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Abstract—This paper presents an independent operation of the
rotor-side converter (RSC) and grid-side converter (GSC) for a
doubly fed induction generator (DFIG)-based wind energy con-
version system under unbalanced grid voltage conditions. In this
paper, the RSC is controlled to achieve four different control tar-
gets, including balanced stator current, sinusoidal rotor current,
smooth stator active and reactive powers, and constant DFIG elec-
tromagnetic torque. The GSC is commanded to keep the dc voltage
at a constant value. Additional feedback compensators using reso-
nant regulators for the RSC are employed, and the decompositions
of the positive and negative sequence components and calculations
of the rotor negative current references can be avoided. Another
similar compensator is used in the GSC to suppress the dc voltage
fluctuates and remove the GSC reactive power oscillations without
the stator or rotor power information. The proposed method can
make the RSC and GSC available to an independent operation with
a simple implementation for higher reliability. The experimental
results demonstrate the effectiveness of the proposed control strat-
egy for both the RSC and GSC under unbalanced grid voltage
conditions.

Index Terms—Doubly fed induction generator (DFIG), indepen-
dent operation, resonant regulator, unbalanced grid voltage, wind
energy conversion system (WECS).

I. INTRODUCTION

OWADAYS, wind power generations have been growing
N rapidly all over the world and have become one of the
most promising renewable generation technologies. Among the
different types of the wind energy conversion system (WECS),
doubly fed induction generator (DFIG)-based WECSs, as shown
in Fig. 1, have gained the increasing proportion due to the out-
standing advantages, including the variable speed constant fre-
quency operation, four-quadrant active and reactive power ca-
pabilities, smaller converters rating around 30% of the generator
rating, lower cost and power losses, compared with fixed-speed
induction generators and synchronous generators [1]—[4].
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Fig. 1. Configuration of DFIG-based WECS.

Normally, DFIG-based WECSs are installed in the remote
areas where the rural grids are weak and voltage imbalances
often occur due to the unbalanced loads and the asymmetric grid
fault. As the grid imbalance appears, the negative sequence flux
linkages and currents arise in both the stator and rotor windings
[5]-[8], which results in the significant double frequency ripples
in the electromagnetic torque and may shorten the mechanical
components lifetime. Besides, the oscillating power, flowing
through the dc link between the grid-side converter (GSC) and
rotor-side converter (RSC), causes the twice frequency voltage
fluctuations in the dc capacitor [8]. As a result, DFIG-based
generation systems without unbalanced voltage control might
have to be disconnected from the grid, which is not accepted
by the new grid code [9]-[11]. Thus, it is necessary that the
DFIG-based WECSs should have the capability to operate under
a certain steady-state voltage unbalance and endure the larger
transient voltage imbalance without tripping.

The operation of the grid-connected DFIG system during
network unbalance has been investigated in [6]-[8], [12]—
[19]. In the traditional control scheme of DFIG systems, two
proportional-integral (PI) controllers were applied in the cur-
rent control loop on the basis of the decomposition of positive
and negative sequence components in [6] and [17], where the
current controllers were implemented in the positive and neg-
ative synchronous reference frames, respectively. Due to the
time delay and control errors introduced by the decomposi-
tion of both the positive and negative sequence components,
the system dynamic performance and stability might be de-
graded. In addition, it is necessary to decompose the measured
signals to calculate the negative sequence current references
even under ideal grid voltage conditions, which significantly
increases the computational burden for the practical imple-
mentation. In [12] and [13], the decomposition processes in
the control loop were removed by using resonant regulators.
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The current control scheme consists of a PI regulator and a
resonant (R) one tuned at the double grid frequency in the pos-
itive synchronous reference frame [12], or a proportional (P)
regulator and a resonant (R) one tuned at the grid frequency
in the stator stationary reference frame [13]. The different con-
trol targets during network unbalance, such as reducing current
imbalances, reducing torque ripples, and removing power oscil-
lations, were identified in [6], [12], and [13]. For these control
targets, it is necessary to calculate the negative sequence current
references based on the involved positive and negative sequen-
tial decomposition. In order to avoid the complicated negative
sequence current reference calculation, the control reference of
rotor voltage was calculated directly either from the calculated
compensating currents [14] or from the torque ripples [15] to
reduce torque ripples of DFIG. These two methods contain a
band-pass filter followed by a lead-lag controller, which in-
crease the design complexity and the computational burden for
a DSP-based implementation.

Furthermore, when the DFIG system operates on the un-
balanced grid, the double frequency fluctuations of dc voltage
should be eliminated to reduce power losses and improve system
reliability. In [16]-[19], the reduction of dc voltage fluctuates
was discussed. The commanded current values for the GSC
were calculated according to the real-time oscillating terms of
either the rotor active power [16] or the stator active power [17].
By these coordinated strategies, the dc voltage fluctuates can
be suppressed. However, the operation performance is highly
dependent on the accuracy of the negative sequence current cal-
culations based on the real-time power information from the
RSC. To avoid these reference calculations, a direct power con-
trol strategy for DFIG systems was proposed in [18], where the
electromagnetic power induced from the stator side was injected
into the dc voltage control loop as a feed-forward term. However,
in these coordinated strategies, the GSC requires the power in-
formation from the RSC, which means the RSC and GSC should
be integrated into a whole, which is not beneficial for the in-
dependent operation of DFIG systems. In [19], a dc capacitor
current control method using a negative sequence resonant con-
troller was applied to the GSC control scheme, in which the dc
voltage fluctuates can be reduced without additional hardware
and power information from the RSC. However, the differential
term of the dc voltage V. is involved in this method, which
can amplify the high frequency noises and reduce the signal and
noise ratio. Thus, it is necessary to investigate an entire control
scheme to implement an independent operation with less com-
putational burden and less system complex for DFIG systems
under unbalanced grid voltage conditions.

