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Abstract- The conventional control methods for brushless
doubly-fed induction generator (BDFIG) normally employ
mechanical sensors to acquire the information of rotor speed,
which brings many disadvantages in the cost, complexity,
reliability, and so on. This paper presents an improved rotor
speed observer (RSO) for the sensorless operation of standalone
BDFIGs, which is based on the power winding (PW) voltage and
control winding (CW) current. In order to eliminate the impact
of unbalanced and nonlinear loads on the RSO, second-order
generalized integrators (SOGIs) and low-pass filters (LPFs) are
introduced to pre-filter the PW voltage and CW current,
respectively. Through comprehensive parameter design, the
response speed of the improved RSO will be not lower than that
of the basic RSO with ensuring the filtering effect of these
additional filters. In addition, the proposed RSO is independent
to machine parameters except the pole pairs. Comprehensive
experiments are conducted and results verify the proposed
improved RSO applied to the standalone BDFIG. Also, the
applicability of the proposed RSO on another dual-electrical-port
machine, DFIG, is confirmed by simulation results.!

Index Terms- Brushless doubly-fed induction generator
(BDFIG), standalone power generation system, rotor speed
observer (RSQO), unbalanced load, nonlinear load.

[. INTRODUCTION

The brushless doubly-fed induction generator (BDFIG) is a
new type of ac induction machine that contains two separate
stator windings, the power winding (PW) and the control
winding (CW), which are with different pole pairs. The
configuration of BDFIG is illustrated in Fig. 1. Compared with
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the doubly-fed induction generator (DFIG), the BDFIG,
without electric brushes and slip rings, has the merits of longer
work life, higher reliability and lower maintenance cost [1].
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Fig. 1. Structure of the standalone BDFIG system for ship shaft power
generation applications, where PW stands for power winding, CW for control
winding, MSC for machine side converter, and LSC for line side converter.

Recently, the standalone BDFIG has exhibited excellent
energy saving performance in variable speed constant
frequency ship shaft power generation systems [2]. The
structure of the standalone BDFIG system for ship shaft power
generation applications is shown in Fig. 1, where the machine
side converter (MSC) is employed to feed the variable
frequency exciting current to the CW, and the line side
converter (LSC) sharing the same dc bus as the MSC is
connected to the PW to regulate the dc bus voltage and to
achieve the bidirectional power flow.

The stator-flux-oriented vector control schemes for grid-
connected BDFIG wind generators have been studied under
balanced and unbalanced operations [3] and [4], in which the
rotor speed is a key feedback quantity and measured by a
mechanical speed sensor. The steady-state performance of the
standalone BDFIG system has been investigated in [5]. The
standalone ship shaft power generator system based on the
BDFIG with a wound rotor has been developed and applied to
the power station of a container vessel [6]. In this system, the
voltage amplitude and frequency of PW are kept constant
under variable rotor speeds and loads by utilizing a current
vector controller to regulate the CW current. The CW current
vector angle, a key input of the current vector controller, is
derived from the rotor speed measured by a shaft encoder. A
vector control strategy of BDFIG has been presented in [7] for
standalone power generation applications, which is based on
the PW flux orientation and with a transient feedforward
compensation for CW current. In this control scheme, the rotor
position needs to be measured by an encoder, since it involves
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in calculating the reference angle of the frame transformation
for the PW flux. In [8], a decoupling network method for inner
current loops of standalone BDFIG systems has been designed
without using the rotor position information. However, the
rotor position is still involved in the outer voltage loop, and
the proposed decoupling network method for inner current
loops could not work properly under unbalanced load
conditions. Besides, many other BDFIG research works
almost exclusively rely on the rotor position or speed sensor
for closed-loop control, such as phase-angle control [9],
indirect stator-quantities control [10], direct torque control
[11], generalized vector control [12], and fault ride-through
control [13].

Nevertheless, the sensorless operation is desirable as shaft
speed sensors bring many drawbacks, such as increasing the
system cost and complexity, decreasing the reliability and
installation flexibility, and so on. Therefore, in order to
address these issues, it is desired to dynamically observe the
rotor speed without mechanical speed sensors. Some other
papers have discussed the rotor speed observers (RSOs) for
the brushless doubly-fed reluctance generator (BDFRG),
which is similar to the BDFIG [14], [15]. It is noted that the
RSOs proposed in both [14] and [15] need a few specific
machine parameters (i.e. the PW inductance and PW
resistance) to estimate the PW flux. However, in a standalone
BDFIG system of a ship, unbalanced and nonlinear loads are
frequently connected to the system, leading to distortion of
PW voltage and current. Hence, the PW flux is difficult to
observe accurately, and consequently the estimated rotor
speed is not accurate by this way. Moreover, the dependence
on machine parameters will also reduce the robustness of the
flux-estimation based RSO.

In general, as shown in Fig. 1, the electrical loads of a
standalone power generation system include linear three-phase
loads, linear single-phase loads and nonlinear loads. If
unbalanced faults occur in three-phase loads, or the loads on
the three single-phase power lines are unequal, the total three-
phase load is unbalanced. The unbalanced load causes the
unbalanced three-phase PW current, which results in the
unbalanced three-phase PW terminal voltage. Under nonlinear
loads, the PW current contains significant harmonics,
especially the 5" and 7™ harmonics, which generates the
distorted PW terminal voltage. Moreover, due to indirect
coupling between PW and CW through the rotor, the CW
current also contains abundant harmonics induced by the
unbalanced/distorted PW current.

In order to compensate the unbalanced/distorted PW
terminal voltage, the function of the active power filter can be
integrated to the LSC. This method has been applied to the
standalone DFIG system as described in [16]. Also, utilizing
the MSC, a few harmonics can be actively injected into the
DFIG and BDFIG to compensate for the unbalance and
distortion of the two generators’ output voltage as shown in
[16] and [17]. It can be noted that, with the compensation from
the MSC, the transfer function of the compensation control
loop for the BDFIG is more complicated than that for the
DFIG, which may lead to poorer dynamic performance.

