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Abstract: This paper addresses a new mechanical rotor speed observer for sensorless control of standalone
Brushless Doubly-Fed Induction Generators (BDFIGs) based on the dq axis power winding flux Model Reference
Adaptive System (MRAS) observer. The observer is integrated in the control method for control the terminal
frequency and voltage magnitude under various work conditions. The efficiency of the proposed observer and
control strategy is proved by overall simulation results and confirmed by experiments. As illustrated without using
physical rotor speed sensors, the sensorless control strategy integrating the proposed speed observer can keep
effectively the frequency and amplitude of power winding voltage fixed at various rotor speeds and under various
conditions of machine parameter and load changes.

Keywords: Brushless Doubly Fed Induction Generators (BDFIGs), Model Reference Adaptive System (MRAS),
sensorless speed control, dq axis PW-flux

1. Introduction

In order to the use of brushes and slip ring, the conventional Doubly-Fed Induction Generator (DFIG) face several
disadvantages, like large dimensions, minimum reliability, and large cost required for repair. Furthermore, the brushless
Doubly-Fed Induction Generator (BDFIG) has absorbed much attention because of its minimum maintenance cost and
high reliability design. The Control Winding (CW) and the Power Winding (PW) with various numbers of pole-pairs to
hold the straight coupling between them are contained in the same stator of the BDFIG, and the rotor is particularly
designed to offer the cross-coupling between CW and PW [1]-[6]. The BDFIG keep all the merits of the conventional
DFIG and has been considered an applicable replacement [5] the standalone BDFIG has appeared very good energy
saving effectiveness in variable speed constant frequency ship shaft power generation systems. the Power Winding Side
Converter (PSC) is used to feed the variable frequency exciting current to the CW, and the Control Winding Side
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Converter (CSC) sharing the same dc bus as the PSC is linked to the PW to adjust the dc bus voltage and to obtain the
bidirectional power flow as shown in fig.1 [6].

The employ of physical speed sensors has a lot of disadvantages in terms of hardness, cost, cabling and repair.
Therefore, the sensorless physical speed control is preferred [7]. Many sensorless control strategies based on an MRAS
observers for Doubly Fed Induction Machines (DFIMs) have been completely addressed in the literature [8]-[17], the
slip frequency is observed based on reactive power- MRAS observer for the standalone DFIG in [8]. A sensorless
control method for DFIG in [9] is proposed based MRAS observer using a stator flux.

PSC CSC

Tl

gt w5 _PW.
E‘m Load

Fig. 1 - Block diagram of BDFIG

The study in [10] presents an MRAS observer for the sensorless control of DFIMs based on the torque and flux
rotor current components in the stator-flux oriented axis. A new sensorless control strategy of DFIG based on the
MRAS observer using a rotor current has been presented in [11]. A new sensorless rotor position based on
electromagnetic torque MRAS observer for DFIG is addressed in [12]. A new control method for sensorless VC of
DFIMs based on a rotor current MRAS observer has been proposed in [13]. A sensorless control strategy for grid-
connected DFIG based on a back-electromotive force MRAS observer is presented in [14]. A sensorless control method
for DFIMs in [15] has been presented for the adjust tuning of the stator inductance in MRAS-rotor current. In [16], a
new MRAS for VC of DFIM drive under stator flux orientation has been presented based on a fictitious quantity (ohm).
Various MRAS observers are analyzed for the VC method DFIM of stand-alone and connected - grid, using a rotor
flux, stator current, stator flux and rotor current in [17].

Only three literatures have address with MRAS for BDFIMs on this topic have been addressed in [18],[19] and
[20]. The first difference of the four methods, [18], [19],[20] and the proposed MRAS in this paper, lies in the control
aim. The control aims of [19] and the proposed in this paper are the same including the DVC of standalone BDFIG
systems in terms of the frequency and voltage amplitude without any physical speed sensors, whereas the control aim
of [18] and [20] is the sensorless speed control of BDFIG connected — grid and sensorless speed control of BDFIM
respectively. The second difference among the four strategies is the principle of application. Strategy in [18] and [19]
use the PW flux as the control component, with integrators to obtain the calculated flux in its stationary reference
frame. In [20], the CW current is estimated in the stationary reference frame and employ as the control component. In
the proposed Strategy in this paper, the dq axis PW flux is respected as the control component, without the need of the
integrator to achieve the calculated flux, based on the rotatory reference frame. Finally, the number of integrators in
the physical speed observer employed in [18], [19], [20],[21] and the proposed method in this paper are four, four, four,
and two, respectively.

