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Abstract—Although the traditional design of doubly-fed in-
duction generators (DFIGs)’ interfacing inductors consider the
peak ripple of the grid-side converter (GSC)’s output current,
it does not consider the inductors’ impact on DFIGs’ small-
signal stability. Located in series between the GSC and the
stator, the inappropriate selection of the interfacing inductor
can easily result to system instability. Therefore, this paper
first proposes the integrated reference region analysis for small
wind farm’s interfacing inductors to improve the traditional
design method. Firstly, a new detailed parallel DFIGs’ small-
signal model that considers output currents’ coupling is built
in d-q coordinate system with state-space approach. The model
focuses on representing the operating states of parallel DFIGs in
wind farm. Secondly, the linearized state-space matrix of parallel
DFIGs is decomposed into nominal-value matrix and location
matrix. Considering the traditional design requirements, the
integrated reference region for interfacing inductor is proposed
through spectral radius and bialternate matrix sum (BMS). It can
provide better guidance for parameter selecting and stabilization
method researches. Finally, the simulation and experimental
results show that the proposed integrated reference region for
parallel DFIGs’ interfacing inductors is accurate and instructive.

Index Terms—integrated reference region analysis, interfacing
inductor, parallel DFIGs, small-signal modeling, small-signal
stability

I. INTRODUCTION

LOBALLY, 77.6 GW of wind power capacity was
G added in 2022 [1]. As the scale of doubly-fed induction
generators (DFIGs) connected to the grid grows, small-signal
instability, including sub/super-synchronous oscillation, low
frequency oscillation, Etc, is more prone to occur and even
more urgent to be solved in the power system with high
penetration of power electronics [2], compared to the transient
instability. Additionally, the interfacing inductor of DFIG also

This work is supported by the National Key Research and Development
Program of China under Grant 2018YFA0702200, in part by the China
Postdoctoral Science Foundation Funded Project under Grant ZX20210282,
in part by the Fundamental Research Funds for the Central Universities in
China under Grant N2204014, in part by the Guangdong Basic and Applied
Basic Research Foundation under Grant 2021A1515110915, and in part by
the National Natural Science Foundation of China under Grant U20A20190
and Grant 52307194. (Corresponding authors: Qiuye Sun.)

Rui Wang, Xiaohan Yu, Qiuye Sun and Dashuang Li are
with  the Northeastern University, Shenyang, Liaoning 110819,
China (e-mail: wangrui @ise.neu.edu.cn; 2310261 @stu.neu.edu.cn;
sungiuye @ise.neu.edu.cn; 2210276 @stu.neu.edu.cn).

Yonghao Gui is with the Oak Ridge National Laboratory, Electrification
and Energy Infrastructures Division, TN 37932, US (e-mail:y.gui@ieee.org)

Peng Wang is with the School of Electrical and Electronic Engineer-
ing, Nanyang Technological University Singapore 639798, Singapore (e-
mail:epwang @ntu.edu.sg).

, Qiuye Sun
, Senior Member, IEEE, and Peng Wang

, Senior Member, IEEE, Dashuang Li |©, Student

, Fellow, IEEE

likely causes small-signal instability [3], which locates in se-
ries with the Grid-Side Converter (GSC) and stator. However,
the traditional reference value design method of the inductor
is usually calculated through allowable current ripple and the
maximum output current of GSC [4], it doesn’t consider the
small-signal stability of the system. Therefore, the impact of
DFIG’s interfacing inductor on small-signal stability and the
stability region for this inductor are of great significance to be
studied.

On one hand, the design of interfacing inductors is par-
ticularly important in power electronics and converters. As
presented in literature [5], a properly designed interfacing
inductor in filter should consider minimum voltage drop
across the filter, minimum stored energy, improved damping
performance, etc. On this basis, literature [6] proposes an im-
proved efficient design principle. It considers the ratio between
the grid-side and inverter-side inductance, type of damping
scheme employed, employed control structure and so on. For
the effect of the inductors on system’s stability, literature [7]
proposes a restraint on designing the LCL filter by limiting the
resonance frequency within the designed region. Nevertheless,
literature [8] demonstrates that the resonance frequency of the
filter might still shift out of the designed region. Thus, a time
delay compensating method in the control loop is proposed
to broaden the designed region [9]. Still, the compensating
method decreases the filter’s bandwidth and deteriorates its
dynamic performance, as presented in literature [10]. So far,
the main designing consideration is to increase the resonance
frequency by adding compensation and to improve the control
loop to suppress the oscillation in the inductors and filters.
Similarly, the interfacing inductors in DFIGs are designed
upon allowable current ripple and maximum output current
of GSC. Most of the existing methods concentrates on the
compensation of system’s stability for a certain inductor that
satisfies the current ripple requirement. There is still a lot of
blank space to analyze the effect of inductors on system’s
stability and to improve the design.