This paper presents an independent control scheme using res-
onant feedback compensators for the RSC and GSC under un-
balanced grid voltage conditions. This paper will be organized
as follows. First, Section II describes the typical performance of
DFIG-based systems under unbalanced grid voltage conditions.
Then, the control schemes for both the RSC and GSC, using
resonant feedback compensators in the positive synchronous
reference frame, are introduced in Section III. The control per-
formance analysis, containing the rejection capabilities and the
dynamic responses, is given in Section I'V. Experimental results
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Fig. 2. DFIG equivalent circuit in the positive synchronous reference frame.

are presented in Section V. Finally, Section VI summarizes the
conclusions.

II. MATHEMATICAL MODEL OF THE DFIG SYSTEM

In a DFIG-based generation system, the primary objective of
the RSC is to control the average value of the stator active and
reactive powers and the GSC keeps the dc voltage at a constant
value. Since the detailed model of both the RSC and GSC under
unbalanced grid condition has been studied in [6], [18], [21]—
[22], a brief description is directly given in this section.

A. RSC (DFIG) Model

The DFIG equivalent circuit in the positive synchronous dg*
reference frame is shown in Fig. 2, where the stator and rotor
flux linkages can be expressed as, respectively

:dq = Lstdq + LmI:rdq (l)
jdq = L, deq + L, I,t,q )

where ) is the flux, I is the current, Ly = L,, + L,s and
L, =L, + L, are the self-inductances of stator and rotor
windings, Lss, Ls,, and L,, are stator and rotor leakage in-
ductances and mutual inductance, superscripts + represents the
positive synchronous reference frame, subscripts s and r repre-
sent the stator and rotor, subscripts d and g represent components
at the d—q axes, respectively.

According to Fig. 2, the stator and rotor voltages in the dg*
reference frame can be expressed as

+ + d¢3dq : +
Usdq = RSIsdq+ i —I—]wl’l/Jqu 3)
Ut = RI" +dr‘lq+' s )
rdq — T rdq dt JWsi rdq

where U is the voltage, R, and R, are stator and rotor resis-
tances, respectively, wy is synchronous angular speed, w, is rotor
angular speed, and wy; = w; — w, is slip angular speed.

From (1) to (4), the rotor voltage in the dg* reference frame
can be expressed as
X
T

dr’
U:rdq =olL, dtdq + Erdq ©)

where 0 =1 — L2, /(LsL,) is the leakage factor, and E., 4,
is the equivalent rotor back electromagnetic force and given
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as

. L"n
E. . = (R +30Lrwsl)deq + TS(U+

sdq

R,

; +
sdq ]quﬁbsdq)'

(6)
Under unbalanced grid voltage conditions, the stator active
and reactive powers can be expressed as [6], [18]

+

Se =P, +3jQ, =15U],, x I,

(N
where superscripts A represents the conjugate complex, Sy, P,
and @) represent the stator apparent, active and reactive powers,
respectively

P, = Py, + P 5111(2‘*}1 t) + Pieo COS(2wlt) (8a)
Qs = Qsa + Qss25in(2w1t) + Qgea cos(2wit) (8b)
P, Ui U U Us
Qsa Usqur _UVS,(H Us?; _U;sdf
Py - 15 1 Usq— —U5d7 _U;LS(]Jr USE+
Psc? wlLs Ua:l— Us_q— Usd+ qu_‘_
stZ —U‘;]7 _U;Q* U;EHL U;:]++
QSCQ US‘Q* _Usdf US(]+ _UsdJr
User Lay
7Usd+ _ Irq+
X _U:q, w1 Lm I;d_ (80)
U I,

where superscripts + and — represent the positive and nega-
tive synchronous reference frame, subscripts + and — represent
the positive and negative sequence components, Ps,, Psso, and
P, represent the average, sine and cosine components of the
stator active power, and Qs,, Qss2, and Q.o represent the av-
erage, sine and cosine components of the stator reactive power,
respectively.

