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A Shifted Frequency Impedance Model of Doubly
Fed Induction Generator (DFIG)-Based Wind Farms
and Its Applications on S°SI Analysis

Fan Shi, Student Member, IEEE, Dewu Shu

Abstract—The emerging sub-/super-synchronous interactions
(S2SI) related stability issues caused by the interactions of doubly
fed induction generator (DFIG)-based wind farms and the large-
scale ac grids have aroused great concerns. For this particular
issue, this article is aimed to fill the gap and propose new time-
domain and phasor-domain sub-/super-synchronous impedance
models (S2SIM), primarily to disclaim the electro-magnetic stabil-
ity of the S2SI phenomena. First, the unified dg frame impedance
model of the DFIGs have been proposed, including the individual
and interactive impact of every control sections, such as the in-
duction machine, the grid-side converter, the rotor-side converter,
and the outer dc voltage controller, etc. Then, the more general
time-domain S2SIM and phasor-domain shifted frequency S2SIM
(SF-S2SIM) have been derived to reveal the electro-magnetic stabil-
ity mechanism, especially aroused by S2SI. Next, the relationships
between S2SIM/SF-S2SIM and the dg/sequence impedance models
have been developed based on matrix transformation and the fre-
quency shifting techniques. Finally, the electro-magnetic stability
of the practical DFIG-based wind farms, associated with large-
scale ac grids in China, have been well evaluated by the proposed
S2SIM/SF-S2SIM based electro-magnetic stability method.

Index  Terms—Electro-magnetic  stability,  sub-/super-
synchronous interaction (S2SI), sub-/super-synchronous
impedance model (S2SIM), shifted phasor based S2SIM, overall
impedance model.

1. INTRODUCTION

ITH the high-level penetration of the wind power, the
Wwide frequency band interactions between the wind
turbines and the ac grids become more severe [1]-[3]. As aresult,
different types of wide frequency band oscillation phenomena
have appeared, such as the subsynchronous resonance (SSR)
[4]-[5], subsynchronous control interaction (SSCI) [6]-[8],
or super-low frequency oscillations between large-scale wind
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farms and ac grids [9], etc. Although the SSR issues have been
studied for decades, unluckily, the new emerging sub-/super-
synchronous oscillation (S2SO) aroused by wide frequency band
interactions between converters and large-scale ac grids has
been detected worldwide, for instance, the 2.5 Hz/97.5 Hz sub-
/super-synchronous interaction (S2SI) event in China southern
grid [10], the 8.1/91.9 Hz oscillation event aroused by wide
frequency band interactions between doubly fed induction gen-
erator (DFIG)-based wind farms and large-scale ac grids [11],
etc. As the mechanism and the influencing factors of the S2SI
phenomena is quite different from the traditional SSR event,
many effects from both academic and industrial communities
have been made to evaluate the electromagnetic stability of the
S2SI phenomena, where typical methods include the eigenvalue
analysis method and the impedance analysis method. As the
eigenvalue analysis method suffers from typical drawbacks, such
as, the requirement of every detailed structure of the whole
system, in-availability to deal with the black or grey box, etc., the
impedance analysis method is recommended. This is because
the overall electro-magnetic stability can be evaluated where
each component can be modeled as an impedance (matrix) in
an independent and separated way. Consequently, the system
stability can be analyzed by the impedance ratio of the converter
and the ac grid according to the generalized Nyquist criterion
(GNC) [12], [13].

Admittedly, the impedance analysis method has been widely
adopted to study the electro-magnetic stability of two-level
voltage source converter (VSC) related systems, where the key
issue is how to deal with the nonlinearity aroused by the inner
current controllers and the phase-locked loop (PLL). Regarding
the VSC impedance modeling, there are two main methods: the
harmonic linearization method in the phase domain [14] and the
typical linearization method in dg domain [15], resulting in the
corresponding sequence impedance and dg impedance models.
It is noted that both of dg and sequence impedance models are
characterized as two-by-two matrices, where it thus gives rise
to a concern on how to interpret nonzero nondiagonal terms and
what are their consequences on stability. In this regard, recent
modeling works, a complex transfer function based (e.g., [18]
and [19]), a modified sequence domain method [20] have been
proposed to considering the impact of the PLL in great details.

The above-mentioned methods are applicable for wind turbine
systems, however, the induction machine (IM) or the permanent
magnet synchronous machine models will complicate the overall
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dg or sequence models of wind farms, especially the more
complicated impedance models of DFIG-based wind farms.
Up to now, impedance models of wind farms have only been
proposed where are parts are simplified based on the model
reduction technique. For example, in [2], [21], and [22], the
impedance model of a single grid-side converter (GSC) or rotor-
side converter (RSC) is given for the type IV wind turbine, where
the other is simplified as a constant power load. Concerning the
type III wind turbine, which is the focus of our manuscript, the dc
voltage of the converter is usually assumed constant so that the
GSC and RSC are modeled in a separate way [1]. Concerning the
impedance model of the type III or the DFIG-based wind farms,
especially associated with the S2SI phenomena, there are still
some tricky issues are required to be resolved: 1) the traditional
dq or sequence impedance model is mainly concerned with
undesirable disturbances in dg or sequence axis. The impedance
model, which is primarily associated with the S2SI phenomena,
should be proposed to study the mechanism of S2SI related
stability issues; 2) the overall S2SI related impedance model, in-
corporating the interactive impact between the GSC and the RSC
should be given, considering the overall and individual impact of
the outer dc voltage controller, the inner current controller, and
the PLL, etc. In other words, in what frequency band, different
control sections will reshape the overall impedance model; 3)
the relationships between the S2SI related impedance model
and the traditional dg/sequence impedance models should be
revealed.

