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Abstract: This paper presents a mathematical model of a doubly fed induction generator (DFIG) in the positive
synchronous reference frame under distorted grid voltage conditions eith the help of fuzzy logic controller. The
oscillations of the DFIG’s electromagnetic torque and the instantaneous stator active and r active 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
implemented in the positive synchronous reference frame is developed. The control scheme consists Fuzzy logic
controller and a resonant controller consequently, the fundamental and the fifth- and seventh-order components
of rotor currents are directly regulated by the Fuzzy—R controller without sequential-component decompositions.
The feasibility of the proposed control strategy is validated by simulation studies on a 2.0-MW wind-turbine-
driven DFIG system. Compared with the conventional vector control scheme based on standard Pl 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 induction generator (DFIG), harmonics, and
modeling.

I Introduction

The global electrical energy consumption is rising and there is steady increase of the demand on power
generation. The existing conventional energy sources are depleting .So alternative energy source investment are
becoming more important now a days. Wind electrical generation systems are recently getting lot of attention,
because they are most cost competitive, environmental clean and safe renewable power source, as compared to
fossil fuel and nuclear power generation. The depletion reserves, increase in demand, and certain factors in
world politics have together contributed to a sharp rise in the cost of thermal power generation. Many places
also do not have the potential for generating hydel power. Nuclear power generation was once treated with great
optimism, but with the knowledge possible leakage from nuclear power plants, most countries have decided not
to install them anymore. The growing awareness of these problems led to heightened research efforts for
developing alternative sources of energy for generation of electricity. The most desirable source would be one
that is non- pollutant, available in abundance and renewable and can be harnessed at an acceptable cost in both
large — scale and small scale systems. The most promising source satisfying all these requirements is wind, a
natural energy source. Wind is a form of solar energy. The uneven heating of the atmosphere by the sun, the
irregularities of the earth’s surface, and rotation of the earth cause winds. The maximum extractable energy
from the 0-100 m layer of air has been estimated to be the order of 1012 KWh/annum, which is of the same
order as hydroelectric potential. Over 1700 MW of wind generators are installed worldwide, Current generation
is of 100 billion KWh of energy annually. Recent evolution of power semiconductors and variable frequency
drive technology has aided the acceptance of variable speed generation systems. In spite of additional cost of
power electronics and control, the total energy captured in a variable speed wind turbine system is larger and
therefore the lifecycle cost is lower than with fixed speed drives. Denmark was the first country to erect
windmill and the top five countries in the world to have the highest installed wind power capacity are Germany,
Spain, Denmark, U.S.A and India respectively. In this paper fuzzy logic principles have been used. Fuzzy logic
is a powerful and versatile tool for representing imprecise, ambiguous and vague information. It also helps to
model difficult, even intractable problems. In this paper, all the control algorithms have been validated by
Matlab simulation study and system performance has been evaluated in detail. WIND energy, recognized as the
main contribution to low 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,
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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 generator (DFIG), which have many advantages over the fixed
speed induction generators or fully fed synchronous generators with full-sized converters, including variable-
speed constant frequency (VSCF) operation, reduced flicker, independent control capabilities for active and
reactive powers, and relatively lower converter cost and power losses, have attracted extraordinary attention by
researchers and manufacturers all over the world [1]. These excellent merits are primarily achieved via the
control of a rotor-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 operation 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 unbalanced [5]-[12] grid voltage conditions have been well understood. Hu et al. [9] and [10] proposed
proportional—integral (PI) plus resonant tuned at twice the grid frequency current controllers for both grid- and
rotor-side converters. As a result, simultaneous elimination of torque and total active power oscillations at twice
the grid frequency have been achieved due to the precise regulation of both positive- and negative-sequence
currents when the network voltage is unbalanced. Whereas, voltage harmonics in the grid voltage were not
considered 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 individual
voltage harmonics, especially fifth- and seventh-order components, 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 voltage 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 studied 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 result, 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 variables being at six
times the grid frequency. In Hu et al.’s previous work [18], an improved current control scheme was presented
using a PI plus multifrequency resonant (Pl + MFR) controller for a grid-connected voltage-source converter
under imbalanced and distorted supply voltage conditions. 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 (dq)5—, (dq)7+ reference frames, the mathematical model of a DFIG
system under fifth- and seventh-order harmonically distorted grid supply is developed. Based on the developed
model, the relationships 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 (dq)+ reference frame is developed. The control scheme consists of a Pl
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
effectiveness of the proposed control strategy.