Similarly, the electromagnetic torque can be expressed as
(6], [18]

Lm . ~+
Ls Re[]d}:dq X Irdq]

T, = 1.5n, )

where n,, represents number of pole pairs, Re represents the real
part, and 7, represents the electromagnetic torque

T. = Teq + Toso sin(2wst) + Teea cos(2wst)  (10a)
Tea 3 Lm _7 ;qur ;:d+ _wiqf ¢;i,
Teso | = 5”17? ¢sd: wiq— - Jrd+ - 7Lsq+
Teco ) 7wsq— 7/]5(1— 7wsq+ wsd+
Ly
ITJ:” 10b
| L o
I,

where 1., T,s2, and T, .o represent the average, sine and cosine
components of the electromagnetic torque, respectively.
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B. GSC Model

Under unbalanced grid voltage conditions, the GSC can be
modeled by considering both the positive and negative sequence
components, which is similar to the grid-connected voltage-
source converter (VSC) [21], [22]. Thus, the GSC output volt-
age U;d , can be represented in the positive synchronous dg*
reference frame as follows:

I*d
U;dq =L, dqt L+ Egiq (11)
where
Eyq, = U:dq — RgI;dq —jwngI;dq (12)

where U is the voltage, I is the current, subscripts g represents
the GSC, and R, and L, are the GSC input inductance and
resistance, respectively.

In addition, the GSC active and reactive powers can be ex-
pressed as [21], [22]

= 15U

. .
Sg:Pg+JQg gquIgdq

13)

where Sy, P,, and (), represent the GSC apparent, active and
reactive powers, respectively

P, = P,, + P9 cos(2wit) + Pyso sin(2wit) (14a)
Qg = Qga + Qge2 cos(2wit) + Qgs2 sin(2wi t) (14b)
P, _Ugirh_ U;{];r ngl_ Ug—q: -
an Ug]:]+ _U;gdwL Ugiqf _U;rgdf
chZ _ § Uglrlf qu,7 nyﬁj UngJr
Pg52 2 USE], _Ugidi —%QJF Ugd++
Qgc2 qui —U{d7 U‘?g+ —[Q]d+
Qg2 __Ugd —Ugq- Ugd+ Uga+
[0,
I+
x | 99+ (14¢)
Ig:#
L Ly

where P,,, P2, and P, represent the average, sine and cosine
components of the GSC active power, and @4, (g2, and Qg2
represent the average, sine and cosine components of the GSC
reactive power, respectively.

According to Fig. 1, when the power loss in both the RSC
and GSC is ignored, the power flowing into the dc capacitor can
be expressed as

Pdc:v:;lcldc:Pg_Pr:Pg_(Pe_Ps) (15)
where P, = P, + P, refers to the electromagnetic power, and
P, refers to the rotor power delivered from the GSC to the RSC.

It can be seen that not only the GSC power oscillations but
also the power flow between the RSC and GSC can lead to the
dc voltage fluctuates.



NIAN et al.: INDEPENDENT OPERATION OF DFIG-BASED WECS USING RESONANT FEEDBACK COMPENSATORS

3653

Erd’;i = EM .
i g ) o S ; N / pot °5 s
‘rq +@ S~ Pl __i@__ﬂf,gi,.n, 4} SVM JG %ﬁ {ﬁL | SVM «|e% e ”@: ] +;-
g = | e
C 0T i ¢ . C:?." o
Lascr R | f,:-‘,_ T _”.]4__!_ v, o) ‘_‘fh B |55
. & b Equ(20)
:j( d,n"(ﬂ' 1 .j.m‘:dgr E:l_(’x)
. | (DFIG v, £
tl - |
- 0« .B':_LJ : I
| * i Grid current |7
S ref U, 7 U,se el references
. ) ;
e A -
M L, le Los | dibe I, ?T:L -
i 0 -0, v, 0

Fig. 3.

III. PROPOSED CONTROL STRATEGY OF THE DFIG SYSTEM

A. General Description

In order to avoid the complex reference calculation and se-
quential decomposition, Fig. 3 presents the overall schematic
diagram of the proposed control scheme based on the resonant
feedback compensators to implement the independent operation
of the RSC and GSC. As can be seen, the proposed control strat-
egy consists of two regulators: 1) a current PI controller; and
2) a resonant feedback compensator. The control strategy is
implemented in the positive sequence voltage oriented dg™ ref-
erence frame, where the fundamental frequency components
behave as dc signals, and the negative sequence components
are converted into ac signals pulsating at 2w;. In Fig. 3, the
PI controllers are used to regulate dc signals, and the resonant
feedback compensators, consisting of resonant regulators, as il-
lustrated in [12] and [18], can provide an infinite gain at the
double fundamental frequency. It should be noted that the reso-
nant regulators are sensitive to frequency variations, which may
degrade the control performance on the frequency variation con-
dition. An adaptive resonant regulator was proposed in [23] and
[24], in which the resonant frequency can be updated based on
the frequency information detected by the phase-locked loop
(PLL). Besides, a resonant-based PLL, as shown in [18] and
[25], was introduced to achieve an accurate and rapid track for
the network frequency and phase angular under unbalanced grid
voltage conditions.

For the RSC, the PI controllers are used to regulate the average
stator active and reactive power and the resonant feedback com-
pensators are designed to achieve four different control targets,
i.e., balanced stator current, sinusoidal rotor current, smooth sta-
tor active and reactive powers, and constant generator torque.
The measured currents and the calculated powers and torque
can be directly set as the input of the resonant feedback com-
pensators. Thus, the sequential decompositions and the complex
calculations for the negative sequence rotor current references
in the proposed control strategy can be avoided.

