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Dynamic Modeling and Improved Control of DFIG
Under Distorted Grid Voltage Conditions

Jiabing Hu, Member, IEEE, Heng Nian, Member, IEEE, Hailiang Xu, Student Member, IEEE,
and Yikang He, Senior Member, IEEE

Abstract—This paper presents a mathematical model of a dou-
bly fed induction generator (DFIG) in the positive synchronous
reference frame under distorted grid voltage conditions. The os-
cillations of the DFIG’s electromagnetic torque and the instanta-
neous stator active and reactive powers are fully described when
the grid voltage is harmonically distorted. Four alternative control
targets are proposed to improve the system responses during grid
harmonic distortions. A new rotor current control scheme imple-
mented in the positive synchronous reference frame is developed.
The control scheme consists of a proportional-integral (PI) regula-
tor and a harmonic resonant (R) compensator tuned at six times the
grid frequency. Consequently, the fundamental and the fifth- and
seventh-order components of rotor currents are directly regulated
by the PI-R controller without sequential-component decomposi-
tions. The feasibility of the proposed control strategy is validated
by simulation studies on a 2.0-MW wind-turbine-driven DFIG sys-
tem. Compared with the conventional vector control scheme based
on standard PI current controllers, the proposed control scheme
leads to significant elimination of either DFIG power or torque
oscillations under distorted grid voltage conditions.

Index Terms—Current control, distorted voltage, doubly fed in-
duction generator (DFIG), harmonics, modeling.

NOMENCLATURE
U, U, Stator and rotor voltage vectors.
I, 1, Stator and rotor current vectors.
Y, P, Stator and rotor flux linkage vectors.
W1, Wy, Wy Stator, rotor, and slip angular frequencies.
P, O, Stator output active and reactive powers.
L, L, Stator and rotor self inductances.
Los, Ly, Stator and rotor leakage inductances.
L, Mutual inductance.
Rs, R, Stator and rotor resistances.
s, 0, Stator voltage angle and rotor angle.
Subscripts
a, 3 Stationary «- and (3-axis.
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d, q Synchronous d- and g-axis.

S, r Stator and rotor.

+,5—,7+,r Fundamental, fifth-order and seventh-order
components.

Superscripts

+,5—,7+, 1 Positive (dg)*, (dg)°~, (dg)"*, and rotor
(af)" reference frames.

* Reference value for controller.

A Conjugate complex.

T Matrix transpose.

~ Esimated value.

1. INTRODUCTION

carbon societies, has become one of the subjects of much
recent research and development globally. Recently, more and
more modern wind turbines are being installed in distribution
and rural grids with low X/R ratios, and in developing countries,
where the distribution grids are quite weak. As a result, the
application of wind generation systems based on modern power
electronics has promoted the development of new functionalities
for wind turbines, i.e., voltage or frequency regulation, islanding
operation, and uninterruptable operation under nonideal grid
voltage conditions including symmetrical voltage dips, network
unbalance, and harmonically distortions.

Among the various types of wind turbines, the variable-
speed wind turbines based on the doubly fed induction gen-
erator (DFIG), which have many advantages over the fixed-
speed induction generators or fully fed synchronous generators
with full-sized converters, including variable-speed constant fre-
quency (VSCF) operation, reduced flicker, independent control
capabilities for active and reactive powers, and relatively lower
converter cost and power losses, have attracted extraordinary at-
tention by researchers and manufacturers all over the world [1].
These excellent merits are primarily achieved via the control of
arotor-connected back-to-back voltage-source converter, which
is typically rated at around 30% of the generator rating for a
given rotor speed range of 0.75-1.25 p.u. under normal oper-
ation conditions. However, since the DFIG’s stator is directly
connected to the grid via step-up transformers and the rating
of the grid-side and rotor-side converters is limited, the DFIG
generation system is pretty sensitive to any grid disturbances [2].

The steady-state and transient response of DFIG-based wind
power generation system under balanced [1]-[4] and unbal-
anced [5]-[12] grid voltage conditions have been well under-
stood. Hu et al. [9] and [10] proposed proportional—integral (PI)
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plus resonant tuned at twice the grid frequency current con-
trollers for both grid- and rotor-side converters. As a result,
simultaneous elimination of torque and total active power oscil-
lations at twice the grid frequency have been achieved due to the
precise regulation of both positive- and negative-sequence cur-
rents when the network voltage is unbalanced. Whereas, voltage
harmonics in the grid voltage were not considered in [5]-[12].
Practically, both transmission and distribution networks can
also have voltage harmonic distortions. For instance, standards
IEEE-519-1992 [13] and ER G5/4-1 [14] have, respectively,
recommended different practices and requirements for harmonic
control in electrical power systems. Both of them allow individ-
ual voltage harmonics, especially fifth- and seventh-order com-
ponents, to exist up to 3% in the voltage level of 6.6, 11, and
20 kV. As indicated in [15] and [16], the presence of harmonics
in the supply system results in torque pulsations and increased
copper and iron losses in electrical machines. As with induction
generators, if voltage harmonics are not taken into account by
a DFIG’s control system, highly distorted stator/rotor currents,
and significant torque and power oscillations could result [17].
A DFIG-based wind turbine without distorted voltage control
might have to be disconnected from the grid during grid volt-
age harmonic distortions. However, standards recommend wind
farms to withstand a certain voltage harmonics without tripping.

The system control and operation of wind-turbine-driven
DFIG under distorted grid voltage conditions were initially stud-
ied in [17]. A harmonics control scheme with relatively lower
dynamics was added to the main rotor current controller. The
harmonics control scheme was based on low-pass finite-impulse
response (FIR) filters and integral regulators, each of which was
responsible for regulating the selected sequential components
of rotor currents, respectively, within three grid cycles. As a re-
sult, the steady-state harmonic components in the stator currents
were eliminated, whereas, for the work reported, the impact of
distorted stator voltage on the stator and rotor currents has not
been fully defined. In addition, the relationships between the
oscillations of the generator torque, the stator active/reactive
powers, and the rotor currents have not been fully established.
Furthermore, the analysis was carried out in the synchronous
reference frame, which inevitably resulted in the control vari-
ables being at six times the grid frequency.