On the other hand, the commonly used methods in studying
the system’s stability issue includes impedance method and
state space method [11]-[15]. For impedance method, literature
[16] proposes an impedance model of type 3 DFIG-based wind
generator to analyze the leading cause of the sub-synchronous
resonance oscillation. Literature [17] analyzes the cause of
the high frequency resonance phenomenon based on the high-
frequency impedance model and proposes an impedance re-
shaping control strategy to weaken the frequency coupling
phenomenon. The impedance method has great advantages in
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representing the overall characteristics of the system. However,
it mainly focuses on explaining the cause of system oscillation,
which can’t intuitively analyze the effect of a particular
parameter on system’s stability. In contrast, the state-space
method is more intuitive in modeling and system’s stability
analysis on parameters. Literature [18] uses state-space model
to analyze the phase-locked loop (PLL)’s impact on DFIG
system’s instability during weak grid fault and proposes a new
low-voltage ride through strategy. Literature [19] investigates
the dominant unstable poles’ influence factors during asym-
metric faults and proposes an oscillation suppressing control
algorithm. At present, most of the models established are based
on a single DFIG, when the state-space method is applied to
analyze the influence of specific parameters on the system’s
stability. However, for complex and high-order systems, it is
tedious to establish the corresponding state-space model to
represent the overall characteristics of the system. Therefore,
it is urgent to propose an analytical method that can not only
effectively represent the overall characteristics of a complex
system, but also intuitively analyze the influence of specific
parameters on system'‘s stability.

To fill this gap, the integrated reference region analysis for
parallel DFIGs’ interfacing inductors based on the BMS is
first proposed in this paper. The main advantages are shown
as follows.

1) For the first time, a detailed state-space model of parallel
DFIGs based on wind turbines is proposed. It focuses more
on representing the operating states of DFIGs in small wind
farm and considers the coupling of output currents on the
common transmission line, which is helpful to reflect the
overall characteristics of small wind farm.

2) The integrated reference region of parallel DFIGs’ in-
terfacing inductors is first introduced through BMS which
uses the derivatives of parallel DFIGs’ state-space matrix for
computation, taking account of current ripple requirement and
system’s small-signal stability. It can provide guidance for
system stabilization and parameter selection.

The paper structure is as follows: Section II describes the
parallel DFIGs’ system and establishes each part of the system
model. On this basis, section III introduces a mathematical
method of BMS to get the integrated reference region for
DFIGs’ interfacing inductors from the state-space model.
The corresponding simulation and experimental results are
provided in Section IV and Section V respectively. Section
VI concludes the work.

II. SMALL-SIGNAL MODEL OF PARALLEL DFIGS

The parallel DFIGs system studied in this paper consists of
n parallel DFIGs. It is shown in Fig. 1. As a matter of fact,
the wind farm is an intricate system integrated with plenty of
converters, transformers, energy storages and loads. Modeling
all system devices at the same time is unpractical. Therefore,
the number of parallel DFIGs is chosen as two, which can
represent the whole system effectively. The following consists
of different parts’ modeling of the parallel DFIGs’ system with
coupling, which includes the mechanical part, control part,
interfacing inductor and transmission line coupling.

Vi + 1V,

qsl

L,

gn
4@ I+ jl
dgn T g

HH

Fig. 1. Coupled parallel doubly-fed induction generator model

A. Turbine Model

A common reference frame that rotates synchronously with
the stator voltage vector is formed. The currents are selected
as state variables for simpler model expression and convenient
control. For balanced and unsaturated conditions, the electrical
equations of stator and rotor circuits are as follows [20]

Vis = Rs - ias — Ws - Ygs + dwgs
Vs = Ry - igs + ws - thas + d'dg; "
Vdr:Rr'idr_S'ws'wqr“F 15217«

. dgr
‘/tzr:RT'ZqT+S'ws'wdr+ gl)g

The flux equation of a DFIG can be expressed as

'(/)ds =L,
qu = Ls
wdr = Lr
1/qu =L,

: ids + Lm : idr
: Z'qs + Lm : iq'r'
: idr + Lm : ids
“igr + L - igs

2)

Substitute Equation (2) into equation(T) and linearize to
obtain (B, where |e|, is the steady operating state value of |e|,
Vis and V, are the stator voltages of d and q axis accordingly,
R, is the stator resistance, 1)qs and 14, are the stator flux of
d and q axis accordingly, Vg, and Vg, are the rotor voltages
of d and q axis respectively, R, is the rotor resistance, 4y,
and 1,4, are the rotor flux of d and q axis accordingly, %4
and 74, are stator current of d and q axis respectively, ¢4, and
14, are stator current of d and q axis accordingly, L, and L,
are the inductances of the stator and rotor accordingly, L, is
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the magnetizing inductance, and w,, is the electrical angular
velocity of the generator.

B. Drive Train Model

The equation of the DFIG drive train part model can be
expressed as

JE =T, — K -0,
Jo dd; = K 0; — Tom, 4)
det =0 —Q

where J; is the rotational inertia of the low speed shaft, Js is
the rotational inertia of the high speed shaft, {2; is the wind
turbine angular speed, ()5 is the generator angular speed, T}
is the input mechanical torque of the wind turbine, T, is
the electromagnetic torque of the generator, K is the shaft
stiffness, and 6, is the shaft twist angle.

