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Abstract: In this paper, an improved speed sensorless control method including the maximum power
point tracking (MPPT) algorithm for grid-connected squirrel-cage induction generator (SCIG) wind
turbine systems using modified reduced-order generalized integrator (ROGI)—frequency-locked loop
(FLL) with the DC offset compensation capability is proposed. The rotor flux linkages are estimated
by the modified ROGI-FLL-based observer, of which the inputs are d-q axis rotor EMFs, and hence the
position of rotor flux linkage can be obtained directly based on these estimated flux linkages using the
arc tangent function. The DC offset in the estimated rotor flux linkages, which can cause oscillations in
estimated rotor speed, leading to oscillations in SCIG stator active power due to power signal feedback
(PSF)-MPPT algorithm, can be significantly reduced using the DC offset compensators included
in modified ROGI-FLL structure. Moreover, the negative effects of high-frequency components
on the performance of the rotor flux linkage estimation can be remarkably mitigated owing to the
excellent high-frequency component rejection capability of ROGI. The dynamic response analysis
of the modified ROGI-FLL with DC offset compensators is provided as well. The feasibility of
the proposed method has been demonstrated in comparison with dual SOGI-FLL with DC offset
compensator-based existing method.

Keywords: DC offset compensation; grid-connected wind turbine systems; modified ROGI-FLL;
MPPT; SCIG; sensorless control

1. Introduction

Recently, in the context of increasing concern about global warming, wind energy, with
its cleanness and renewability, has emerged as a highly competitive alternative to fossil fuel
resources [1-7]. For wind turbine systems employing full-scale power converters, utilizing
the squirrel-cage induction generator (SCIG) as an electromechanical energy conversion
device has become prevalent as the advantages of such generators, such as cost efficiency,
high reliability, and robustness [8]. Some notable examples of such wind power systems
can be shown as the SIEMENS SWT-3.6 (3.6 MW) [9], the RRB Energy PS1800 (1.8 MW),
and the AMSC WT5500FC (5.5 MW) [10].

The use of speed/position sensors in the SCIG wind energy conversion systems
can cause practical problems, such as an increase in the axial length of the generator,
decreased performance of the sensor itself in a hostile environment, difficulties regarding
the attachment of the sensor to the generator, electromagnetic noise interference, reduction
in reliability due to cables and sensor itself, increase in cost, etc. [11] (p. 283). Therefore,
there is a growing interest in the elimination of speed/position sensors from such systems.
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Speed sensorless control for the induction machine (IM) drive systems can be classi-
fied into signal injection-based [12,13] and model-based methods [14-19]. In the former
methods, the high-frequency signal, e.g., voltage signal, is injected into the IM, and then,
the rotor flux linkage can be estimated by analyzing the high-frequency components that
are extracted from the measured currents. Although such sensorless control methods can
work in very low-speed regions or even at zero speed, they can face the problem of torque
ripple caused by the injected high-frequency signal, whereas the latter can be realized by
various approaches, including real-time rotor flux estimation [14], model reference adaptive
systems [15], full- or reduced-order observers [16,17], Kalman filter-based estimator [18],
and sliding mode observers [19]. Among these, real-time rotor flux estimation stands
out as the most straightforward. Regarding this approach in the early days, the rotor
flux linkage can be estimated by a pure integrator with the input of rotor electromotive
force (EMF), which can be obtained from the mathematical model of IM. Even though
this estimation is simple to understand and easy to implement, it can become saturated
in the presence of a DC offset in rotor-EMF, no matter how small this offset is. To address
this challenge, the DC offset compensator should be integrated into the rotor flux linkage
estimator [14]. Alternatively, some studies have suggested flux estimation using a low-pass
filter (LPF) [20-22]. Although the LPF with fixed cut-off frequency can prevent flux estima-
tion from saturation, it may not consistently deliver the desired performance across the
entire speed range. To overcome this difficulty, a method using the combination of the LPF
and an adaptive compensator with a quadrature detector has been studied [20]. Instead of
an LPF with a fixed cut-off frequency, employing an LPF with a variable cut-off frequency
has demonstrated the potential to enhance real-time flux estimation [21-23]. Nevertheless,
consistency in terms of bandwidth and settling time of such rotor flux observer cannot
be achieved over the whole speed range, not to mention the effectiveness of this flux esti-
mation in achieving speed sensorless control is remarkably dependent on the accuracy of
synchronous speed estimation.

In recent times, the second-order generalized integrator (SOGI)—frequency-locked
loop (FLL)-based filter with its significant capability to reject high-frequency components
without inducing phase shift and amplitude attenuation has gained increasing attention [24].
This configuration has found extensive applications in both grid-connected [25-27] and
machine-control systems [28-30]. It is worth mentioning that the SOGI-FLL-based filter can
yield the in-phase and quadrature components of its input in steady-state operations. In
the IM drive systems, the stator flux linkages have been estimated by the dual SOGI-FLL-
based observer with the input of the stator EMFs derived from the mathematical model of
the machine [31]. Although the estimation performance offered by this method has been
improved compared to that offered by the methods using aforementioned LPF, the DC offset
can exist in the estimated stator flux linkage in the presence of DC offset in the derived stator
EMFs. To overcome this drawback as well as enhance the harmonic rejection capability
of the flux observer, multiple SOGI-FLLs have been employed instead of the dual SOGI-
FLL [32]. The utilization of the second-order SOGI-FLL for rotor flux linkage estimation has
also been suggested in permanent magnet synchronous machine (PMSM) drive systems [33].
Although both multiple and second-order SOGI-FLLs offer improvement in flux linkage
estimation, they do come with higher computational complexity.

