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ABSTRACT This paper proposes a novel sensorless control based on the stator current vector for permanent-
magnet synchronous generators in variable-speed wind energy conversion systems. In the proposed method,
the rotor angle and speed are estimated indirectly from the stator currents, where only the stator inductance
is required regardless of the stator resistance. In addition, the proposed method uses one current control
loop to regulate the stator current magnitude, rather than two current control loops. To eliminate the current
measurement noise, the second-order generalized integrator (SOGI) with a frequency-locked loop (FLL) is
utilized, which can improve the estimation performance. The proposed sensorless control method with the
SOGI-FLL is simple and easy to implement while achieving a fast and accurate estimation performance
of the rotor angle and speed. The feasibility of the proposed method has been verified by simulation and
experimental results.

INDEX TERMS Direct drive, frequency-locked loop (FLL), permanent-magnet synchronous genera-
tor (PMSG), second-order generalized integrator (SOGI), sensorless control, wind energy conversion

system (WECS).

I. INTRODUCTION
Due to the strong demand for clean and sustainable energy
in the world, wind power generations have been installed at a
steadily increasing rate, from offshore to even residential and
urban areas [1]-[3]. Since the direct-drive multi-pole PMSGs
can offer higher efficiency and reliability, simpler structure
and reduced maintenance costs by eliminating gearbox, they
are being employed widely for wind power systems [4]—
[6]. To convert the AC output voltage of the PMSG into
the DC voltage, various AC/DC converter topologies have
been proposed [1], [7]. Although the use of a diode rectifier
brings the advantages of low cost and simple control [8], [9],
it incurs high torque ripples of the generator and increases
the system power losses. On the other hand, a three-phase
PWM converter is preferred to achieve high efficiency and
fast dynamic performance [10], [11].

For a maximum power point tracking (MPPT) control,
the speed information is indispensable. Many back-EMF-
based sensorless control schemes for the PMSG have been

proposed in [12] and applied widely in the field due to the
simple control and good dynamic performance [13]. The
back-EMF-based sensorless algorithms have been imple-
mented in a variety of methods such as open-loop calcu-
lation [14], disturbance observer [15], [16], sliding-mode
observer (SMO) [17] and other advanced methods using
extended Kalman filters [18] and neural networks [19], [20].
Although the open-loop and disturbance observer meth-
ods are simple and easy to implement, their performance
is affected by the inverter nonlinearities and measurement
noises [12]. The SMO can improve the estimation per-
formance with high robustness to disturbances and model
uncertainties, but the chattering behavior caused by the dis-
continuous switch control leads to the oscillating estima-
tion errors [21]. The second-order SMO can be a solu-
tion to eliminate the chattering, but the system complexity
is increased [22]. Other advanced methods can also give
high performance by mitigating the harmonic ripple in the
back-EMF and parameter inaccuracy effects. However, the
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structure and design of these algorithms are complicated,
which need a long execution time of digital control, so that
high speed microprocessors of DSPs are required. Beside the
back-EMF-based model, the flux-based model is also com-
monly used to acquire the rotor angle information [23], [24].
In the flux model, the magnitude of rotor flux is independent
of rotor speed, and the performance is also less sensitive to
machine parameter uncertainties. To obtain the flux, an inte-
gration of the back-EMF is required, where many practical
issues should be carefully considered, e.g., initial condition,
harmonics in the inverter voltage output, noise and DC offset
in the current measurements.

In general, the calculation of the back-EMF and stator flux
requires the information of stator currents, terminal voltages
and machine parameters. In practical applications, due to the
inverter nonlinearity (e.g. dead-time, device on-drop volt-
ages), parameter variations [25], [26] and measurement noise,
the estimates of the back-EMF and stator flux are usually
contaminated. As a result, the accuracy of the rotor angle
and speed estimation is affected adversely. Thus, a phase-
locked loop (PLL) is commonly used to extract the rotor
angle from the observed back-EMF and stator flux [27], [28].
A frequency-locked loop (FLL), which is applied widely
to grid synchronization [29]-[31], can also be utilized for
rotor speed estimation [32]. With the FLL, the speed and
angle estimations are independent of each other, whereas in
the conventional phase-locked loop (PLL)-based extraction
method, the speed estimation is much affected by the angle
estimation.