In Hu et al.’s previous work [18], an improved current con-
trol scheme was presented using a PI plus multifrequency reso-
nant (PI + MFR) controller for a grid-connected voltage-source
converter under imbalanced and distorted supply voltage con-
ditions. The control scheme provides pretty good regulation
for positive/negative-sequence currents as well as fifth/seventh-
order current harmonics. As a result, the PI + MFR control
scheme can be directly applied to the grid-side converter of
DFIG system when the network is distorted. While for the
rotor-side converter under distorted grid voltage conditions, this
paper investigates ways to improve the control and operation
of wind-turbine-driven DFIG generation systems. In the stator
voltage-oriented positive (dg)™ and harmonic (dg)’~, (dg)""
reference frames, the mathematical model of a DFIG system un-
der fifth- and seventh-order harmonically distorted grid supply
is developed. Based on the developed model, the relationships
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between the generator torque, the stator active/reactive powers,
and the sequential stator voltages/fluxes and rotor currents are
fully established. Different control targets are identified, and
the corresponding reference values of rotor’s fundamental and
harmonic currents are provided. A new rotor current control
scheme implemented in the (dg)* reference frame is developed.
The control scheme consists of a PI regulator and a harmonic
resonant compensator tuned at six times the grid frequency,
so as to directly regulate the fundamental and the fifth- and
seventh-order components of rotor currents without sequential-
component decompositions. Finally, simulation results on a
2.0 MW DFIG system are provided to demonstrate the effec-
tiveness of the proposed control strategy.

II. DYNAMIC MODELING OF DFIG
A. DFIG Model

Under balanced and distorted grid voltage conditions, no
zero-sequence component is assumed, and the positive sequence
of the fundamental and the harmonics at the frequencies of
—5w; and 7w, are taken into consideration in this paper. In the
stationary a3 reference frame, the voltage, current, and flux
can be decomposed into the positive-sequence component of
the fundamental and the harmonic components of —Sw; and
Tw [18]

F(X@ (t) = Fuﬂ"— (t) + F(lﬁf)— (t) _|_ F(¥€i37+ (t)
= |Fopy| e @tte) 4 |F g5 | e iB@rttes)
+ |Fapry| e/ Triten) )

where ¢ , 5, and @7 are the respective initial phase shift for the
positive sequence of the fundamental and harmonic components
of —5w; and 7w, .

As shown in Fig. 1, for the positive synchronous (dg)" ref-
erence frame, the d " -axis is aligned with the positive-sequence
stator voltage rotating at the angular speed of w;. While for the
(dg)’~ and (dq)"™" reference frames, as can be seen from Fig. 1,
their @° - and d"* -axes rotate at the angular speeds of —5w; and
7w, respectively, with the phase angles to the a-axis being —05
and 6.

According to Fig. 1, the transformations between the a3,
(aB)", (dg)*, (dg)°~, and (dg)"* reference frames are given as
follows:

+ —jwi t 5— __ T+ jl2wit
Fj =F,se Fi =Fire

F:;q = Fgge—j(m—%)t 28)
FE/; = Fagejfwlt Fjqu _ Fgge—jﬁwlt
Fj, = Fj el 0wrten)t o
Ffi:{ = Fa/ge—ﬂwlt F;q = F;;‘ejﬁwlt
FTF = Fl e /7o)t oo

where superscripts +, 5—, 7+, and r represent the (dg) ™", (dq)‘r”,
(dg)™, and (a3)" reference frames, respectively.
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Fig. 1. Spatial relationships between the stationary (3 reference frame, the
rotor (a3)" reference frame, and the (dg)™, (dg)°~, and (dg)"* reference
frames.
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Fig. 2. T-representation of the DFIG equivalent circuit in the positive syn-
chronous (dq)" reference frame rotating at the speed of w1 .

The equivalent circuit of a DFIG in the (dg) ™ reference frame
is shown in Fig. 2.

According to Fig. 2, the stator and rotor flux 1 sdq and 'z/)jd g
can be represented, respectively, by
sdq - L Ij—dq + L I7dq (3)
rdq L"’ Iadq + L Irdq (4)
From Fig. 2, the stator and rotor voltages U, and U, in
the (dg)™ reference frame can be expressed as follows:
dply,
sdq = R Isdq dt . +7 wl’(:bjdq (5)
v
U:rdq = R deq dt — +]w5 :rdq (6)

where R, and R, are stator and rotor resistances, Ly = Lss + L,,
and L, = Ls, + L,, are total self-inductances of stator and rotor
winding, Ls, Ls,, and L,, are stator and rotor leakage induc-
tances and mutual inductance, respectively, w; is synchronous
angular speed, w, is rotor angular speed, and wy, = w; — w; i
slip angular speed.

F % ¥égﬁigg];,§ggygare Company,2005-2008

According to (1), (2) and Fig. 1, the stator and rotor current,
voltage, and flux vectors can be expressed in terms of their posi-
tive sequence of the fundamental and the harmonic components
of —5w; and 7w in the synchronous (dg)" reference frame as
follows:

Fl,, = F:dq+ +F s+ F:dq7+

sdq
=Fly A Flpys e O £ FLj o %0 (Ta)
F;rdq Fjdq-'r + F?dq5 + F?dq7+
- Fjdqu + Frdq5 e et + F7dq7+ej fent (7b)

where subscripts +, 5—, and 74 represent the positive sequence
of the fundamental component and the harmonic components of
—5wy and 7wy, respectively. Fqus_ and F,‘:’,;qg)_ refers to the
fifth-harmonic stator and rotor quantities in the (dg)°~ reference
frame. It is worth noting that the harmonic components of —5w;
and 7w; both behave as the ac components pulsating at the
frequencies of +6w in the (dg)™ reference frame.