Maybe, the compensation strategy of the MSC needs to be
further improved for applying to BDFIG. Furthermore, the
joint control of the MSC and LSC proposed in [18] can
combine the capabilities of the two converters to compensate
the PW terminal voltage so as to extend the operating range
the standalone BDFIG under unbalanced and nonlinear loads.
To determine the best compensation method among the three
ones mentioned above, comparative research and discussion
should be implemented in the future.

In [19], a basic RSO based on PW voltage and CW current
(the necessary sampled feedback quantities for the standalone
BDFIG control system) has been developed for sensorless
control of the standalone BDFIG. According to [18], if the
LSC is utilized to compensate the unbalanced/distorted PW
terminal voltage, the CW current would not be distorted, so
that the basic RSO proposed in [19] can estimate the rotor
speed well. However, with the compensation only from the
MSC or from the combination of MSC and LSC, some
harmonics will be actively injected into the CW current [17],
[18], which results that the basic RSO cannot run well. In
addition, under unbalanced and nonlinear loads, even though a
compensation method is applied to the standalone BDFIG, a
transient process would inevitably occur, during which both
the PW voltage and CW current may be distorted. In this case,
the basic RSO also cannot obtain the accurate rotor speed
required for the MSC control. Hence, it is necessary to
improve the basic RSO to accurately observe the rotor speed
for the standalone BDFIG feeding unbalanced and nonlinear
loads. For this purpose, an improved RSO has also been
presented in [19]. However, the impact of unbalanced and
nonlinear loads on the RSO has not been analyzed, and the
parameter design has not been developed. In [20], a similar
improved RSO has been applied to sensorless control of the
standalone BDFIG with unbalanced loads, but it has not been
verified under nonlinear loads.

Compared to the work previously presented in [19], in this
paper, the analysis of the impact of unbalanced and nonlinear
loads on the RSO is performed, a comprehensive guideline for
parameter tuning of the improved RSO is developed to ensure
a similar dynamic performance with the basic RSO under
different loads, and more comprehensive experimental results
are presented. Besides, the applicability of the improved RSO
on another dual-electrical-port machine, i.e. DFIG, is
confirmed by simulation results. Such observer can be used
under unbalanced and nonlinear loads and independent to any
electrical parameters of the generator although it requires the
knowledge of the pole pairs.

II. PRINCIPLE AND PERFORMANCE ANALYSIS OF BASIC ROTOR
SPEED OBSERVER

A. Working Principle

The BDFIG can operate in several modes, i.e. synchronous,
cascade and induction modes [1]. The synchronous mode, also
called the doubly-fed mode, is the optimal one. Under this
mode, the mechanical rotor speed of BDFIG can be decided
by
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(P +p)o, =0+, (D
where p is the number of pole pairs, @ the angular frequency,
and the subscripts 1, 2, and r indicate the PW, CW, and rotor,
respectively.

When the CW frequency w: is set to zero, the natural
synchronous speed of the BDFIG can be obtained, above
which the rotor speed is called the super-synchronous speed,
and below which that is the sub-synchronous speed. When the
rotor speed varies, in order to keep the PW frequency w;
constant, the value of w, should be changed by

o, =-o+to,.(p,+p,) . 2)

The basic RSO has been developed in [19], with the
structure illustrated in Fig. 2, where u1, and ujpare the a- and
f-components of the PW voltage, i», and i»s are those of the
CW current, 6, and 6, are the phase angles of the PW voltage
and CW current, respectively, and 6. is the virtual rotor
position serving as an intermediate variable for deriving the
rotor speed.
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Fig. 2. Structure of the basic RSO [19].

As can be seen from Fig. 2, the basic RSO employs the PW
voltage and CW current to estimate the rotor speed. The
values of sin(6i+6:) and cos(fi+6,) are calculated by
trigonometric operation and then input to the af-frame PLL
[21]. If integrating both sides of (1) and ignoring the
integration constant, the following expression can be obtained:

(p+p,)0,=6+0,. (3

When the af-frame PLL is working in the quasi-locked
state, based on (3), the difference between the actual and
estimated virtual rotor positions, Ad,,, can be expressed as

(P, + P,)AG, =(p,+p,)0, -6,)
=0 +6)-(p,+p)6, . @

~sin[(6, +6,)—(p, + p,)0,,]

The A6, can be regulated to zero by using a PI controller,
and consequently the rotor speed can be accurately estimated.
The tuning formula for the PI controller parameters of the
basic RSO has been derived in [19], which can be expressed
as

cosl(p + )0, J—(P + P> )6,
COS &

of-frame PLL

kprRso = g/tLBRso > kiiBRSO = 16/(§BRsots73Rso )2 )
where k, srso and k; prso are the proportional gain and integral
gain, t; prso and Earso are the settling time and damping factor,
respectively.

B. Performance Analysis under Unbalanced and Nonlinear
Loads

Unbalanced loads and nonlinear loads can generate
unbalanced and distorted PW terminal voltages, respectively,
which further produce distorted CW current through the
indirect coupling of the rotor. With the basic RSO, the
unbalanced/distorted PW voltage and distorted CW current
can cause inaccurate rotor speed observation, the reason of
which is fully analyzed as follows.

1) Analysis under Unbalanced Loads

According to the instantaneous symmetrical component
method, the unbalanced three-phase voltage can be
decomposed to balanced positive-, negative- and zero-
sequence components. In a low voltage power generation
system used in ships, the three-phase three-wire mode is
typically adopted, in which the path for the zero-sequence
current component is absent. Hence, no steady state zero
sequence component of the PW exists and only positive- and
negative-sequence components are considered in this paper.