This paper proposes a novel speed sensorless control
method where the rotor angle is calculated indirectly from the
angle of the stator current vector instead of back-EMF or sta-
tor flux vectors. In the proposed method, only one current
controller is employed to regulate the stator current mag-
nitude, which controls the generator torque. In addition,
the proposed control does not require the stator resistance of
the generator, which varies unpredictably depending on the
operating temperature. Thus, the proposed method does not
need an on-line resistance estimator, which is employed in
some back-EMF-based methods. To enhance the estimation
performance, the SOGI-FLL algorithm is utilized to filter
the noise and DC-offset components in the current measure-
ments. The rotor angle is then calculated from the filtered
current signals and the rotor speed is calculated from the
stator frequency which is obtained from the FLL. Finally,
simulation and experiment results are shown to validate the
proposed sensorless control for the PMSG of the WECS.

Il. MODELING AND CONVENTIONAL CONTROL OF PMSG
A. MODELING OF PMSG

Fig. 1 shows two reference frames for modeling and control
of the PMSG, including the stator «f reference frame and the
synchronous dg reference frame. The «-axis is considered as
the reference. The dg-axis rotates at the rotor angular velocity
w, and the d-axis is aligned with the rotor flux vector, which
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FIGURE 1. Reference frames for PMSG modeling.
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FIGURE 2. Simplified circuits of PMSG in synchronous dq frame.
(a) d-axis circuit. (b) g-axis circuit.

coincides with the N pole of the rotor. The rotor position angle
0, is defined as the angular displacement between the d- and
o-axis.

In this study, the extended back-EMF (EEMF) model-
ing [16] and the extended flux modeling [23] are used since
they can be applied to both the surface-mounted PMSG
(SPMSGQG) and the interior PMSG (IPMSG). For a SPMSG,
the dg-axis inductances are equal (Ly = L), but in an
IPMSG, the d-axis inductance is usually lower than that of
the g-axis (Lg < Lyg).

The voltage equations of a PMSG in the synchronous dg
reference frame are expressed as [16], [33]

va | | —Rs —pLa wrlLy iq n 0
vg | —w,Ly —Ry —pL; || ig wrAy
(D

where vg, vy, iq, iy, are the components of the stator voltages
and currents in the dq reference frame, respectively, Ly and
L, are the dg-inductances, R; is the stator resistance, p is the
differential operator, and A, is the rotor flux produced by per-
manent magnets. From (1), the simplified circuits of PMSG
in the synchronous dg reference frame are illustrated in Fig. 2.
The electromagnetic torque of the PMSG is expressed as
3ny,

T, = = [Arig — (La — Lg) iaiq] )

where n,, is the number of pole pairs. In the stationary refer-
ence frame, the dynamic model of the PMSG is given as

|:Vﬂi| [ S N )] [i ] |: ]
v wr(Lg —Lq) —Rs —pLa ig ep
3)

where v, vg, iy and ig are the aB-axis components of the
stator voltages and currents, respectively, e, and eg are the
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EEMF components in the «f-frame, and [16]

[ea ] = [(Lq — Lg)(wrig — lq) + a)r)\r] |:

—sin 6,
eg ’

cos 0,

“

In the stationary o reference frame, the model of PMSG
can be expressed as

Voo | _ lo i Ao
[Vﬁ]_ Rs[iﬂ}rdt[lﬁ] ®

where A, and Ag are the stator flux components in the of-
axis. The relationship between the stator and rotor fluxes is
given by [23]

Aa | | —Lg 0 Iy cos 6,
A A A R b

where Aoy = A, + (Ly — Lg)ig is the magnitude of the
extended flux.

Based on the modeling of PMSG, there are two ways to
estimate the rotor angle. In the first one, the rotor angle can
be calculated directly from the EEMF in (4), as

ér = —arctan(ey /eg). 7)

In the second approach, the rotor angle is calculated from the
stator flux in (6), as

~ A L,i
0, = arctan <M) )
Ao + Lyl

B. FIELD-ORIENTED CONTROL OF PMSG

There are two common control methods for the PMSG,
such as field-oriented control (FOC) and direct torque con-
trol (DTC) [34], [35]. In this study, the FOC is used due
to its simplicity and wide acceptance for industrial drives.
Fig. 3 shows a block diagram of typical sensorless FOC
control for PMSGs in WECSs. The FOC is performed in
the synchronous reference frame with one outer-loop speed
controller and two inner-loop current controllers.