Based on the analysis above, the strategy proposed in this manuscript can be considered as the most distinguished
one among the four strategies due to the use of the fewest number of integrators and the consequent lowest complexity
in the calculation’s operation.

In this paper, the PW-flux MRAS based voltage-oriented control strategy is used to obtain the sensorless control of
standalone BDFIG systems. The proposed strategy contains two models, the reference model and the adaptive model
using the PW flux.

The paper is regulated as follows. The mathematical model of BDFIG is represented in Section II. The complete
design of the proposed MRAS observer is addressed in Section III. Section IV addresses the proposed sensorless
control system based on the dq axis PW-flux MRAS observer. The proposed method is simulated in Section V, and
verified by experiments in Section VI. Finally, the conclusions are sketched in Section VII.

Nomenclature is included if necessary
ol,m2  Angular frequencies of power and control windings (electrical rad/s)
@, ,®; Estimated and actual rotor angular speeds (mechanical rad/s)

pl, p2 Pole pairs of power and control windings

u, i,y Voltage (V), current (A), and flux linkage (Wb)

U RMS value of voltage (V)

R;, Ry, Ry Resistances of the rotor, power and control windings (€2)

L., Li, L, Self-inductances of the rotor, power and control windings (H)
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Lir, L»r  Mutual inductances between the rotor and power windings, and the rotor and control windings (H)
67,, Estimated rotor positions (mechanical rad)

S Differential operator

2. Mathematical Model
In the doubly fed mode, the rotor speed of BDFIG can be expressed as [21]
o +to,

ptp,
The mathematical vector model of BDFIG in the dq synchronous frame can be derived as [21]

M

r

u, = Rj +%+ jow, ()]
0=Ri + dZ’ + j(o,— po,)y, A
U = Ryl +%+j(wl —(p + Py, “
w,=Li +L,i )
w,=Li +L,i,+Li (6)
v,=Li,+L,i 9

3. MRAS Observer Structure

The proposed MRAS observer, as shown in Fig. 2, has two models, the reference and the adaptive model. The
measured stator PW flux obtained from the voltages and currents of the PW is compared to the flux obtained from the
PW and CW stator currents. The error is controlled to be equal to zero using a PI controller and the output of this
controller is used as the estimation of the rotor speed. Then, this estimated speed is fed back to adjust the adaptive

model.
From (2) at steady state, a reference model design can be obtained as

U, _Rlllq
A B —
@ ®)
Uy - R,
Yy ="
2

s : Vg 5,

i Ea(13) P > L
Qg :; v,

Leceeereeeeo lq

Adaptive model

> v, = —Ri,
&
—Rj,
Uy > P :1 1

Reference model

Fig. 2 - Structure of the dq PW-flux MRAS observer

36



Alameen et al., Journal of Advanced Industrial Technology and Application Vol. 3 No. 2 (2022) p. 34-48

Substituting (6) to (3) yield

i = —[s+ j(o, — p@ )L, i, + L, i)

v ; ©)
Rr +[S +J(a)l _pla)r )]LI
From equation (5)
L
i =iz//l o (10)
Ll Ll

Substituting (10) to (9), and can be neglected, the rotor current can be obtained as follow:

i = (L1L2ri2 +Llrl//1)

: (11)
(Llr2 _LlLr)

Substituting equation (11) from (5), the PW stator flux is

_ (Ll Lr - Llrz )i1 B (LlrLZr )iz
b L

.

