin ̂ and isd = is cos ̂33

in Fig. 9b are also little affected by the relatively small |Δ�s| (i.e. below 10% from Fig. 9c), and even less according to34
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Figure 7: Oscillograms and simulated waveforms of the BDFRG sensorless control performance.

Figs. 9f and 9k, closely resembling the counterparts in Fig. 7; (7) The effects of the Δ�s introduced secondary frame1

misalignment on the current control quality are quantified in Figs. 9c, 9f and 9k through Δisd = is cos  − isd and2

Δisq = is sin  − isq where ̂ =  + Δ�s as outlined in Fig. 4B. It is clearly visible that both |Δisd| and |Δisq|, nor-3

malised to the measured is, are very similar in shape to |Δ�s| shown in the top three sub-plots, all rising in magnitude4

with the speed reduction (pertaining to the profile in Fig. 7) and varying in a wider range for the under-estimated L̂p5

(e.g. the changes are bigger in Fig. 9a than in Fig. 9h, and the least in Fig. 9i at only 10% mismatch). This is also6

evident from Fig. 5, which can provide reasonable Δ�s approximations for a given L̂p at unity (as presented) or any7

other primary power factor of interest determined by ipd in (27); (8) Finally, note in Fig. 9 the favorable dips in the8

|Δ�s| responses to the Qp < 0 step changes i.e. when |Qp| is being delivered to the grid as desired in practice.9

6.3. Two-mass mechanical model10

The simulated wind turbine represents a simplified model of the actual electro-mechanical WECS. The effect11

of more detailed mechanical modelling on the MRAS performance is evaluated using a two-mass model shown in12
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Figure 8: Sensorless MPPT operation of the BDFRG turbine for a realistic wind speed profile.

Fig. 10-A [35, 36]. The corresponding model of the drive train dynamics presented in Fig. 10-B uses separate masses1

for the turbine (Hwt) and generator (Hg). The effective shaft torsional stiffness (Ksℎ) and mutual damping (Dm)2

model the dynamics of the coupling between the low-speed turbine and the medium-speed BDFRG. The comparative3

simulation studies of the two-mass and single-mass models of the drive train are presented in Fig. 11 when the wind4

speed is changed suddenly from 9 m/s to 11 m/s at t = 5 s. This observation proves that the accuracy of the speed and5

angle estimation of the MRAS observer is unaffected by the mechanical dynamics. As shown in Fig. 1, the grid-side-6

converter (GSC) regulates the DC link voltage and injects additional reactive power to the grid, which is very similar7

to the DFIG counterpart [19, 37]. Thus, the MRAS observer performance is not impacted by the GSC modelling and8

is out of scope of this paper.9

6.4. Symmetrical fault studies10

The transient performance of the proposed MRAS observer is evaluated during a 20% symmetrical voltage dip11

lasting 2.5 s [38] at a constant wind speed of 11 m/s. The two-mass model is applied to take the mechanical dynamics12

into account for the speed and position estimation. As shown in Fig. 12, the observer is able to provide accurate13

position estimates (within a 5◦ margin) with zero steady-state speed error during the fault and after recovery. The14

transient speed estimation errors at the fault inception and clearance time instants are less than 2.2%, which proves15

the accuracy and effectiveness of the proposed observer.16

7. Conclusions17

A new, viable MRAS based estimation technique for sensorless control of real (Pp) and reactive power (Qp) of18

large-scale BDFRG wind turbines has been presented and verified by realistic simulation, experimental, and sensitivity19

studies to parameter uncertainties. The results produced for a custom 1.5 MW BDFRG design of comparatively20

negligible resistances have shown the outstanding performance prospects in terms of the entirely decoupled Pp and Qp21

responses and intrinsic robustness of the controller to disturbances created by step-changes in Qp demands, variable22

MPPT conditions, and/or significant inductance variations. Such attractive attributes have been made possible by23

the accurate estimates of the control frame position, and foremost the rotor speed, offered by the observer strong24

advantages over the existing configurations including a highly reliable reference model, reliant on the secondary25

current measurements only, and a closed-loop adaptive counterpart requiring knowledge of the measured grid voltages26

and currents at line frequency, and the primary winding self (L̂p) and mutual (L̂m) inductances identified by off-line27

testing or otherwise. The properly tuned PI gains, arriving from a small-signal analysis, have allowed to: (1) eliminate28

inaccuracies in the adaptive model outputs; (2) preserve the stability of the observer, hence the control algorithm;29

(3) accomplish the L̂m independence in the process; and (4) achieve immunity to L̂p mismatches, especially in the30
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Figure 9: The observer and BDFRG controller responses to inductance mismatches: (a-e) L̂m = 0.70Lm, L̂p = 0.75Lp;

(f-h) L̂m = 1.20Lm & L̂m = 0.90Lm, L̂p = 1.25Lp; (i-k) L̂m = 0.90Lm, L̂p = 1.10Lp; (l) current ratio comparison.

most efficient super-synchronous mode of the Qp producing BDFRG, when the overall little position estimation (and1

associated current feedback) errors turn out to be the smallest.2

The above observer and controller properties are indeed stimulating to justify continuing BDFRG research as3

a promising medium-speed DFIG substitute. The operation and maintenance cost savings that can be made by its4

brushless construction, the absence of a vulnerable shaft position sensor, and the use of a simpler 2-stage gearbox,5

should undoubtedly be appealing arguments to consider for grid-connected wind power applications down the line.6
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Figure 10: Two-mass mechanical model of BDFRG-based wind turbine: A) Schematics; B) Block diagram.
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Figure 11: Comparative simulation results of the two-mass and single-mass turbine models.
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Figure 12: Controller and MRAS performance during a 20% symmetrical voltage dip.
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