In the methods using the aforementioned SOGI-FLL, since the real-time flux estimation
is implemented in a similar manner with integration of the EMFs, such methods can offer
a more straightforward and inherently sensorless approach in comparison with other
model-based methods, e.g., methods using Luenberger observer. Moreover, fine-tuning
parameters [34,35] and eliminating the DC offset and sub-harmonics components in the
estimated flux linkages are non-trivial tasks when using the Luenberger observer. It is
worth mentioning that the methods mentioned above can also find application in generator
control systems, such as SCIG systems, even though they were initially developed for
motor drives. Even though the Luenberger observer can be modified for operation in
very low-speed regions [16], its suitability diminishes when applied to SCIG wind energy
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systems, where operating speeds typically exceed 45% of the rated speed. For the reasons
above, the sensorless control method with real-time rotor flux estimation is considered for
this study.

In addition to the dual SOGI-FLL, the reduced-order generalized integrator (ROGI)-FLL,
which has a simpler structure, has found applications in grid-connected systems [36,37]. To
enhance DC offset and harmonic rejection capabilities, the ROGI-FLL structures incorporat-
ing DC offset compensators [38,39], and in-loop filters [40] have been suggested. Moreover,
the dual ROGI-FLL has been studied for segregating positive- and negative-sequence compo-
nents of the grid voltage [41]. In grid current control systems, where the operating frequency
(i.e., the grid frequency) remains mostly constant, the ROGI, despite its simpler structure,
can demonstrate performance comparable to the dual SOGI [42]. Recently, the ROGI-FLL
has been applied to the rotor flux linkage estimation in SCIG systems [43]. Compared
to the dual SOGI-FLL-based rotor flux observer, the computational time in one sampling
period of ROGI-FLL-based one can be reduced by about 4 ps with the bilinear transform
method implemented in TMS320F28335 DSP. This has the potential to reduce the number
of DSPs required to handle the same workload as well as allow more time to spare during
the sampling period to introduce additional algorithms to improve the system performance.
However, the performance of the rotor flux estimation using the ROGI-FLL can be adversely
affected by the DC offset in the EMFs, which can cause a DC offset in the estimated rotor
flux linkages. As a result, oscillation exists in the estimated rotor shaft speed, leading to the
oscillation in the SCIG stator active power. Until now, there has been limited research on
the integration of DC offset compensators into the ROGI-FLL-based rotor flux observer for
machine drive systems in which the operating frequency can vary significantly.

In this paper, an improved sensorless control method for SCIG wind turbine systems
employing the modified ROGI-FLL with the DC offset compensator-based rotor flux ob-
server is proposed. The rotor EMFs, which are obtained from SCIG modeling, are regarded
as inputs, whereas the estimated rotor flux linkages are outputs of the proposed observer.
Based on these rotor flux linkages, the estimated rotor flux angle, which is used for stator
frequency estimation, is directly determined via the arctangent function. With DC offset
compensators integrated into the proposed observer, the negative effects of DC offset in the
rotor EMFs on the rotor flux linkage estimation can be significantly mitigated. Furthermore,
the excellent harmonic rejection capability of the ROGI-FLL allows the proposed method
to be robust to the high-frequency components. The feasibility of the proposed method is
validated in comparison with the dual SOGI-FLL with the DC offset compensator-based
existing method.

It is important to highlight that the proposed method represents an improved version
of the existing ROGI-FLL-based method in [43] which is developed for SCIG wind turbine
systems. Therefore, in this work, the mathematical models of standard ROGI-FLL, SCIG,
and wind turbines can be reused for expansion.

2. SCIG-Based Wind Energy Conversion Systems
2.1. Modeling of SCIG

The model of a SCIG using the d-g components is expressed in the stationary reference
frame as [11] (p. 238) and [44]

dAs
: d.
Ufis = Rsltsis + dts (1)
s S d)\zs
Uys = Rslqs + dt ()
drs
0 = Rri;r + dfr + erZT (3)
S d)\;’ s
0 = erqr + 7 — er'dr (4)
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where v;; and vgs represent the d- and g-axis components of stator voltage, respectively (V);
izs and iqs are the d- and g-axis components of stator current, respectively (A); i and iqr are
the d- and g-axis components of rotor current, respectively (A); wy is the rotor shaft angular
velocity (rad/s); Rs and R, are the stator and rotor resistances ((2), respectively; A4 and Ags
represent the d- and g-axis components of stator flux linkage, respectively (Wb); A4 and
Agr represent the d- and g-axis components of rotor flux linkage, respectively (Wb). The
stator and rotor flux linkages in (1)—(4) can be derived as

)Liis = legs + Lmin (5)
Asg = Lgifs + L, (6)
Aer = Lmi;;s + Lritsir (7)
/\;r - Lml;S + Lri,;r (8)

where L, is the magnetizing inductance (H); Li; and L;, are the stator and rotor leakage in-
ductances, respectively (H); Ls; and L, are the stator and rotor self-inductances, respectively
(H). It is noted that Ls = Lig + Ly, and L, = Ly, + L.

2.2. Modeling of Wind Turbines

The mechanical power Py, regarded as the output of the wind turbines can be ob-
tained as
Py = 0.50AC,(B,A) V3 9)

where p is air density (kg/m?); A is blade swept area (m?); V,, is wind speed (m/s); and Cp
(B, A) is power conversion coefficient determined based on the blade pitch angle 8 and the
tip-speed ratio A. The tip—speed ratio and power conversion coefficient can be expressed
as [45]

(UtR
A= 10
v, (10)
Cp(A,B) =022 [To.w - 5} e R (11)

where R is blade radius (m); w; is wind turbine shaft angular velocity (rad/s); the factor A

can be obtained by
1 1 0.035

AT A+0088 1+p

The power coefficient curves under various conditions of § and A are illustrated in
Figure 1. Since the desired operating points of the wind turbine systems are the ones
corresponding to the maximum values of Cp, the maximum power point tracking (MPPT)
algorithm, which can ensure that C, maintains = its optimal values, is commonly used in
such systems [46].