For the GSC, the PI controllers are employed to regulate
the GSC average active and reactive powers for a constant dc
voltage, while the resonant feedback compensators are used to

[ Grid

Schematic diagram of the proposed control strategy for the DFIG system under network unbalance.

reduce the dc voltage fluctuates and remove the GSC reactive
power oscillations. The dc voltage V. and the GSC reactive
power (), are directly used as the input of the resonant feedback
compensators. As can be seen, no power information needs to
be transferred from the RSC to the GSC in this proposed control
strategy. Thus, an independent operation of the RSC and GSC
can be obtained for DFIG systems under unbalanced grid voltage
conditions.

B. Selectable Control Targets

There are seven signals in the RSC, i.e., P, Qs, T, I:d, I;jz,
1 fd, and I,_*q. Thus, the RSC can be controlled to achieve one of
the following control targets [6], [18]:

Target I: Sinusoidal rotor current with less rotor power losses.

Target 11: Balanced stator current to ensure balanced heating
on the stator windings.

Target III: Smooth stator output active and reactive power
feed to the grid.

Target IV: Constant electromagnetic torque to reduce the me-
chanical stress, and no oscillations in the stator reactive power,
simultaneously.

For Target I, the input reference of the resonant feedback
compensators in the RSC can be written as

Crsci1 = Crscia + jCrsciq = =1}, — jI,. (16)

For Target II, the input reference of the resonant feedback
compensators in the RSC can be written as

Crsca = Crsca_a + JCrscaq = 1, + i1, (17)

For Target IlI, since the regulation of active and reactive
powers can be achieved by controlling the dg components of
the rotor currents, the smooth active and reactive powers are
selected as the control target, which is similar to [18]. The input
reference of the resonant feedback compensators in the RSC
can be written as

Crscs = Crscza + JCrsczq = Py — jQs. (18)

While for Target IV, since the d-axis rotor current refers to
the active (torque) power components, in order to reduce the
torque ripples, the torque can replace the active power in (18) as
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the controlled variable of the resonant feedback compensators.
Besides, in order to smooth the reactive power, the reactive
power is still directly controlled by the compensators. Thus, the
input reference of the resonant feedback compensators in the
RSC can be written as

JQs-

Similar to the RSC, there are five controllable signals in the
GSC,ie., Py, Q4, Vic, I;d, and I+ Since the GSC can remain
a constant dc-link voltage and a umty power factor operation by
regulating the d-axis and g-axis currents, the control target for
GSC can be designed to suppress the dc voltage fluctuates and
remove the GSC reactive power oscillations at the double grid
frequency. Thus, the dc-link voltage and the reactive power can
be directly controlled by the resonant compensators. Then, the
input reference of the resonant feedback compensators in the

GSC can be expressed as

Crscs = Crscaa +jCrsca g =T, — (19)

Casci = Cascia + jCascig = Vae +70Qy- (20)

Accordingly, the RSC can achieve the different control tar-
gets by simply switching the different input references of the
resonant compensators on the basis of (16), (17), (18), and (19).
However, these four control targets are exclusive and cannot be
implemented at the same time. In GSC control, the dc-link volt-
age and the GSC reactive power can remain constant regardless
of the selections of the different control targets for the RSC. Fi-
nally, the independent operation of DFIG’s RSC and GSC can
be achieved with no additional hardware and no information
exchanges between these two converters.

For the DFIG systems, the selection of the control targets is
highly relied on the operational requirements of the generator
and the network. For instance, from the viewpoint of the grid, the
sinusoidal and balanced stator current contributes to improve the
power quality of the point of the common coupling, while from
the viewpoint of the generator, the torque ripples are required to
be reduced so as to extend the mechanical components lifetime.
Thus, the aforementioned control targets are equally important,
which can be adopted for different demands under unbalanced
grid voltage conditions.

C. System Implementation

According to Fig. 3, the rotor voltage Uj,'d*q consists of three

parts: UL dq> Ut dq> and E;.q,. Thus, the commanded rotor volt-
age reference in the dg' reference frame can be represented
as

+x
U'rdq -

Urdq + Urdq + ETd(I
Gpn(s)(Igy — Iy,) + Gri(s) Crscx + Eraq (21)

where superscript * stands for the reference Value, CRrscy is the
input reference according to (16)—(19), UT dq 18 the output of the

PI controller, and U7,dq is the output of the resonant feedback
compensator for the RSC

Grn(s) = kp1 + ki /s
GRri(s) = 2w s - krl/(s2 + 2we1 s + (2w1)?)

(22)
(23)
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where w,; is the cut-off frequency, and k1, ki1, and k,; are
the proportional, integral, and resonant parameters for the RSC,
respectively.

Then, the commanded rotor voltage is transferred to the rotor
stationary reference frame and written as

* U+*61079)

rafl — rdq (24)

where 6, and 6, refer to the stator voltage angle and the rotor
angle, respectively.

Similar to the RSC, the controlled voltage of the GSC can be
calculated as

U+* _

gdg — - Uy

+ U +Egdq

gdq gdq

= = Cona(s) (1[4, = Tiay) + Cra(s) Cascn + Eqay (25)

where C'ggc is the input reference according to (20), vl 9 dq

the output of the PI controller, and Ugdq is the output of the
resonant feedback compensators for the GSC

Gpi2(s) = p2 T kio/s
Gpa(s) = 2wes - ,Ic,,g/(s2 + 2wers 4 (2w1)?)