In order to reveal the electro-magnetic stability of the DFIG
based farms associated with the S2SI related issues, the overall
dg impedance model of the DFIG is proposed, including the
impact of the IM, the GSC, the RSC, and the outer dc voltage
controller, etc. More importantly, the more general time-domain
sub-/super-synchronous impedance model (S2SIM) and phasor-
domain shifted frequency S2SIM (SF-S2SIM) have been de-
rived. The contributions of this work are given as follows.

1) The overall dg impedance model of the DFIG-based wind

farms have been derived, incorporating the individual and
interactive impact of every control sections, such as the
IM, the GSC, the RSC, and the outer dc voltage controller,
etc.
The more general time-domain S2SIM and phasor-domain
shifted frequency S2SIM (SF-S2SIM) have been de-
rived to reveal the electro-magnetic stability mechanism
aroused by S2SL.

3) The relationships between S2SIM/SF-S2SIM and the tra-
ditional dg/sequence impedance models have been devel-
oped based on matrix transformation and the frequency
shifting techniques;

4) The S2SIM/SF-S2SIM based electro-magnetic stability
method have been constructed and evaluated.

The rest of this article is organized as follows. Section Il intro-
duces the unified dg-frame frequency coupled impedance for the
DFIGs. In Section III, the S2SIM and the SF-S2SIM have been
proposed, where the relationships between S2SIM/SF-S2SIM
and dg/sequence impedance models will be further revealed;
Section V examines the performance of the proposed method
on a practical large-scale DFIG-based wind farms and ac grids
in China. Finally, Section V concludes this article.

2)
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II. UNIFIED DQ-FRAME FREQUENCY COUPLED IMPEDANCE
MODEL FOR THE DFIGs

In order to study the electro-magnetic stability aroused by
wide frequency interactions between large-scale DFIG-based
wind farms and the ac grids, the unified dg-frame frequency
coupled impedance model for the DFIGs is proposed, including
the IM model, RSC (includes an inner loop current controller),
GSC (includes an inner loop current controller), dc link (includes
the dc voltage controller) and the synchronous reference frame
PLL (SRF-PLL). Here, the RSC takes the role of injecting active
current while the GSC is responsible for maintaining dc-bus
voltage. Stator-voltage oriented vector-control based on PLL,
without loss of generality, is utilized for the decoupled control
between d- and g-axis currents.

Previous research has revealed that the current controllers of
the RSC and GSC are more related to the high frequency or
medium frequency band of the DFIGs, while the outer dc voltage
controller of the GSC is more related to the low frequency
dynamics [25]. It is an important issue that which parts of the
DFIG contribute to the overall impedance model of the DFIG
more significantly than others. To study the impact of different
parts of the DFIG on the overall dgq frame based impedance
model, five types of DFIG impedance models are detailed below
(see Fig. 1): 1) type-I impedance Y(s) including the impact of
IM and RSC; 2) type-II impedance Y'!(s), including the impact
of IM,RSC and PLL; 3) type-III impedance Y'(s), including
the impact of IM, RSC, and GSC; 4) type-I1V impedance YV (s),
including the impact of IM, RSC, GSC, and PLL; 5) type-V
impedance YV(s), including the impact of IM, RSC, GSC,
SRF-PLL, and the outer dc voltage controller. As can be seen,
YV(s) constitutes the overall dg frame impedance model for
the DFIGs. As many S2SO coupling phenomena are aroused by
the PLL, the different impedances whether considering the PLL
or not should be studied. For example, the differences between
Yi(s)/ Y™ (s) and Y!(s) /YV(s) lie in whether the impact of
SRF-PLL is considered or not.

A. Type-1Y{“(s) Including IM Model and the RSC

1) dg Impedance Model of the IM For an IM, the relationships
between the voltages/currents of the respective stator and rotor
windings in s domain are described as follows:

[Us(s)} B [Z Z} [IS(S)] (1)

Ur(s) er er Ir(s)
where
g _ R+ sLy —wqiLg g _ sL,, —wiLm
587w Lg Ry+sLs |’ |wiL,, SLn,
g _ sLy, —wol, 7 _ R, +sL, —wslL,
" " \waLly SLy |77 | woL, R, + sL,
(2)

and U, = [Usda Usq]T;Is = [Isda Isq]T’ U, = [Urd7 Urq]Ta
L. = [Ira, I4]T, Usq and Uy, are, respectively, the d and ¢
components of the stator voltage; U4 and U, are, respectively,
the d and ¢ components of the rotor voltage; I,4 and I, are,
respectively, the d and ¢ components of the stator current; and
I,.q and I, are, respectively, the d and ¢ components of the rotor
current.
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Fig. 1. Topology and the controller of a DFIG.

From (1), the small signal model of an IM is given as follows:

AIS(S) = YSSAUS(S) + YsrAUr(s) (3)
AT (s) = Grs AL (s) + Y .. AU, (s)
where
Yss = (Zss - ZSTZ;TIZTS)71
Yo=—(Ze—242,02.) 202, 4
Grs = —Z;lers
Y, = Z;71

2) dq impedance Model of the RSC: As shown in Fig. 1, the
dynamic equation of the RSC including the inner current loop
is given as follows:

N sL,,
U.(s)=Z,prI(s) = I.(s)] + Z,x1.(s) + TUS(S)

S
&)

where
_ | ket k,ir 0 10 woo L/,
ZTPI_ 0 kpr+kgrj| 7ZTX—|:_W20,L/T 0 :| )
oc=1-— Ly,
- L,L',

(6)

and I;(s) = [I74(s)I},(s)]": I}, and I}, are, respectively,
the d and ¢ components of the reference value of the rotor
current; s is the slip ratio.