(12)

The adaptive model of the estimation of the power winding stator flux in dq reference frame is

_ (L] L~ Llr2 )ildq B (LlrLZr )iqu

Vi = L (13)
The speed can be observed as

. K, -

@, = (K, += W ¥y =V, (14)

4. Proposed Sensorless Control Based On PW-FLUX MRAS Observer

The PW voltage d-axis component, ujq tracks the PW voltage reference U;" through the reference amplitude of
CW current i2q". The PW voltage g-axis component, ulq, can converge to zero by regulating the CW current frequency,
®2", such that the resultant PW voltage vector overlaps the d-axis of the rotating dq frame, i.e. the PW voltage and
frequency can well track their reference values.

The frequency and amplitude of the PW voltage are kept constant at the desired voltage and frequency (in this
paper, the reference values are set as 311 V and 50 Hz) under variable rotor speed, load and parameters for the
standalone BDFIG system. Fig.3 shows the overall proposed control method.

5. Simulation Results

To prove the effectiveness of the proposed control strategy, several of the obtained simulation results are addressed
in this section for a BDFIG when the rotor speed varies from 700 rpm to 600 rpm. The effectiveness of the proposed dq
axis PW-flux MRAS observer for sensorless DVC when the parameters change is also approved in this section. The
parameters of the simulated system are scheduled in table I.
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Fig. 3 - Overall block diagram of the proposed sensorless control method for the standalone BDFIG system

Table 1 - Detailed parameters of BDFIG

Parameter Value

Capacity 30 kVA

Range of speed 600 ~1200 rpm

p1, P2 1,3

PW voltage and current 380 V,45 A

CW voltage range 0~350V

CW current range 0~40 A

Ry, Ra, R, 0.4034 Q, 0.2880 Q, 0.3339
Ly, Lo, Lr 0.47490'1121,2(5)é)%fl6 H,
L, Lo 0.3069 H, 0.02584 H

5.1 Response Under Speed and Load Variation

Fig. 4 illustrates the response when the rotor speed reduces from 700 rpm to 600 rpm at t = 1 s under load vary
from 50 Q to 25 Q at t=1.2 s for the proposed dq axis PW-flux MRAS observer. Fig. 4 (a)-(g) show the actual and
estimated rotor speeds, the detailed actual and estimated rotor speeds, the PW three phase voltages for various periods,
and the CW three-phase currents, respectively.
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Fig. 4 - Simulation results under the speed ramp change with load change. (a) actual and estimated rotor speeds.
(b) detailed actual and estimated rotor speeds. (¢) PW three phase voltages between 0.5 and 2.5 s. (d) PW three
phase voltages between 0.7 and 0.78 s (e¢) PW three phase voltages between 2.2 and 2.28 s. (f) PW three phase
voltages between 1.15 and 1.25 s. (g) CW three phase curren ts
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5.2 Effect of Parameters Variations

Figs. 5 and 6 illustrate the response of BDFIG when the parameters change, including the change of PW resistance
and the inductances which affect the proposed control method, respectively. The effects were studied with 130% of PW
resistance and 150% of the whole inductance values under load change from 25 Q to 50 Q at t=1.2 s figs. 5 and 6(a)-(d)
show the actual and estimated rotor speeds, the PW three phase voltages for different periods, and the CW three phase
currents, respectively.
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Fig. 5 - Simulation results under 130% variation in PW resistance for the proposed sensorless DVC system
of BDFIG. (a) actual and estimated rotor speeds. (b) overall PW three phase voltages. (c) detailed PW three
phase voltages between 1.15 and 1.25 s. (c) CW three phase current
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Fig. 6 - Simulation results under 150% variation in the whole inductance. (a) actual and estimated rotor speeds;
(b) overall PW three phase voltages; (c) detailed PW three phase voltages between 1.15 and 1.25 s; (d) CW three
phase currents

It is noticed from the simulation results, shown in figs. 5 and 6, the proposed sensorless control method is not
affected by any variation in the BDFIG parameters including both the PW resistance and the inductances, but they
affect the estimation of the generator speed.