According to (3) and (4), the rotor flux and stator current can
be calculated as follows:

qud

rig = = ToLiLly ®)
stg = L7,

15, = Yo T Pa— ©)

where 0 =1 — L2, /(L,L,) is the leakage factor.
Substituting (8) into (6) yields the rotor voltage in the (dg)™
reference frame as follows:

U R I d (L"L

rdg — qu dt L sdq + UL I >

. [ Ly
+ Jws (L_ s+dq + oL, Irdq)

dI’, L, di, d
_ RTIJr L rdq Ltm ' 7sdq
e TE R T
Lm
+ jws Ls sdq + oL, I (10)

B. Active and Reactive Power Flow

According to (7a), (5) could be rewritten as follows:

~ —j 6wyt ]b_ult
Usdq d ( sdq+ + Ipsqu) € + 5dq7+ )/dt
. + —j 6wt jb6wit
+ w1 <¢sdq+ + 2, sdg5—€ + ¢sdq7+e )

— ]Gwlt j6w1t
=Jjuwi (1/’edq+ 51/’9(1(;5 e +7¢9dq7+e )

(11)
Under balanced and distorted grid voltage conditions. the

DFIG’s stator output instantaneous active and reactive powers
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can be expressed as follows:

. 3 -t
2 +]Q€ = 7§U+ Isdq

sdq

(12)
where I :d 4 18 the conjugated space vector of I :d »

Substituting (9) and (11) into (12) and decomposing the active
and reactive powers into different pulsating components yield

P, = Pyg + Pseos6 cos (6wit) + Psging sin (6w t)
+ Pscos12 €08 (12w t) 4+ Pygin 12 sin (12w t)
Qs = Qs0 + Qs cos6 €os (6w t) + Qs sin g sin (6w t)
+ Qs cos12 €08 (12w1 ) + Qs sin 12 sin (12wrt) (13)
where (14a)-(14c), shown at the bottom of the page,
hold.

From Fig. 2, the electromagnetic power equals to the sum of
the power outputs from the equivalent voltage sources jw; '(/J:d g

and j (w; —w,)

rdq- Thus, we can obtain
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= P.o + P.cos6 COS (6W1t) + P, gin6 sin (6W1t)

+ Peos12 €os (12w t) + Py gin12 sin (12w t) (15)

where (16a) and (16b), shown at the bottom of the next page,
hold.
The electromagnetic torque of the DFIG is calculated as
follows:
Fe
wy /P

where p is the number of pole pairs.,

As represented in (14) and (16), under distorted grid volt-
age conditions, the instantaneous active power output from the
DIFG’s stator contains five components, viz., the dc average
term, the cosine and sine terms of 6th and 12th the grid fre-
quency. It is the same with the stator output reactive power and
electromagnetic torque. Besides, it is worth noting from (14)
and (16) that the pulsating terms of 12th the grid frequency
are only calculated from the fifth- and seventh-order harmonic
components of stator voltages, fluxes, and rotor currents. As a

P. = —1.5Re |jw, ¢':qu :dq +J(wr —wr) 1/’7«+dq x I jdq} consequence, the pulsations at 12th the grid frequency, which
- behave less significantly compared with these of the sixth, could
= — Lbw Ly, /Ly x Im ( ;qu rdq) be ignored in the system control design.
[Py Qo Prcoss Prsing Qucos6 Qssing Pocos12 Posintz Qscostz Qusini2]
_ -3 A[ + + 5— 5— + + ]T
2Ls sd+ sq+ sdb— $q5— sd7+ sqT+
3 L + + 5— 5— 7+ 7+ 1T
+ §L75B [Ir-d+ Irq+ Ird5— Irq57 I7’d7+ Irq7+] (14a)
and
[ Ui Upr  Ups— Ulso Ulfe ULy
U::Fr _USJ:1+ U‘:)z;')f —U?d})7 Usq? —Usdr
Uf)tﬁ')f + Ujj_?Jr qu_57 + U€7q+7+ Us_‘;l+ U:-q+ Uj;iJr U:]-‘r
U = Ul Uiy ~Ulye ~Uhy Ul Uhy U
Ao | Ui tULs Ul —Ulp  Usy —Uho Uy —U, (14b)
UZJH - de_sf Us7q+7+ - []s5q_57 U:;H Us+q+ 7U:Zi+ 7U:;1+
0 0 Ul Ulhe Ul Ul
0 0 —Uyor  Ulpe Ul —Ulpse
0 0 Ulre —Uiry Ul —Ulis
i 0 0 Ulf, Ulze —Ulp —Uls |
[ Uiy Use  Ulise Ulpse Ul UL
USJZH _Ustu quiﬁ— _chfs UqurH _Us7d+7+
Usgs-+Uliry  Usps- + Uiy Uy Uge Uy Uy
Uiqu— - U.Zq7+ U;;—Wr - Us5d_5— _U.:;;+ U:;H U:;H _Ustl+
B | Ul +ULn Ulp —Ulip. Uy —Ub. Ui —Us, (140)
UZJ?+ - Us5d75— Us7q+7+ o qul U.;:H Us+q+ *U:EH- 7U;;+
0 0 Ulre Ulpe Ulse  Uls
0 0 _Us’7q+7+ UZ(1+7+ qufr), _U.Edgf
0 0 UZ;H *Uzd+7+ U?q_(’)f Ussd_s—
. 0 0 Ulhy Uiy Ul —Uls |
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III. SYSTEM CONTROL

A. Alternative Control Targets

Under distorted grid voltage conditions, there are six rotor

current components, i.e., I,;ZH, I,,tﬁ_, [,5,61_5_, Ifq_s,, IZ(}L”, and
IZ ;7 ., that need to be regulated. Apart from controlling the dc

average stator active and reactive powers, i.e., Pyo and Q,
as represented in (14), four more items can be controlled. For
instance, the DFIG system can be designed to operate as one of
the following control targets.