1. 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 —-5%1 and 7«1 are taken into
consideration in this paper. In the stationary off reference frame, the voltage, current, and flux can be
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decomposed into the positive-sequence component of the fundamental and the harmonic components of —5&1
and 7@ [18]

Fag= Fap(t) + Fags_(t) + Fagz1 (1)
= Ff|5'+ EJ":':'-':LH'".'-"JJ + 'FE'SE-— EJ':E":'-':LH'?J;:'+ 'FE'S‘-" E_il:7li|.l1f+i,“£l,-:l
1)

Where ¥+, ¥s and ¥ are the respective initial phase shift for the

Positive sequence of the fundamental and harmonic components

Of -5&1 and 7641

As shown in Fig.1, for the positive synchronous (44)™

reference frame, the d+-axis is aligned with the positive-sequence stator voltage rotatin% at the angular speed of
ws While for the (940%™ and (49) *reference frames, as can be seen from Fig. 1,their @ and @ ™ axes rotate at
the angular speeds 5«1 and 7¢'1 , respectively, with the phase angles to the «-axis being —%s

And &7
According to Fig. 1, the transformations between the @2 (a#)", (44) (44)°™ and (d9)" reference
frames are given as

Follows:

F+dr,' :FI:_SE—_in.I,_I.‘ Fqu :F7+dqg - 120w, t

Ft oy =¥ pgemli@men (2a)
‘Fb_dq‘ :F.‘-+ESE—_i5m1r F+dr,' :Fﬁ—dqg—jﬁmlt

'Fb_dli' :FrESE_-i':E':""H"'*’:'I (Zb)
F:+r.'r.' :FE_SE—_i.‘-mlr F+dq‘ :F.‘-+dqg—j5w1t
F:+r.'r,' :Frdqg—jlﬁ-’wrwﬂf (ZC)

where superscripts +, 5-, 7+, and r represent the(a)", (49)™,(@9)°” and (d9)™" reference frames, respectively
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Fig. 1. Spatial relationships between the stationary o reference frame, the rotor (83" reference frame, and

the(#9)* (499" and (d9)™ reference frames.
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Fig. 2. T-representation of the DFIG equivalent circuit in the positive synchronous (d9)" reference frame
rotating at the speed of @1,

The equivalent circuit of a DFIG in the (€9)™ reference frame
Is shown in Fig. 2.
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According to Fig. 2, @™ _ 2g2nd 0" 2o the stator and rotor flux can be represented, respectively, by
+ +
‘p+3dq = Ls'{ sdg + Lm'{ rdg (3)
+ +
fF+ rdg :Lm'{ sdg +Lr'{ rdg (4)

From Fig. 2, the stator and rotor voltages Lf +3dq and U™ rag in the (d9)™ reference frame can be expressed as
follows:

r1'|p+ .
+ _ + zdg | . +
u sdg — Rs'{ =dg + at +J‘:*'-"'3‘p sdg (5)
ri|p+,_ .
+ _ + rdg | . +
u rdg — Rs'{ rdg + at +Jm3¢:' rdg (6)
where Bz and B+ are stator and rotor resistances, s = L& T Lm

&t =La.* Lm gre total self-inductances of stator and rotor winding Lz, L; & L, are stator and rotor leakage
inductances and mutual inductance, @i respectively, is  synchronous angular  speed,
Wy is rotor angular speed, and &= = 1 — &+ s slip angular speed.

According to (1), (2) and Fig. 1, the stator and rotor current, voltage, and flux vectors can be expressed in
terms of their positive sequence of the fundamental and the harmonic components of —5%1 and 7&1 in the

synchronous (dq)+ reference frame as follows:

+ _gt + +
F =dg =F sdg+ +F sdg5— +F sdg 7+

_pT 5— —jRe, T+ N
=F7 4qs +F e t+  FT et

=dg — q
7(a)
+ _pt + +
F rags =F rage + F rags—+F ragrs
_pt 5— —jRea, T+ Jaw,
=F rdg+ +F rdg—F T+ F rdg © -
7(b)

where subscripts +, 5, and 7+ represent the positive sequence of the fundamental component and the harmonic
components of 5%1 and 7%1 , respectively. F*";azz_and F* 4. refers to the fifth-harmonic stator and rotor
quantities in the (d9)*™ reference frame. It is worth noting that the harmonic components of -5&1 and 7¢1 both

behave as the ac components pulsating at the frequencies of +6&'1 in the (dq)+ reference frame.
According to (3) and (4), the rotor flux and stator current can be calculated as follows:

_ Lag sdg
‘P+r-r_l_q- S + IFLr*r-'-rn'r,' @
;9+;4;|_:-'tn; +1‘d.;‘l
Pogg=— 71— )
q Loy
Where

L./
7=1- i‘r-"' L.L.
is the leakage factor.
Substituting (8) into (6) yields the rotor voltage in the (dqg) +
Reference frame as follows:
d 1 .
U+rdq‘ = Rr"!'+rdq+ ar ':L;_:FI"-"-FS“- + ELrI+rdq) + J'U-'s':z_:?;'+3dq + EL?’"!I-'-FIL'Q)

I'.'i"'rd_:. + Ly dﬁl*'ﬂ_:.

:Rr“‘!l+rdq+ FLy dr T, dr + J'-”-'s':ILl:t.I’?+3dq + ELrI+rdq) (10)
B. Active and Reactive Power Flow

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

+ + 5— — B, t T+ JEy Ty
UTraqg ™ dlg sdgr TP pags © Trte Sdl'.‘-_'+EJ Y)/de +
S ) 5— —jBa, t T+ B, Ty
Jury sdge @ qu+E 4+ @ qu?+s i
. + E— — B, T T jBuiady £
- ) _ 5 B rl 1 + i+ EJ 1
Jody sdg+ @ rdgs+ sdgT+ /
(11)

Under balanced and distorted grid voltage conditions, the
DFIG’s stator output instantaneous active and reactive powers
Can be expressed as follows:
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B +jd; = _§ U+sdq'[+3dq' (12)
Where “1+sdq is the conjugated space vector of 1+
Sdg. Substituting (9) and (11) into (12) and decomposing the active and reactive powers into different pulsating
components yield
By = Py + F; pogp 05(Bwyt) + Fogipgsin(Swyt) + F; posrz COS(12wyt) + Pogin gz sin(12ayt)

@: = Qoo+ QecossCoS(6ayt) + Qoging SIN(6w ) + Qg ooayz €05(1204t) + Qrginyz Sin(12aw,t)  (13)

Where (14a)—(14c), shown at the bottom of the page,

Hold.
[Feo Qe Frcoss Fesing Wecoss Pesing Fecostz Fesiniz @ecosiz @esin 1:]T
3 Wi
= _:?s A [:-'5'+sd+ :-'5'+3q'+ ';'pb_sds-— :-'5'+.3d.'-+ :-'9+de+ :-p+sd.‘-+ I
b 1 .
+ %1: B [t-'?+.3d+ |:ﬂ'-'-.srﬁ t-'ﬂ'b_.sds-— t-'?+.3d.'-+ t-'p+sd.'-+ t-'?+sd.‘-+ I
(14a)
And
U+sd+ u G+ U™ zas— Us_sqs— u +sd7+ u 2T+ ]
u 2+ _U+3d+ Us_sq‘s— _Us_sds— Usr," “Wedy
Us_sds— + U?+sd.‘-+ Us_sqs— + ILr?-'-3|;'.‘-+ U+sd+ w 20+ Lr+.3r!+ u 25+
Us_sq‘s— —-u’ 27+ U_+sr.'-'-+ - Us_sds— u G+ U7 eas U+sq‘+ _U+sd+
A= U _sr,'s—"' |Lr'_.-'-.gr,-.'-+ U ggs_— |Lr?-'-.gr!.‘-+ w 20+ _U+sr.‘+ U+sr,'+ LY
U?+sd?+ - Us_sds— U?+sq?+ - Us_sq‘s— U+sd+ w 2+ U7 gy -u g+
o 0 u’ 2d7+ u’ 27+ U™ pas_ Us_sqs—
o 0 _U?+sq.‘-+ U?+sd?+ Us_sq‘s— —u _sds—
0 0 U_+.sr,"+ _U?+sr.‘-'-+ Us_sqs— Us_sds—
0 0 |£‘r?-'-sd?+ U?+3q7+ _Us_sds— _Us_sq‘s—- (]_4b)
|£‘r-'-.sr.'+ |Lr+3r;+ Us_sds— Us_sqs— U?+3d?+ |£‘r?-'-sr,'.'-+ |
U+sq+ _U+sd+ Us_sq‘s— _Us_sds— U?+sd?+ _U?+sd?+
Us_sds— + l[‘r?+.sr!.‘-+ Us_sq‘s— + ILr?-'-.sr;?+ U+sr.‘+ I[‘r+.sr;+ I5r+.3r!+ ILr+sr,'+
Us_sqs— - ILr?+.sr.'?+ l[‘r?+.sr!.'-+ - Us_sds— _U+sr.'+ I[‘r+.sr£+ I5r+.3|;'+ _U+sd+
B= Us_sqs— + U?+3q?+ _Us_sds—_ U?+sd.‘-+ |£‘H-sr;+ _U+sd+ |5r+3r,‘+ _U+sd+
UF+.9d-‘-+ - Us_sds— |[‘[ﬂ—.sq'.'-+ - Us_sqs— |[‘l+51‘.‘+ |£‘[+.sr,'+ _U+sd+ _U+sq‘+
0 0 UT+3|’.‘-‘-+ U?+sq‘?+ Us_sds— Us_sq‘s—
o 0 _U?+sq'.'-+ l[‘r?+.sr!.'-+ Us_sqs— _Us_sds—
0 0 |£‘r'_.-'-.s|;-.‘-+ _Ur+sd?+ Us_sq‘s— _Us_sds—
0 0 |UT+51‘.‘-‘-+ |£‘[ﬂ—.sr,'.'-+ _Us_sds— _Us_sqs—— (]_4(;)