The study addressed in this subsection well shows the effectiveness of the proposed sensorless control method
based on dq axis PW-flux MRAS observer for DVC of the standalone BDFIG systems with good transient responses.
The simulation results prove good tracking implementation for frequency and voltage amplitude control when the rotor
speed changes and the load varies. The addressed simulation results verify that the estimated rotor speed is in a good
harmony with the measured speed. This ensures the effectiveness of the proposed dq axis PW-flux MRAS observer for
the sensorless DVC control system of the standalone BDFIG.

The study addressed in this subsection well shows the effectiveness of the proposed sensorless control method
based on dq axis PW-flux MRAS observer for DVC of the standalone BDFIG systems with good transient responses.
The simulation results prove good tracking implementation for frequency and voltage amplitude control when the rotor
speed changes and the load varies. The addressed simulation results verify that the estimated rotor speed is in a good
harmony with the measured speed. This ensures the effectiveness of the proposed dq axis PW-flux MRAS observer for
the sensorless DVC control system of the standalone BDFIG.

6. Experimental Results

Overall experiments are achieved to confirm the performance of the proposed sensorless control strategy based on
the dq axis PW-flux MRAS observer. Fig. 7 shows the experimental setup of the standalone wound-rotor BDFIG
system. This prototype comprises a wound-rotor BDFIG, a prime mover of 37 kW induction motor, a back-to-back
converter incorporated with DSP TMS28335 control circuit for linking the PW and the CW and load box. The
parameters of the BDFIG system are inducted in table 1.

6.1 Constant Load under Variable Speed

The generator speed began from 700 rpm under a three-phase load of 50 Q per phase, and then is decreased to 600
rpm. Fig. 8(a) shows the estimated speed by the proposed speed observer, which well tracks the actual speed. Fig. 8(b)
illustrates the error between the actual and the estimated speed. The control method succeeded in keeping the load
voltage fixed at the reference rms value of 150 V as proved in fig. 8(c). The CW current under various speeds is shown
in fig. 8(d), and the estimated speed can be confirmed by the frequency of winding current showed in Figs. 8(e) and ().

41



Alameen et al., Journal of Advanced Industrial Technology and Application Vol. 3 No. 2 (2022) p. 34-48

30 KVA BDFIG

Fig. 7 - Photograph of experimental setup

6.2 Constant Speed Under Variable Load

When the generator speed is fixed at 600 rpm and the load is initially set at 50 Q per phase and then reduced to 25
Q per phase, both the actual and estimated speed is shown in fig. 9(a), and the difference between them (error) is
showed in fig. 9(b). As illustrated in fig.9(c), the output voltage of the PW is constant at 150 V rms. Fig. 9(d) illustrates
the zoomed waveform of the PW voltage to illustrate that the frequency is kept at 50 Hz. The CW current and the
zoomed waveform are shown in figs. 9(e) and (f), respectively.

6.3 Variable Load and Variable Speed Under 1.5L. Change

The third experiment test is carried out with change speed, change load, and 1.5 increases in all inductances. The
generator is initially worked at 700 rpm with a three-phase load of 50 Q per phase. Then, the speed is decreased to 600
rpm, and during the reduction of the speed, the terminal load is changed from 50 to 25 Q per phase. As illustrated in
fig. 10(a), the estimated speed well tracks the actual speed during the load and speed change. The error is about 0.7%
from the reference speed as shown in fig. 10(b). The PW terminal load voltage and the CW current are shown in Figs.
10(c) and (d). The effect of load vary can be observed from the CW current illustrated in Fig. 10(d).
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Fig. 8 - Experimental results under variable speed (700 rpm to 600 rpm speed change) for the proposed
sensorless DVC system of BDFIG. (a) actual and estimated rotor speed; (b) rotor speed error; (c) PW phase
voltage; (d) overall CW phase current; (d) detailed CW phase current between 2 and 3 s; (d) detailed CW phase
current between 43 and 44 s

640 T T
[ Actual speed
__Estimated speed
620 | L
E. 600
=
=
H
g
&80 | 1
560 1 1 1 1 1 1 L L L
0 0.5 1 15 2 25 3 35 4 45 5
Time(s)
(2)