Target I: No rotor current oscillations, i.e., no fifth- and
seventh-order rotor current harmonics existing.

Target II: Strictly sinusoidal stator current to ensure bal-
anced heating and less harmonic losses in the three-phase stator
windings.

Target III: Removing the pulsations of six times the grid
frequency in the stator output active and reactive powers
simultaneously.

Target 1V: Constant stator output reactive power and electro-
magnetic torque to reduce the mechanical stress on the turbine
system.

Other control targets such as eliminating the voltage distor-
tions to get the network voltage harmonic-free, can also be
identified, and further investigations on this will be reported in
the near future.

As shown in Fig. 1, since the d"-axis is aligned with the
positive-sequence stator voltage in the stator voltage orientation
(SVO), which means U, . = 0, (14) and (16) can be simplified.

sq+
Besides, according to (11), we obtain as follows:

U/ljr = dondly,, (18a)
Ulyys = —55w1tl; (18b)
Ullry =3 Tl (18¢)

As a result, rotor current references can be obtained with

ence values of fifth- and seventh-order rotor current harmonics
can be obtained as follows:

5; Vidgr
Dy = qiee = il 20
rdgbh— Lm > TrdqT+ Lm ( )
Substituting (18b) and (18c) into (20) yields
. 3U 2y
Iy, =0 (21a)
rdg5- dwi Ly,
T4
IUagr
e, =-—1 21b
rdq7+ 7W1Lm ( )

While for Target III, there are Pscos6 =0, Pssing =0,
Qscos6 = 0, and Qs 4in 6 = 0. According to (14), the references
for the rotor current harmonic components of —5w; and 7w; can
be calculated, respectively, as follows:

Ul. +5U;
5—% __ 5q5— sqT7+ 4 +
IT 5 — 7W - k(I7IT'q+ - kd?j’r‘d+ (223)
U5(;f B 5U+d7+
5—% __ sd5— s + +
L5 = ol — kar I, + k7L, (22b)
i Ut
T+ sq5H— sqT+
it = m oL, e~ Rl 029
Ul + UL
T+* sd5— sd7+ + +
Ly = T oL, kas I,y + kg5 1y, (22d)
where bis = Ulgs /Ui bus = Ulgs -/ Usas
kd7 = UsdJr?Jr/UvsJ:iJﬁ’ and k‘ﬂ = U.qur7+/Us+d+

As for Target IV, the pulsating terms at six times the grid
frequency in the instantaneous stator reactive power and elec-
tromagnetic power have to be null, viz., P, ¢.os6 = 0, P sing = 0,
Qs cos6 = 0, and Qs 5in 6 = 0. Consequently, based on (14) and
(16), the references for the rotor current harmonic components
of —5w; and 7w, can be deduced as follows:

. 1 3 4
different control targets. 1311_5*7 =7 A+ (5 kas — = kd?) I:d+
For Target I, there are If,jq*s_ =0 and IZ;Q*H =0, thus, w1 Lim
based on (7a), (7b), and (9), the fifth- and seventh-order har- 3 4 N
monics of stator current are produced as follows: + gqu - ?kq? Iy (23a)
5— 7+
5— _ "sdgb— T+ o 1/Jsdq7+ B—x 1 3 4 +
sdqb— — Ls 9 sdqT+ — Ls . (19) /;-)qf'*, — w1Lm )\2 + (5kq5 + ?k(ﬂ Ir'd+
As to Target II, balanced and harmonic-free stator current 3 1 4 1 s 3b
means I‘;)Jqsf = 0 and IZ;qu7+ = 0. According to (7), the refer- T\ + 7T | g+ (23b)
[Pe PecosG PﬁsinG Pecole Pesile]T
3wy Ly + + 5— 5— 7+ 7+ 1T
= iTC [I'r‘zH- Irq+ I’r'd5— I7‘q57 I’r'd7+ I7‘q7+ } (16a)
S
5— 5— 7 7
- s+q+ :d+ _,(/J.s’q5— sdb— _,(/)5;7-"- wsd+7+
5— 7+ 5— 7+ + + + +
“Wsqb— T ¢;q7+ sd5— + w;‘d?ﬁ- — Ysq+ sd+ ~ Ysq+ sd+
_ 5— + 5— + + + + +
C= sdb— ¢sd7+ sqgb— 1/)sq7+ - 75d+ - 7,sq+ 5,9(1+ sq+ (16b)
+ + - 5—
0 0 _w;’q?-ﬁ— ,(/Js7d7+ ~ ¥sgb— ;)d57
+ + 5— 5—
0 0 _wsd7+ _wsq7+ :(15— s5q5h—
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-1 2 3
T+ %
2 3
_ <3kq5 — ?k[ﬂ) Ir+q+ (23¢)
. 1 2 3
I = mxg + (gkq5 + ?kw) It
2 3
- <3kds + ;kcn) Il (23d)
where A= (2U55q_57/5) - (4USZ7Jr /7) and Ay =
—(2U35_/5) = (AU, /7).
B. Proposed Control Design
Once the rotor current references are obtained, de ml Ijq m

5—  ph— T+ T+ i
Las s L5 Lg7y» and I 7 are required to be regulated to

follow their respective reference values precisely and rapidly.
Good performance of the control strategy relies on the accurate
decoupling of the d- and g-axis components and removal of the
impact of the distorted network voltage.