(12)
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Figure 1. A-C,, curves under various conditions of f.
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2.3. MPPT Algorithm for Wind Turbine Systems

Figure 2 shows the relationship between turbine power and turbine speed under
various conditions of wind speed. The operating points of the wind turbine located in
the red curve in Figure 2, i.e., the optimal power curve, are called the maximum power
points. The MPPT algorithms for wind turbine systems, which ensure that the operating
points of the wind turbine track the maximum power points corresponding to the optimal
value of Cp, can be categorized as hill-climb search (HCS) control, tip-speed ratio (TSR)
control, and power signal feedback (PSF) control [46]. Although the HCS control is the
simplest algorithm among these, its performance can be significantly deteriorated under
rapid changes in the wind speed [47]. For the TSR control algorithm, the tip—speed ratio in
(10) is adjusted to optimal value by controlling the turbine speed or generator rotor speed to
vary with wind speed. Although the TSR control can offer high efficiency and fast response,
it requires information on wind speed, which can be obtained using an anerometer, and
this makes the system more costly, not to mention that wind speed measurement of the
anemometer can be inaccurate due to non-uniformities in wind speed along the length
of the blades, as well as before and after passing through turbine blades [48]. It is also
important to note with TSR control that regulating the generator rotor speed under rapid
changes in wind speed can cause a fast variation in electromagnetic torque, which can
adversely affect the mechanical parts of the system. Compared to TSR control, although
the PSF control offers lower efficiency, it can provide robustness and cost-effectiveness
with no need for the anemometer. Furthermore, for PSF control, setting the reference of
generator active power corresponding to the rotor speed based on the optimal power curve
depicted in Figure 2 can alleviate the rapid fluctuations in generator torque that may occur
with the TSR control algorithm, as well as provide the direct regulation of the amount of
active power from the generator to the grid. For the reasons above, the PSF MPPT control
is considered for this research.

A‘ le < II/w2< Vw3<I Vw4< VwIS

Optimal power curve

Maximum power point

Turbine Power

Turbine Speed

Figure 2. Turbine power—turbine speed curves under various conditions of wind speed (blue curves)
and optimal power curve (red curve).

2.4. Control of SCIG-Based Wind Energy Conversion Systems

The configuration of the SCIG-based wind energy conversion system is shown in Figure 3,
in which the SCIG is connected to the grid via the back-to-back converter consisting of the
generator-side and the line-side converters. Both the generator-side and line-side converters use
the cascade control scheme including the two cascaded control loops, of which the inner loop is
designed for the current regulation. The PSF MPPT algorithm is realized by the generator-side
converter. By regulating the d- and g-axis line-side currents, respectively, the DC-link voltage
and power factor can be controlled by the line-side converter.
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Figure 3. Configuration of SCIG-based wind energy conversion system.

3. Proposed Sensorless Control Method

3.1. Standard ROGI Structure

Figure 4 shows the structure of the ROGI-based adaptive filter (AF), in which x; and
xp are the input signals, x1/ and x,/ are the output signals, k is ROGI gain and w is the

tuning frequency.

Ho eI SN N i
, X]

>
L1

Figure 4. ROGI—based adaptive filter.

In the stationary reference frame for the three-phase systems, if x; and x, are the
rotating components that are in quadrature with each other, the ROGI-based AF transfer
functions can be derived from Figure 4 as [36]

From (13)—(16), the relationship between x;/ and x5/ can be obtained as

x1/
X1

xll

X2
Xo/! .
X1
Xo/!

X2_

ks + (k> jker)

2 + 2ks+ (k2+wr?)

jks—+ (jk2 — kcor)

82 4 2ks+ (kK2 +wr?)
ks + (ker — jK2)

82+ 2ks + (w/? +k2)
ks + (k? + jkcor)

§2 + 2ks + (wr? + k2)

xi/  jks + (jK* — kw!)

xa/ ks + (K2 + jkw!)

(13)

(14)

(15)

(16)

(17)

It is worth noting from (17) that x;/ and x»/ are the two quadrature components,

regardless of whether w’ equals the rotational frequency of x;/ and x,/.

The poles of the ROGI transfer functions can be solved by finding the roots of denomi-

nators of (13)—(16) as

S12 = —k + jw/

(18)
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From (18), it is noted that the stability of ROGI can be guaranteed if k is higher than
zero. Moreover, since the real parts of s1 ; are —k, the settling time of the ROGI response
can be approximated as

tsrocr) = 5/k 19)

From (19), it is worth mentioning that k can be arbitrarily selected to achieve the
pre-specified settling time. However, the high value of k can deteriorate the harmonic
rejection capability of ROGI.

3.2. ROGI-FLL for Rotor Flux Linkage Estimation

By considering (14) and (15), x1/ and x5/ can be derived in the time domain as

_ RR @ @] [a0dt (1) k(e - wP) + (8 + kwr) (@ — w)]

i) = [kz + (w + wr) } [k2 + (w— w/)z} ’ [k2 + (w+ w/)z} [kz + (w - W’)Z} @
Rl @@ [l 0 kwr -~ o) + (€ +kww) (@ - )]

xo/(t) = [k2 (@t } {kZ (@) ] [kZ (@ +w,)z} [k2 +(w— w/)z} (21)

where w is the rotational frequency of x; and x;.

With the use of the frequency-locked loop (FLL) structure shown in Figure 5, w/ can
be adapted to w [27]. Hence, (20) and (21) can be re-written under the assumption w ~ w!/
as follows:

x/(t) = —wr / xo(H)dt (22)
x1(t) = wr / x1 ()dt (23)

Figure 5. ROGI-FLL-based adaptive filter.