From (2), the angular frequency of the CW harmonic
current induced by the negative-sequence PW current can be
expressed by

a)gl = _wf1 +(p + p)o, =0 +(p, + p,)o, (6)
where @' and ;' stand for angular frequencies of the PW
negative-sequence voltage and the corresponding CW
harmonic current, respectively.

Similarly, the angular frequency of the positive-sequence
CW current (i.e. CW fundamental current) can be expressed as

a)2+1 = _a)1+1 +(p+p,)o,=—o +(p, + p,)o, @)
where @' and @' are angular frequencies of PW positive-
sequence voltage and CW fundamental current, respectively.

Under the constant rotor speed and PW frequency, the
angular positions of positive- and negative-sequence PW
voltage vectors and those of fundamental and harmonic CW
current vectors can be given by

o' =[ o di=wrt+e]"

+1 +1 +1 (8)
0, = _[a)2 dt =—awt+(p, + p,)o,t+,

0" :waldtz—wlt+¢fl .

02'1:J.coz'lalt:a)lt+(pl+p2)a),‘t+¢72'1 )
where 0 is the real angular position, and ¢ the initial angular
position.

It is assumed that the amplitudes of positive- and negative-
sequence PW voltage vectors are U, and U,"', and those of
fundamental and harmonic CW current vectors are /,' and
L', respectively. Applying trigonometric operations, the
angular positions of the real PW voltage and CW current
vectors can be derived as

sinf, =K, sing" +K,sing"’
cos, =K, cos" + K, cos 6"
sin@, = K,sin@;' + K, sin@,"

_ +1 -1
cos, =K, cosd, +K,cosb,

(10)

where
K, =U1+1/U1 , K, =U1_1/U1 , K, =[2+1/12 , K, =Iz_l/12’
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U, =0 +U) +20,"U; cosQait +¢" —g1).

L= +(I,' ) +2I I, cos(2wt + 97" ;") .
Substituting (10) to (4), the difference between the actual
and estimated virtual rotor positions, Ad,,, can be expressed as

(i +p,)AG,, ~sin[(6, +6,)—(p, + p,)6,]
= KK, sin(A,‘ +¢! +¢72”)
+K,K, sin(—2a)11+Ar+gof1 +(02+1) (11)
+KK, sin(Za)lt +4 +o" + ¢ )
+K,K, sin(A,‘ +o +q);1)

where 4 =(p, + p,)ot—(p, + pz)én, , and all the coefficients

KiK3, K>K3, KiKs, and K>K4 contain ac components at the
frequency of 2. The detailed derivation process for (11) can
be found in Appendix.

The first and last terms in the right side of (11) can be

eliminated by adjusting 6, to make (4, +¢' +¢!") and
(4 +¢ " +¢;") to zero. However, the other two terms in the
right side of (11) both have ac components with the frequency
of 2w, which cannot be removed, because 2wt and -2w:t
cannot be canceled by adjusting 6, . The input of the PI

controller of the basic RSO contains ac components at the
frequency of 2w1, which results in fluctuation of the estimated
rotor speed at the frequency of 2w;.

2) Analysis under Nonlinear Loads

Under nonlinear loads, the most significant harmonics of
the PW voltage are the 5" and 7" harmonics with frequencies
of -5w; and 7w;. The corresponding CW harmonic currents
can be generated by the harmonic components of PW current
via the indirect coupling of the rotor, whose angular
frequencies can be obtained by

6()2-5 :_wfs +(p + py)o, =50, +(p, + p,)o, (12)
a)z+7 =—a)1+7+(pl+p2)a),.=—70)1+(171+172)0)r (13)
where @ and @’ are angular frequencies of the 5™ and 7™

PW harmonic voltages, and @,” and w,” those of the
corresponding CW harmonic currents induced by the PW
harmonic currents, respectively.

Similarly, under the constant rotor speed and PW
fundamental frequency, the angular positions of the 5% and 7%
PW harmonic voltage vectors and those of the corresponding
harmonic CW current vectors can be calculated by

67 = I o dt =St +¢°
(14)
0, = _[a)z'sdt =Swt+(p, + p)ot+e;”

07 = _[a)lﬂdt =Tot+¢’
.5)
o) =_[a)2*7dt =-Twt+(p +p,)ot+e;
The amplitudes of the 5% and 7% PW harmonic voltage
vectors are assumed to be U;” and U,”, and those of the
corresponding CW harmonic current vectors to be /,° and

1,7, respectively. Combining (8), (14) and (15), the angular
positions of the real PW voltage and CW current vectors can
be obtained by

sinf, =K, sinf" + K, sin0” + K, sing”’

cos8 =K, cos&" + K, cos0” + K, cos 9
: _ : +1 : -5 : +7

sind, = K, sinf,” +K,sin6,” + K sin 6,

cosd, =K, cos6;' + K, cos6,” + K, cos0,”

(16)

where

K =U"lUu , K,=U"JU, , K,=U"JU, , K,=1']I, ,
K, =01’/I,, K, =1,]1,,

U +(U) + (U7 +2U,"U,” cos(6ayt + 9" =)
R2U;°U" cos(-12at + 9" — ")

+2U,"'U,7 cos(~6m,t + ¢ — ")

(1) +(L°) + (1) + 211" cos(~6ayt + " = ,”)
I = |R21°L cos(12ayt + ¢, — ;)
R21'17 cos(b6art + 7' — ;)
Substituting (16) to (4), the difference between the actual
and estimated virtual rotor positions, Af,,, can be expressed as
(P + P,)A6,, ~sin[(6, +6,)—(p, + p,)0,,]
=KK, sin(Ar + +go2”)
+K K sin(6a)lt+Ar +o!' + ¢, )
+ K K sin(-6at+4, + ¢ + gaz,”)

+K,K, sin(-6mt+4, + ¢ + (0;1)

. 17)
+K,K sin(4, +¢” +(p2’5)

(
(
(
+ KK, sin (120044, +¢;° + ¢} )
+ KK, sin(6w+4, + ¢ + ;")

(

+ KK sin(120+4, + ¢ +§0£5)
+K,Ksin(4, +¢7 +¢7)

where 4. =(p, + p,)ot—(p, + pz)é , and all the coefficients

K1K4, K1K5, K1K6, K2K4, Ksz, K2K6, K3K4, K3K5 and K3K6
contain ac components with frequencies of 6w and 12w;. The
detailed derivation for (17) can be found in Appendix.