Since the mechanical part of the wind turbine has little
influence on the stability region of electrical part parameters
of the DFIG, the drive train part model is simplified as follows

de
dt
The drive train small-signal model can be expressed as

= _% . Aan + 3p§§m (idSO . Aiqr + iqu ' Aids
_iqsO . Aidr - Z'drO . AZ'qs)

(6)
where J is the rotational inertia, 2, is the m%chgnical
angular velocity of the generator, T} o = % . M is
the shaft torque, p is the air density, R is the radlus of the
DFIGs’ blades, V,, is the average wind speed, C} is the torque
coefficient, N is the gear box ratio p is the pole pair, D is
the damping ratio, and T, = 5 3pLm i 2 (14 Gdr — Vds - Lgr) 18
the electromagnetic torque.

- Tt_ar -D- Qm - Tem (5)

dAwm,
J dt

C. Rotor-Side Control model

The voltage equation can be written out from the rotor side
control structure in Fig. 2 as

dwl
Var = kpidl . + kijq1 - v1 — wro Ly qu
d
Vogr = kpidZ : m + ka2 - 2 + wroLyigy @)
Wm Pﬂ'R Cp_max
Tem = — % 223, 3

o e i + Bigeo) S + (50 = L) igs + 0Ly (50 — 1) i
+ LrRsAidsm— R, Ly, Aigr — Ly AVgs + Ly, AV, ]
dfliqs =1 Lrl_ %) (L Lriaro + L2 ias0) Awy, — ws(soL2, — LsLy)Nigs — wg L Ly (59 — 1) Adg,
N + Ly RyNigs — Ly Ry Nigr — LeAVys + Lin AV, ] 3
djﬁdr :LSLrl— I [—(LmLsigso + Ly Lgigro) Awm, 4+ ws Ly Ls(so — 1)Atgs + ws(soLsLy — m)Aqu
+ LmRsAn;ds — Ry LyAigy — LiyyAVys + LyAVy,]
diiqr =T Lrli 73 (L Ltaso + Ly Liiaro) Awm — wsLmLs(so = 1)sAias = ws(soLs Ly — L2)Aig,
+ LmRSAn;qS — R, LsAigy — Ly AVys + Ly AV,,]

Fig. 3. Phase locked loop structure

The rotor side control small-signal model can be expressed
as

dAx 1 . .
7 ! :kp-dl [AVdT + O'LT(S()UJSAqu - quOAwm)
— kija1 Az ]
dAx 1 . .
— 2 :%[AVW — 0Ly (sowsAigr — igroAwm)  (8)
— KijgoAxs]
. prsCma"wm
A’Lrif = — 7A0Jm
q KN3X3,,

where u1 = w,0L,i4 and ug = —w, 0L, 14, are disturbances,

o = 1—L}/(LL;) and K = —2L,/(3pLmts) are
constants, ddit1 = Z:lif - idra dd% = iref - iqr, C}rjnax is

the maximum wind energy utilization factor, and A,p; is the
optimal tip ratio.

D. Phase-Locked Loop Model

Phase locked loop is the key part of the system transfor-
mation from the abc three-phase stationary coordinate to the
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Fig. 4. Grid-side converter control structure

d-q rotational coordinate, besides, the grid voltage orientaion
is used in this paper. Its structure is shown in Fig. 3.

The PI controller equation can be written out from the Phase
locked loop structure figure as

0 .

{ % = kppu - (—Vas) + Kipy - 3 )

dezz _ _y/

dt ds

The small-signal model of pll can be acquired as
% = _kppllAVdS + kiplle3 (10)
dAzs __ _Avds

where 6, is the output of the phase locked loop, kpy; is

the proportional gain, and ki, is the integral gain of the PI
controller.

E. Grid-Side Control Model
The PI controller equation can be written out from the grid
side control structure in Fig. 4 as

4+ kiyry = kpgzng

kp, 2
k‘pzdg 2+ Kiijagrs — wro Lyigr = Végef

d . .
kpigg gt + kiiggte + wro Lyiay = Vqrgef

(1)

The small-signal model of grid side control can be expressed
as

dAZL'5 .
7 k‘pzdg —— [AVag + 0Ly (sows Adgr — tgroAwy,)]
— kijqgAxs
dAZL'G .
7 kpzqg ——[AVyy + 0Ly (taro Awm, — SowsAigy)]
— Kijqq A
dA[L'4 1 . .
e o, (—kiyAzg + kpgQAigg)
(12)
where us = w,0L,i4 and vy = —w,0L,1q, are disturbances,

Kpg = —Kgg = V/6/(3V,) are constant coefficients, Vy, and
Vyq are grid-side voltage of d and q axis, iq, and iqg are
the grid-side currents of d and q axis respectively, %4 —
V;;fsf %us’ % = ’L;Zf - ng’ and duLG = Z;Zf ’ng‘