(26)
27)

where w,y is the cut-off frequency, k2, k;2, and k,o are the
proportional, integral, and resonant parameters for the GSC,
respectively.

As to the GSC, the controlled voltage is transferred to the
stationary reference frame as

* U+* 6‘/0

gap T = gdgq (28)

where 6, refers to the GSC voltage angle.

Finally, on the basis of the modulated voltage reference,
shown in (24) and (28), a space vector modulation is applied to
produce the required switching signals for the RSC and GSC,
respectively.

IV. CONTROL PERFORMANCE ANALYSIS

In the proposed control strategy, the resonant feedback com-
pensators are added to the current control loop so as to achieve
the aforementioned control targets, which has an impact on the
control performance, including the rejection capabilities of the
selected control targets to the unbalanced voltage disturbances
and the dynamic responses of the rotor currents to the com-
manded values. Thus, the rejection capabilities and the dynamic
responses of the proposed control strategy under unbalanced
grid voltage conditions are quantitatively analyzed in this sec-
tion.

A. Rejection Capability

Based on (1)—(3), the stator flux linkage in the positive syn-
chronous dq™ reference frame can be expressed as

1 R,

o= ur - * I 29

sdq s+jw1 sdq 8+jW1 sdq ( )
Lm

I:rdq = ’djsdq :‘rdq' (30)
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Fig. 4. Block diagram of the proposed control strategy: (a) RSC and (b) GSC.

If the stator resistance is neglected, (29) can be simplified as

1
= U7 . 31
sdq s+ ] W sdq ( )
When the stator voltage is aligned with the d-axis of the dg™
reference frame, the deferential of the stator flux will be 0. Then,

the stator voltage can be written as
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Fig. 4(a) and (b) presents the block diagram of the pro-
posed control strategy for the RSC and GSC on the ba-
sis of (5), (7), (9), (11), (13), (30), and (31), where C
represents the capacitance of the dc capacitor Gpi(s) =
/(R +0L,s), Gya(s) = 1/(Ry + Lys), Guls)=1/(s +

jwi), Go(s) = (s+ jws)Lm/Ls, Gs(s) = 1.5ULLm/LS,
ky = 1.5L,, /(LsL, — L), G4(s) = ng:CILm/LS, Gs(s) =
Lonytp), = =150, U wi, Ge(s) = 15U /Vae, Gr(s) =

1/(Cs), and Gs(s) = 1.5U .

Since the d-axis stator voltage U}, contains both the positive
and the negative sequence fundament components and the g-
axis stator voltage is approximately 0, the d-axis average value
(the positive sequence component) and g-axis stator voltage can
be removed to simplify the expressions in the analysis, which
means that the d-axis negative sequence voltage can be regarded
as the main voltage disturbances. Thus, the overall closed-loop
transfer function in the RSC control is given by

Crsce = Hrsca(s) - I, + Frsca () - Ul (33)

where x = 1,2, 3,and4 represents the different control tar-
gets, Hrsc. () is the transfer function from the commanded ro-
torcurrent I/ ; , to the controlled variable Crsc,, and Frscy (s)

is the transfer function from the grid voltage disturbance U;:jf
to the controlled variables C'rgc. .
As can be seen, the controlled variables Cr SCI are deter-

mined not only by the rotor current reference I , but also by

the voltage disturbance U, ;7. Hpggsc. (s) mainly represents the
dynamic response of the rotor current and Frgc, (s) refers to
the rejection capability to voltage disturbances.

For Target I, i.e., x = 1, based on Fig. 4(a), the following
transfer functions Hrgc(s) and Frsei () can be given by:

Hrscr () = Crsc1 _ Gpi1(s)Gp1(s)
I 14 Gr1i(8)Gpi(s) + Gri(s)Gpi(s)
(34a)
Fiuscr (5) = CRjCl _ —G1(5)Ga(s)Gp1(s) .
Ul 14+ Gpri(8)Gp1(8) + Gri(8)Gpi(s)
(34b)

U:'dq = jwlqp:dq | d| = 7w1¢ (32) As with Targer 11, i.e., x = 2, from Fig. 4(a), the transfer
functions Hrgc2(s) and Frsca(s) can be written as (35a) and
(36Db).
Crsc2 Gp11(s)Gp1(s)Ly, /Ly
H, = = 35
852 () = e = T G ()Gt (5) + Gt ()Gt ()L / T (352)
Frsea(s) — 52 _ GL(8)/Lu + Gr()Gon (5)Gyn () L + G (5)Ga(s) Gy ()L /L 50)
Uj(17 1+ Gpny (S)Gpl (S) + GR1(S)GP1 (S) m/L9
Crscs Gp11(5)Gp1(s)Gs(s)
H, = = 36
w5esl0) = T = T Gon(5)G1 (5) + Ga ()G ()G (5 (o
Frses(s) — Cnscs _ GiIGA8)G(8)Gin(3) = G1(9)Gi(9) = GGG (G () 3y
Ul 1+ Gpri(8)Gp1(s) + G3(s)Gri1(s)Gp1(s)
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4) with k- and w, variations. [k,1 = 1,k;1 = 1,k,1 = 15,w,1 = 15rad/s,and w; = 507 rad/s.]
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TABLE I
PARAMETERS OF THE TESTED DFIG

Rated power 1.5kW  Rated voltage 150V
Rated frequency 50 Hz DC voltage 300V
Stator/rotor turns ratio 0.33 Ry 1.01 Q2
R, 0.88 Q2 Ly, 90.1 mH
Lo 3.0 mH L. 3.0 mH

While for Target III, ie., x = 3, the transfer functions
Hpscs(s) and Frses(s) can be obtained by (36a) and (36b).