In (22) and (23), if x1 and x are the rotor EMFs, ¢}, and e;,, which are found from the

mathematical model of SCIG as

qr’

Lr((vzs — Rsifis) — ULSdiZS/dt)
€y = L

(24)

. - Lo ( (o5~ Rsigz?n — oLodis,/dt) o)

where ¢ is the leakage factor, defined aso =1 — L2 /LsL,.
Then, from (22) and (23), the d-g axis rotor flux linkage A%
ROGI outputs, e,/ and eq,/, as

dgr €N be estimated from the

AS eS /

Aar=-Lr (26)
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AS

e/
d
qr — r/ (27)

where the caret “*” represents the estimated value.
Based on (22)—(27), the rotor flux observer using the ROGI-FLL is shown in Figure 6.

N
The estimated rotor flux angle 8. and rotor speed w; can be obtained as

A AS AS
6. = arctan <Aqr / /\d,> (28)
Wr = W, — Wyl (29)

AN AN
where w, is the estimated synchronous speed and wy is the estimated slip speed given by
AS AS
LR, (/\d,ifls - Aq,ifis>

AS2 AS2
L, (Adr + Aqr)

N
Ws] =

(30)

Figure 6. ROGI-FLL-based rotor flux linkage observer.

Theoretically, w, in (29) can be determined by taking the derivative of 6,. However,

with the utilization of the arctangent function in (28), 8. can be changed suddenly from

7 to —m, and this can cause spikes in C/(\}g. To deal with this difficulty, c/:)e can be obtained
by an estimator, as shown in Figure 7. In the speed estimator depicted in Figure 7, the PI
controller gains, k, and k;, are selected as 100 and 2000, respectively, corresponding to the
bandwidth of 100 rad/s.

sin 6, o,

v

cosé,

Figure 7. Synchronous speed estimator.

It is worth mentioning that with the excellent harmonic rejection capability of ROGI,
the rotor flux observer using ROGI-FLL shown in Figure 6 can offer robust estimation
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performance against switching ripples, electromagnetic noises, sensing circuit noise, etc. In
addition, the structure of that observer is simpler than that of the rotor flux observer using
dual SOGI-FLL [31].
In the case of the existence of DC offset components, which are mainly caused by
the measurement errors or differences in the switching behavior of power devices [49-51],
in the rotor EMFs in (24) and (25), the DC offset components in the estimated rotor flux
A AN

linkages in (26) and (27), Aoq and A4y, can be derived as

A E ! Eogk /

Aod = oidksin (tan_lw) + ——_cos (tun_1w> (31)
wIVk2 4+ wr? k WV + wr? k

N Eoqk / E, ik /

Aog = — " __sin (tan_1w> S — (tan_lw) (32)
w2+ wr? k w2 + wr? k

where Ey; and E,y are the DC offset components in ¢}, and ej,, respectively.

From (31) and (32), it is noted that the DC offset components in and A%, are A;, affected
by both E,; and Eyy. Notably, although the negative effects of DC offset components on the
rotor flux estimation when using the ROGI-FLL are mitigated compared with when using
the dual SOGI-FLL [43], those DC offset components can cause oscillations in estimated
rotor speed. As a result, oscillations can exist in the stator active power since the stator
active power reference is obtained from a look-up table with the input of estimated rotor
speed according to the PSF MPPT algorithm [46].

3.3. Modified ROGI-FLL Including DC Offset Compensators for Rotor Flux Linkage Estimation

As mentioned, the DC offset in the estimated rotor flux linkages can negatively affect
the system performance. To address this difficulty, a modified ROGI-FLL with DC offset
compensator-based rotor flux observers is proposed, as shown in Figure 8. Using the
proposed observer, the DC offset components of ¢}, and ef], in (24) and (25) can be estimated.
After that, the sum of these estimated DC offset components, and the proposed observer
outputs are feedbacked to modify the signals e; and e, in Figure 8. As a result, the DC
offset components in €}, / and e,/ can be significantly reduced [38,39]. The configuration
of the SCIG control system with the proposed observer is shown in Figure 9, in which the
PSF MPPT algorithm is implemented by adjusting the generator active power reference to
correspond with variations in estimated rotor speed in accordance with the optimal power
curve shown in Figure 2.

Figure 8. Modified ROGI-FLL with DC offset compensator-based rotor flux observer.
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h
. as Lps T
P \A / .
o e B (60 5,
3 l q SVPWM from (29)
.e e
Proposed rotor l gs ) ds f
flux observer in abg
;s 2 s 4 ds L ds
dil Ay e
arctan (43, /25,) Z’e* s
0, Ve - -
qs P

Figure 9. Configuration of GSC control with proposed rotor flux observer.

To help readers better understand the proposed flux observer, thereby making it easier
to choose its parameters, the next sub-section of the paper will clarify the influences of the
parameters on the dynamic response of the proposed flux observer, for example, settling
time of response, harmonic rejection capability, error in w/ under variation in w,.

3.4. Dynamic Response Analysis of Proposed Rotor Flux Observer
3.4.1. Influences of k and k; on Rotor Flux Estimation

In Figure 8, the transfer functions of the proposed rotor flux observer are expressed as

Gols) = @ — IR+ (ot k)5 — kg -
T e st+2A15% + (A2 4+ w'?)s? + 2kyw’s + K2’

es./ ,'k3 k! — ikA)s2 + kk o'
Gy(s) = L jks” + (kw! — jkA )s* + kkaw's o

€, st 2418 + (A2 + w?)s? + 2kgewBs + KBt

where A; = (k + kyw/), and k; is the gain of the DC offset compensators.

Figure 10 shows the frequency responses of (33) and (34) in terms of magnitude under
various conditions of k and k; when w/ is 2n50 rad/s. It is worth mentioning that the
frequency responses at the frequencies below w/ are affected by both k; and k, whereas
those at the frequencies above w!/ are only affected by k. Furthermore, Figure 10 shows
that the magnitude of the DC offset components in the proposed observer outputs are
significantly reduced as k; increases.