FE. DC Bus Model

The DC bus model structure is shown in Fig. 5. According
to the power balance equation, the model of DC bus can be
expressed as

Cbus‘/bus dV us = P P
Pg = Vdg 'Ldg + ng Z
Pr :Vdr'idr+Vqr’iqr

13)

Iy + jiqr i
P 4@ cb#
RSC

Fig. 5. DC bus model

dg + qug

4@ P
GSC

The small-signal model of DC bus can be acquired as

dAVpus 1 _ S
dt T Cbus%uso (ngOAVdg + VngAng + quOAng
+ VygoAiqg — VaroAigr — iaroAVar — igroAVy,
. 1
- VqTOAqu) B C (qu - PTO)A%us
bus Vpyus0
(14)

where Cp,s is the capacitance of the DC bus, V;,, is the
voltage of the DC bus, and P, and P, are the power of grid
side and rotor side respectively.

G. Interfacing Inductor Model

An interfacing inductor is connected in series with the GSC

and the stator side to improve the output voltage waveform.
Therefore, the inductor model can be expressed as

di .

Ly dfﬂs + Ryiagg — wsiqg = Vag — Vds

13

Ly =i+ + Ryiqg + wsiag = Vag — Vs

The small-signal model of rotor-side filter can be expressed

as
dAig 1
dtd'q == fg(AVdQ - AVds
dAigy 1
4L = L—Q(Ang — AV,
where L, is the interfacing inductor, and R, is the parasitic
resistance of the grid side filter.

5)

- RgAidg + wsAiqg)

16
— RyAig, (16)

— wsAidg)

H. Transmission Line Coupling Model

The transmission line of parallel DFIGs is usually inductive,
the expression of the line equation is as follows.

{ Vas — Vend = Riinetar + lee dt
V:]s - Vcnq = Rlznelql + lene dt + WsleneZdl

The output current connected to the grid side is expressed
as follows

Wsleneiql

A7)

14l = ids1 + ldgl + tds2 + tdg2

iql = iqsl + iqgl + Z-qs2 + iqg2

Therefore, the small-signal model of the coupling parts
between DFIGs can be expressed as

(18)

dA; ine
L = - Ry (Aldsl + AZdgl + AstQ + A'Ldg2)
dt Lline
. 1
+ ws(Adgs1 + Adggr + Aiger + Alggo) + T AVy,
dAi Riine
. (Aigs1 + Adggr + Adgsa + Aiggo)
dt lene
- WS(Astl + AZdgl + AZdSQ + AngQ) AVvqs
ne(lg)
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where 74 and i, are transmission line currents of d and q
axis, which is the coupling variable, L;;,. is the inductance
of the transmission line, Rj;,. is the resistance of the
transmission line, V., and V,,,, are constant external busbar
voltages of d and q axis, and the subscript with 1, 2 is the
serial number of the parallel DFIGs.

According to the above analysis, the small signal lineariza-
tion model of parallel DFIG can be expressed as
dAX

—— =A-AX
dt
AX = [AwmlAidslAiqslAidrlAiquAIEllAIQlAl‘glAl‘41
A33‘51A:L‘61AV}JuslAidglAiqglAeplllAW’mQAidsQ
Algsa AtgroANigraAx19 AL Ao ATag A5 A6

A‘/buSQ Aide AgpllZAtiZ AZ.dl AZ.ql]T

(20)

where AX is the state variable of the system, and A € R32%32
is the linearized state space matrix.

III. INTEGRATED REFERENCE REGION ANALYSIS OF
PARALLEL DFIGS

For state-space equations, a BMS based small-signal stabil-
ity solving method can be used to obtain the stability region of
variable parameters, which is computationally effective [21].

If a matrix Y has the dimension p, the BMS H(Y") has the
dimension g = %p(p — 1) and the elements of the matrix can
be expressed as [22]

— Yan ifm=p

Yam ifm#a, n=,
heagmn = Yoo + 088 %f m=aandn=73 1)

Ysn if m=aand n#

— Yga ifn=a

0 if others

where a8 (« =2,...,p; 8 =1,...,a — 1) are row labels and
mn (m = 2,....,p;n = 1,...,m — 1) are column labels. For
instance, the BMS of a 3-dimension matrix Y is

Y11 + Y22 Y23 —Y13
H(Y)= Y32 Y11 + Y33 Y12 (22)
—Y31 Y21 Y22 + Y33

For state equations (20), the state matrix can be rewritten

as follows l

A(k) = Ag+ > kiA;

=1

(23)

where Ag is the nominal-value matrix that represents the
reference value of a certain stable state, k; is the parameter of
the system, A; is the variable parameter-location matrix that
represents the distribution of the variable parameter in state
matrix, [ is the number of variable parameters.