From Fig. 2, the electromagnetic power equals to the sum of the power outputs from the equivalent voltage
sources jwlw+ sdgand j (wl — wr )y+ rdg . Thus, we can obtain

F, =-15R, [j”-'l‘.l"-"+3dqj+3dq +J (wy - ”-'r)f+rdq']

L., .
=-15wy i‘F""L.g * Iy ':‘.I"-"+3dl;‘1+rdli','
=Fop + P ppapcos(Banyt]) + Py ging Sin(6w ) +F ppair C0S( 120wyt + Py sin12ayt)
(15)

Where (16a) and (16b), shown at the bottom of the next page, hold. The electromagnetic torque of the DFIG is
calculated as follows:
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Py

L=o
L
(16)
-
[Feo Frcose Fesing  FPerosiz Pesiniz]
2 i L _ _ P ' o
= sz_smc[f+rd+ J'-'-i'r;+ I rd5— r rgs— I +rr.'-‘-+ I +rq'-‘-+]
(16a)
+ + 5— 5— T+ T+
-9 g+ ¢ 2+ -9 25— ¢ sd5— ¢ T+ ¢ sdT+
5- T+ 5— T+ + + + +
—¢ sr,'s—_@ T+ 1 3d5—+rP wre ¥ Ef+ P ey —¢ B+ L
5- T+ 5— T+ + + + +
C=|% 285-7% zare ¥ o™ oy TP e TP o P s LT
T+ T+ . -
0 0 ¢ T+ ¥ adrs ¢ £g5- ¥ s
T+ T+ 5— 5—
0 0 -9 T+ -9 2T+ ¢ =d5— ¢ 25—
(16b)

Where p is the number of pole pairs.,

As represented in (14) and (16), under distorted grid voltageconditions, 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 frequency.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 consequence, the pulsations at 12th the grid frequency, which behave less
significantly compared with these of the sixth, could be ignored in the system control design.

1. System Control
A. Alternative Control Targets

Under distorted grid voltage conditions, there are six rotorsCurrent components, i.e., /+rd+, I+rg+, 15
—rd5-, I5-rg¢5— [T+rdi+, and [I7+rq7+, that need to be regulated. Apart from controlling the dc average
stator active and reactive powers, i.e., 2s0 and ¢s0 ,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 Il: Strictly
sinusoidal stator current to ensure balanced heating and less harmonic losses in the three-phase stator
windings.Target I1I: Removing the pulsations of six times the grid frequency in the stator output active and
reactive powers simultaneously. Target IV: Constant stator output reactive power and electromagnetic torque to
reduce the mechanical stress on the turbine system.