~ 0
— | m
2 o . 2 %/:'\
3 % \ ) /(IK hE
il diTie
(@ =-20 A, il () & _ o
g k=200 | ®) 5 " \kdoﬂ
< ==
S k=100 1 > 60 a L
o 0 2 4
16 Frequen1co}2/ (rad/s) 1 10 Frequeng:g/ (rad/s) 10

Figure 10. Frequency responses of G;(s) and G4(s) in terms of magnitude (a) with various values of k
at k; = 0.1 and (b) with various values of k; at k = 100.

Four poles of G,(s) and G,(s) in (33) and (34) are defined as
S10=—a £ jb (35)

S34 = —C + ]d (36)



Inventions 2024, 9, 44

11 of 23

where g, b, ¢, and d are positive real numbers. If k; in (33) and (34) is set to zero, the
poles s3 4 are eliminated. In other words, s34 occur due to the employment of the DC
offset compensators.

In (35) and (36), for the value of a to be equal to the value of ¢, the selection of k and k;
should meet the following requirements:

k = kywr (37)

4% < wr? (38)
Then, the a, b, ¢, and d in (35) and (36) can be expressed as

a=c=k (39)
2 k24 o/ wor? — 4k2
b \/aﬂ 2k —I—c;/ wr? — 4k (40)
12— 2k2 — wivwr? — 4k2
J \/ w (;J w k (1)
The settling time of ROGI output, in this case, can be approximated as
5
tsrocn & - (42)

For example, k and k; are selected as 157 and 0.5, respectively, w/ is locked to
2n50 rad/s, and hence, the requirements in (37) and (38) are met. Figure 11 shows the per-
formance of rotor flux linkage estimation using the proposed observer. The EMFs ¢} and

AS 2 AS 2
e (B) ()

and the estimated DC offsets, i.e., 01 and 0,, are shown, respectively. Note that for Figure 11
and other figures illustrating the waveforms of quantities from now on, the names of the
waveforms in each sub-figure will be shown in the figure caption, and the scale of the
horizontal axis representing the time is placed at the bottom of the figure, while the scale of
vertical axis representing the value is placed in the lower right corner of each sub-figure.

AS
A, | is about 35 ms, which is similar to

AS

Ay

ey, are shown in Figure 11a. In Figure 11b,c, the amplitude

As seen in Figure 11b, the setting time of response of

the results obtained by (42), i.e., tsrocr =~ 32 ms. Under another operating condition, the
performance of rotor flux linkage estimation in the presence of the DC offset in ¢} g (10% of
rotor EMF amplitude) is shown in Figure 12. Similar to that of Figure 11, the settling time
AS

of response of |A, | is about 35 ms, as shown in Figure 12b.

Figure 13 shows the root loci of (33) and (34) in response to different values of w/
which can be significantly varied during the operation of the system. As aforementioned,
with k and k; of 157 and 0.5 are selected, respectively, the requirements in (37) and (38)
can be met if w/ is 2750 rad/s. In this case, the real parts of poles of (33) and (34), i.e., a
and c in (35) and (36), are the same, as derived in (39). If w/ is not 2nt50 rad/s, and the
requirements in (37) and (38) are not met; these real parts are different from each other, as
shown in Figure 13. Therefore, it can be said that the values of 4, b, ¢, and 4 in (35) and (36)
are not always obtained by (39)—(41) due to the variation in w/.
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Figure 11. Rotor flux estimation performance: (a) d-q axis rotor EMF (V); (b) estimated d-g axis rotor
flux linkage and its amplitude (Wb); (c) estimated DC offsets of rotor EMF (V).
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Figure 12. Rotor flux estimation performance in the presence of DC offset in rotor EMF (10% of rotor
EMF amplitude): (a) d-g axis rotor EMF (V); (b) Estimated d-g axis rotor flux linkage and its amplitude
(WD); (c) Estimated DC offsets of rotor EMF (V).
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Figure 13. Locations of poles of (33) and (34) in response to various values of w/.
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From Figure 13, for the cases in which w is not 2750 rad /s, it is worth mentioning that
the rotor flux observer output responses to any changes in its inputs ¢} gr consists of two
portions, they are fast and slowly changing portions corresponding to the settling times
ts(ROGI_fast) and ts(ROGI_slow), Tespectively, which are approximated as

ts(ROGL fust) == 5/ Az (43)

ts(ROGL slow) ~ 5/ C2 (44)
where

Ay = k+kjwt —C (45)

KSwr — 3kakwr* + kgwrPCy
T Kwrt — 4k3kwr + 2k2wr2 (22 + Cy) — 4k gkew!Cy + C2
with C; = (K2 4+ wr?).
For example, k and k; are selected as 157 and 0.5, respectively, similarly to that in

AS
Figure 11, and w is locked to 2716 rad /s. As seen in Figure 14b, the response of |A, | consists

G (46)

of fast and slowly changing portions corresponding to the settling times of 28 ms and 340 ms,
respectively, which are similar to results obtained by (45) and (46), i.e., tsroGI fast) = 26 ms
and tS(ROGI_slow) ~ 333 ms.

(@)

120 V/div

(b)

s o |
(©) :[E\(OZ/_( f <0

[ 2.1 Woidiv |, 0

BPENAS uE a
il 340ms [ 24 V/div
100 ms/div

Figure 14. Rotor flux estimation performance for synchronous frequency of 16 Hz: (a) d-g axis rotor
EMF (V); (b) amplitude of estimated rotor flux linkage (Wb); (c) estimated DC offsets of rotor EMF (V).