Hence, the stability region for parameter k; of the system
in (20) can be expressed as

Ly, (mH)

Stability Region

1 1
0 Lo Low
14T, Ly 1=Ty Ly

L, (mH)

Fig. 6. Small-signal stability region of interfacing inductors

where
FO = min(Fl, Fg)
I = L
LT S A (A0, (25)
Iy = 2

P [HADH A, }

where p is the spectral radius of the matrix, | |, is the matrix
that every element is absolute value, and H( ) is the BMS.

If all the variable parameters k; vary inside the bound I'y,
the system remains stable.

According to (23), the lineraized matrix of (20) can be
decomposed into Ay, Ay and As. Let ky = 1/Lgy and ko =
1/Lgo. The small-signal stability region can be calculated from
(25) as

{ Ty < Lot <

Lgio
1*1;0'115;10
920
g2 < 1-To-Lg20

L™ _} (26)

1+T0-Lg20
The corresponding stability region is shown in Fig. 6.
Traditional interfacing inductor design for DFIG can be
expressed as [4]

iGSC_max = 3

Ly = mpplies
where iGsc_max 1S the maximum output current of GSC,
Py is the maximum rotor active power, fs,, is the switching
frequency of GSC and ¢ is the designed allowable current
ripple.

The smaller allowable current ripple, the better the output
current quality is. Accordingly, the greater the interfacing
inductor is required. Under normal conditions, the interfacing
inductor is limited to 20%-40% of the nominal peak current
[23]. Besides, the selection of the inductor is in relation with
the system loss at the selected switching frequency. Around
15%-20% of the maximum allowable current ripple is usually
selected [24].

Therefore, for lower allowable current ripple considerations,
the traditional design region for two parallel DFIGs’ interfac-
ing inductors can be expressed as

Ly,
Ly

27)

V3Viue1

12P:1 fswiGSC_max1-15%
3Vhus2

12Ps3 fswiasc_max2:-15%

(28)

ARV
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A
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3.0171mH
Integrated
Reference Region
0.542mH
0| 0515mH 3.3132mH Ly, (mH)

Fig. 7. simulation of the interfacing inductors’ integrated reference region

Let T" and W represents the region expressed by (26)
and (28) respectively. The integrated reference region for two
parallel DFIGs’ interfacing inductors can be expressed as

S=TNW 29)

IV. SIMULATIONS RESULTS

In this section, two typical 2-MW DFIGs are modeled. The
simulation model structure shown in Fig. 1 is implemented in
the Matlab/simulink. A wind speed of 7.5m/s is assumed. The
DC bus voltage is set to 1150V. The maximum slip is 1/3. The
rated stator voltage is set to 690V. The switching frequency is
10 kHz. For precise control of the electromagnetic torque, the
rotor reference current of d axis is given to zero. Similarly,
to ensure that the reactive power exchanged between the grid-
side converter and DFIG is 0, the reference grid-side current
of the q axis is set to 0. All the controller and the system
parameters are given in the appendix A and B respectively.

According to (25), I'g can be calculated as 2198.2, the
small-signal stability region T' of Lg; and Ly can be cal-
culated as

{ 0.2128mH <Lg; < 3.3132mH 30)

0.2114mH <Ly < 3.0171mH

Similarly, the region W expressed by (28) can be calcualted
as
{ Ly > 0.515mH 31)

Lgs > 0.542mH

Therefore, combining (30) and (31), the integrated refer-
ence region for parallel DFIGs’ interfacing inductors can be
calculated as

< <
{ 0.515mH < Lg; < 3.3132mH 32)

0.542mH < Ly < 3.0171mH

The integrated reference region of interfacing inductors is
displayed in Fig. 7. The green region, yellow region and blue
region represent the region 7MW, region S and region TNW,
where * represents the region outside .

Twenty two groups of simulations are carried out, with
parallel DFIGs’ interfacing inductors distributed in different
regions. All the simulation results are shown in Table I. For
each case, the DC bus voltage, DFIG output current,the d,q

=z
S 1160 Vo | = 500 oy
= — Vbusl g phase:B 1
£ 3 ? w wl phase:C 1
S |15 — -
T :  WAAII
£ g \
= o
A 1140 = 500
4.1 4.15 4.2 4.2:0 15 . a5
(s)
< -100 z
g =
£ 2
g -150 )
= &
£ 5 | £
g -200 g
Ef -250 :olé
E,-
~ 4.1 415 42 4.8

Fig. 8. The bus voltage/ output current waveforms of the first parallel DFIG
under Lg1=0.12mH and L 42=0.15mH

=
E 1160 Vbusm‘ E 500 phase:A 11
2 —— Vbus I g phase:B II
= 8 phase:C 11
S 1150 = wﬁﬂw“f\f\n
Ei El | (o \
=]
8 1140 E -500
4.1 415 42 4258 41 415 42 425
s) t(s)
= < 40
100 ,n, = | lt]gn :
% 7130{ H \ ' { _ % nu | \
2 | \ H | \|||||w1\|ul|||r||m1||uﬂ\|||||| 2 || 1l unmnnmmnl nm
5 -2 g u \ [H'! |||| (A
\ '
= T4 a5 42 425

t(q) s)

Fig. 9. The bus voltage/ output current waveforms of the second parallel
DFIG under Lg1=0.12mH and L42=0.15mH

components of filtered GSC output currents and the active and
reactive power of each DFIG are shown. To better illustrate
the results, three typical cases are displayed as follows.