The g-axis reference current i;‘; is determined by the MPPT
controller, whereas the d-axis reference current ij} is set to be
zero or by a function of ij]‘ depending on the control strategies.
In practice, two control strategies are widely used for the
PMSGs, such as the zero d-axis current (ZDC) control and
maximum torque per ampere (MTPA) control. Usually, the
SPMSG is controlled by the ZDC scheme with i} = 0,
whereas the MTPA control is applied to the IPMSG to gener-
ate the maximum torque with a minimum stator current [33].

Ill. PROPOSED CURRENT-BASED SENSORLESS

CONTROL OF PMSG

A. ZERO D-AXIS CURRENT (ZDC) CONTROL

Normally, the multi-pole PMSGs employed in WECSs are
of the surface-mounted type since it is easier to manufacture
and less expensive than IPMSGs [36]. In the SPMSG, the
inductances of L; and L, are equal [37], thus the torque
equation in (2) can be simplified as

T, = 1.5nphig. )
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FIGURE 3. Block diagram of typical sensorless FOC control for PMSG in
WECS.

Since the d-axis current does not contribute to the torque pro-
duction, it is controlled at zero. Consequently, the generator
torque is proportional to the stator current magnitude /.

In the synchronous reference frame, the d-axis is aligned
with the rotor flux linkage vector X,. As a result, the current
vector iy becomes perpendicular to the rotor flux vector A,
when iy = 0. In the steady state with ZDC control, the voltage
equations in the synchronous reference frame can be simpli-
fied as

va = wrLgiy (10)
vy = —Rsig + wrAr.

Fig. 4 illustrates the space vector diagram of the PMSG
with the ZDC scheme. 6, and 6; are the angles of the rotor
flux (rotor angle) and stator current vectors, respectively. It is
seen in Fig. 4 that 6, = 0; — /2.

B. PROPOSED SENSORLESS CONTROL
In the ZDC method, the angle between the stator current
vector and rotor flux vector should be 90°. Based on this
observation, an angle 6, = 6; — /2 is used for coordinate
transformation. The angle 6;, is called a transformation angle.
The block diagram of the proposed method is illustrated
in Fig. 5. At the beginning, the measured stator phase currents
are transformed into the stationary o frame, as

. 1 0 .
[’.“]: 1 2 [’.“]. (11)
ig — — ip
V3 V3
Then, the angle of the stator current vector can be calculated
by
0; = arctan(iy /ig). (12)
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FIGURE 5. Block diagram of proposed sensorless control scheme based
on stator current vector.

Since 6, = 6; — m /2, the trigonometric functions of 6, can
be calculated directly from the current values as

_—l“; L (13)
/2 +i5 [i2 +if

By using 6, to convert the stator currents from «-reference
frame to dg-reference frame, the d-axis current becomes zero,
whereas the g-axis current equals to the magnitude of stator
currents. The d-axis current can be kept at zero without any
feedback controller if the d-axis reference voltage is set to
vy o= c?),l:qls, where @, = db /dr is the estimated rotor
angular velocity, I:q is the nominal value of g-axis inductance,
which is measured offline before installation and I is the
magnitude of the stator current vector, which is calculated by

Iy =/i2 + i (14)

In this method, the generator torque and output power are
controlled by regulating ;. The output of I current controller
is added with a feed-forward term, vy = @A, to produce
the g-axis reference voltage vj. The feed-forward term vy
helps to achieve a fast response to speed variations.

Using the transformation angle 6;,, the voltages which are
applied to the generator are obtained as

Vo | [ cosOy —sinby, | [ V]
vg | | sin6 cos by, v;

_ l:qus c'os 0, — v;q“ sin 6, ' (15)
Lol sin 0y + Vg €O8 Oy

sin 6y, = cos by =

&
1)
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Substituting (15) into (5), the stator flux linkage components
are calculated as
| 1 c?),iqls sin 6, + vZ €08 0y + Ryl cos 6y,
g | —c?),l:qls cos Oy + vy, 8in 6y + Ryl sin 6 ’
(16)