Other control targets such as eliminating the voltage distortions 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 (4
sg+ =0, (14) and (16) can be simplified.

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

Uz g+ =j L'-'L‘P-'-_gdq.,. (18a)
Ub_sdqs— =-j5 Wlﬁpb_sdqs,_ (18hb)
u :+sdq'-'-+ =jjTwe :+sdq'.'-+ (18¢)

As a result, rotor current references can be obtained with

different control targets. For Target I, there are/*™ ", z.s_ = 0

I'*" 227+ =0, thus, based on (7a), (7b), and (9), the fifth- and seventh-order harmonics of stator current are
produced as follows:

- P g :
o — sz i+ —
I 2dgs— — S 1 2dgi+ —

Lg

T+
P eagrs

(19)

Ls

As to Target |1, balanced and harmonic-free stator current
means I*"zzzs- = 0 1" 2427, = 0. According to (7), the reference reference values of fifth- and seventh-order
rotor current harmonics can be obtained as follows:
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— ﬁ';_; - . ;'J”-s T4
® rdgs— = L::‘ , 1 rdgr+ = ;_::I (20)
Substituting (18b) and (18c) into (20) yields
o -rd q5— = J;m:::- (Zla)
I+ ggry = o (21b)

While for Target I, there are Ps cos 6 =0, Ps sin 6 =0,
@s cos 6 =0, and §s sin 6 = 0. According to (14), the references
for the rotor current harmonic components of -5 w1 and 7 w1 can be calculated, respectively, as follows:

g5 = ﬂs;n:—::m " Egrl g - Karl"rgs (222)
s = %ﬁ;ﬂm Kol Trge ¥ Kl gy (220)
g = %ﬁ ) Kr.‘E-‘r+rq'+ - Kasl " ras (22c)
I"+-rr.'.'-+ = %ﬁ'ﬁ” ) de*r+i’l'.'+ + Kl'.‘E-*r+rd+ (22d)

Where de = Uﬁ_sds—f{‘r+3d+ ’ qu. = Uﬁ_sds—f"lu+3d+ ’
Hgr = 'r-‘r:+3d.'-+-'"l‘r-‘r+3d+ and Kq'? = Ul‘+sq.‘-+.-"lu+sd+

As for Target 1V, the pulsating terms at six times the grid
frequency in the instantaneous stator reactive power and electromagnetic power have to be null, viz.,Pe cos 6 =
0,Pe sin6 =0, ¥s cos 6 =0, and &s sin 6 = 0. Consequently, based on (14) and (16), the references for the
rotor current harmonic components of -5 w1 and 7 » 1 can be deduced as follows:
— 1 2 4 2 4
s = ot T (GKas 3K MW rae + (GHgs - 3Hgr M rgs
(23a)
+ %Kd.'- )*r+rq'+
(23b)
Where 4; = (2U 545 /5) - (4U %, /7) and d; = (2U s /5) — (AU a7/ T)

— _ 1 3 4 2
I gs Sonte T (GEes + 2K Whras - (5Kgs

B. Proposed Control Design

Once the rotor current references are obtained, /+rd+, /+
rq+,I5-rd5—, I5-r¢5—, [T+rdi+, and [7+rq7+ 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 Pl
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 (dq)+ reference frame
without the need for sequential-component decomposition of voltages and currents. According to (7a) and (7h),
it can be seen that under distorted grid voltage conditions, the voltage, current, and flux in the (dq)+ reference
frame all contain both dc values of the positive sequence of fundamental component and ac terms of the
harmonic components of 5w1 and 7 w1 pulsating at the frequencies of +6 w1 . 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 6 w1 is not only able to nullify the error for the positive sequence at the frequency of 6 w1
but also for the negative at 6 »1 . Consequently ,similar to the zero error of dc components regulatedby the
standard PI controller, the error to the ac signal with the frequencies of +6 » 1 could be sufficiently eliminated
by the application of a resonant regulator tuned at 6 1 in the current controller. Therefore, a Pl plus R (PI-R)
rotor current controller in the (dq)+ reference frame can be developed for directly regulating both the positive
sequence of the fundamental component and the harmonic components of 5«1 and 7 » 1, 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:

di +1-'d.:l 1

— 1 ; - L : -
it _?U-'-rd.q - E{er+rdq+JW35LrI+rdq,'_ﬁ':{‘r*-sdquﬂ-sdq' J“-'rm.lg-'-_gdq,' (24)