Therefore, when the system voltage is perturbed, the corre-
sponding small signal dynamic equation of the RSC is given as
follows:

AU (5) = Zyp1 [AT(s) — AL (s)] + Zyx AT, (s)
=Z,piAIL(s)+ (Z,x — Z,pr) AL:(s). ()

3) Type-1 dg Impedance Model of DFIG Yqu(s): Fig. 2
illustrates the overall transfer function matrix based small signal
model of the DFIG Yldq (s), including the impact of the IM and
the RSC, where Yqu(s) is calculated by

Y?q(s) = [YS_Tl - (ZrX - ZTPI) (Grs + YrrYs_rl)]71

: [Y;rles - (ZT'X - ZT‘PI) Y’I'TY;TlYSS} .

®)

dq impedance model of the RSC

dq impedance model of the induction machine

Fig.2. Typel1Y {%(s) including IM model and the RSC.

dq impedance model of the RSC

A US(s) + + AL'(s)
+ 51

ALGs)

I ZrPl I

influence of the PLL

AU

dq impedance model of the induction machine

Fig.3. Type-II Y‘Ii?(s) including IM model, the RSC, and the PLL.

B. Type-II YCII?(S) Including IM Model, the RSC, and the PLL

Together with the impact of the PLL, the small-signal circuit
model Type-II Y?‘}(s), including IM model, the RSC, and
the PLL can be represented by the transfer function matrix
flowchart shown in Fig. 3. As compared from Figs. 2 and
3, small-signal perturbations of the system voltage U4 prop-
agate to the PLL output angle, and further to the values of
U, I, Uy, 1, [16]. This means the impact of the PLL will
reshape the final impedance model of the RSC, thus changing the
Type-II Y‘;‘}(s)
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According to [16], the relationship of Af and ¢ component
of the stator voltage AU, (s) is

Hpyp(s)

A =
9(8) s + U:dHPLL(S)

AU;q(S) :GPLL(S)AU;I(S)
©))
where Hpp1,(s) = Kpy + kip“/s.
Take AU as an example, the relationship between the mea-

sured AU (affected by the PLL) and the original AU can be
given as follows:

AU (s) + GpL AU (s) = AU, (s)

0 —qu(S)GpLL:| .

U. _
GPLL - |:0 U{fd(s)GPLL (10)

As the reference value of RSC satisfies AT%(s) =0 (see
Fig. 3), then the Type-1I dg impedance can be derived as follows:

Y%(S) = [Y;rl - (ZTX - ZrPI) (Grs + YTTY;})]_l
G (Zex — Z,pr) + Goip + Gor
+Y;7‘1Yss - (ZTX - ZTPI) Y'rrYs_rles '

(11)

C. Type-1ll Y;i,‘,](s) Including IM Model, the GSC and the RSC
When the impact of the PLL is not considered, the Type-III
Y14(s) can be regarded as the Type-I impedance Y‘;q(s) in
parallel with the impedance of the GSC, or Y;l?(s).
1) dg Impedance Model of the GSC: As shown in Fig. 1, the

relationship between the output voltage of the GSC U ; and the
grid voltage U ; satisfies

Zgly(s) = Us(s) = Uy(s)

Ry +sLg
wng

—W1 Lg

Zg = Ry +sLy

12)
and Uy(s) = [Uga(s), Ugq(s)]" Iy(s) = [Lga(s), Igq(s)]" Uga
and Uy, are the d and ¢ components of the output voltage of
the GSC; I,4 and I, are the d and g components of the output
current of the GSC.

From (12), the small signal model of the GSC is given as
follows:

Z,AT,(s) = AU, (s) — AU ,(s). (13)

As shown in Fig. 1, the dynamic equation of the GSC includ-
ing the inner current loop is given as follows:

Uy(s) = Zypr [I3(s) — Iy(s)] + ZyxIy(s) + Us(s) (14)

LI
kiy
0 kpg + s

o 0 wng
) ZgX - |:—(A)1Lg 0 :|
5)
and I (s) = [1;4(s), I ()", I3, and I}, denote, respectively,
the d and ¢ components of the reference value of the output

current of the GSC.
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dq impedance model of the L filter
A Ug'(s) 1
—>

—» A L'(s)

A USS(L))

€ ALS(s)
+AL'(s)

+

Z gPl

AU (s)

dq impedance model of the GSC

Fig. 4.  Type-IIl impedance model of the GSC Yﬁf (s) (without the impact of
the PLL).

Therefore, when the system voltage is perturbed, the overall
small signal dynamic equation of the GSC is given as follows:

AU, (s) = Zypr [AT)(s) — ALy(s)] + Zgu Ay (s)

= ZopiAL(s) + (Zgu — Zgpr) Al y4(s). (16)

2) IIl Type dgq Impedance Model of DFIG Y'Ii?l(s): The dgq
impedance model of the GSC is given in Fig. 4, thus the dg
impedance of the GSC Yz‘}(s) can be obtained as follows:

Yi(s) =2y — (Zyx — Zgr1)] " (17)

Finally, combined with the impact of the IM and the RSC
(Type-1 dg impedance), the Type-III dg impedance is given by
the following:

Yiii(s) = Y7(s) + Yi(s). (18)
D. Type-1V Y?‘q/ (s) Including IM Model, the GSC, the RSC
and the PLL

Fig. 5 illustrates the dg impedance model of the GSC consider-
ing the impact of the PLL, thus the corresponding dg impedance
of the GSC Y;l? ;(s) can be derived as follows:

yd

gII(S) =[Zy—(Zyx — ZgPI)rl

U

I+(Zyx = Zyp1) Griy, — Gpfy |- (19)

Combined with the impact of the IM, the RSC, and the PLL
(Type-1I dg impedance), the Type-1V dg impedance is given by
the following:

d d d
Yiv(s) =Yy (s) + Yi;(s). (20
E. Type-V deq(s) Including the PLL, IM Model, the GSC, the