&,
Substituting (16) into (6),

—c?),f,qls cos 0y + vZ sin 6, + Rl sin 6;,

.| Ly 0 Iy . cos 0,
A R e v S

Then, the relationship between the transformation angle 6;,
and the rotor angle 6, can be expressed as

. cos 6, A ( o ) — sin 6y,
(V‘I + RSIS) [ sin 0;, ] tor(Lg =Ly ) Is [ cos b,

N 0
= Wylext |:COS rj|. (18)

|: d)rl:qls sin 6y + v(’; coS Oy + Ryl cos 6y, :|

sin 6,

In (18), if the nominal g-axis inductance matches with
the actual one, then the transformation angle 6, is equal
to the rotor angle 6,. Therefore, the transformation angle
0;r can be used as the estimated rotor angle é,. As seen
in (18), the variation in the stator resistance R, does not
affect the accuracy of the rotor angle estimation, whereas the
variation in inductance L, does. However, the value of L, in
SPMSGs can be regarded as constant at different operating
conditions [37].

If there is a variation in the L, an error A6, will appear
in the estimated rotor angle. From (18), the angle estimation
error can be calculated as

19)

Dr(Ly — L)l
A6, = arctan [M]

v+ Ryl
If the angle estimation error is insignificant (A6, < 0.3rad),
it can be approximated as

oLy — L)l oLy — Ll Ly — LI

A, ~
vE+ Ryl

é)r A ext A r
(20)

As seen in (20), the angle error is dependent not on the
rotor speed, but rather on the stator current magnitude. To
quantitatively evaluate the angle error caused by the induc-
tance mismatch, a 75 kW SPMSG with parameters listed
in Table 1 is investigated. Assuming the mismatch in the
inductance parameter is AL = (L; — iq) /Lq = £20%, when
the stator current magnitude is at the rated value of 175 A,
the angle estimation error is calculated as

(Lg— LI, £20% x 0.00625 x 175

Ar 2.3
= £0.095 rad = £ 5.45°. 1)

AD, ~

Due to the angle estimation error, an error between the
produced torque and the reference one will occur, but it is
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TABLE 1. Parameters of PMSG for simulation.

Parameters Values
Rated power 75 kW
Number of poles 48
Rated voltage 380 Vims
Rated speed 60 rpm
Stator resistance 0.19 Q
dg-axis inductance 6.25 mH
Rotor flux linkage A, 2.3 Wb
DC-link voltage 700 V
Grid voltage 380 V /60 Hz
Switching frequency 2.5kHz

FLL gain
normalization |

ké

3 3
v+ gv”

FIGURE 6. Block diagram of standard SOGI-FLL.

only 0.45%. Therefore, it can be concluded that even if the
inductance value varies, the controller tracks the rotor angle
with acceptable accuracy and the torque error is negligible.

IV. SOGI-FLL FOR ANGLE AND SPEED EXTRACTION

In the proposed method, the rotor angle can be calculated
from the stator currents using the trigonometric functions
in (13). However, the estimation performance is deteriorated
by the noise in the current signals. To improve the rotor angle
and speed estimation performance, the SOGI-FLL [29]-[31]
is applied, which can eliminate the noise and switching har-
monics in the current measurements. In addition, the FLL
associated with the SOGI can estimate the fundamental fre-
quency of the stator currents, from which the rotor speed is
calculated.

A. STANDARD SOGI-FLL
Fig. 6 show the block diagram of the standard SOGI-FLL
[38], from which the transfer function is given by
v kos ”
v 52+ ks + @2 @2)
where v, V' and k are the input, output signals and the gain of
SOQGI, respectively, and @ is the estimated angular frequency
obtained from the FLL. The transfer function in (22) repre-
sents a band-pass filter, whose bandwidth depends only on
the gain k, not the frequency @ [38].