Fly
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val % R‘

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

Where U+ rdq is referred to the rotor control voltage produced by the PI-R controller, which is designed as
follows:

U+rdq‘: EFLrv-'-r'n'.q"" E+rdq‘ (25)
Where
g % -
V+rdq‘ :EI-'-rdq' =Crpa(s) (47 rdg *r+rdr,','

—w. + B % qepee gt
_[KL;J"' P +31+[iﬁn.-,_‘|=](f rdg— I rdg)

And
E+rdq‘ = '::Rr*r+rdq' + jL'-'s':FLr'I-'-rdq':' + Lm(u+sdq‘ - Rs*r+sdq' - jﬁ'—'r‘.lg-'-_gdq:' / L

is defined as the equivalent rotor back electromagnetic force acting as a disturbance to the PI-R controller, and
Kip , Kii ,and Kir are the proportional, integral, and resonant parameters,respectively, which can be
determined based on the Naslin polynomial [11], [20].

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

6of = raq _  Cpr-g(R)GE
cilS) == gy T T iprpna

Ne(=)

T B8+ [+jEw, 1T (ST Lt By + Nl (26)
—1,
Where G(S) = -'II[E'EFLr + Rrj'
Ne(s) = Kip[s% + s(Ej6w,)™] + Ky[s*+ (Hj6w)™] + sk
Substituting S=+jéw, into (26) results in
Mg _ N2 (480,
*pgg B RDN(H[EW TL+R) N AS)
=1 27)

This implies that the developed PI-R controller can provide
zero steady-state error for the %6 w1 ac signal regardless of the DFIG’s parameters o Lr and A .However,
from Fig. 3, the transfer function of the E+rdq to the rotor current can be derived as follows:

W Teag (=)
Ceils) =5y = Torpmtm
_ 2854 [+ BT
T E(eT+(4/6w,) ) (3L Ry — NS (28)
Substituting S=+jéw, into (28) yields
Tvdg + 66, 30
E*pqg  +Biy D166, T L+ R —Ne (60,
=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 E+rdg upon the rotor current control
loop and the characteristic is hardly affected by the system parameters o Zr and Rr . 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), A7p 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 A7r provides infinite gain for the ac components at the frequencies of =6 »1 . As a result, the
PI-R controller is only relatively sensitive to the grid’s angular frequency «1 , which can be accurately gained
via phase-lock loop (PLL). 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 cutoff frequency of @ ¢ can be inserted into
the resonant part to increase its frequency bandwidth [9], [11]. Consequently, the PI-R controller in thepractical
control system is given as follows
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EH
L+ (30)

Er b fgE+ (Hhag)?
. As a result, accordlng to (2a) and (25), the required rotor control voltage can be transformed into the (o 4)r
reference frame rotating at the angular speed of « 7 as follows:

Urr:\:ﬁ‘ = U"'rxagj'.ﬂ:._ﬂf:' (31)

H
.ru‘—.r:(s) Kltl += 4+

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

C. Sequential Decomposition of Network Voltage

As represented in (21)—(23), in order to derive the rotor current references, accurate extraction of the
positive-sequence component of the fundamental term and the harmonic components of 5«1 and 7 w1 from
the distorted grid voltage is necessitated. Different methods can be used to estimate the sequential components
of the polluted grid voltage, this paper introduces a new structure with the multiple complex-coefficient filter
(MCCEF) [21], so as to achieve the accurate and rapid extraction for the specified sequences, viz., (4 sd+, [5—
sdb— (5—sgb— UT+sdi+, and U7+sqg7+. The MCCF-based structure is shown in Fig. 4(a), where Usa 4 is
the original grid voltage in the stationary « 4 reference frame and used as the input of MCCF, and”™ U s a 4+,
“Usa #5-and"U sa A7+ are the estimated fundamental and harmonic sequence components ,respectively
where @ ¢ 0 is cutoff frequency and set to an optimum damping ratio of 0.707 » 1 .Once the fundamental- and
harmonic-sequence components are estimated in the stationary « 4 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

consequence, the estimated as
MCCF f ’
S—jo +o,

t ; O U
s+ jSo, + 0,
‘)w‘ +0,M. w {
i e
= il § = T + o,

ol

v

v

v

- >
y LN 1 | ey L
€ U
e

(h)