The first, fifth and ninth terms in the right side of (17) can

be eliminated by regulating 6, to make (4 +¢ +¢!'),
(A4 +¢” +¢,°) and (4 +¢" +¢;7) to zero. The other six

terms in the right side of (17), containing ac components at the
frequency of 6w or 12w;, cannot be cleared, because 6wt
and £12w¢ in these terms cannot be mitigated by adjusting

é’w. As a result, ac components at frequencies of 6w and

12w, are inevitable in the PI controller of the basic RSO,
which results in fluctuation of the estimated rotor speed at the
same frequencies.
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According to the analysis above, the basic RSO is unable to
obtain the accurate rotor speed when the unbalanced or
nonlinear load occurs.

III. DESIGN OF IMPROVED ROTOR SPEED OBSERVER

A. Scheme Design

In order to overcome the aforementioned problems, second-
order generalized integrators (SOGIs) and low-pass filters
(LPFs) are introduced to the RSO to pre-filter the PW voltage
and CW current, respectively. The improved RSO is
illustrated in Fig. 3.

LSC Uay u;
g SOGI [~ = 2] >
u 1 ey, Uipr,
labe| abe > » »
| at—, |psc ;ﬁ"
aff uw lﬁf= ap- .
0] SOZGI Gl fll;alflie Basic | @
p = RSO >
: [ |Fig2)
L L
22w LpF 1 2
i2 i2
Ll Lo 2 2L

Standalone BDFIG system Improved RSO

Fig. 3. Overall scheme of the proposed improved RSO, where SOGI stands
for second-order generalized integrator, PSC for positive-sequence calculator,
LPF for low-pass filter, and RSO for rotor speed observer.

In Fig. 3, two SOGIs are used to extract the fundamental of
the a- and B- components of PW voltage (u14rand up), and to
obtain the corresponding 90-degree phase-shifted results (quiqs
and quig) at the same time. The fundamental positive-

sequence a- and f- components of the PW voltage, u;, . and
Uy, » can be derived from the positive-sequence calculator

(PSC) according to the following expression [23]:
Ui = (“m_/ “qthpy )/ 2
Uy = (qulaf gy )/2 .
And then, both are sent to the af-frame PLL

laf

(18)

i
and u,,,

to obtain the estimated PW frequency @, serving as the

resonance frequency of two SOGIs, which makes SOGIs
frequency-adaptive.

According to (2), when the BDFIG is across its natural
synchronous speed, in order to achieve the constant PW
frequency, the CW current frequency should be set to zero,
which means that the minimum frequency of the CW
fundamental current is zero in actual applications. Hence, two
first-order low-pass filters (LPFs) are employed to filter out
the harmonics in the a- and - components of the CW current.

Finally, these filtered quantities, u,, , u,, , i,, and i, ,

are all fed to the basic RSO to estimate the rotor speed.

Under unbalanced loads, the negative-sequence PW voltage
and the corresponding harmonic CW current can be filtered
out before being sent to the basic RSO, thereafter the
coefficients K; and K3 in (10) can be approximated as 1, K,

and Kj as 0. Hence, the ac components with the frequency of
2w; in (11) can be eliminated, so that (11) can be simplified as

(p,+ P)AO, ~sin(4, +9" +9;'). (19)

As a result, based on (19), A, can be regulated to zero by
using a PI controller, and consequently the accurate rotor
speed can be obtained under unbalanced loads. Similarly, (17)
can be simplified to the same expression as (19), thus the
improved RSO can also accurately estimate the rotor speed
under nonlinear loads.

B. Parameter Design

The performance of the improved RSO depends on so many
parameters of all the filters and PI controllers. The
comprehensive design of the parameters in all the filters and
PI controllers is the key element that the improved RSO is
with both good dynamic and good steady-state performance.
The idea of the comprehensive parameter design is to make
the response speed of the improved RSO not lower than that of
the basic RSO with ensuring the filtering effect of these
additional filters (i.e. SOGIs and LPFs), which can be
implemented in three steps and described as follows.

1) Step 1: Determination of SOGI Parameters

The transfer functions of the SOGIs in Fig. 3 can be
expressed as [23]

“laf (S) _ ”lﬂf (S) _ 2§SOGIé)1S (20)
U, (s) () §T+ 28OS + &
qu,, (s) Gty (s) _ 2§s0(;152)12
= == - = 21
Uy, (8) Uy (s) 8"+ 28506108 + O]

where &sogr is the damping factor, and @, the resonance

frequency (i.e. the estimated PW frequency by the af-frame
PLL). With consideration of both the response speed and the
stability of the SOGI, generally, o is set to 0.707 [23].
From (20) and (21), the settling time of SOGI can be given
by
L socr = 4/(55061&)1) . (22)
If the response speed of the o5-frame PLL is faster than that
of the SOGI, @ can be regarded as the PW nominal

frequency. For the PW nominal frequency of 50 Hz, from (22),
it can be derived that #; soc; is about 18 ms.

2) Step 2: Determination of PI Controller Parameters

In order to reduce the impact of the delay of the af-frame
PLL on the SOGI, the response speed of the af-frame PLL has
to be faster than that of the SOGI. In addition, the settling
times of the SOGI and LPF should be less than that of the
basic RSO, so that the response speed of the improved RSO is
not slower than that of the basic RSO. Hence, the settling time
of different components in the improved RSO should be in the
order of

Ly pr (23)

where ¢ pr1, t soGr, ts 1pr, and ¢ prso are the settling time of
the af-frame PLL, SOGI, LPF, and basic RSO, respectively.
Due to ¢ socr being about 18 ms, according to (23), it is

< t.\; SOGI

R

s_LPF <t

s_BRSO
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appropriate to set f pr; and f prso to 10 ms and 40 ms,
respectively.