RSC, and the dc Link

Usually, the dc voltage of the capacitor for the back-to-back
converter in DFIG will fluctuate when the active powers flowing
through the GSC and the RSC are not balanced. In order to main-
tain the dc voltage of the capacitor, the outer dc voltage controller
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dq impedance model of the L filter

g
PLL

Griy |
influence of the PLL

l

¥~

A Ug'(s)

+

dq impedance model of the GSC

Fig. 5. dq impedance model of the GSC considering the impact of the PLL.

can be added. However, when the outer dc voltage controller is
considered, the impedance of DFIG (Type-V Y“i}] (s)) cannot be
regarded as Type-I1, including IM model, the RSC, and the PLL,
or Y9 (s) in parallel with the GSC impedance YZ’}(S)

1) DC Link Between the GSC and the RSC: As shownin Fig. 1,
the perturbations of the active powers related to the GSC, the
RSC and the dc capacitor satisfy

1.5 {UydAIgd(s) + AUgq(5)1gq }
—‘r—UgdAIgd((S? + Aqu((S))ng
U,aAlLg(s) + AUrq S ITq .
—-1.5 |:+UrdAIrd(3) N AUrq(S)Irq:| = 25CUq.AUqc.
2D
2) dg Impedance Model of the Outer dc Voltage Controller:
For the dc voltage controller, the dynamic equation is given as

follows:

Iy = Gacpr[Uge(s) = Uac(s)] - (22)

Therefore, when the system voltage is perturbed, the corre-
sponding small signal dynamic equation of the dc link can be
obtained as follows:

Al = — AUac(s)Gacpr

k

0 kpg + 22

ig
s

Gacprr = (23)

The Type V Y"i,q (s) including IM model, the RSC, the GSC,
the dc link, and the PLL is shown in Fig. 6, from which the
Type-V dg impedance Y"i/q(s) can be derived as follows:

Ug Iy — U,
A=T, (I - Gpll) +UGR+ Ty (Gsrlyss + Gpll)

—u, (G’r

pll

— GG Y — GGl

pll

— (I.G + U (Grs + GrG)) % Y1 (s)
(24)

B= —I'Zx+U, 25)

/ 15 -
Y, 14(s)= — (—ZgX+ZgPI + Zg + SC%CZgPIGchIB>
U, Iy
(Gpﬁ —1 — (Zgx — Zgp1) G
D G A (26)
SCUdC gPIYdcPI
Y1(s) = Yii(s) + Yyi(s). er

As can be seen from (27), the Type-V Y?,q (s) can be regarded
as the Type-II impedance Y‘Ii‘} (s) in parallel with a modified
impedance of the GSC, or Y;?‘} (s), where the impact of the PLL

is included in Y, 7%(s).

III. SHIFTED FREQUENCY BASED S2SIM
(SF-S2SIM) OofF DFIGs

Up to now, many types of impedance models of the converter
are proposed, such as the dg frame impedance model, or the
sequence impedance model. Both these impedance models are
dedicated to study the small-signal electro-magnetic stability
of the converter as well as the large-scale ac grids, or even the
frequency couplings. As reported in [10], the practical S2SI phe-
nomena was detected in China Southern Grid, which calls for a
new defined sub- and super-synchronous impedance matrix. Al-
though the relationship between the dg frame impedance model
and the sequence impedance model has very well been stud-
ied, the relationships between the dg frame impedance model,
the sequence impedance model and the sub-/super-synchronous
impedance matrix has never been touched before.

As shown in Fig. 7, the relationships between dg impedance
matrix, the sequence impedance matrix, and the sub-/super-
synchronous impedance matrix will be revealed in this section.
First, the relationships between dg and sequence impedance
models are derived the matrix transformation. In other words,
the sequence impedance model of DFIGs can be derived by
the dg impedance model based on either analytical calculations
or measurements. Then, the time-domain S2SIM can be derived
by frequency shifting of the sequence impedance model. Finally,
the more general phasor-domain shifted frequency based S2SIM
(SF-S2SIM) of the DFIG is proposed to study the mechanism
of the S2SI phenomenon. It should be noted that the proposed
S2SIM or SF-S2SIM can be calculated by shifted phasors in
phasor domain [26] or by the shifted frequency of different
elements for the sequence impedance matrix.

A. Relationship Between dq Impedance and
Sequence Impedance

The relationship between voltage and current in the dg domain
is described as follows:

[AId(S>:| _ [Ydd(s) qu(s)} {AUd(S)}

AL(s) | = | Yqals) Yq(s) (28)
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dq impedance model of the L filter

dq impedance model of the DC link

——d
- - [ Za 1a]
1
+
N [ U U] [ -

dq impedance model of the RSC

AUSs) LN At AL(s)
@<—-—’<— )
+ l_I -

V20 e U G

-TTTTT1

e =—-

influence of the PLL

dq impedance model of the induction machine

Fig. 6. Type-V Y;i/q(s) including the PLL, IM model, the GSC, the RSC, and the dc link.

Fig. 7.

where AUy(s), AU,(s), and Aly(s), Al,(s) are the voltage
and current phasors.