In this section, a new control design is developed. The control
system consists of a standard PI controller and a generalized ac
integrator [19], which is referred as resonant (R) controller in
this paper, and tuned at sixth the grid voltage frequency. The
control scheme is implemented in the (dg)" reference frame
without the need for sequential-component decomposition of
voltages and currents.

According to (7a) and (7b), it can be seen that under dis-
torted grid voltage conditions, the voltage, current, and flux
in the (dg)" reference frame all contain both dc values of the
positive sequence of fundamental component and ac terms of
the harmonic components of —5w; and 7w; pulsating at the
frequencies of £6w;. It is worth noting that the generalized
ac integrator (R) is a double-side integrator [11], [19], which
means a resonant part tuned at the angular frequency of 6w is
not only able to nullify the error for the positive sequence at
the frequency of 6w; but also for the negative at —6w;. Con-
sequently, similar to the zero error of dc components regulated
by the standard PI controller, the error to the ac signal with
the frequencies of +6w; could be sufficiently eliminated by the
application of a resonant regulator tuned at 6w, in the current
controller. Therefore, a PI plus R (PI-R) rotor current controller
in the (dg)* reference frame can be developed for directly regu-
lating both the positive sequence of the fundamental component
and the harmonic components of —5w; and 7w;, as shown
in Fig. 3.

Based on (5) and (10), a DFIG system under distorted grid
voltage conditions can be represented in the (dg)" reference
frame as follow:

Wy _ Ly L
d oL, " oL,

L, .
oL, L, (U;dq - R, — ]wrwjdq> (24)

(Rrdeq ¥ jwso L I+ )

rdq

£
rdq

Lo+

1 r,
sol, +R,

\4

Fig. 3. Rotor current control diagram based on the developed PI-R regulator.

Uy, EELN G, EE, (25)
Wi B g1 = Cum @0, B )
JUT U Ep TR
and : ¥ q"

By B (R, 5 s 1, )

B iy (BE, BRI, |-.l'.Wl.

According to Fig. 3, the closed-loop transfer function of the
rotor current controller can be obtained as follows:

Iy Cpr-r(s)G(s)
Ceils) =I5 = T3 Corn (G (9)
_ N.(s)
T S T (6w (sol, T R T N.(5) 2O
where G(s) = 1/(soL, + R, ), and

N (s)=K;p [$* + s(£6w;)?] + K [$* + (£6w,)?] + sKip.

Substituting s = &+ j6w; into (26) results in

Ty _ Ne (£ 6w1)
I:—d*q :I:j6w1 x 0 x (ij6W10'LT +Rr)+Nc(:|:]6w1)
=i @7

This implies that the developed PI-R controller can provide
zero steady-state error for the +£6w; ac signal regardless of the
DFIG’s parameters oL, and R,..

However, from Fig. 3, the transfer function of the Efd g to the
rotor current can be derived as follows:

Iy G(s)

:E+ =

Gei(s) g T 1— CPI-R(S)G(S)

B s(s? + (£ 6w;)?)
~ 5(s2 + (£6w1)?)(soL, + R,) — Ne(s) @8
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Substituting s = £ 7 6w; into (28) yields

IR +56w; x 0
Ef, T 456w x0x (£j6woLl, + R,) — N.(£356w;)
—0. (29)

This indicates that the introducing of the R regulator has little
impact on the positive-sequence rotor current control and the
proposed PI-R controller gets rid of the effect of Ejd ; upon
the rotor current control loop and the characteristic is hardly
affected by the system parameters oL, and R, .

Based on the analytical results represented in (27) and (29),
the effectiveness and robustness of the proposed control scheme
have been validated theoretically.

As shown in (25), K;, plays the same role as for that in the
standard PI regulator, which basically determines the system
dynamics in terms of bandwidth, phase, and gain margin. While
the resonant regulator with K, provides infinite gain for the
ac components at the frequencies of +6w;. As a result, the
PI-R controller is only relatively sensitive to the grid’s angular
frequency w;, which can be accurately gained via phase-lock
loopl(PEL). Besides, in order to reduce the sensitivity of the R
regulator toward slight frequency variations in a typical wind-
farm connected grid, a component with CUtoffffequency of w.
can be inserted into the resonant part to increase its frequency
bandwidth [9], [11]. Consequently, the PI-R controller in the

practical Control'system is given as follows:

Ki; sKir
Cpir(s) = Kip + — + |
- § B8 E o
As a result, according to (2a) and (25), the required rotor

control voltage can be transformed into the («()" reference
frame rotating at the angular speed of w, as follows:

= Wiy B EE I Y

Thus, space vector modulation (SVM) module can be used
to generate the required switching voltage vectors and their
respective duration times.

(30)

€2y

C. Sequential Decomposition of Network Voltage

As represented in (21)—(23), in order to derive the rotor cur-
rent references, accurate extraction of the positive-sequence
component of the fundamental term, and the harmonic com-
ponents of —5w; and 7w; from the distorted grid voltage is
necessitated. Different methods can be used to estimate the se-
quential components of the polluted grid voltage, this paper in-
troduces a new structure with the multiple complex-coefficient
filter (MCCF) [21], so as to achieve the accurate and rapid ex-
traction for the specified sequences, viz., U, :1 4 de_5_, U, fqgf,
UlJ... and U[f, . The MCCF-based structure is shown in
Fig. 4(a), where U,z is the original grid voltage in the sta-
tionary a3 reference frame and used as the input of MCCF, and
ﬁm G Um 55— and Umm . are the estimated fundamental-
and harmonic-sequence components, respectively.

MCCF

¥

ch U:aﬁ+
—> —_— [
§s—jo, + o,

é_' Dy UsaﬁS;
s+ jSw, + o, -
a’co Usaﬁ7+
—> — >

s—jlo+a,

U_, +U
(@)

sap+ saf5—
@9
U—q>| PI f—g F |—<?1—>
saff+ —jont -
—>le ] o

+U
sd+ >

|§

safi7+

<

(b)

Fig. 4. (a) MCCEF structure. (b) Standard PLL.