Because the basic RSO is derived from the af-frame PLL,
the linearized control model of the basic RSO is similar to that
of the af-frame PLL, and consequently the tuning formulas
for the PI controller parameters in the two components are the
same as shown in (5). Taking into account the tradeoff of
response speed and stability, the damping factor in (5) should
be set to 0.707. These PI controller parameters in the af-frame
PLL and basic RSO can be given by

k, py, =800, k; ,, =80000

i

kpiBRS() =200, k;BRso =5000.

i

24)
(25)

3) Step 3: Determination of LPF Parameters

The cutoff frequency of the first-order LPF needs to be
determined. From (6), (7), (12) and (13), the relationship
between angular frequencies of CW fundamental current and
harmonic currents can be derived as

o, =0 +20, (26)
@, =&} +60, X))
o] =0 -60,. (28)

In order to employ a fractionally rated power converter to
drive the standalone BDFIG system, the angular frequency of

CW fundamental current, @, ' is usually limited to 30% of the

PW frequency (i.e., between -0.3w; and 0.3w)). It is noted that
the phase sequence of the CW current with negative frequency
is opposite to that of the CW current with positive frequency.
Thus, the maximum absolute value of the CW fundamental
current frequency, |@w2/max, 18 0.3w1, and from (26)-(28), the
minimum absolute value of CW harmonic current frequency,
|24 |min, 18 1.7 w1.
The first-order LPF can be expressed as

LPF(s) = — %~
s+,

29)

where . is the cutoff frequency.

In order to achieve stronger harmonic attenuation and
weaker fundamental decay, the cutoff frequency should be
smaller than the minimum absolute value of the CW harmonic
current frequency and greater than the maximum absolute
value of CW fundamental current frequency as much as
possible, as shown in Fig. 4, which means that the optimal
cutoff frequency w. o can be determined by

a. 1 a max i
lg _opt - lg‘ 2f | +1g‘ a)zh ‘mm . (30)
a)c _opt c_opt c_opt
From (30), wc o can be expressed as
a)ciopt = ’\/| wzf |max * | a)Zh |min ~ 07601 . (31)

Hence, with the PW nominal frequency of 50 Hz, the actual
cutoff frequency w. should be set to around 2mx35 rad/s.
According to [24], when the steady-state error is limited to 2%,
the settling time of the first-order LPF is given by

t, e =4/0, =18 ms. (32)

Consequently, it is known that the #, ;pr can exactly meet
the requirement of (23).
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Fig. 4. Magnitude—frequency characteristics of first-order LPF with
normalized scale for frequency, where w. ,,is the optimal cutoff frequency,
|w2/lmax the maximum absolute value of CW fundamental current frequency,
and |was|min the minimum absolute value of CW harmonic current frequency.

IV. EXPERIMENTAL RESULTS WITH BDFIG

A. Experimental Setup

The experiments are performed on a prototype BDFIG,
whose main parameters are listed in Table I. A 37 kW three-
phase asynchronous motor as the prime mover is mechanically
coupled to the BDFIG and driven by a Siemens MM430
inverter, as shown in Fig. 5. The rotor speed is measured by an
incremental encoder for validating the performance of the
proposed RSO. The control of MSC and LSC employs the
conventional methods proposed in [2] and [22], respectively.
The nominal rms and frequency of the PW line voltage is 400
V and 50 Hz, respectively.

TABLEI

MAIN PARAMETERS OF THE PROTOTYPE BDFIG IN EXPERIMENT
Parameter Value
Capacity 30 kVA
Speed range 600 ~1200 rpm
PW and CW pole pairs 1,3
PW rated voltage and current 380V,45 A
CW voltage and current range 0~350V, 0~50 A

PW, CW, and rotor resistances

PW, CW, and rotor self-inductances
Mutual inductance between PW and rotor
Mutual inductance between CW and rotor

0.4034 Q, 0.2680 Q, 0.3339 Q
0.4749 H, 0.03216 H, 0.2252 H
0.3069 H

0.02584 H

Wound rotor

Rotor type

Siemens

Sensors

Voltage
SENSOors

Fig. 5. Photograph of the experimental setup.



IEEE POWER ELECTRONICS REGULAR PAPER

B. Dynamic Performance Test

Three typical experiments have been carried out under the
unbalanced, nonlinear and combination loads, respectively.
The controller of the experimental machine still uses the
encoder to measure the rotor speed. The basic and improved
RSOs are employed to observe the rotor speed separately to
compare the performance and validate the capability of the
proposed improved RSO in coping with unbalance and
distortion of measured variables. According to the description
in Part B of Section III, the control parameters and settling
time of different components in the improved RSO can be
summarized in Table II. For a fair comparison, the same basic
RSO control parameters as shown in Table II are utilized
when employing only the basic RSO to estimate the rotor
speed.

TABLE II
CONTROL PARAMETERS AND SETTLING TIMES OF DIFFERENT COMPONENTS IN
THE IMPROVED RSO

Component Control parameter Settling time (ms)
SOGI Esoar=0.707 18
LPF . =2n35 rad/s 18
of-frame PLL ki, pre =800, k; pr. = 80000 10
Basic RSO ky_srso = 200, ki prso = 5000 40

1) Experiment under Unbalanced Load

At 0.77s, the standalone BDFIG is operated to supply an
unbalanced three-phase resistive load with resistances of 25 Q,
100 Q, and 100 Q in phases a, b, and c. From 4 to 8.2 s, the
rotor speed rises from 620 to 939 rpm, and falls from 939 to
606 rpm between 10 and 18.8 s. As can be seen from Figs. 6(a)
and (b), the unbalanced load makes the PW voltage
significantly unbalanced with the unbalance factor (UF) of
14.1%, which further distorts the CW current. As shown in
Figs. 6(c)-(f), the basic RSO and the improved one have
similar response speed. In addition, as shown in Fig. 6(d), the
peak-to-peak value of the oscillation in the rotor speed error of
the basic RSO is about 12 rpm, and it can be significantly
reduced to around 3 rpm by the improved RSO as shown in
Fig. 6(f). Hence, the overall performance of the improved
RSO is better than that of the basic RSO under unbalanced
loads.