According to the definition of the pn impedance, the pn
impedance matrix can be derived as [24] follows:

Y 4aq(s) Y- aq(s)

=Y () Yo 29)
*(s) = Yaa(s) + ¥gq(s) _qud(S) — Yaq(s)
+dq 2 2
Y -Y Y Y
Yﬁi’dq(s) _ dd(s) 2 qq(S) - qd(s) ;_ dq(s) (30)
where (29) matches the derived results of (31) exactly
Y pu(s) = A1Y 4y(s) A, A = [l_j ﬂ NI

B. Time-Domain S2SIM

In order to study S2SI, the relationships between voltage
and currents of sub- and super-synchronous frequencies can be
modeled as a 2*2 admittance matrix as follows:

S I SREL L

= i) [t - @

O Sub- and super-synchronous impedance model
pn impedance model
) 1,(s) Ui(s)
Ip(s+ja)1) _ Ypp(s) an(s) Vp(s+ja)1) |:Yl’f(sfj:wl) Yl""(s*]:“’l)} |:I;(2wl—s)}: Y;"b"mp(s)|:U;(2a)l —s)}
Ls=jo)] |4, Y@ || Vs-jey] HCT T i xoT v ]
JRACIRAO) ACZED)
Matrix transform
Y, ()= AilYuq ()4 Y (s) Y, (s) Shifted frequency form
an ()= |: Ypp (s) an (s):| Shifted frequency based sub- and
dq impedance model "’ " super-synchronous impedance model
L()]_[Yu®) Yu@[Vuls) qu(s){%(s) YW)} 5 ”(S):{Y},xs) Y}nm}
L) | [ Y)Y, 0) || V,(5) () Y, (s) o Y,(s) Y,(s)

Relationships between dg impedance, sequence impedance, S2SIM, and shifted frequency based S2SIM (SF-S2SIM).

where Y gub super () is defined as the S2SI frequency coupling
model of DFIG, in which Y7;(s) reflects the influence from
voltage perturbation U (s) to current response I1(s); Y12(s)
reflects the influence from voltage perturbation U% (2w — s)
to current response I;(s); Ya1(s) reflects the influence from
voltage perturbation U (s) to current response I5(2wy — s);
and Y2o(s) reflects the influence from voltage perturbation
U% (2w — s) to current response I5(2w; — s). The magnitude
of these four admittances represents the degree of influence from
voltage perturbation to current response, thus the magnitude
ratio of the off-diagonal element to the diagonal element can
reflect the degree of frequency coupling.

The target of this section is to derive the four elements of the
S2SIM based on the elements of the sequence impedance model.
For example, in sequence impedance model Y ,,,(s) is defined
as [17] follows:

I,(s+ jwr)

33
Uy(s+ jwr) (33)

Y p(s) =
where I,(s + jwi) and U, (s + jws ) are, respectively, the cur-
rent and voltage perturbations of the positive sequence.

According to (33), Y11(s) of S2SIM can be derived by
frequency shifting of the Y',,,,(s)

Y =

(34)
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Similarly, the other elements of the S2SIM can be derived as
follows:

Yonls) = éi(<2+_”ﬁ)>%p<3> - r?;((:ujy:ll))

Yon(s) = m (35)
Yo = Uﬂjii?—s) =Y (s — jwi) (36)
Yo = W =Y,,(s—jw) (37)
Yo = Lol = 5) _ Y5, (s — jwi). (38)

 Un(j2w — s)
Finally, the overall S2SIM of DFIGs can be obtain by fre-
quency shifting of the sequence impedance model Y ,,,, (s)

Ypp(s — jwi) an(s — jwi)

Ysub,sup(s) = Y:Lp(s — jwl) an(s — jCU1) (39)

C. Phasor-Domain S2SIM

As described in [26] and [27], the whole system incorporating
large-scale DFIGs can be modeled in either in time-domain
electro-magnetic transient (EMT) models or by shifted phasor
domain models. Consequently, the S2SIM can also be derived
by shifted phasors of voltage/current perturbations.

A typical signal with the frequency w(s = jw) can be mod-
eled in the shifted phasor form [27]

S(s,t) = S(s,t)e?¥st = S(s + jws, t) (40)

where s = jw; S(s,t) denotes the shifted phasor of S(s,t);
and S(s + jws, t) corresponds to the phasor of S(s, t) by right-
shifting of 50 Hz.

First, the time-domain perturbations multiplied by e~7% can
be expressed in the shifted frequency form as
AU (s,t)e 1 = AU(s — jwy,t) = AU(s, ) @)
Al(s,t)e 7% = AI(s — jwi,t) = Al(s, 1)

where s = jw represents the frequency of the subsynchronous
component; and § = jwq, where w; = 27 f; = 100rad/s. Asis
shown, the shifted phasor AU (s, t) / Al(s,t) can be derived by
shifting AU (s, t) / AI(s,t) to the left by 50 Hz.

Based on the concept of shifted frequency phasors, the ele-
ment of the S2SIM can be derived in the shifted phasor form as
follows:

o Il(S)

Yy = O Y (s — jwr) = Vopls).  (42)

Finally, the SF-S2SIM f’subysup(s) can be derived by the
shifted phasor based sequence impedance model:

Vaabsuper(s) = [?MS) %(s)}

43
an(s) Ynn(s) @)

Y _ jp(SJFjwl) _
Ypn(s) = (s jon)

IP(S)
U,(s— j2w)

Muchang
Zhaoyghe EX = Wind farm @ FsC
© Step-up Station — 500 KV line
O Substation — 220KV line

Jiulongquan

Bingfeng

Fig. 8. Single-line diagram of the wind power system in Guyuan area.
Ip(s)
= =Y 44
U (52w — s) 2 9
N fn, S — jw
Vo(s) = & ( J 1)
Up(s + jwi)
[ (jwr — I (52w —
_ An(.]wl : 5) _ n(.] W1 S) - Yoy (45)
Up(s + jwr) Up(s)
. I,(s— I (52
Vonls) = o 2den) LGP —9) _y, - e
Un(s - ]wl) Un(]Zwl - S)

IV. NUMERICAL TESTS AND VALIDATIONS

A. Description of the Simulated System

The simulated system is the Guyuan area, which is located in
the northwest of Hebei Province, China. As show in Fig. 8, it
has over 30 wind farms by the end of 2016. All these wind farms
distributed throughout the Guyuan area are radially connected to
the 220 kV substations of Guyuan, Chabei, Yiyuan and Bailong-
shan. Then, the electric power is collected at the 500 kV Guyuan
substation and next transmitted along two 500 kV corridors, each
with double-circuit series-compensated transmission lines, to
the North-China power grid.