As for Target IV, i.e., x = 4, the transfer functions Hrgc4(s)
and Frgca(s) for the stator reactive power Qs are the same
as those of Target 11, shown in (36a) and (36b). The transfer
functions from the commanded rotor current and the grid voltage
disturbance to the torque 7, can be expressed as

Hgsca(s) = 17;:
rdq
_ Gri1(8)Gp1(s)Gs(s)
1+ Gpn (S)Gpl (S) + G5(S)GRl (S)Gpl (S)
(37a)
Frser(s) = Lo - —G19Ga(9)G5(5)Gn )
RsCd Ul 14+ Gpu(s)Gpi(s) + Gri(s)Gpi(s)
(37b)

Similar to the RSC, the controlled variable C'ggcy is de-
termined by both the grid current reference I/ +* and the grid

voltage disturbance UJr . Since the bandwidth of the dc voltage
loop is much lower, the dc voltage loop has less impact on the
100 Hz component, which means that the dc-voltage loop can
be ignored when the rejection capability of grid voltage distur-
bance is discussed. The overall closed-loop transfer function for
GSC is shown as
Casci = Hasci (s) - Igd*q + Fasci(s) - Ul (38)
where Hgsc(s) is the transfer function from the commanded
grid current I g+d* , o the controlled variable Cgscy, and
Fasci(s) is the transfer function from the voltage disturbance
U;l— to the controlled variables C'ggc1 .
In a similar way, the dynamic performance of the overall
system is mainly decided by the current loop Hgsc1 (s) and the
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Fig. 9. Experimental results of the conventional vector control under an 80%
single-phase grid voltage fault (20 ms/div). [Stator line voltage Uy, Ugp., and
Uscq (300 V/div), rotor current I, , 5, (10 A/div), stator current I, (30 A/div),
stator active power Py (700 W/div), stator reactive power @, (700 Var/div),
DFIG torque 7, (4 N-m/div), GSC reactive power (), (700 Var/div), and dc
voltage Vj. (20 V/div).]

rejection capability is generally determined by Fsc1 ()

Casci

+x
Igdq

Hgsci(s) =

Gpr2(s)Gpa(s) - Gx (s)
1+ Gpi2(s)Gpa(s) + Gra(s)Gpa(s) - Gx (s)

(39a)

Casci
Usdf

Fasci(s) =

Gpa(s) - Gx (s)
1+ Gpi2(s)Gpa(s) + Gra(s)Gp2(s) - Gx (s)

(39b)
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Experimental results of the proposed control scheme with control targets changing under an 80% single-phase grid voltage fault. [Stator line voltage

Usaps Uspe, and Usgeq (300 V/div), rotor current 7,45, (10 A/div), stator current ¢,p. (30 A/div), stator active power Py (700 W/div), stator reactive power Q¢
(700 Var/div), DFIG torque T% (4 N-m/div), GSC reactive power (), (700 Var/div), and dc voltage V. (20 V/div).] (a) Full view (100 ms/div) and (b) enlarged

view with Target II adopted (20 ms/div).

TABLE II
COMPARISONS AMONG SELECTABLE CONTROL TARGETS
DURING NETWORK UNBALANCE

Control Compensators
targets disabled Compensators enabled

Target I Target II Target Il Target IV
I, ninth-order (%) 16.1 1.5 1.9 33 2.8
I unbalance (%) 18.1 2.8 2.2 3.8 4.3
P pulsation (%) +8.9 +5.7 +5.1 +0.9 +7.1
Q@ s pulsation (%) +7.8 +5.1 +4.3 + 1.1 +1.2
T'. pulsation (%) +5.2 +2.6 +3.0 +3.7 + 0.8
V4. pulsation (%) +1.2 +0.4
@ 4 pulsation (%) +4.1 +1.2

where Gx (s) = Gg(s) - G7(s) for the dc voltage Vg, and
Gx (s) = Gg(s) for the GSC reactive power Q.