2) Experiment under Nonlinear Load

The standalone BDFIG is connected with a nonlinear load
(a diode-rectifier with a 25 Q resistor at the dc side) at 2.43 s.
Between 4.46 and 17.33 s, the rotor speed rises from 597 to
928 rpm and then falls to 694 rpm. As shown in Figs. 7(a) and
(b), the nonlinear load results in significant harmonics in the
PW voltage with the total harmonic distortions (THD) of 9.1%,
and the CW current is distorted at the same time. At the time
of the non-linear load being connected, a little error in the
speed estimation, about 3.1% of the real speed, appears and
then rapidly converges to 0.5% within 0.28 s as shown in Figs.
7(d) and (f). Comparing the experimental results as shown in
Figs. 7(c)-(f), the response speed of the two observers is
nearly identical with each other. However, the oscillation in
the rotor speed observed by the basic RSO reaches 20 rpm, as
shown in Fig. 7(d). At the same operation condition, the
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Fig. 6. Experimental results of the standalone BDFIG supplying an
unbalanced three-phase resistive load with resistance of 25 Q, 100 Q, and 100
Q in phases a, b, and ¢, where (a) PW voltage (1 p. u. = 500 V) and CW
current (1 p. u. = 50 A), (b) Expanded view of (a), (c) Rotor speeds observed
by basic RSO and measured by encoder, (d) Error of the rotor speed observed
by basic RSO, (e) Rotor speeds observed by improved RSO and measured by
encoder, and (f) Error of the rotor speed observed by improved RSO.
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Fig. 7. Experimental results of the standalone BDFIG supplying a nonlinear
load (a diode-rectifier with a 25 Q resistor at the dc side), where (a) PW
voltage (1 p. u. =500 V) and CW current (1 p. u. = 50 A), (b) Expanded view
of (a), (c) Rotor speeds observed by basic RSO and measured by encoder, (d)
Error of the rotor speed observed by basic RSO, (e) Rotor speeds observed by
improved RSO and measured by encoder, and (f) Error of the rotor speed
observed by improved RSO.
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Fig. 8. Experimental results of the standalone BDFIG supplying a
combination load of an unbalanced load and a nonlinear load, where (a) PW
voltage (1 p. u. =500 V) and CW current (1 p. u. =50 A), (b) Expanded view
of (a), (c) Rotor speeds observed by basic RSO and measured by encoder, (d)
Error of the rotor speed observed by basic RSO, (e) Rotor speeds observed by
improved RSO and measured by encoder, and (f) Error of the rotor speed
observed by improved RSO.
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oscillation has been reduced to around 3 rpm by employing
the improved RSO, as shown in Fig. 7(f). Hence, the improved
RSO has a better overall performance than the basic one when
the standalone BDFIG supplies nonlinear loads.

3) Experiment under Combination Load

In this experiment, the BDFIG operates at a more severe
condition than before. The standalone BDFIG is connected
with a combination load of an unbalanced load (a three-phase
resistive load with resistances of 6 Q, 12 Q and 12 Q in three
phases) and a nonlinear load (a diode-rectifier with a resistor
of 50 Q at the dc side). Between 0.5 and 1.6 s, the rotor speed
drops from 894 to 630 rpm at the rate of 240 rpm per second,
and then from 5.5 to 6.97 s, it recovers to 894 rpm at the rate
of 180 rpm per second. The rate of the rotor speed change is
higher than that in the three experiments above. As shown in
Figs. 8(a) and (b), the combination load results that the PW
voltage is unbalanced and distorted with the UF of 11.6% and
the THD of 8.6%, and the CW current is distorted due to the
indirect decoupling between PW and CW through the rotor.
From Figs. 8(c) and (d), the oscillation in the rotor speed
observed by the basic RSO reaches 35 rpm. At the same
operation condition, by employing the improved RSO, the
oscillation in the observed rotor speed can be reduced to
around 7 rpm as shown in Fig. 8(f), and the observed rotor
speed can track the measured one very well as shown in Fig.
8(e).

From the results of all the three typical experiments above,
it can be noted that the improved RSO is almost with the same
response speed as the basic RSO, although some additional
filters (SOGIs and LPFs) have been added to the improved
RSO. Hence, it can be concluded that the satisfactory dynamic
performance can be offered by the improved RSO.

C. Steady-state Harmonic Analysis

Fig. 9 illustrates the expanded views and harmonic
spectrums of the rotor speed observed by the basic and
improved RSOs under unbalanced loads. The expanded views
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of the rotor speeds shown in Figs. 6(c) and (e) between 3 and
3.1 s are presented in Figs. 9(a) and (c), respectively. It is
obvious that the periodic oscillation appears in the rotor speed
observed by the basic RSO, which can be eliminated by the
improved RSO. The corresponding harmonics spectrums of
the rotor speed are depicted in Figs. 9(b) and (d), respectively.
With the basic RSO, the observed rotor speed contains
significant harmonics, of which the frequency is twice that of
the PW voltage and the amplitude is 0.47% of the amplitude
of the fundamental component (equivalent to 3 rpm). It is seen
that the result is in accordance with the analysis in Part B of
Section III. Furthermore, with the improved RSO, the content
of the harmonics has been drastically reduced to 0.04%
(equivalent to around 0.25 rpm).