According to Fig. 4(a), the mathematical model of the MCCF
can be obtained as follows:

Ch

we & &
saff+ — m |:Usaﬂ - Usa@f)f - Usa,{37+:|

Usaﬂ{:f = m [Usaﬁ - UsaﬂJr - Usaﬁ7+:|
Usozﬂ7+ = S,ﬁiﬁ |:Usa5 - UsozﬁJr - Usa@iifil
(32)
where w, is cutoff frequency and set to an optimum damping
ratio of 0.707w; .

Once the fundamental- and harmonic-sequence components
are estimated in the stationary «f reference frame, the PLL
can be used to track the frequency and angular information of
the fundamental voltage, as shown in Fig. 4(b). As a conse-
quence, the estimated U saf+e U sap5—» and f]m g7+ can be
transformed into their respective synchronous reference frames
and the required U:(H, Us‘r’d})_, qu}h, UZJ”, and Us7q+7+ are
obtained accurately.

D. System Implementation

Based on the developed control strategies, an improved con-
trol scheme for the DFIG system under distorted grid voltage
conditions is shown in Fig. 5. The measured three-phase rotor
currents are directly transformed into the (dg)* reference frame,
which results in =6w; ac signal supimposed on a dc signal ac-
cording to (4b). However, based on the MCCF structure, the
fundamental- and harmonic-sequence components of grid volt-
age are estimated, respectively. Consequently, the rotor current
references, viz., de’;, Ifq’;, IE(EJ I,;r.’;;,, ]:j?i, and [,7;71, are
calculated with different control targets. As in (21)—(23), the
rotor current references are all dc signals separated in the (dg) ™",
(dg)°~, and (dq)"" reference frames. Therefore, the harmonic
rotor current references have to be transformed to the (dg)™
reference frame. According to (7b), the rotor current references
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Fig. 5. Schematic diagram of the improved control scheme for DFIG under distorted grid voltage conditions.
GUVIZONW 2sMvAsy  2oMvaiiky  ObANiaSyMmEtHic S VIV techniquesai2:S KHz converter switcht
690V/11kV 50Hz ingifrequency wasiset! As shown in Fig. 6, a high-frequency
szir @ > GD_,,;.:..@ ac filter is connected to the stator side to absorb the switching
\ I iyl a harmonics generated by the two converters. The filter is a single-
0.5mH 0'0&? " Programmable tuned filter with inductance and resistance connected in parallel
51'2(2)3“;{ e souree instead of series, which results in a wideband filter having an
3 i — T ! impedance at high frequencies limited by the resistance [22].
AT L - L
= T 3~ A programmable ac source was used to generate fifth and sev-
Rotor-side Grid-side enth grid voltage harmonics, which were set to 4% and 3%,
Comverter Comverter respectively, throughout the steady-state simulation studies.
Fig. 6. Scheme of the simulated system. In a practical system, voltages and currents are sampled at the

in the (dq)* reference frame are given as follows:

I =I7 +I7 . +I

rdq rdq+ 7dq5— rdqT+
_ oyt —j664 T+ 766,
Irqur + 17 dgb5— € + I dq7+€ : (33)

IV. SIMULATION RESULTS

Simulations of the proposed control strategy for a DFIG-
based wind power generation system were carried out using
MATLAB/Simulink, and Fig. 6 shows the scheme of the imple-

mented system. DiSCreteNmodelsiwere used withra'simulation
time step of 5 ps. The DFIG is rated at 2 MW with its pa-
rameters given in the Appendix. [[hgffiominal'converter deilink
voltagenwas setatii2000V. The grid=sideiconverter has to main-

tain a constant dc-link voltage, and it is controlled by a method
similar to the dc voltage controller in a pulsewidth modulation
(PWM) grid-connected voltage-source converter [I8], which is

not included here. [DuFing Simulations;asampling frequency of
10kHz was used for the proposed control strategy. Due to the use

beginning of each sampling period. The required rotor control
voltage for the sampling period is, then, calculated and passed to
the SVM module. Inevitably, there is a time delay between the
instant sampling and SVM modulator’s receiving the required
rotor control voltage and updating its register values. Rotor
voltage calculation of the proposed control strategy is relatively
simple, and the time delay should be pretty small. Nevertheless,
the calculated output rotor voltage is delayed by 100 us (one
sampling period) to closely represent a practical DFIG control
system. During the simulation, the grid-side converter is en-
abled first, so that the converter dc-link voltage is regulated.
The generator is, then, excited by rotor-side converter with the
rotor rotating at a fixed speed till the stator voltage matches with
the network voltage, such that the DFIG system is switched into
grid-connected operation. This starting process is not shown in
the following results.

For the first instance, the DFIG’s rotor speed was fixed at
0.8 p.u. with the synchronous speed being 1.0 p.u., since the
large inertia of wind turbines leads to slow changes of rotor
speed. Fig. 7 compares the simulation results by the conven-
tional vector control [1] and the proposed control strategy under
distorted grid voltage conditions. In the conventional control
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Fig. 7. Simulated results with different control targets. (a) Three-phase stator

voltages (in p.u.). (b) Three-phase stator currents (in p.u.). (c) Three-phase rotor
currents (in p.u.). (d) d" -axis rotor current reference and response (in p.u.).
(e) d-axis rotor current error (in p.u.). (f) g™ -axis rotor current reference and
response (in p.u.). (g) ¢" -axis rotor current error (in p.u.). (h) Stator output
active and reactive powers (in p.u.). (i) DFIG’s electromagnetic torque (in p.u.).
(j) DC-link voltage (in V).