In order to achieve the selected control targets, the pro-
posed control strategy based on the resonant feedback com-
pensators should have enough rejection capability on negative
sequence grid voltage disturbances. The rejection capabilities
can be represented by the amplitude responses of Frsca (S)
(x =1,2,3, and 4) and Fscy(s). Fig. 5 presents the ampli-
tude responses of Frsc,(s) (x = 1,2, 3, and 4) and Fgscq (s),
which represent the rejection capabilities of the proposed con-
trol strategy to the grid voltage disturbance U, jd_. It can be
seen from Fig. 5(a) that the magnitude response at 100 Hz is
—37.2 dB with the control Target I with the resonant feedback
compensators, whereas it is only —9.1 dB without the feedback
compensator. Thus, the proposed control strategy can increase
the rejection capability, resulting in the less impacts caused by
the voltage imbalance on the rotor current. Fig. 5(b) and (c)
exhibits similar responses as Fig. 5(a), where the magnitude re-
sponses decrease to —36.7 dB and —29.5 dB when Target II and
Target III are selected, respectively. For Target IV, the transfer
function of the negative sequence voltage Ustl_ to the stator re-
active power () is the same as (36b) whose frequency response
is given in Fig. 5(c), while the frequency response of (37b)

is shown in Fig. 5(d) where the magnitude response decreases
from —4.3 to —33.2 dB when the resonant feedback compen-
sators are employed. For the GSC, Fig. 5(e) and (f) presents the
magnitude responses of (39b), where Gx (s) = Gg(s) - G7(s)
and Gx (s) = Gs(s), respectively. As can be seen, the magni-
tude responses decrease to —25.3 dB from —4.4 dB for the dc
voltage V. and to —26.9 dB from 25.6 dB for the GSC reactive
power @, respectively. Therefore, it can be concluded that the
proposed control strategy can significantly improve the rejec-
tion capabilities of the grid voltage disturbances and reduce the
negative impacts on the DFIG system.

B. Dynamic Responses

It is also important to investigate the dynamic responses of
rotor currents with different control targets for the proposed con-
trol strategy. Based on the analysis, it is noted that the frequency
responses of Hrsc. (s) or Hgsc1, shown in (34a), (35a), (36a),
(37a), and (39a), represent the dynamic responses of the ro-
tor current. According to [26], the major difference among the
different targets for dynamic responses analysis is highly de-
pendent on the closed-loop gain, such as G3(s), G5(s), Gs($),
G7(s),and Gg(s) in Fig. 3. Since these transfer functions, (34a),
(35a), (36a), (37a), and (39a), have similar expressions, for sim-
plified analysis, the dynamic responses of the RSC are investi-
gated in this section.

Fig. 6 presents the amplitude responses of Hrsc,(s) (z =
1,2, 3, and4), representing the dynamic responses of the rotor
current control loop. Note that if k., = 0 or w. = 0, it is identi-
cally to use a PI controller without resonant feedback compen-
sators. It can be seen that these transfer functions (34a), (35a),
(36a), and (37a) have similar amplitude responses as shown in
Fig. 6. Thus, for simplified analysis, this section would inves-
tigate the dynamic responses with Zarget IV set for the RSC,
shown in Fig. 6(d). The cut-off frequency, i.e., the minimum
frequency for —3 dB, is 230, 95, 82, and 67 Hz when k, = 0,
5, 15, 30, and w. = 15 rad/s, respectively. It has the similar am-
plitude responses that the cut-off frequency is 230, 93, 81, and
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66 Hz when w, = 0, 5, 15, 30, and k, = 15 rad/s, respectively.
The conclusions can be summarized that the cut-off frequency
with k,. variations is close to that with w, variations if k, is
approximately equal to w.. Besides, the settling time, which
is inversely to the cut-off frequency [19], [26], might be in-
creased with the proposed method. It should be pointed out that
it has a negative impact on the dynamic performance of the ro-
tor current responses, which is a result of the introduced those
compensators.

The coefficients k, and w, should be set as smaller as pos-
sible so as to reduce this negative impact. However, resonant
peaks appear with a smaller k, and w,, which may cause the
rotor current oscillations near the resonant frequency and even
cause the system to destabilize. Therefore, taking both the dy-
namic performance and the system stability into consideration,
the coefficients k£, and w,. can be determined to be around
15.

V. EXPERIMENTAL RESULTS

Experimental tests were conducted on a laboratory setup of
a 1.5 kW DFIG system, as shown in Fig. 7, where the DFIG
was driven by a squirrel cage induction motor working as the
wind turbine. A controllable three-phase power supply was built
up to simulate the unbalanced grid voltage conditions [26].
The control strategy is implemented on the TI TMS320F28335
DSPs and the switching frequency is 10 kHz with a sampling
frequency of 10 kHz. Parameters and structures of the tested
DFIG are shown in Table I and Fig. 8. The stator active and
reactive power into the grid were set as P, = 1.5 kW and
Qso = 0.0 kVar, respectively. The dc voltage is kept at 300 V.
Since the large inertia of wind turbine results in a larger mechan-
ical time constant than the electromagnetic one and the voltage
fault usually lasts for a short period of time, the rotor speed
can be assumed to be fixed for the analysis in this paper. The
DFIG speed was initially fixed at 800 r/min during the exper-
imental tests, where the synchronous speed is 1000 r/min. All
the waveforms are acquired by a YOKOGAWA DL750 scope
reader.

Fig. 9 shows the steady performance of the conventional vec-
tor control under an 80% single-phase grid voltage fault. Note
that the conventional vector control, i.e., pure PI, means that
the resonant feedback compensators are disabled. As can be
seen, the stator current, containing 18.1% negative sequence
component, is greatly unbalanced due to the negative sequence
voltage disturbances. Since the rotor speed is 800 r/min (0.8 p.u.,
40 Hz), the air gap magnetic field, containing the 50 Hz com-
ponent rotating in the negative direction, would result in 90 Hz
(50 + 40 Hz) rotor current harmonic component in the rotor sta-
tionary reference frame, which can be regard as the ninth order
harmonic component. This ninth harmonic content is around
16.1%. The generator torque ripples are nearly 4+5.2%. As
also can be seen, the stator active and reactive powers involve
100 Hz oscillations. Furthermore, the dc voltage fluctuates are
about £1.2%.