The expanded views and harmonics spectrums of the rotor
speeds observed by the two observers under nonlinear loads
are shown in Fig. 10, where the expanded views are based on
the rotor speeds as shown in Figs. 7(c) and (e) between 3.7
and 3.8 s. From Figs. 10(a) and (b), it can be seen that the
rotor speed observed by the basic RSO contains two main
harmonics with frequencies of 6w; and 12w;, which matches
the analysis result in Part B of Section III. Employing the
improved RSO, the contents of the harmonics with frequencies
of 6w and 12w; have been reduced from 0.7% and 0.25% to
0.07% and 0.02%, respectively, as shown in Figs. 10(c) and
(d).

Fig. 11 presents the expanded views and harmonic
spectrums of the rotor speeds observed by the basic and
improved observers shown in Figs. 8(c) and (e) between 4.5
and 4.6 s. From Figs. 11(a) and (b), it can be seen that the
rotor speed observed by the basic RSO contains two main
harmonics with frequencies of 2w; and 6w, of which the one
harmonic with the frequency of 2w; is caused by the
unbalanced load, and the other one is generated by the
nonlinear load, which matches the analysis result in Part B of
Section III. Unlike the experiment results under the nonlinear
load described above, the harmonic with the frequency of
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Fig. 9. Expanded views and harmonic spectrums of rotor speeds observed by basic and improved RSOs under unbalanced loads, where (a) Expanded view of
the rotor speed observed by basic RSO, (b) Harmonic spectrum of the rotor speed observed by basic RSO, (c¢) Expanded view of the rotor speed observed by
improved RSO, and (d) Harmonic spectrum of the rotor speed observed by improved RSO.
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Fig. 10. Expanded views and harmonic spectrums of rotor speeds observed by basic and improved RSOs under nonlinear loads, where (a) Expanded view of
the rotor speed observed by basic RSO, (b) Harmonic spectrum of the rotor speed observed by basic RSO, (c) Expanded view of the rotor speed observed by
improved RSO, and (d) Harmonic spectrum of the rotor speed observed by improved RSO.
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Fig. 11. Expanded views and harmonic spectrums of rotor speeds observed by basic and improved RSOs under the combination load of the unbalanced and
nonlinear loads, where (a) Expanded view of the rotor speed observed by basic RSO, (b) Harmonic spectrum of the rotor speed observed by basic RSO, (c)
Expanded view of the rotor speed observed by improved RSO, and (d) Harmonic spectrum of the rotor speed observed by improved RSO.

12w does not appears in the rotor speed observed by the basic
RSO due to few contents of the 7" order PW harmonic voltage
generated by the nonlinear load used in this experiment.
Fortunately, with the improved RSO, the contents of the
harmonics with frequencies of 2w; and 6w; can be reduced
from 5.5% and 3.8% to 0.28% and 0.19%, respectively, as
shown in Figs. 11(b) and (d).

V. SIMULATION RESULTS WITH DFIG

The proposed improved RSO is independent to machine
parameters except the pole pairs, of which the input signals are
the voltage of the one winding and the current of the other
winding of the electrical machine. Hence, the improved RSO
can also be applied to other dual-electrical-port machines,
such as the traditional DFIG. The applicability of the

improved RSO on DFIG is verified by simulation in this
section.

A. Simulation Model and Parameters

Fig. 12 presents the block diagram of the simulation model
for the basic and improved RSOs applied to the standalone
DFIG, where p and wy are the pole pairs and slip frequency,
the subscripts s, » and / indicate the stator winding, rotor
winding and LSC, respectively. For a fair comparison, the
MSC control employs a method similar to that used in the
BDFIG experiments, i.e. the method developed in [2]. The
small difference between the MSC control methods for DFIG
and BDFIG is that the DFIG's output voltage (stator voltage)
is regulated by the rotor current rather than the stator CW
current, which is determined by the structural differences
between the two machines. Besides, the LSC is controlled by
utilizing the same method as used in the experiment with
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BDFIG, i.e. the method proposed in [22]. Main parameters of
the DFIG in this simulation are shown in Table III. And, the
control parameters of the two RSOs are the same as that in the
experiment with BDFIG (see Table II).

MSC control

ae

PWM

Uy, Up| U

WMJAS

u . " LSC
Lof\j;ts?ss '—u T, M sabe control
UL =650V
i & Basic RSO |ag—ze “ >
r (Flg 2) o tsabe 0 =0
Tmproved RSO (Nonlinear| [Unbalanced
@, (Fig. 3) Usgpe load load —

Rotor speed observation
Fig. 12. Block diagram of the simulation model for the basic and improved
RSOs applied to the standalone DFIG.

TABLE III
MAIN PARAMETERS OF THE DFIG IN SIMULATION
Parameter Value
Capacity 18 kVA
Pole pairs 2

0.5968 Q, 0.0003495 H
0.6258 Q, 0.005473 H
0.0354 H

Stator resistance and leakage inductance
Rotor resistance and leakage inductance
Mutual inductance between stator and rotor