Case 1: Take Ly; = 0.12mH and Ly = 0.15mH. Ly
and Lgy are located inside the region T N W. According
to theoretical analysis, the system is firstly unstable and
obviously does not meet the requirements of current ripple. As
seen from Fig. §, Fig. 9 and Fig. 10, the d and q components
of filtered GSC output currents begin to oscillate around the
given reference value drastically. Although the DC bus voltage
still remains around 1150V, the waveform quality of the output
current of both DFIGs are very poor. The active and reactive
power of the first DFIG oscillates drastically around 2 MW and
0 respectively. More seriously, the active and reactive power
of the second DFIG has divergent oscillation. The results are
in agreement with the analysis.

Case 2: Take Ly = 2.20mH and Ly = 1.90mH. L4y and
Lo are located inside the region S. According to theoretical
analysis, the system is supposed to be stable and to meet the
current ripple requirements. As seen from Fig. 11, Fig. 12
and Fig. 13, the d and q components of filtered GSC output
currents are stable around the given reference value. The DC
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Fig. 10. The active and reactive power of parallel DFIGs under Lg41=0.12mH
and Lg2=0.15mH
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Fig. 11. The bus voltage/ output current waveforms of the first parallel DFIG
under Lg1=2.2mH and L 42=1.9mH

bus voltage remains around 1150V, the waveform quality of
the output current of both DFIGs are perfect sinusoidal. The
active and reactive power of both DFIGs remain 2 MW and 0
respectively. The system is stable. Besides, the current ripple
of the first and the second DFIGs’ are 3.514% and 4.280%
which meets the current ripple requirements.

Case 3: Take Ly = 3.20mH and Ly = 3.30mH. Both
Lg1 and Lo are located inside the region 7'N W. According
to theoretical analysis, the system is firstly unstable. Although
it is inside the traditional design-requirement region W, it
is meaningless to calculate the current ripple for a unstable
status and it obviously does not meet the requirements. As
seen from Fig. 14, Fig. 15 and Fig. 16, the amplitudes of
d and q components’ oscillation are ever so large. Besides,
the DC bus voltage and the ouput currents of DFIGs oscillate
drastically as well. Same with the active and reactive power
of both DFIGs. The system is unstable. The results are in
agreement with the analysis.

For another possibility that located inside the region 7" N
W, case 10-11 show that although the system can maintain
stability, it can not meet the ripple requirements.

From the analysis and simulation results, it can be seen that
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Fig. 12. The bus voltage/ output current waveforms of the second parallel
DFIG under Lg1=2.2mH and Lg2=1.9mH
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10

TABLE I
DIFFERENT INTERFACING INDUCTORS’ SIMULATION RESULTS

case Lg1 Lg2 &1 [ state
1 0.12ZmH  0.15mH * * o
2 220mH  1.90mH 3.514% 4.280% 8
3 320mH  3.30mH * * o
4 0.10mH  0.10mH * * o
5 0.10mH  0.30mH * * o
6 0.12mH  2.31mH * * o
7 0.15mH  3.00mH * * o
8 0.17mH  3.22mH * * o
9 0.31lmH  0.10mH * * o
10 0.31mH  0.33mH  24.938%  24.643% 8
11 0.41mH  047mH  18.856%  17.303% S
12 1.0SmH  1.05mH 7.363% 7.745% s
13 1.17mH  2.25mH 6.608% 3.614% 8
14 1.5ImH  0.76mH 5.120% 10.701% S
15 2.36mH  2.95mH 3.276% 2.757% 8
16 240mH  1.41mH 3.221% 5.768% S
17 220mH  0.10mH * * o
18 320mH  0.15mH * * o
19 3.20mH  3.00mH 2.416% 27711 % S
20 340mH  0.14mH * * o
21 5.00mH  0.10mH * * o
22 3.90mH 4.10mH * * o
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Fig. 16. The active and reactive power of parallel DFIGs under L 41=3.2mH
and Lg2=3.3mH

the traditional design of interfacing inductors can meet the
requirements of current ripple to a certain extent indeed. As
the current ripple requirement increases, the inductor increases
accordingly, resulting to the location in region S N W, where
the small-signal instability is more prone to occur. Thus,
depending on the traditional design requirements alone is not
enough to ensure the stable operation of the system.
The rest simulation results can be seen from Table I, where
o’ represents oscillation and ’s’ represents stable for the state.
Table I also displays the current ripple of each simulation case
in percentage terms with ** representing the corresponding
current ripple that is meaningless for calculation. In case 1,
6,7, 8, 17, 18, 20, 21, the inductors are evenly distributed in
region T N W, where neither of the small-signal stability nor
the current ripple meet the criteria. In case 3, 22, the inductors
are distributed in region T N W, where the inductors locate
inside the traditional design-requirement region, but the system
is unstable. In case 5, the inductors are in region TNW, where
the system is stable, but does not meet the ripple criteria. The
simulation results show that the proposed integrated reference
region for the design of interfacing inductor is instructive
and of great significance for ensuring system’s small-signal

Realization

PXle-1082

Samplmg‘ T PWM Signals

.