Fig. 4. (a) MCCF structure. (b) Standard PLL.
According to Flg 4(a), the mathematlcal model of the MCCF can be obtained as follows:

Usn'.5‘+ __,;._.1+;._.,:| [ g - Us afs— " 3&'.5‘ +]

Usm?s— = ,g+_i'5;._.:|.;._._,: [USE'S - Usn'.5‘+ - sn’.ﬁ‘-‘-+ ]

- i, - o~

Usm?-‘-+ = ,g__i'.-;._.;;._._,: [USE'S Usn'.5‘+ - Usm?s— ] (32)

U sa F+ U sa F5- and "U sa F7+ can be transformed into their respective synchronous reference
frames and the required (#sd+, 65— sdb— 5-s¢5— UT+sd7+, and U7+sq7+ are obtained accurately.

D. System Implementation

Based on the developed control strategies, an improved controlscheme for the DFIG system under
distorted grid voltage conditions is shown in Fig. 5. The measured three-phase rotorcurrents are directly
transformed into the (dg)+ reference frame, which results in %6 «» 1 ac signal supimposed on a dc signal
according to (4b). However, based on the MCCF structure, the fundamental- and harmonic-sequence
components of grid voltage are estimated, respectively. Consequently, the rotor current references, viz., /+#rd+,
[+¥*rgr, [5—*rd5— [5—*rgb—, [T+*rdl+, and [7+*rq7+, are calculated with different control targets. As in
(21)—(23), the rotor current references are all dc signals separated in the (dg)+, (dg)5— and (dq)7+ reference
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frames. Therefore, the harmonic rotor current references have to be transformed to the (dg)+ reference frame.
According to (7b), the rotor current references in the (dqg)+ reference frame are given as follows:

+4 — e +u +5
I rdq_*r rdq‘++f rdq5—+*r rdg7+
= J'-'--r|;'r,'+ + *rs_-rdq's—g_'iﬁﬂl + *r:+-rdq'.'-+5'i5ﬂ’ (33)

....................................................................

: ! i)
) e,

U
sabe
P s O 2t “ . I
5 encoder 1 iq7 rdg 5—
i L P
66, 60
3s/25 ? | & l il
Grid | T - S+
- lnl:/7-T Ir.l‘,» T’r:l(/S—
U“,/, Flux
L Observer 7 e
2 x z 3 l'l/(‘i
i =4 e
McCCF | Eans PLL O, .o, Rotor current I"dqs_
=, references 7
calculation 8
Um/;sl lu’“’"' rdq 7+

) i
/ )\O_T_ (_) ,_gI _______ Control target |

Fig. 5. Schematic diagram of the improved control scheme for DFIG under distorted orid voltage conditions.
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Fig. 6. Scheme of the simulated system.

V. 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 implemented system. Discrete
models were used with a simulation time step of 5 us. The DFIG is rated at 2 MW with its parameters given in
the Appendix. The nominal converter dc link voltage was set at 1200 V. The grid-side converter has to maintain
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 [18], which is not included here. During
simulations, a sampling frequency of 10 kHzwas used for the proposed control strategy. Due to the use of an
asymmetric SVM technique, a 2.5 kHz converter switching frequency was set. As shown in Fig. 6, a high-
frequency ac filter is connected to the stator side to absorb the switching harmonics generated by the two
converters. The filter is a single tuned filter with inductance and resistance connected in parallel instead of
series, which results in a wideband filter having an impedance at high frequencies limited by the resistance [22].
A programmable ac source was used to generate fifth and seventh grid voltage harmonics, which were set to 4%
and 3% respectively, throughout the steady-state simulation studies. In a practical system, voltages and currents
are sampled at the 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 .« s (one sampling period) to
closely represent a practical DFIG control system. During the simulation, the grid-side converter is enabled 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
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control [1] an oposed control strategy under distorted gr|d voltage conditions. In

the conventional control
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(71)

Fig. 7. Simulated results with different control targets. (a) Three-phase statorvoltages (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.). (9) 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