In the FLL block, the FLL gain I is normalized with the
amplitude of the input signal, and then the transfer function
of the FLL is given by [38]

r

TSy @3)

ISERSH
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FIGURE 7. Block diagram of proposed sensorless control with SOGI-FLL.

where w is the frequency of the input signal. From (23), the
settling time of the FLL can be approximated as

5

Iy(FLL) ™~ T (24)

For better tuning of the FLL, a more detailed modeling
of the SOGI-FLL is considered [39], where the influence of
operating frequency on the response of the FLL is taken into
account. In [39], the dynamic transfer function of SOGI-FLL
is obtained as

o kw/2)I"
P e (5)
® 2+ (kw/2)(s+T)
The transfer function of the FLL has the characteristic poly-
nomial as

s2 +20wps + w2 =0 (26)

where ¢ is the damping factor and w,, is the natural frequency.
As arule of thumb, a good tradeoff between the settling time
and overshoot can be achieved with ¢ = 1/ V2. From (25)
and (26), the FLL gain I" can be found as

ko ko

B. APPLICATION OF SOGI-FLL TO PROPOSED METHOD
The SOGI-FLL algorithm is applied to the proposed sen-
sorless control method, of which block diagram is shown
in Fig. 7. The stator currents of the generator are measured
and then filtered with the SOGI. Since the electrical fre-
quency of the direct-drive PMSG is relatively low, the FLL
gain I' selected by (27) is a low value, at which the response
of FLL will be slow. To improve the dynamic response of the
FLL, an additional SOGI-FLL is utilized with a frequency
multiplier, where the frequency of cos 6, can be multiplied
by eight as

N 2
v =2 [2{2(cos9r)2 —12 - 1] —1
= cos 86, (28)
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FIGURE 8. Block diagram of WECS for simulation.

where vy is the output signal of the frequency multiplier.
From (27), the I' can be set eight times higher, then the
settling time of the FLL in (24) is decreased by one eighth.
In direct-drive WECS, the operating range of the PMSG
whose parameters are listed in Table 1 is considered from
10 rpm to 60 rpm. By multiplying the electrical frequency
at the lowest operating speed by eight in (28), then from (27),
the T can be set at 80 with k = /2.

V. SIMULATION RESULTS

To verify the performance of the proposed method, simula-
tion studies are conducted for a 75 kW direct-drive SPMSG
WECS [40]. The configuration of the WECS is shown
in Fig. 8, where the power from the wind turbine is converted
and delivered to the AC grid via a full-scale back-to-back con-
verter system. The machine-side converter (MSC) controls
the generator torque to follow the optimal torque calculated
from the MPPT block. The grid-side converter (GSC) is
responsible for maintaining the DC-link voltage and con-
trolling the active and reactive power transferred to the
grid.

Firstly, the steady-state and dynamic performances of the
proposed sensorless control method are investigated. For this
test, the generator is driven not by a wind turbine, but by a
prime mover. Fig. 9 shows the performance of the proposed
method during the startup and subsequently the acceleration
period. At the beginning, the prime mover speed is set at
10 rpm. At t = 0.1 s, the generator begins to operate for
power generation and the stator current magnitude is set
at 20 A. As seen in Fig. 9, after activating the controller,
the estimated rotor angle 6, immediately follows the real one
0,. In the meantime, the stator currents rapidly reach their
steady states with the amplitude of 20 A. It takes about 100 ms
for the FLL to estimate the rotor speed after the controller
is activated. To show the effectiveness of the SOGI-based
filters, a random noise of 10% of the stator current magnitude
is added in the current measurements. For t < 0.5 s, the rotor
angle is calculated directly from the measured currents. As
seen in Fig. 9(e), the estimated angle is contaminated with
noise for t < 0.5 s. When the SOGIs are activated for current
filtering (t > 0.5 s), the noise in é, is eliminated. Fort > 0.8 s,
the generator speed is accelerated from 10 rpm to 40 rpm
at the slew rate of 300 rpm/s. Fig. 9(c) and (e) show that
the stator currents are well regulated and the estimated angle
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FIGURE 9. Performance of the proposed method during startup and
acceleration period. (a) Generator speed. (b) Speed estimation error.
(c) Stator currents. (d) Rotor angle. (e) Rotor angle estimation error.
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FIGURE 10. Dynamic performance of the current controller at rated speed
and during deceleration period. (a) Generator speed. (b) Speed estimation
error. (c) Stator currents. (d) Rotor angle. (e) Rotor angle estimation error.

follows the real one without any steady-state error even while
the rotor is accelerated.