In the target system, abnormal S2SO events have been ob-
served in recent years. As detailed in [11], the S2SO phenomena
will be even more serious for DFIG-based wind farms, such as
Hanjiazhuang, or Yongfa wind farms, etc. Typically, the sub- and
super-synchronous frequencies of currents are 8.1 and 91.9 Hz,
respectively. In order to study, the S2SO phenomena aroused by
DFIG-based wind farms, simulation models of the large-scale
DFIG-based wind farms as well as the ac grids are set up in
PSCAD/EMTDC under a unanimous time-step of 50 pus.

B. Theoretical Calculations and Measurement of (I-V) Type
dq Impedance Model for DFIG-Based Wind Farms

In order to compare the differences between the Type [-V
DFIG impedance models in an analytical or measurement based
way, the magnitude and the angle of dgq impedance models of
DFIG-based wind farms, or the Yongfa wind farms, are depicted
inFig. 9. The comparative analysis of different impedance model
of Yongfa wind farm is modeled by 100 same DFIGs, which
are connected in parallel. Consequently, the overall impedance
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Fig. 9. dgq impedance model (Type I-V) of the DFIG-based wind farms (measurement and analytical calculation).

model of Yongfa wind farm is similar to one single DFIG, or
the impedance of one DFIG is multiplied by a fixed parameter.
According to Fig. 9, the following conclusions can be reached.
The theoretical quantities of the magnitude and the angle of Ydg
match very well with those quantities derived by measurement,
which verify the effectiveness of Type I-V DFIG dq impedance
models. The differences between type I-V DFIG dg impedance
models lie primarily in Yy and Y,,, especially in subsyn-
chronous frequency band (0-20 Hz) and super-synchronous
frequency band (80-100 Hz).

Specifically, Y 44 between Type-I/Type-III and Type-1I/IV
overlaps with each other [see Fig. 9(a) and (e)], indicating
that the PLL has little impact on the magnitude of Y ;4. On
the contrary, there are significant gaps between the Type-V dg
impedance model Y{d/q (s) and the other four impedance models,
which shows that the outer dc voltage controller will have a
significant impact on the magnitude of Y 44.

For Y 4, and Y 44, as shown in Fig. 9 (b), (c), (f), and (g),
the Type I-V dg impedance models of the DFIGs are almost
overlapped. Noticeably, there are no couplings in dg axis when
the PLL is not considered. As a result, the Y 3, and Y 44 of
Type-I and Type-II dg impedance model are the same according
to (21). Further the following conclusions can be derived: the
PLL and the outer dc voltage controller both have direct impact
on the magnitude of Y 4, and Y 4, especially in subsynchronous
frequency of 0-20 Hz, where the impact of the dc voltage
controller is more significant.

For Y 44, as shown in Fig. 9 (d) and (g), there is very little
difference between the Type-IV and Type-V dg impedance
model, which indicates that the outer dc voltage controller has
little impact on the magnitude of Y ;. On the contrary, there are
significant differences between Y, of Type-I and Type-II dg
impedance model, especially in the range of 5-30 Hz, indicating
that the PLL can directly reshape the dg impedance model of the
RSC. The similar conclusion can also be derived between Type-I

and Type-II dg impedance model, which means that the PLL will
reshape the dg impedance model of the GSC as well.

The following conclusion can be reached from Fig. 9 and

theoretical derivations in Part II.

1) The Type-III dg impedance model Ylflq(s) without con-
sidering the effect of the PLL, can be regarded as the
Type-I dg impedance model Yqu(s) in parallel with the
dq impedance of the GSC Yg'iq(s).

The Type-IV dg impedance model Ylf,q(s) considering
the effect of the PLL, can be regarded as the Type-II dg
impedance model YHd ?(s) in parallel with the PLL related
dq impedance of the GSC Ygdlql (s)

The Type-V Y‘;lq (s), or the overall dg impedance model
considering both the PLL and the outer dc voltage loop,
can be regarded as the Type-II impedance Y}fl %(s) in par-

allel with a modified impedance of the GSC, or Y;%(s),

where the impact of the PLL is included in Yﬁ‘}(s).

The effect of the PLL on the overall dg impedance model
can be evaluated by comparing the differences between
Y (s) and Y7 (s).

The effect of the outer dc voltage loop on the overall
dg impedance model can be evaluated by comparing the
differences between Ygdlql(s) andYg/%(s).

6) The PLL has little impact on the magnitude of Y;4. On
the contrary, the outer dc voltage controller will have a
significant impact on the magnitude of Y.

The PLL and the outer dc voltage controller both have di-
rect impact on the magnitude of Y, and Y4, especially in
subsynchronous frequency of 0-20 Hz, where the impact
of the dc voltage controller is more significant.

The outer dc voltage controller has little impact on the
magnitude of Y. On the contrary, the PLL can directly
reshape the dg impedance model of the RSC and the GSC
as well.

2)

3)

4)

5)

7

8)
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Further, additional conclusions can be reached according to
Fig. 10. Comparing the Ygdf(s) and gn( s), it is concluded
that the bandwidth of the PLL has the direct impact of the low
frequency range of Yqq. Comparing the Yy,/Yy, of Ygdlq(s)/
Yg 7r(s) and Y;%(s), it is concluded that the d- and g-axis
components are decoupled without considering the impact of the
PLL, otherwise components of the d- and g-axis components are
coupled; comparing the Yg 7y(s)and Yg’% (s),itis concluded that
the impact of the outer dc voltage loop will reshape the value of
Y4 and Yy, resulting in the increase of impedance asymmetry
between d- and g-axis.