Speed error(rpm)
-

I
0 0.5 1 1.5 2 25 3 35 4 4.5 5

Time(s)
400
200
| \H
S ol
g
: w
4 \
z 200
9
-400 I I I I I I I I I
0 0.5 1 1.5 2 25 3 35 4 4.5 5
Time(s)
©

43



Alameen et al., Journal of Advanced Industrial Technology and Application Vol. 3 No. 2 (2022) p. 34-48

400

=l T
il /M d f bﬂ WJ | | U/\ WWW il
2]::7 = \ (e)”“m /f\\/\ |
i

Fig. 9 - Experimental results under variable load with the rotor speed of 600 rpm. (a) actual and estimated
rotor speeds; (b) rotor speed error; (c) overall PW phase voltage; (d) detailed PW phase voltage between 3.55

and 3.68 s; (e) overall CW phase current; (f) detailed CW phase current between 0 and 1.8 s
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Fig. 10 - Experimental results under variable speed (700 rpm to 600 rpm speed change and load change
under same time) for the proposed sensorless DVC system of BDFIG with 1.5L variation, (a) the actual and
estimated rotor speed; (b) rotor speed error; (c) the PW phase voltage; and (d) CW phase current

6.4 Response with Load Change under PW Resistance Variation (1.3 Ri)

To show the effects of parameters changes, e.g. the PW resistance, the fourth experiment test is achieved at a fixed
speed with changing load. The generator is firstly operated at 600 rpm with the three-phase load of 50 Q per phase. At
3.2 s, the terminal load is varied from 50 to 25 Q per phase as shown in fig. 11. Although the PW circuit resistance
varies, the proposed estimation strategy is capable to correctly estimate the actual speed as confirmed by fig. 11(a). The
error between the estimate and measured speeds is plotted in fig. 11(b). The maximum value of this error is less than
0.3%from the reference speed. The detailed PW load voltage is illustrated in figs. 11(c) and (d) (zoomed waveform).
The effect of load change can be observed from the CW current shown in figs. 11(e) and (f) (zoomed waveform).
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Fig. 11 - Experimental results under PW resistance variation (1.3 R1) with the speed of 600 rpm. (a) actual
and estimated rotor speeds; (b) rotor speed error; (c) overall PW phase voltage; (d) detailed PW phase voltage
between 3.2 and 3.35 s; (e) overall CW phase current; (f) detailed CW phase voltage between 6 and 8 s

6.5 Speed Variation and Load Change

To validate the proposed control method, the fifth experiment test is addressed with variable speed from 700 to 600
rpm, under variation load from 50 to 25 Q per phase. All the experimental results of this case study are schemed in figs.
12(a)-(f), showing the actual and the estimated speeds, the error of speed tracking, the real time and zoomed waveforms
of the PW voltage and CW current, respectively. As illustrated by the addressed experimental results, the proposed
sensorless control strategy is not affected by any mismatch in the BDFIG parameters, including both the PW
resistances and inductances.

Both the simulation and experimental results confirm that the estimated generator speed can track successfully the
actual value under different operating conditions, and the proposed sensorless control method based on PW-flux MRAS
is effective for standalone BDFIG systems.
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Fig. 12 - Experimental results under (700 rpm to 600 rpm speed change) and load change from 50 to 25 Q
for the proposed sensorless DVC system of BDFIG. (a) actual and estimated rotor speed; (b) rotor speed error;
(c) PW phase voltage; (d) overall CW phase current; (e) detailed CW phase current between 1 and 2 s; (f)
detailed CW phase current between 49 and 50 s

7. Conclusion

This paper addresses a new MRAS speed observer based on dq PW- flux for sensorless control of standalone
BDFIGs. The proposed MRAS observer on dq-PW flux two models, the adaptive model and the reference model.
Performance of the addressed control strategy is shown by simulation results and confirmed by experiments. The
tested BDFIG has proved good transient behavior under various rotor speeds, load changes and parameter variations
under the control of the proposed control strategy based on the dq axis PW-flux MRAS. The results also prove the good
tracking between the estimated and actual speed response, proving the strong capability of the proposed sensorless
control based on the dq axis PW-flux MRAS observer for standalone BDFIGs.
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