Fig. 10 shows the dynamic performance of the current con-
troller at rated speed and subsequently during the deceleration
period. Initially, the stator current magnitude is controlled at
50 A and the rotor speed is 60 rpm. At t = 2.5 s, the current

8075



IEEE Access

N. D. Dao et al.: Simple and Robust Sensorless Control Based on Stator Current Vector

0
=}

| ER R— ———

3% | RN

oz e AT T o A

e e AR A A WA AW

BE 00 | A LA AL A A

e I VY VY

R

3% 751 125; 1.5 | 1.75 ‘ 2.0 2.25 25
Time (s)

FIGURE 11. Performance of the proposed method for iq =0.8Lq.
(a) Generator speed. (b) Stator current. (c) Rotor angle estimation error.

80

0

5~ | | |
§§_ 60 o ; P
5 ‘ Dy |
23 | I, |
OD m
’\a 20 ] } |
< & | | !
= ;
I I I

N
=]
=]

TR T A A A AT
AR / |
VY

=]
=]

(b) Stator
current (A)
o

|
=]
]

S

o
S
3

o v

n
=K
p

L
=)

(c) Rotor angle
est. error (degree)

L

o
N
N
N
o -
N
(S,
N
o
o

2.0 225 25

FIGURE 12. Performance of the proposed method for iq =1.2Lq.
(a) Generator speed. (b) Stator current. (c) Rotor angle estimation error.

magnitude reference is set at 175 A (rated value). At t =
2.8 s, the rotor speed is decreased from 60 rpm to 20 rpm with
the slew rate of -300 rpm/s. During the deceleration period,
at t = 3.0 s, the current magnitude reference is reduced to
50 A. Fig. 10(c) shows that the current controller quickly
responds for the step change in the reference without any
overshoots or oscillations. In transient conditions, there are
disturbances in the rotor angle and speed estimations, which
decay soon.

Fig. 11 and Fig. 12 show the performances of the rotor
angle estimation with the inductance variation as AL =
420%. It can be concluded from these responses that the
angle estimation error is dependent on the stator current
magnitude, not on the operating speed. Furthermore, when
the current is 175 A, the angle error is about £5.45°, which is
the same as the value computed in (21). There are variations in
the angle error when the current magnitude jumps from 50 A
to 175 A, but the angle error reaches quickly the steady-state
value.

Fig. 13 shows the simulation results when the generator is
driven by a wind turbine, where the wind speed varies ran-
domly between 2 m/s and 10 m/s. A simple MPPT algorithm
is applied [12], where the generator torque is controlled as
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T = KT,,,ptc?),Zn. With the proposed method, the torque is
proportional to the current magnitude. Therefore, the MPPT
can be achieved by controlling the current magnitude as
I = Klyoptc?),%. The coefficient Kj 4 is constant, which is
calculated from the parameters of the system. Although the
wind speed varies randomly, the estimated speed can track
the real one and the estimation error is kept within the range

of &5 rpm.

VI. EXPERIMENT RESULTS

A reduced-scale prototype has been built to verify the perfor-
mance of the proposed sensorless control method. A photo of
the experimental setup is shown in Fig. 14, where the wind
turbine characteristic is simulated by the control of induction
motor drive. The system parameters are listed in Table 2.
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FIGURE 15. Performances of the proposed sensorless control during
startup at 200 rpm. (a) Generator speed. (b) Generator currents. (c) Rotor
angle.
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FIGURE 16. Performances of the proposed sensorless control during
startup at 800 rpm. (a) Generator speed. (b) Generator currents. (c) Rotor
angle.

(a) Generator
speed (rpm)
)y c
/

A
]
S

w
" 2 rpm/div

§ i:« Ly, p 173 <0.5
s 8
55
S E <0
33
~ =
[ORS]
g 0.25 A/div

]
2
)
§ L ———— 20
=g
£E
N ™ S B N (I R 0
< 2 rad/div
o <3
7~
O e
o O
w2 0
S =
ZE |
SR
~ 1 deg./div

50 ms/div

FIGURE 17. Performances of the proposed sensorless control at 200 rpm.
(a) Generator speed. (b) Generator currents. (c) Rotor angle. (d) Angle
estimation error.

A 4096-ppr incremental encoder and hall sensors are used to
monitor the actual rotor angle and speed, which are used only
for comparison with the estimated angle and speed.
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FIGURE 18. Performances of the proposed sensorless control at
1400 rpm. (a) Generator speed. (b) Generator currents. (c) Rotor angle.
(d) Angle estimation error.
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FIGURE 19. Performances of the proposed method during the
acceleration from 200 rpm to 800 rpm. (a) G tor speed. (b) Speed
estimation error. (c) Generator current. (d) Rotor angle.