In the steady-state operation, the proposed observer outputs, ¢j,/ and ¢,/, can be
derived as

¢5,! = Ecos(wet) + Y 525 CnEncos(hwet + arctant),) 47)
eg! = Esin(wet) + Y 32,0 Epsin(hwet + arctané),) (48)

where E and E;, are the fundamental and harmonic component amplitudes of ¢, g/ + TESpec-
tively, and # is the harmonic order of efiqr/. The coefficient {; and angle 6, are expressed as

Ty=k/ \/k2 + (w! — hw,)? (49)

From (49) and (50), it is worth mentioning that although k can be arbitrarily selected
to meet the pre-specified requirements of the settling time of responses, the high value of
k can deteriorate the harmonic rejection capability of the ROGI, and this can be seen in
Figure 10a as well. Moreover, in (47) and (48), the harmonic components are not affected by
k4, as shown in Figure 10b as well.
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3.4.2. Influence of T on Rotor Flux Estimation

Under operations with w, =~ 0, assuming that w/ approximates w, and DC offset
component of ROGI outputs are significantly compensated, the errors e; and e, in Figure 8
can be derived as

e1 =~ e (wl—we) /k (51)
er = eyl (we —wl)/k (52)

For the FLL structure in Figure 8, w/ can be expressed as

(eze;’lr/ —e e;,/) T

= w! (53)
(eglr/)2 + (837,)2
From (51) and (52), (53) can be re-written as
—(wl—w )T /k = wt (54)

Then, the transfer function of FLL can be obtained from (54) as

wi(s)  T/k
we(s)  s+T/k (55

where k/I" is the time constant corresponding to the settling time of the FLL response,
which can be derived as

Assuming that there is a variation in the synchronous speed A, within the duration

Ay, the ramp input r;,(t) and ramp response 7.5(t) of the FLL based on (55) are obtained
as [52]

Fin(t) = Bt / Ay (57)

Tres(t) = (Dwt/ Dy — Ak / (AT)) + Awk/ (AT )e Tk (58)

It is worth mentioning that the time constant of FLL should be high enough to that
of ROGI with a DC offset compensator. Therefore, in this work, k = 157 and k; = 0.5 are
selected, corresponding to the ROGI time constant of 6.4 ms at a tuning frequency of
2nt50 rad /s, and I' = 6160 is selected, corresponding to the FLL time constant of 25.5 ms.
In Figure 15, w, is varied from 2734 rad /s to 2n50 rad /s within 133 ms. From (58), the
tuning frequency estimation error A, k/(AI') is about 19.3 rad /s, which approximates the
simulation result, i.e., 19.2 rad/s, as shown in Figure 15b. It is observed that after the actual
value of w, reaches the steady-state value of 2750 rad /s at t = t,, the settling time of the
FLL response is about 124 ms, which is similar to the result obtained from (56), i.e., 127 ms.

Variation in o,

A

b
( ) 10 rad/s/div

Y.

100 ms/div

Figure 15. Tuning frequency estimation performance: (a) d-g-axis rotor EMFs (V); (b) Tuning frequency
estimation error (rad/s).
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It can be noted that A,k/(AI') always exists under variations in w,, as shown in
A

Figure 15. However, since the stator frequency is estimated based on 6,, as shown in
Figure 7, this estimation error A, k/(A:I') does not nearly affect the rotor speed estima-
tion performance.

4. Results and Discussion

In the PSIM platform, a simulation system with a power rating of 2 MW, of which the
specifications are listed in Tables 1 and 2, is built to verify the effectiveness of the proposed
method. The DC link voltage is controlled to 1200 V. The switching frequency is 5 kHz.

Table 1. Parameters of SCIG.

Parameters Values
Stator frequency 50 Hz
Rated stator power 2 MW
Rated line-line stator voltage 690V
Rated stator current 2000 A
Pole pairs 2
Stator resistance 1.102 mQ)
Magnetizing inductance 2.1346 mH
Stator leakage inductance 0.0649 mH
Rated speed 1520 rpm

Table 2. Wind turbine specification.

Parameters Values
Rated power 2MW
Blade radius 45m
Gear ratio 1:123
Cut-in/Cut-off speed 4m/s~25m/s
Rated wind speed 12m/s
Operating speed range 675 rpm~1500 rpm

For the parameters of the ROGI-FLL with the DC compensators, k = 157 and k; = 0.5
are selected to achieve tsrocr = 32 ms at the operation stator frequency of 50 Hz, and
' = 6160 is selected corresponding to tsr 1) = 127 ms.

Figure 16 shows the performance of the rotor flux linkage estimation in response to
wind speed fluctuation using the proposed flux observer. The wind speed pattern is shown
in Figure 16a. It is noted that the negative effects of high-frequency components in rotor
EMFs in Figure 16b on the estimated rotor flux linkages can be significantly reduced, as
shown in Figure 16c. The estimated rotor flux linkage angle and synchronous angular
velocity are illustrated in Figure 16d and Figure 16e, respectively. Figure 16f shows the error
in rotor shaft speed estimation, which is relatively small (about 0.4% of the actual speed).

In this work, the performance comparison between the proposed method and the dual
SOGI-FLL with DC offset compensator-based method, of which the rotor flux observer
is shown in Figure 17, is conducted. To achieve similar settling times to those of ROGI-
FLL, the parameters of dual SOGI-FLL, i.e., k, k; and T, are set to 1, 0.272, and 19.7,
respectively, corresponding to tssogry = 32 ms at the operation stator frequency of 50 Hz
and tS(FLL) =127 ms.
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Figure 16. Rotor flux linkage estimation performance in response to wind speed fluctuation: (a) wind
speed (m/s); (b) d-g axis rotor EMFs (V); (c) estimated rotor flux linkages (Wb); (d) estimated rotor
flux angle (rad); (e) estimated synchronous speed (rad/s); (f) rotor speed estimation error (rpm).