DSP

i
4
o

Monitor

LEEEgaa
Oscilloscope

Fig. 17. The structure of HIL

stability.

V. EXPERIMENTAL RESULTS

In order to verify the validity of the proposed integrated
reference region for DFIGs’ interfacing inductors, a hardware-
in-the-loop (HIL) model of wind turbines based parallel DFIGs
is built in this section. The structure of HIL is shown in Fig.
14, where the switching frequency is set to 10KHz. The Matlab
simulation and control program are downloaded from the
monitor to PXIe-1082 and digital signal processor (DSP). The
DSP samples from the PXIe-1082 and generates PWM signals
for it. An oscilloscope is connected to observe the waveform
of the test system. Twenty groups of experiments are carried
out, with parallel DFIGs’ interfacing inductors distributed in
different regions. All the simulation results are shown in Table
II, which includes the state for parallel DFIGs’ system and
the current ripples in percentage terms. Three typical groups
of experimental data and analysis are presented below.

Group 1: Take Lg; = 0.11mH and ng = 0.14mH. Ly
and Lo are located inside the region 7 N W. According to
the theoretical analysis, the system is supposed to be unstable.
As seen from Fig. 18 and Fig. 19, the first DFIG’s d and q
components of filtered GSC output currents oscillate around
the reference value drastically. The DC bus voltage remains



JOURNAL OF KTgX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 9

- 1800v - 400v
< 1600V -1 1800V - 800V
= 1400V - 1600V - 600v
bbbl 1200V | v
il +1400v 400V
i ; alabdbdas bl Walid kil e A nl n uuummummm
, vr 1 T ,
Lo gt i TITTTA-2 Jsonv WWWWMWWWH 2000
- 400v - 600V -400v
200V ; ; ; : 400V 400V —-600V
33125 3404 349 33885 3.680s 33125 34085 349s 33885 3.680s Laooy 1 s00v
DC bus voltage DFIG output current 33025 340ds  349%s 35885 3.680s 205 GA0s 66T 6900, 71308
13 | Jaov DC bus voltage DFIG output current
10 | 9 200v
i 1 30V 1 s00v
50V 1l | i “ o 4 100v 400V
| | 0 < 300V
I 10V 200V
| ‘ | ‘ ‘} ; I -100v - 200V
1T R ] I [ 0 4 200v e i il 100V
Ji-tov I il (H Y b geatatiel
| | {1 H-300v il T — O
| | | 4-20v I i l ’
1 300v i i | i H-400v -1oov
. q-30v J-200v
1 ssov J-s00v 200V
-40v
0 v L L L L {-600v 17300V
33125 3.404s 3.496s 3.588s  3.680s 33125 3.404s 3.496s 3.588s  3.680s 400V
d-axis component of filtered current q-axis component of filtered current L y L L 700V L y L L J”
6256 6440s 66705 6900s  7.130s 6233 6440s 6670  6900s  T.030s
d-axis component of filtered current q-axis component of filtered current

Fig. 18. The experiment waveforms of the first parallel DFIG under
Lgy1=0.11mH and L 42=0.14mH Fig. 19. The experiment waveforms of the second parallel DFIG under
Lgy1=0.11mH and L 42=0.14mH

around the reference value generally. The waveform quality of
the DFIG’s output current is terribly poor. The second DFIG’s

DC bus voltage remains around the reference value. However, v 1 soov
. . . 4 1600V 4
the d and q components diverge over time. Same with the Liaoov Tioor
output current. Thus, the parallel DFIGs’ system is unstable, oy L [ ] 20v
4 v Ho
which verifies the analysis. Jooow WAL o0
Group 2: Take Ly = 2.30mH and Ly = 2.00mH. Ly 1o o
and Lgo are located inside the integrated reference region S. ‘ ‘ ‘ ‘ Joov ‘ i i {s00v
. . . . 33125 3.404s 3.496s 3.588s  3.680s 33125 3.404s 3.496s 3.588s  3.680s
According to the theoretical analysis, the system is supposed to DC bus voltage DFIG output current
be stable and to meet the ripple requirements. As seen from 1 {aov
. . . 30v.
Fig. 20 and Fig. 21, the first DFIG’s d and q components . {20y
of filtered GSC output currents remain around the reference Jasov el
. . s T LR T
value stably with almost no fluctuation. The output current’s 1o {ov
waveform is in high quality, whose current ripple is 3.361% o o
. . . 350V
within demand through measurement and calculation. The DC ; ‘ ‘ N P ; ; N
. 33125 3.404s 3.496s 3.588s 3.680s 33125 3.404s 3.496s 3.588s  3.680s
buS VOltage 1S Stable as Well, The SeCOnd DFIG’S d and q d-axis component of filtered current q-axis component of filtered current