TABLE 2. Parameters of PMSG & converter for experiment.

Parameters Values
Rated power 2.75 kW
Number of poles 6

Rated current 8.1 A,
Torque constant 2.3 N.m/A
Stator resistance 0.49 Q
dg-axis inductance 5.35mH
DC-link voltage 350 vV
Grid voltage 220 V /60 Hz
Switching frequency 5kHz

Fig. 15 and Fig. 16 show the performances during startup
period at 200 rpm and 800 rpm, respectively. When the con-
troller is activated, the estimated angle immediately tracks the
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FIGURE 20. Dynamic performances of the current controller in the
proposed method at 1000 rpm. (a) Generator currents. (b) Rotor angle.
(c) Angle estimation error.
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FIGURE 21. Performances of the generator with MPPT control during
rapid acceleration and deceleration. (a) Generator speed. (b) Speed
estimation error. (c) Generator output power. (d) Generator current.

actual one without any transient. At the same time, the sta-
tor currents quickly reach the steady-state at the reference
value of 2 A. It takes about 100 ms and 20 ms for the
FLL to track the actual speed at 200 rpm and 800 rpm,
respectively.

Fig. 17 and Fig. 18 show the performances of the proposed
control at 200 rpm and 1400 rpm, respectively. Fig. 17 shows
that the controller works well even at a low value of the
current reference, which is 0.5 A. At the low speed, the angle
error has higher ripples due to the inverter nonlinearity, espe-
cially the dead-time effect. At 1400 rpm, the current reference
is set at 11 A. The estimated speed is close to the measured
one where the estimation errors are lower than 4 rpm in both
the cases of Fig. 17 and Fig. 18.

Fig. 19 shows the performance when the rotor speed
is increased from 200 rpm to 800 rpm at the slew rate

8078

- T —1500

2= W

= g m,

S = AN

E @ P <900

8 '93 Wy

-1

& B e e —
200 rpm/div

10 rpm/div

(c) Generator

(d) Generator
stator current (A) output power (W)

1 sec./div

FIGURE 22. Performances of the generator with MPPT control at
randomly varying speeds. (a) Generator speed. (b) Speed estimation error.
(c) Generator output power. (d) Generator current.

of 2000 rpm/s. The speed estimation error is about 15 rpm/s
during the acceleration period. The current is regulated
closely to the reference value of 2 A. Fig. 20 shows the
transient responses of the current controller for a step change
of the current reference between 2 A and 10 A at 1000 rpm.
Although there is an error in the estimated angle during
the transient, the system remains stable and the angle error
gradually decays to zero.

Fig. 21 and Fig. 22 show the system performances at
variable speeds. A simple MPPT algorithm is applied, where
the current is controlled as I = Kl,opzd),z,,- In Fig. 21,
the speed acceleration and deceleration rates are 2000 rpm/s.
During these transients, there are some errors in the speed
estimation, but they decay to zero when the rotor speed
reaches to the steady state. In Fig. 22, the rotor speed varies
at a random profile like the wind speed. The estimated
speed follows well the actual one with the tracking error
of |Awy,| < 15rpm.

VII. CONCLUSIONS

In this paper, a simple and robust sensorless control for
PMSGs in WECSs has been proposed, where the rotor angle
is estimated from the stator current vector. In the proposed
method, only one current control loop is used to regulate the
generator torque, whereas in the conventional methods, two
current control loops are required. The accuracy of the esti-
mated angle is dependent only on the inductance parameter
of the generator. The analysis for 75 kW direct-drive SPMSG
WECS has shown that at rated power, if the inductance value
varies as AL = =£20%, the angle error is about +5.45°
and the resultant torque error is only 0.45%. The proposed
method can be applied to not only the SPMSG but also the
IPMSG with a low saliency ratio as long as the d-axis current
is controlled at zero. To improve the estimation performance,
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the SOGI-FLL is utilized, which can eliminate the noise in
the current measurements. The generator speed is calculated
from the stator current frequency, which is extracted by the
FLL. The effectiveness of the proposed sensorless method has
been verified by simulation and experimental results under
various conditions.
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