system, a single PI rotor current controller in the synchronous
reference frame was used and stator voltage harmonics was not
taken into account. The average stator active and reactive powers

F % ¥651%’88L§%§Ware Company,2005-2008 |

TABLE I
COMPARISON RESULTS OF DIFFERENT CONTROL TARGETS
/ 11 111 v Conventional
1, 5™ harmonics (%) 0.50 0.40 3.13 248 4.87
1, 7" harmonics (%) 0.20 0.23 4.07 1.96 3.85
1, 29" harmonics (%) 0.36 0.52 2.58 2.08 4.18
1, 31° harmonics (%) 0.19 0.32 3.90 193 3.60
P, pulsation (%) +4.55 | #4.61 | +0.51 | +4.96 +4.35
O pulsation (%) +4.87 | +4.89 | +0.47 | +0.45 +5.08
T. pulsation (%) +0.68 | +0.82 [ £4.02 | +0.35 +5.69
Vi pulsation (V) +37 +39 +42 +4.1 +43
10° .
é 250Hz: 4.87%
s ;
__’5 350Hz: 3.85%
£ 10?] .
g
; A/\'\
s
» JARIL) JJ\w A
0 1000 2000 3000 4000 5000 6000
Frequency (Hz)
(@)
10° . :
g
g 107} 290Hz 4.18% .
T 310Hz: 3.60% : 3
@ &«
€
& 107t 4
3 :
5 i
« 10'3 1 i M i
0 200 400 600 800 1000
Frequency (Hz)
(b)
Fig. 8. Harmonic spectra. (a) Stator current spectrum (relative to the fun-

damental 50 Hz stator current). (b) Rotor current spectrum (relative to the
fundamental 10 Hz rotor current).

were set at 2 MW and 0 Var, respectively. Within the period of
0-0.05 s, the conventional control without grid distortion con-
sidered was employed and the resonant part in the PI-R rotor
current controller was disabled. At the instant of 0.05 s, the res-
onant regulator was enabled with Target I selected. Afterward,
the system control target was switched to Target Il at 0.1 s, Tar-
get Il at 0.15 s, and Target IV at 0.2 s, respectively. As shown
from Fig. 7(d)—(g), with the conventional control within the first
0.05 s, the standard PI rotor current regulator failed to control
the harmonic rotor currents in the positive synchronous refer-
ence frame, as a consequence, the three-phase stator currents
were badly distorted, as shown in Fig. 7(b). In addition, there
existed significant 300 Hz pulsations in the instantaneous sta-
tor active and reactive powers, and the electromagnetic torque.
The rotor currents contained both 10 Hz fundamental compo-
nent, i.e., 50-40 Hz, and the harmonic components of 290 Hz
(250 + 40 Hz) and 310 Hz (350 — 40 Hz), respectively. For clear
illustrations, Fig. 8 shows the harmonic spectra of the stator and
rotor currents during 0-0.05 s. Once the developed PI-R rotor
current regulator was enabled at 0.05 s, as can be seen from
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Fig.9. Simulated results with mutual inductance, and stator and rotor resistances used in the controller having various errors. (a) d* -axis rotor current reference

and response (in p.u.). (b) d* -axis rotor current error (in p.u.). (c) ¢ -axis rotor current reference and response (in p.u.). (d) g* -axis rotor current error (in p.u.).
(e) Stator output active and reactive powers (in p.u.). (f) DFIG’s electromagnetic torque (in p.u.). (g) DC-link voltage (in V).

Fig. 7(d)—(g), both the positive sequence of the fundamental-
and the harmonic-sequence rotor current components were con-
trolled precisely and rapidly. In particular, the tracking of the
harmonic rotor currents to their respective reference values was
quite satisfactory during the switching among the different con-
trol targets.

For the purpose of clear comparisons, the measured fifth-
and seventh-order stator current harmonics, rotor current ratios
of 290 Hz (29th) and 310 Hz (31st) harmonics with respect to
the 10 Hz fundamental component, 300 Hz peak-to-peak pul-
sations of the stator output active and reactive powers, DFIG’s
electromagnetic torque and converter’s dc-link voltage are sum-
marized and compared in Table I with various control targets.
It can be apparently seen from Fig. 7 and Table I that using
the proposed control strategies and the developed PI-R control
design, the predefined control targets have been fully achieved,
respectively. Moreover, Target I not only minimized the 29th-
and 3 1st-order harmonics of rotor currents, but also gave signifi-
cant attenuations in the stator current harmonics and the 300 Hz
pulsations in the generator’s electromagnetic torque. Similarly,
Target I attenuated the harmonic components of stator and rotor
currents, and the torque oscillations simultaneously.

Since the exchange of active power between the DFIG ro-
tor and the rotor-side converter contains 300 Hz oscillation, the
dc-link voltage also oscillated at 300 Hz with peak-to-peak am-
plitude of around 8 V. The impact of such oscillation on the
system operation is found to be negligible as both the rotor cur-
rent and the current for the grid-side converter (not shown in
this paper due to space limitation) are controlled precisely.Jlf

Similar tests with various rotor speeds and different combi-
nations of the stator output active and reactive powers were also

carried out and the system performance behaved analogically to
those shown in Figs. 7 and 8, and Table I.

For the practical systems, the selection of control target will
highly depend on the design of wind turbines and the opera-
tional requirement of network. While, by adopting one of the
control targets aforementioned and the proposed current control
scheme, system operation, and performance can be improved
under distorted grid voltage conditions.