C. Relationships Between dq Impedance Model Y 4,4(s), pn
Impedance Model Y ,,,,(s), S2SIM'Y sup super (s), and the
Proposed SF-S2SIM Y1, super(8)

In the following, the Type-V dg impedance model is taken
as an example to verify the relationships between dg impedance
model, sequence impedance model, S2SIM, and SF-S2SIM (see
Fig. 7).

Fig. 11 compares the measured sequence impedance model
Y, and the calculated impedance matrix from dg domain [2],
where these results match very well. Fig. 12 compares the

analytical results of S2SIM, and the measurement results of
S2SIM/SF-S2SIM, where these results are overlapped. Conse-
quently, the following conclusions can be reached: 1) the S2SIM
can be derived from frequency shifting of the time-domain
sequence impedance model; and 2) the S2SIM can also be
derived from shifted phasors of the phasor-domain sequence
impedance model.

D. Influencing Factors of Frequency Couplings for the S2SI

In order to study S2SI between the large-scale DFIG-based
wind farms and the ac grids, the GNC is used to evaluate the
electro-magnetic stability concerning different influence factors,
such as parameters of the PLL, the controllers and the SCR of
the ac grids [10], etc.

According to the GNC criterion, the L 4, (s) matrix of a system
constituted by DFIG and a weak grid is defined as follows:

d
Laq(s) = Zgha(s)Yy"(s)
ngld — Rgrid + SLgrid —w1 Lgrid (47)

w1 Lgria Rgria + SLgria

where R, iq and Lgiq correspond, respectively, to the Thevenin
resistance and inductor of the ac grids. It should be noted
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that if both of the eigenvalue loci of the Lg4,(s) do not
encircle the point of (—1, jO), the system is considered to
be stable, otherwise, the system will be unstable. Similar to
Ly(8), Lpn(8), Leub,super(s), and ﬁsub,super(s) can be de-
fined as follows:

Ly (s) = Zggd(s)Y‘E"(s) )

Lavsuper(s) = Z P ()YP07 5 ) - ag)
T ~sub,super Orsub,super

Lsub,super(s) = Zgrid P (S)YV P (S)

Accordingto (35), Ly, (s) is similar to L 44(s) in s domain, or,
L,,(s) = A1 L4,(s) A, where they preserve the same eigen-
values. According to Section III, the eigenvalues of S2SIM,
SF-S2SIM has a relationship with the sequence impedance
model

eig (Lpn(s)) = eig (Lsubsuper(s)) + jwi

= elg (Lsub,super(s)) + jwl' (49)

The electro-magnetic stability of the DFIG farm Yongfa and
its associated large-scale ac grids are evaluated based on the
S2SIM. Actually, it should be noted that when the SCR is larger
than 3.0, or the ac grid is strong, parameters of controllers,
including the PLL will have little impact on the overall electro-
magnetic stability. On the hand, when the ac grid become weak,
the overall electro-magnetic stability will be dramatically influ-
enced by the parameters of controllers. Therefore, the impact of
parameters of controllers is evaluated when the SCR of the ac
grid is 2.05, which correspond to the practical system in Fig. 8.

1) Influence of K,, for the GSC: Fig. 13 shows the loci and
time-domain simulation results of S2SIM under different k,
of the GSC. When k,, = 1, no loci encircle the point of (-1,
j0), which indicates that the system is stable; when ¢t = 11,
or k, changes to 0.4, the eigenvalue of the loci encircles the
point of (—1, jO), indicating that the system is unstable and
the time-domain results will produce sustained oscillations of
subsynchronous frequency 47.5 Hz. The S2SO frequencies in
abc-axis for the RSC is —37.5 and 57.5 Hz, where the sum is
20 Hz. This is because the speed of RSC is 0.8 p.u, and the rated
frequency of RSC current in abc axis is 10 Hz.

2) Influence of K,, for the PLL: Fig. 14 shows the loci and
time-domain simulation results of S2SIM under different k,, of
the PLL. When k,, = 30 000, no loci encircle the point of (-1,
j0), which indicates that the system is stable; when ¢t = 20s,
or kp changes to 5000, the eigenvalue of the loci encircles the
point of (—1, j0), indicating that the system is unstable. The os-
cillation frequency of the loci correspond to the subsynchronous
oscillation frequency of the time-domain results, or 2.4 Hz.

3) Influence of SCR for the AC Grids: Fig. 15 shows the loci
and time-domain simulation results of S2SIM under different
SCR of the ac grids. Before t = 10, the SCR of the ac grid is
10, which produces stable simulation results. Unluckily, when
the SCR is decreased to 1.0, the super-low and subsynchronous
frequency oscillation at f = 0.5 Hz will be produced.
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Fig. 16.  Topology of a large-scale wind farm and its equivalent circuit.
V. AGGREGATE S2SIM MODEL FOR LARGE-SCALE WIND
FARMS AND APPLICATIONS OF S2SI ANALYSIS

The topology of a typical large-scale wind farm is shown
in Fig. 16, DFIGs are integrated to a group by series and paral-
leled connections, between which are connected by transmission
lines, forming the overall the large-scale wind farm. Then, the
wind farm is connected to the ac grid at the common coupling
(PCC). The electro-magnetic interactions between the wind
farm and the grid can be evaluated by the detailed closed-loop
impedance characteristics based on the lumped S2SIM models.
The lumped S2SIM model of the whole wind farm is established
as follows.

In Fig. 16, each DFIG is connected by a transmission line,
which can be equivalent to a lumped R — L series model, the dg
impedance model of which is given as

Rij+sLi
wiLij

osub,su _wlii, j
B - ol
1,7 i,]

,J

(S

where R; ; and L; ; are the equivalent lumped resistance and
inductance of the transmission line connected to the jth DFIG
in the ith group of the wind farm, respectively.