By = (e + (0'13)°) /2
B, = ((e)” + (w'23)7) /2

Figure 17. Dual SOGI-FLL with DC offset compensator-based rotor flux observer.

The sensorless control performance when subjected to wind speed fluctuation, which
can cause the variation in wind turbine torque and parameter mismatch using the existing
method based on dual SOGI-FLL with DC offset compensators [32] is shown in Figure 18.
Under this operating condition, the variations in the SCIG parameters, i.e., AR = +50% and
AL = +20%, are considered. Figure 18a depicts the wind speed pattern. The d-axis stator
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current is controlled to 890 A, whereas the g-axis stator current is regulated to obtain the
desired active power regarding the MPPT algorithm, as shown in Figure 18b and Figure 18c,
respectively. Figure 18d illustrates the amplitude of the estimated rotor flux linkage. As
can be seen in Figure 18e,f, when the magnitude of SCIG active power is greater than that
of a wind turbine, the rotor shaft speed is decreased and vice versa. The average error in
speed estimation is about 7 rpm (0.48% of rotor shaft speed) in the presence of variation
in SCIG parameters, as shown in Figure 18g. It is noted that since this existing method is
based on the model, the effects of parameter mismatch are inevitable. However, the adverse
effects of this deviation on SCIG wind turbine system performance can be negligible, as
evidenced by the fact that it can be seen no significant changes in g-axis stator current and
stator active power controls when the parameter mismatch begins to occur in Figure 18c
and Figure 18e, respectively.

AR =+50%; AL =+20%

1
1
|
T
|

()

2 m/s/div

6] i s N bt < 1440

16 rpm/v

() “ ‘ il N f ! ‘
| (TR \‘ L ‘i"“l“‘mﬂ“ l"m ‘H’I‘MM] mmtiﬂ‘

id
\ ‘ ! 10 rpmy/div
2 s/div

Figure 18. Sensorless control performance when subjected to wind speed fluctuation and parameter
mismatch using an existing method based on dual SOGI-FLL with DC offset compensator [32]:
(a) wind speed (m/s); (b) d-axis stator current (A); (c) g-axis stator current (A); (d) amplitude of
estimated rotor flux linkages (WDb); (e) stator active power and turbine power (W); (f) estimated rotor
speed (rpm); (g) rotor speed estimation error (rpm).

Figure 19 depicts the sensorless control performance when subjected to wind speed
fluctuation and parameter mismatch using the proposed method. It can be noted from
Figures 18 and 19 that there is no significant difference between the system performances
using the existing method in [32] and the proposed method. However, as the computational
burden of ROGI-FLL is less than that of dual SOGI-FLL [43] when the proposed method
is used, there is the execution of a greater number of tasks within one sampling period
compared to when the existing method in [32] is used. This can enable system performance
improvement as well as the reduced requirement for the number of digital signal processors
(DSP) when handling similar workloads. It is worth mentioning that if there is no DC offset
in derived rotor EMFs, the performance of the proposed method and that of the existing
method based on ROGI-FLL in [43] are almost similar to each other.
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Figure 19. Sensorless control performance when subjected to wind speed fluctuation and parameter
mismatch using the proposed method: (a) wind speed (m/s); (b) d-axis stator current (A); (c) g-axis
stator current (A); (d) amplitude of estimated rotor flux linkages (Wb); (e) stator active power and
turbine power (W); (f) estimated rotor speed (rpm); (g) rotor speed estimation error (rpm).

In the presence of stator voltage disturbance, the sensorless control performances
when using the existing methods based on dual SOGI-FLL and ROGI-FLL [31,43] are
shown in Figure 20 and Figure 21, respectively. In this case, the DC offset of 10% of the
rated stator phase voltage, i.e., 56 V, is considered, which is intentionally added to the
phase-A stator voltage reference in the software code. In Figure 20d, it is observed that the
maximum error in speed estimation corresponding to the dual SOGI-FLL-based method is
about 40 rpm, whereas that corresponding to the ROGI-FLL-based method is only about
20 rpm, as shown in Figure 21d. This difference in the speed estimation error comes from
the difference in the behavior of the gain characteristics of the transfer functions of dual
SOGI-FLL- and ROGI-FLL-based observers at the frequency of zero [43]. But no matter
what, these errors are quite large, and they can cause oscillations in the SCIG active power
due to the MPPT algorithm.

! Voltage disturbance
>

e ! \
o AT 00 L
\Md’}%] \ AL\ 400 Vidiv
(b) \\\ i \\ ),\f/ \} 7 /\/\, Y e 0
\Xé;&’{ar b hewe kL2 Whidiv |
s H N\ A
(c) |’1r|\ e ’/\ //\\‘ / AN, «1.5
o W |
| /\
() P "’;\A . /\ 0
Awr : | 40 rpm/div ‘

20 ms/div

Figure 20. Sensorless control performance in the presence of stator voltage disturbance when using
an existing method based on dual SOGI-FLL [31]: (a) d-q axis rotor EMFs (V); (b) estimated rotor
flux linkages (Wb); (c) amplitude of estimated rotor flux linkages (Wb); (d) rotor speed estimation
error (rpm).
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Figure 21. Sensorless control performance in the presence of stator voltage disturbance when using
an existing method based on ROGI-FLL [43]: (a) d-g axis rotor EMFs (V); (b) estimated rotor flux
linkages (Wb); (c) amplitude of estimated rotor flux linkages (Wb); (d) rotor speed estimation
error (rpm).