Tests of the impact of DFIG’s parameters variations on the
performance of the proposed control scheme were carried out.
Since the leakage flux magnetic path is mainly air in the gener-
ator, the variations of the stator and rotor leakage inductances
during operation are insignificant. However, mutual inductance
variation needs to be considered due to possible variation of
the magnetic permeability of the stator and rotor cores under
different operating conditions. Besides, variations of stator and
rotor resistances should also be taken into account. Taking Tar-
get IV as an example under the same operating condition as
that in Fig. 7. Fig. 9 shows the simulated results with mutual
inductance and stator and rotor resistances used in the controller
having various errors, respectively. As shown, there are hardly
any differences even with such large errors in the mutual induc-
tance, and stator and rotor resistances. Consequently, robustness
of the proposed PI-R control scheme to generator parameters’
variations is verified.

Further tests during transient grid voltage distortions of fifth
and seventh harmonic components both being 5% were con-
ducted. The results are shown in Fig. 10 with generator speed
being 1.2 p.u. and harmonic distortions occurring between 0.1
and 0.2 s. In order to demonstrate the effectiveness of the pro-
posed PI-R rotor current control scheme, Fig. 10(A) and (B)
compares system responses between the conventionally stan-
dard PI and the PI-R current controllers, respectively, with
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Fig. 10.  Simulated results with Target III during transient grid voltage distortions of 5% fifth and seventh harmonic components. (a) Three-phase stator voltages
(in p.u.). (b) Three-phase stator currents (in p.u.). (c) Three-phase rotor currents (in p.u.). (d) d* -axis rotor current reference and response (in p.u.). (e) d* -axis
rotor current error (in p.u.). (f) g™ -axis rotor current reference and response (in p.u.). (g) ¢" -axis rotor current error (in p.u.). (h) Stator output active and
reactive powers (in p.u.). (i) DFIG’s electromagnetic torque (in p.u.). (j) DC-link voltage (in V). (A) Conventional control with standard PI [1]. (B) Proposed

control design.

Target III selected. As shown, with the developed PI-R con-
troller, once the voltage distortions happened at 0.1 s, the
tuned R part automatically regulated the 300 Hz terms of both
—5w; and 7wy components precisely in the synchronous (dg)™
reference frame according to the Target III’s requirement. As

a result, it can be seen, by comparing Fig. 10(a) and (b), that
with the proposed control system, the operation of the gener-
ation system during such transient voltage harmonic distortion
was much smoother with the oscillations in both stator reactive
power and electromagnetic toque removed completely. After
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Fig. 11. Simulated results with torque and generator speed variations. (a)
Three-phase stator currents (in p.u.). (b) Three-phase rotor currents (in p.u.). (c)
Generator speed (in p.u.). (d) Stator output active and reactive powers (in p.u.).
(e) Electromagnetic torque (in p.u.). (f) DC-link voltage (in V).

the voltage distortions cleared, the R regulator controlled the
harmonic rotor current components to be null of itself and the
system was back to the normal operation.

System responses of the proposed control strategy with varia-
tions of generator’s torque and speed were also investigated and
the results are shown in Fig. 11. The generator speed was step
changed from 1.2 t0 0.8 p.u. at 0.1 s. According to the maximum
power point tracking curve, the DFIG’s stator active power and
electromagnetic torque were changed from 1 to 0.25 p.u., and
from —0.68 to —0.16 p.u., respectively. The stator output reac-
tive power was kept at 0.35 p.u. (leading). The stator voltage
had 4% fifth-order and 3% seventh-order harmonic distortions.
Target /Il was initially chosen, but switched to Target IV at
0.2 s. The lumped inertia constant of the generation system was
set to a smaller value of 0.2 s in this study for a better illustra-
tion. From Fig. 11(d), it can be seen that within the period of
0-0.2 s, the stator output active and reactive powers had no
300 Hz pulsations at all, although the stator voltage was dis-
torted with fifth and seventh harmonics. Once the controller
was switched to Target IV at 0.2 s, the 300 Hz oscillations in
both the electromagnetic torque and the stator reactive power
were eliminated quickly. Apparently, Fig. 11 indicates that the
system performance during the variations of the DFIG’s torque
and speed is quite satisfactory.

V. CONCLUSION

This paper has presented an analysis and improved control
of a wind-turbine-driven DFIG operating under distorted grid
voltage conditions. Simulated studies on a 2 MW DFIG wind
power generation system are carried out to validate the proposed
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TABLE II
PARAMETERS OF THE SIMULATED DFIG

Rated power 2MW
Stator voltage 690V
Stator/rotor turns ratio 0.33

R 0.0108pu
R, 0.0121 pu
L, 3.362 pu
L, 0.102 pu
L, 0.11 pu
Number of pole pairs 2
Lumped inertia constant 0.2s

control strategies. As a result, the following conclusions can be
drawn.

1) When the grid voltage is harmonically distorted, viz., tak-
ing the positive sequence of the fundamental and the har-
monics at the frequencies of —5w; and 7w; into account,
the DFIG’s electromagnetic torque and instantaneous sta-
tor active and reactive powers have been fully defined,
which indicates that significant oscillations at six times
the grid frequency do exist and should be attached impor-
tance to.

2) Methods for improving system responses of wind-turbine-
driven DFIG systems under distorted grid voltage condi-
tions are identified. Alternative control targets are capa-
ble of keeping sinusoidal the three-phase stator currents
or rotor currents, or removing pulsations in both stator
active and reactive powers, or in the generator’s electro-
magnetic torque and stator reactive power. In contrast, the
conventional vector control scheme of DFIG results in
significant pulsations of the stator active/reactive powers
and electromagnetic torque, and excessive harmonics in
the stator/rotor currents, even with a small stator voltage
distortion.

3) A rotor current scheme that is implemented in the positive
synchronous reference frame is developed. The control
scheme consists of a PI regulator and a harmonic reso-
nant compensator tuned at six times the grid frequency.
As a result, the fundamental and the fifth- and seventh-
order components of rotor currents are directly regulated
by the PI-R controller without involving any sequential
component decompositions. Consequently, the proposed
respective control targets can be fully accomplished.

APPENDIX
See Table II.
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