The S2SIM model of the transmission line can be derived as

Rij+sLi 0

Ylsub,sup _ _
(8) 0 Ri,j + sL i

i,

] . (52

Assume that each group consists of Ny DFIGs, and the wind
farm is composed by N, groups (see Fig. 16). Thus, the lumped
S2SIM model of the wind farm can be obtained by (50), shown at
the bottom of this page, where Y7 ub-SUP (¢) is the S2SIM model
of the L filter next to the PCC, the derivation of which is similar
to ?ﬁ;b’mp(s) of (51) and the result is

L filter PC

TABLE I
CONTROL PARAMETERS OF DIFFERENT SYSTEMS

kpr 006 0.06
ke 1.0 1.0
kpe 1.0 1.0
ki 200 20.0
kpae 1.0 1.0
kige  10.0 10.0
kot 1.0 10.0
ki 100 100.0

The main control parameters in the DFIG are listed as follows,
including the proportional and integral parameters in the PLL,
the current controller of the RSC and the GSC, and the dc voltage
controller.

{ kp = [kp_pll; k;m“v kpga kpdcpdc}T (54)

ki = [ki_pllv ki, kiga kidc]T~

As shown in Fig. 15, low-frequency oscillations in dg domain
may occur in the system when the grid is weak. The lumped
impedance model of the wind farm of (53) can help further
research the effect of the SCR on the interactions between the
wind farm and the grid.

Similar to (48), according to the GNC, the LS'>*"**" (s) of
the system composed by a large-scale wind farm and the grid
can be obtained by

L‘s;ilr)lguper (S) _ eri‘té,super (S)Y;;l;)ésuper (S)

(55)

In order to evaluate the effect of the SCR, the operation
performances of wind farms with different control parameters
can be studied when the SCR changes. The values of the control
parameters of the two systems are listed in Table I.

For system I, Fig. 17(a) and (b), respectively, show the eigen-

value loci of the L2>3"P(s) and the time-domain results of the

y/sub.sup (s) = Ry +sLy 0 (53) d and g components of the PCC current when the SCR changes
! 10 Ry+sLy |’ from 1 to 0.8, 0.5, and 0.2. From Fig. 17(b), it can be observed
A EE -1 -1 -
sub,su sub,su sub,su Crsub,su
yombee () = vt () £ 3 (30 ([Ym Pl by k)| [T ()] ) (50)
i=1 \j=1
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Fig. 17.  Simulation results of system I. (a) Eigenvalue loci. (b) Waveforms of
the PCC current. (c) Result of FFT analysis.

that when the SCR becomes smaller, i.e., the grid becomes
weaker at a particular time, the system may become unstable
and oscillation occurs, which verifies the conclusion drawn by
Fig. 15. Moreover, when oscillation occurs in the system, the
value of SCR can affect the frequency of the oscillation. It can be
observed in Fig. 17(c) that the frequency of the subsynchronous
component becomes lower when the SCR changes from 0.5 to
0.2. Correspondingly, the oscillation frequency in dg -domain
will be larger, as shown in Fig. 17(b).

For system II, Fig. 18(a) and (b), respectively, show the
eigenvalue loci of the L% *""(s) and the time-domain results
of the d and g components of the PCC current when the SCR
changes from 1 t0 0.8, 0.5, and 0.2. The similar phenomenon can
be observed as system I. As shown in Table. I, the differences
between the system I and I are the value of k;,, and k;,, which
affect the bandwidth of the PLL. The bandwidth of the PLL
has a major impact on the stability of the system. If the PLL
bandwidth is not wide enough, the PLL will be sensitive to the
perturbances in the system and cannot lock the phase to the
reference value, which may cause remarkable oscillations with
the larger magnitude. According to the transfer function of the
PLL, the bandwidth of the PLL of system II is larger than that
of system I. As seen in Figs. 18(b) and 17(b), the magnitude
of the oscillation of system II is significantly smaller than that
of system I. Moreover, as shown in Figs. 18(c) and 17(c), the
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frequency coupling component of system II is significantly
smaller than that of system I, which indicates the remarkable
impact of the PLL. It also verifies the conclusion drawn by
Fig. 14.

VI. CONCLUSION

Different from the traditional SSR and SSCI stability issues,
the new emerging S2SI related stability issues caused by the
interactions of DFIG-based wind farms and the large-scale ac
grids have aroused great concerns. For this particular issue,
this article is aimed to fill the gap and propose new time-
domain and phasor-domain S2SIM, primarily to disclaim the
electro-magnetic stability of the S2SI phenomena. Where the
relationships between S2SIM/SF-S2SIM and the dg /sequence
impedance models have been further developed based on matrix
transformation and the frequency shifting techniques.

The electro-magnetic stability of the practical DFIG-based
wind farms, associated with large-scale ac grids in China has
revealed the following.

1) The theoretical derivations of time-domain S2SIM and
phasor-domain SF-S2SIM match very well with the mea-
surement results.

2) The correctness of the relationships between the
time-domain S2SIM/phasor-domain SF-S2SIM  and
dg/sequence impedance models have been verified by
simulation results.
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The outer dc voltage controller will reshape thedg
impedance of the DFIGs significantly, especially within
the sub- and super-frequency bands; the PLL will have
a direct impact on thedq impedance model of the sub-
frequency band.

When the SCR is larger than 3.0, or the ac grid is strong,
parameters of controllers, including the PLL will have
little impact on the overall electro-magnetic stability. On
the hand, when the ac grid become weak, the overall
electro-magnetic stability will be dramatically influenced
by the parameters of controllers.
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