B. Simulation Results under Unbalanced Load

The standalone DFIG supplies an unbalanced three-phase
resistive load with resistances of 8 Q, 12.5 Q and 12.5 Q in
three phases. The initial rotor speed of the DFIG is 1800 rpm.
At 4 s, the rotor speed starts to drop at a rate of 1200 rpm per
second. As can be seen from Figs. 13(a) and (b), the
unbalanced load makes the stator voltage significantly
unbalanced with the UF of 9.6%, and the rotor current is
distorted due to the magnetic coupling between the stator and
rotor. As shown in Fig. 13(c), a great ripple with the peak-to-
peak value of 200 rpm appears in the rotor speed observed by
the basic RSO, which can be significantly reduced by the
improved RSO. In addition, the improved RSO has almost the
same response speed as the basic RSO, although several
additional filters (i.e. SOGIs and LPFs) have been added to the
improved RSO. Fig. 13(d) illustrates the expanded view of the
rotor speeds shown in Fig. 13(c) between 4.5 and 4.6 s. It is
obvious that the periodic oscillation appears in the rotor speed
observed by the basic RSO, which can be eliminated by the
improved RSO. The harmonic spectrums of the rotor speeds
illustrated in Fig. 13(d) are depicted in Fig. 13(e). The rotor
speed observed by the basic RSO contains the significant
harmonic with the frequency of twice the stator voltage
frequency and the content of 5.98%, which is in accordance
with the analysis in Part B of Section II. Fortunately, with the
improved RSO, the harmonic content can be drastically
reduced to 0.43%.
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Fig. 13. Simulation results of the standalone DFIG supplying an unbalanced
three-phase resistive load with resistances of 8 Q, 12.5 Q and 12.5 Q in three
phases, where (a) PW phase voltage (1 p. u. =300 V) and CW phase current
(1 p. u. =30 A), (b) Expanded view of (a), (c) Actual rotor speed and
observed ones by basic and improved RSOs, (d) Expanded view of (c), and (e)
Harmonic spectrums of the rotor speeds illustrated in (d).

C. Simulation Results under Nonlinear Load

In this simulation, the standalone DFIG supplies a balanced
load (a three-phase resistive load with resistance of 25 Q in
each phase) and a nonlinear load (a diode-rectifier with a 40 Q
resistor at the dc side) at the same time. The combination load
can be regarded as a nonlinear load. The change of the rotor
speed is the same as that in the simulation under the
unbalanced load. From Figs. 14(a) and (b), it can be seen that
the stator voltage is significantly distorted with the THD of
14.3%. As shown in Figs. 14(c) and (d), the rotor speed
observed by the basic RSO contains a periodic oscillation with
the great peak-to-peak value of 450 rpm. Fortunately, the
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Fig. 14. Simulation results of the standalone DFIG supplying a combination
load of a balanced load (a three-phase resistive load with resistance of 25 Q in
each phase) and a nonlinear load (a diode-rectifier with a 40 Q resistor at the
dc side), where (a) PW phase voltage (1 p. u. =300 V) and CW phase current
(1 p. u. =30 A), (b) Expanded view of (a), (c) Actual rotor speed and
observed ones by basic and improved RSOs, (d) Expanded view of (c), and (e)
Harmonic spectrums of the rotor speeds illustrated in (d).

oscillation in the rotor speed observed by the improved RSO is
almost completely eliminated. Moreover, the response speeds
of the basic and improved RSOs are almost the same. The
comparison of the harmonic spectrums for rotor speeds
observed by the two RSOs are presented in Fig. 14(e). It can
be seen that the rotor speed observed by the basic RSO
contains two main harmonics with frequencies of six times
and twelve times the stator voltage frequency, which matches
the analysis result in Part B of Section II. With the improved
RSO, the two main harmonics can be significantly reduced, of
which the contents can be decreased from 13.3% and 1.23% to
0.48% and 0.1%, respectively.

From these simulation results and analysis described above,
the improved RSO can achieve satisfactory performance under
unbalanced and nonlinear loads.

VI. CONCLUSION

This paper has proposed an improved RSO used in
sensorless control for the standalone BDFIG to improve the
reliability and reduce the cost and complexity of the control
system. The proposed RSO is based on the PW voltage and
CW current and independent to machine parameters except the
pole pairs. In order to eliminate the impact of unbalanced and
nonlinear loads on the rotor speed observation, both the SOGI
and LPF are added to the RSO to achieve the pre-filtering of
PW voltage and CW current. Through comprehensive
parameter design, these additional filters in the improved RSO
do not degrade the dynamic performance of the proposed RSO.
Both dynamic and steady-state performance of the improved
RSO applied to the BDFIG are validated by comprehensive
experiments under the unbalanced, nonlinear, and combination
loads. Furthermore, the application of the improved RSO can
be extended to another dual-electrical-port machine (i.e.
DFIQG), which is verified by simulation results.

APPENDIX
From (4), it can be derived that
(P, + P,)AD,, ~sin[(6, +6,)—(p, + p,)6,]
=sin(6, +6,) cos(p, + p,)0., —cos(6, + ,)sin(p, + p,)0

. " .(33)
= (sin g, cos @, +sin G, cos b,) cos(p, + p,)b,,
—(cos 6, cos @, —sin G, sin 6,)sin(p, + p, )67W
Combining (10) and (33), under unbalanced loads,

(P1+p2)AG,, can be expressed as the function of 6", 0,", 6
and 6;',ie.,
(P +py)AG, =~ KK, Sin[(91+l + QZH) —-(p+p))0,]
+ K, K, sin[(6" +6;") = (p, + p,)0,,]
+ KK, sin[(6" +6,") = (p, + )0, ]
+ KK sin[(6; +6,) = (p + p,)0,]
And then, substituting (8) and (9) to (34), Eq. (11) can be
obtained. Similarly, substituting (16) to (33), (p1+p2)Af,-, can

be rewritten as the function of 4", 6,", 67°,6,°, 6§ and
oy ” under nonlinear loads, i.c.,

(P + p,)AG,, ~ K K sin[(6" +6,") = (p, + p,)0,]
+ KK sin[(6" +6,°)—(p, + p,)6,]
+ KKsinl(6" +6.7) = (p, + p,)8,]
+ KK, sinl(6 +6) = (p, + p)8, ]
+ KK, sin[(67° +60,°)— (p, + p,)06,,] .
+ KK, sin[(67° +0,) = (p, + p,)0.]
+ KK sinl(87 +6,) = (p, + p,)0,]
+ KK sin[(8 +6,°) = (p, + p,)6,,]
+ KK, sin[(8 +6;)—(p, + p,)6,,]

(34)

(33)
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Finally, Eq. (17) can be obtained by substituting (8), (14)
and (15) to (35).
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