Fig. 10 shows the experimental results of the proposed method
with different control targets applied under an 80% single-phase
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grid voltage fault, and the enlarged view with Target II is shown
in Fig. 10(b) to give a better interpretation of the balanced
stator currents on the proposed control strategy. In the RSC,
the control target is switched to the next control target within
250 ms, while the GSC is controlled to maintain a constant dc
voltage and remove the reactive power oscillations. It can be
seen that the steady operation of RSC on the different control
targets can be achieved. The dc voltage fluctuates are suppressed
by the proposed method without any power information from
the RSC, and the GSC reactive power oscillations are removed
at the same time.

For clear comparisons, the ninth harmonic distortion of rotor
current, the unbalance of stator current, the oscillating extent
of the stator active and reactive powers, the torque, the GSC
reactive power, and the dc voltage are summarized with the res-
onant feedback compensators disabled and enabled for different
control targets in Table IL. It is concluded that the experimental
results demonstrate the availability and feasibility of the pro-
posed control strategy with the alternative control targets under
unbalanced grid voltage conditions.

Since the GSC current references are produced by the dc
voltage loop, the dynamic responses of the current loop cannot
be clearly seen. Thus, for simplified analysis, the performance
with Target 1V set for the RSC is tested in the following so as to
compare the dynamic performance of the PI + R method [12]
and the proposed method with a transient grid voltage unbalance.

Fig. 11(a) and (b) compares the dynamic performance of the
PI + R method [12] and the proposed method employed with
an 80% single-phase grid voltage dip. It is seen that the torque
ripples can be successfully reduced to £0.9% by these two con-
trol schemes. The settling time of the torque is decreased from
50 ms for the PI 4+ R method to 20 ms for the proposed method.
It is evident that the proposed method can behave much quicker
with a transient voltage unbalance. The reason is that both the
sequential decompositions and the reference calculations in the
PI + R method [12] involve the time delay, resulting in a rela-
tively slow dynamic performance.

Fig. 12 shows the experimental results of the DFIG oper-
ation from the subsynchronous state to the supersynchronous
state with an 80% single phase fault, where the RSC and GSC
is controlled to reduce the torque ripples and the dc voltage
fluctuates, respectively. Furthermore, an enlarged view around
the synchronous speed is shown in Fig. 12(b) to give a clear
interpretation of the DFIG system performance on the proposed
control strategy. During this process of the rotor speed accel-
erating from 800 r/min (0.8 p.u.) to 1200 r/min (1.2 p.u.), the
proposed control strategy can achieve a smooth performance,
where the torque and dc voltage remain nearly constant. The
results verify that the proposed control strategy can provide a
satisfactory dynamic response with the rotor speed changing
under unbalanced grid voltage conditions.

From the experimental results, it can be clearly concluded
that the selectable control targets for the RSC and GSC can be
achieved under unbalanced grid voltage conditions when the
resonant feedback compensators are used. It is not necessary to
decompose the positive and negative sequence components and
calculate the negative sequence current references. However,
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Fig. 11.  Experimental results of the PI 4+ R and the proposed control strategy for Target IV under an 80% single-phase grid voltage fault. [Stator line voltage
Usabs Uspe, and Usgeq (300 V/div), rotor current 7,45, (10 A/div), stator current 45 (30 A/div), stator active power Ps (700 W/div), stator reactive power Q¢
(700 Var/div), and DFIG torque 7% (4 N-m/div).] (a) PI + R control (20 ms/div) and (b) proposed control (20 ms/div).
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(700 Var/div), DFIG torque T, (4 N-m/div), GSC reactive power @, (700 Var/div), and dc voltage Vg (20 V/div).] (a) Full view (200 ms/div) and (b) enlarged

view (20 ms/div).

these control targets are independent and exclusive, which can
be achieved at the same time.

VI. CONCLUSION

An independent and reinforced operation for DFIG systems
under unbalanced grid voltage conditions has been investigated
in this study. Detailed designs of the proposed control strategy
are presented. The experimental results on a laboratory setup
of the 1.5 kW DFIG system validate the effectiveness of the
proposed control strategy. For a clear statement, the following
conclusions can be summarized:

1) An entire control scheme for both the RSC and GSC

under unbalanced grid voltage conditions is presented.
Four control targets for the RSC and one for the GSC are
identified and achieved, respectively, where the sequen-
tial decompositions of the positive and negative sequence
components are not required.

2) The proposed control strategy can provide a relatively

simple implementation with less computational load and
less system complexity. By this means, it is not necessary

[1

2

3

to calculate the negative current reference on the basis
of the generator parameters. This advantage means that
the proposed control strategy is less dependent on the
generator parameters.

3) The proposed control strategy can provide an independent
control for the RSC and GSC. The GSC has nothing to do
with the power information from the RSC. This control
strategy is much more suitable for the DFIG converters
with a modular structure.
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