components of filtered currents remains around reference value

as well. Same with the DC bus voltage. The output current Fig. 20. The experiment waveforms of the first parallel DFIG under
ripple is 4.066% within demand through measurement and [¢1=2-30mH and Lg=2.00mH

calculation. Thus, the parallel DFIGs’ system is stable and

meets the traditional design requirements, which verifies the

analysis. v
Group 3: Take Ly = 4.10mH and Ly = 4.40mH. Ly L Lo
and Lo are located inside the traditional design-requirement g ™
region TNW. According to the theoretical analysis, the system ] Yoo
is supposed to be unstable. As seen from Fig. 22 and Fig. 23, Toe
both the first and the second DFIGs” DC bus voltage oscillate v T
severely. Moreover, the DFIGs’ output currents are apparently s
unstable. The d and q components of filtered GSC output Pehwvolage PG ouputcument '
currents is in severe instability as well. Thus, the parallel 1o T
DFIGs’ system is unstable, which verifies the analysis. {100y 1w
po——— :
VI. CONCLUSION 1= T
This paper proposes an integrated reference region for ‘ ; ‘ e ‘ ‘ %iﬁl
parallel DFIGs” interfacing inductors. Firstly, a particular state- P

space model of parallel DFIGs based on wind turbines is

propos'ed. .It ls. m?‘lnly use.d for the analysis 9f parallel DFIGS Fig. 21. The experiment waveforms of the second parallel DFIG under
operation in distributed wind farms and considers the transmis-  L;1=2.30mH and L42=2.00mH

sion line’s coupling. Next, the interfacing inductor’s integrated
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TABLE I
DIFFERENT INTERFACING INDUCTORS’ EXPERIMENTAL RESULTS

case Lg1 Lga &1 (3] state
1 0.1lmH  0.14mH * * o
2 2.30mH  2.00mH 3.451% 4.177% 8
3 4.10mH  4.40mH * * o
4 0.08mH  0.08mH * * o
5 0.08mH  0.25mH * * o
6 0.10mH  2.40mH * * o
7 0.15mH  3.00mH * * o
8 0.20mH  3.20mH * * o
9 0.30mH  0.08mH * * o
10 0.30mH  0.35mH  27.779%  24.334% 8
11 0.45mH  0.41mH 18.286%  20.831% 8
12 1.00mH 1.07mH  7.831% 7.724% 8
13 1.15mH  220mH  6.822% 3.796% S
14 1.54mH  0.73mH  5.224% 11.139% 8
15 2.36mH  2.91mH 3.557% 2.894% 8
16 2.70mH  1.35mH 2.963% 6.124% s
17 320mH  2.95mH 2.539% 2.856% 8
18 335mH  0.18mH * * o
19 5.00mH  0.20mH * * o
20 3.75mH  3.80mH * * o

The experiment waveforms of the first parallel DFIG under

The experiment waveforms of the second parallel DFIG under

reference region is obtained through BMS on the basis of
traditional current ripple requirements. Both the simulation and
experimental results prove the shortcomings of the traditional
design method in guaranteeing system’s small-signal stability
and the proposed region’s advantage in solving problems of
current ripple and small-signal stability, which can provide a
new method for interfacing inductors’ design.

APPENDIX A
CONTROLLER PARAMETERS

Parameters Values Parameters Values
ki;q1 491.5995 kiiqo 490.9273
kpidl 0.5771 k?pidg 0.5865
kiv1 -10000 kiy2 -10000
kpu1 -5000 kpuv2 -5000
kiiqg1 56.8489 ki;qg2 57.2124
kpidg1 0.3016 kpidg2 0.3155
kiigg1 56.8489 kiiqg2 57.2124
kpq;qgl 0.3016 kpi,qu 0.3155
Kipu1 800 Kipu2 800
kppii1 0.2 kppii2 0.2
APPENDIX B
SYSTEM PARAMETERS
Parameters Values Parameters Values
Switching frequency 10kHz Rotor inductance 2.6mH
Power rating 2MW Line resistance 0.1Q2
Rated stator voltage 690V Line inductance SmH
Stator frequency 50Hz rgfﬁggslg‘ft‘ag;r 1150V
Rated stator current 1760A Rotational inertia 63.5Kg - m?
Pole pair 2 Damping ratio 0.001
Stator/rotor turns ratio 173 Gearbox ratio 100
Rated rotor voltage 2070V Radio of blades 42m

Maximum slip 1/3 Air density 1.225Kg/m?
0

(1]
(2]

(3]

(4]

(5]

(6]

(71

(8]

Stator resistance 0.0026$2 Pitch angle
Leakage inductance a7 11 e pus capacitance 0.08F

(stator and rotor)

Magnetizing inductance 2.5mH interfacing inductor 400pH
Rotor resistance Rotor-side
referred to stator 2.9m@ filter resistance 0.0075¢2
Stator inductance 2.6mH o 0.0661
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