TABLE |
COMPARISON RESULTS OF DIFFERENT CONTROL TARGETS
! [ 1 IV Conventional
I, 5" harmonics (%) 0,50 0.40 3.13 248 4 87
1, 7" harmonics (%) 0,20 0.23 407 1 96 385
1. 29" harmonics (%) | 036 | 0.52 2.58 208 4.18
I. 31" harmoaics (%) 0,19 0.32 390 193 360
P, pulsation (%) +4 55 +4.61 20,51 +4 96 +4 35
(L pulsation (%) +4.87 | =489 | 2047 | +0.45 +35.08
T, pulsation (%) +0.68 | 20.82 | =402 | +035 +5.69
Vy, pulsation (V) +37 +39 42 4.1 +43
10° l v y , ,
% | 25084z 4.87%
p:; l L 350Hz 3.65%
? 107 ’\ |‘ : ]
: l 5 | 5 |
o ' ' I "I : : “x
/ if | 1
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Fig. 8. Harmonic spectra. (a) Stator current spectrum (relative to the fundamental 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 considered was employed and the
resonant part in the PI-R rotor current controller was disabled. At the instant of 0.05 s, the resonant regulator
was enabled with Target | selected. Afterward, the system control target was switched to Target Il at 0.1 s,
Target 11l 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 Pl rotor current regulator failed to control the harmonic rotor currents
in the positive synchronous reference
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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 stator active and reactive powers, and
the electromagnetic torque. The rotor currents contained both 10 Hz fundamental component, 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 fromFig. 7(d)—(g), both the positive
sequence of the fundamentaland the harmonic-sequence rotor current components were controlled 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 control targets.

For the purpose of clear comparisons, the measured fifthand 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 pulsations of the stator output active and reactive powers, DFIG’s
electromagnetic torque and converter’s dc-link voltage are summarized and compared in Table | with various
control targets. It can be apparently seen from Fig. 7 and Table | that using the proposed control strategies and
the developed PI-R control design, the predefined control targets have been fully achieved, respectively.
Moreover, Target | not only minimized the 29thand 31st-order harmonics of rotor currents, but also gave
significant attenuations in the stator current harmonics and the 300 Hz pulsations in the generator’s
electromagnetic torque. Similarly, Target 1l attenuated the harmonic components of stator and rotor currents,
and the torque oscillations simultaneously.

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

Similar tests with various rotor speeds and different combinations 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.

W/MWW\NW/\AWAWMNW\/\WW\W\PUWWW\WW\W o-==

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

www.iosrjournals.org 13 | Page



Fuzzy Logic Control Of DFIG To Eliminate Unbalances In Weak Grid System

p.u.). (c) g+ -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)

For the practical systems, the selection of control target will highly depend on the design of wind
turbines and the operational requirement of network. While, by adopting one of the control targets
aforementioned and the proposed current control scheme, system operation, and performance can be 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 proposed PI-R

A

Fig. 10.(1) Simulated results with Target Il 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) 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.
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Fig. 10(2). Simulated results with Target Il 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.). () d+ -axis rotor
current error (in p.u.). (f) g+ -axis rotor current reference and response (in p.u.). (g) 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).

As a result, it can be seen, by comparing Fig. 10(a) and (b), thatwith the proposed control system, the
operation of the generationsystem during such transient voltage harmonic distortion was much smoother with
the oscillations in both stator reactive power and electromagnetic toque removed completely.

After 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 variations 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 to 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 reactive power was kept at 0.35
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\

0
0 00
L

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).

TABLE Il
PARAMETERS OF THE SIMULATED DFIG
Rated power 2MW
Stator voltage 690V
Stator/rotor tums ratio 0.33
R 0.0108pu
R 0.0121 pu
L 3.362 pu
o 0.102 pu
L 0.11 pu
Number of pole pairs 2
Lumped inertia constant 0.2s

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 illustration. 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 distorted 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.
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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 control strategies. As a result, the following conclusions can be drawn.
1) When the grid voltage is harmonically distorted, viz., taking the positive sequence of the fundamental and the
harmonics at the frequencies of -5 @1 and 7 @1 into account, the DFIG’s electromagnetic torque and
instantaneous stator 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 importance to.
2) Methods for improving system responses of wind-turbine driven DFIG systems under distorted grid voltage
conditions are identified. Alternative control targets are capable 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
electromagnetic 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 Pl regulator and a harmonic resonant compensator tuned at six times the grid
frequency. As a result, the fundamental and the fifth- and seventhorder 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.
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