Figures 22 and 23 illustrate the sensorless control performances in the presence of
stator voltage disturbance when using the existing method based on dual SOGI-FLL with
DC offset compensation in [32] and the proposed method, respectively. It can be seen
in Figures 22d and 23d, with the use of a DC offset compensator, the oscillations in the
speed estimation errors caused by the DC offset in rotor EMFs are remarkably reduced,
leading to reducing the oscillations in the SCIG stator active power, as the power signal
feedback MPPT method is used. This not only increases system efficiency but also reduces
mechanical stresses on the rotating shaft, which can be caused by oscillations in SCIG
electromagnetic torque. As a result, the lifespans of SCIG and gearbox systems can be
increased, also the maintenance and operational costs can be decreased. As observed from
Figures 22d and 23d, the maximum value of error in speed estimation using the proposed
method is about 12 rpm (0.83% of rotor shaft speed), and it is lower than that using the
existing method based on dual SOGI-FLL with DC offset compensator, i.e., about 33 rpm
(2.27% of rotor shaft speed). Therefore, it can be said that in this case, there is superiority of
the proposed method over the existing method [32] in reducing the speed estimation error.

! Voltage disturbance
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Figure 22. Sensorless control performance in the presence of stator voltage disturbance when
using dual SOGI-FLL-based method with DC offset compensation [32]: (a) d-q axis rotor EMFs (V);
(b) estimated rotor flux linkages (Wb); (c) amplitude of estimated rotor flux linkages (Wb); (d) rotor
speed estimation error (rpm).
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Figure 23. Sensorless control performance in the presence of stator voltage disturbance when using
the proposed method: (a) d-q axis rotor EMFs (V); (b) estimated rotor flux linkages (Wb); (c) amplitude
of estimated rotor flux linkages (Wb); (d) rotor speed estimation error (rpm).

Since the rotor EMFs derived from the machine modeling are regarded as input of
the proposed rotor flux observer, the suggested sensorless control method faces challenges
starting from zero speed when there is no information on rotor EMFs. To address this
challenge, the V/f method is employed during the startup phase while the rotor flux
linkage angle is estimated but it is not used for the sensorless control yet. Once the
estimated rotor shaft speed reaches a predetermined minimum speed, such as 200 rpm [11]
(pp. 298-299) [43], the estimated rotor flux linkage angle becomes the basis for coordinate
transformation, and the MPPT algorithm is initiated.

Despite the starting issue mentioned above, the proposed sensorless control method is
entirely suitable for the SCIG wind turbine systems employing full-scale power converters
since the typical operating speed range of such systems is usually from 45% to 100% of the
rated speed. Moreover, the proposed rotor flux observer can also be developed with slight
modifications for permanent magnet synchronous generator wind turbine systems utilizing
full-scale power converters, where the field flux phase angle is needed for sensorless control.
However, for doubly fed induction generator wind turbine systems using partial-scale
power converters, the proposed rotor flux observer cannot be applied, although there has
been a study of utilization of dual SOGI structure for rotor position estimation in such
systems [53].

As shown in Figure 3, the GSC is connected to the grid via the LSC and DC-link
capacitor. Therefore, grid disturbances directly affect the performance of the LSC without
causing major impacts on the performance of the GSC. In other words, despite grid dis-
turbances, the effectiveness of ROGI-FLL, including DC offset compensators-based flux
estimation for SCIG active power control, is almost unchanged compared to the normal
working conditions.

From the above analysis of the relationship between the dynamic response and param-
eters of the proposed rotor flux observer, it can be said that the design of such an observer
is not dependent on the power rating of the system but on the specific requirements related
to the dynamic response of rotor flux observer.

Since the proposed sensorless control method with the V/f starting method only
makes changes in the software and does not modify the hardware, it can theoretically be
applied to any existing SCIG wind turbine systems with the three-phase voltage-source
PWM converter. However, this application needs to be carefully considered as it relates
to the specific operating procedures of each SCIG wind turbine system, which have been
verified and issued by the manufacturer, for example, acceleration during the startup phase,
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rotation speed for beginning applying the estimated rotor flux angle, how to handle a
converter fault, etc.

5. Conclusions

In this paper, the improved sensorless control scheme, including the MPPT algorithm
for grid-connected SCIG wind turbine systems, is proposed. This method utilizes the
rotor flux linkage observer based on modified ROGI-FLL with DC offset compensation
capability. The ROGI-FLL, known for its excellent harmonic rejection capability, can en-
hance the robustness of rotor flux linkage estimation by effectively handling high-frequency
components. Moreover, the DC offset compensators combined with the ROGI-FLL play
a pivotal role in reducing the DC offset component in the estimated rotor flux linkages.
This reduction is crucial as the DC offset can induce oscillations in the estimated rotor shaft
speed, consequently causing oscillations in SCIG active power when the MPPT algorithm
is applied.

To validate the proposed method, a 2 MW SCIG wind turbine simulation system
has been built. Via the verification results, it is noted that the average error in the speed
estimation in the presence of parameter mismatch, i.e., AR = +50% and AL = +20%, when
using the proposed method is about 7 rpm (0.48% of rotor shaft speed), and there are no
serious effects on the system performance caused by this error. In addition, despite the
stator voltage disturbance of 10% of rated stator phase voltage, i.e., 56 V, the DC offset
component in the estimated rotor flux linkages almost does not exist owing to the DC
offset compensation. As a result, the oscillation in the SCIG active power is significantly
mitigated.

Conducting the comparison of the proposed method using the modified ROGI-FLL
with DC offset compensators with an existing method using the dual SOGI-FLL with DC
offset compensators in [32], the advantages of the proposed method have been highlighted.
The proposed method demonstrates a simpler structure, thereby reducing the required
number of DSPs as well as having the potential to improve system performance. Addi-
tionally, under stator voltage disturbance, the proposed method can yield a lower speed
estimation error, approximately 1.44% less than the existing method in [32].

It is worth noting that the expected performance of the proposed method cannot be
achieved when faults caused by the failures of power electronic switching devices occur, for
example, open-circuit switch faults. Hence, it is crucial to address the challenges associated
with such faults, which will be investigated in future studies, to enhance the reliability of
the speed sensorless control method for SCIG systems.
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