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ABSTRACT The interaction between the DFIG (doubly fed induction generator)-based wind farm and
the ac grid makes the traditional positive-sequence subsystem and negative-sequence subsystem no longer
decoupled, so the single-input single-out (SISO) characteristic in the frequency domain no longer holds.
In this paper, the admittance models of the DFIG and ac grid are established by using the small-signal
analysis method. On this basis, first the admittance relationship of the entire DFIG-based wind power system
in polar coordinates is obtained. Second, the multi-input multi-output (MIMO) system is simplified into an
SISO system by the matrix transformation. Then, the characteristic equation and the equivalent circuit of
the DFIG-based wind power system are provided. In cases of a weak ac grid, low wind speed and a high
proportional coefficient of the phase-locked loop (PLL) controller, the stability of the DFIG-based wind
power system will be weakened, and the oscillation among different coupling frequencies will occur based
on Nyquist criterion. Finally, the simulation results show the correctness of the theoretical analysis.

INDEX TERMS DFIG-based wind power system, stability analysis, Nyquist criterion, frequency-coupling

PLL, grid strength, wind speed.

I. INTRODUCTION

New sources of low-carbon, clean and sustainable energy
have received widespread attention worldwide. With the con-
tinuous expansion of new energy connected to systems, espe-
cially for large-scale wind power connected to the AC grid,
the impact of the new energy makes power systems become
increasingly difficult to ignore [1]- [5].

As the most suitable new energy for large-scale develop-
ment and utilization, wind power has clearly changed the
dynamic characteristics of the power system [6]— [8]. How-
ever, the wind power has its own typical characteristics. First,
wind farms usually cover a relatively wide area, and the
wind power connects to the AC grid through long-distance
outgoing lines, so that the AC grid strength decreases with
the increasing length of the outgoing line. Second, the wind
turbine generates electricity by wind, and the dynamic char-
acteristics of the wind turbine are related to the wind speed.
However, the wind speed is uncontrollable and related to the
weather. In addition, the wind generator is synchronized with
the AC grid through the PLL [9]. However, the dynamic
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characteristics of the PLL are related to its own controller
parameters, which affect the wind power system. All of these
characteristics make the interaction between wind farm and
AC grid more complicated, which introduces the stability and
oscillation problem of the wind power system, posing a threat
to the security of the power system.

In recent years, the impedance-based method [10]-[17]
has been widely used in analyzing the stability and
oscillation mechanism of the new energy grid-connected
system. Generally, modeling-based methods in the dg coor-
dinate system [11], [12] or xy stationary coordinate sys-
tem [13]-[16] are used. In [10] and [11], the impedance
modeling-based method in the dg coordinate system is stud-
ied. In [12], the relationship between the impedance model
in the dgcoordinate system and the static coordinate sys-
tem is revealed. Furthermore, a unified impedance model
of grid-connected inverters is established in the static coor-
dinate system. A modeling method of harmonic lineariza-
tion in the frequency domain is proposed in [13]-[15].
In [16], [17], the impedance model of grid-connected invert-
ers is derived considering the frequency-coupling characteris-
tics. The applied precondition of these methods is to decouple
the positive and negative sequence components. However,
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the d-axis and g-axis are asymmetrical when wind generators
connect to the AC grid through the PLL, which results in a
coupling relationship between different frequencies.

At present, some scholars have conducted fruitful
research on the DFIG-based wind power system [18]- [26].
In [18]- [21], the DFIG impedance model is established
considering the rotor-side converter (RSC) and grid-side
converter (GSC). The GSC controller has little influence
on the DFIG impedance and can be ignored. Furthermore,
the effect of the wind speed, controller parameters and series
compensation on the DFIG-based wind power system is
analyzed in detail. In [22] and [23], the DFIG impedance
model in the stationary coordinate system is preliminarily
established considering the PLL. In [24]- [26], the dynamic
characteristics of the PLL and current loop greatly affect
the system stability in wind power systems. Previous works
are undoubtedly very meaningful. However, the equivalent
circuit of the wind power system is not clear, so accurate,
effective and simple methods should be further investigated.

The wind power system is essentially an MIMO system.
To more accurately study the dynamic characteristics of the
wind power system, the RSC and GSC controller of the DFIG
are first modeled in detail. Then, the equivalent admittance
model of the DFIG is obtained. A unified admittance model
of the DFIG-based wind farm connected to the AC grid
considering the PLL, rotor speed and grid strength is estab-
lished. By splitting the admittance matrix and transforming
coordinates, the characteristic equation of the wind power
system is obtained. Meanwhile, the coupling circuit between
the equivalent positive-sequence and negative-sequence in
the polar coordinate system is obtained. Furthermore, based
on Nyquist criterion, the effect of the PLL, wind speed
and grid strength on the stability of the DFIG-based wind
power system is analyzed. In the case of wind power system
oscillation due to loss of stability, the frequency coupling
phenomenon is verified by simulation.

Il. DFIG-BASED WIND POWER SYSTEM

When the operating conditions of various wind turbines in the
wind farm are not notably different, the entire wind farm can
be replaced by a DFIG [27], [28]. Therefore, the equivalent
wind power system is shown in Figure 1.

Wind Farm AC grid
L C.
Iv Ux line C
o0
Vs . } infinite
. U, 1, T G system
RSC T GSC
Lﬁ’

FIGURE 1. DFIG-based wind farm connected to the AC grid.

where U and I are the voltage and current of the DFIG,
respectively, R is the resistance, L is the inductance, and
L, is the magnetizing inductance. The subscripts s, » and
g are the stator, rotor and grid side, respectively; d and g
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are the d-axis and g-axis components, respectively. Cy is the
capacitance of SVC. Ljjpe and C¢ are the equivalent induc-
tance and capacitance of the series-compensated transmission
line, respectively. In addition, @] and w; are the synchronous
angular frequency and rotor frequency component, respec-
tively. Thus, wy = oyjpw1, where oy, is the slip of the DFIG.

For convenience, the dynamic models between different
coordinate systems are first established. The relationship
between the system reference coordinate system (xy coordi-
nate system) and the controller reference coordinate system
(dg coordinate system) is shown in Figure 2 [29].

U
dj Wy
=)

FIGURE 2. Rotation vectors in different coordinate systems under
disturbance.

The xy coordinate system is the global coordinate system
that rotates at synchronous speed w;, whereas the dg coordi-
nate system is the controller coordinate system that rotates at
speed wpn measured by the PLL. The angle between the two
coordinate systems is &p11. 67 and Oy are the phase angles of
the current and voltage in the controller coordinate system (dg
coordinate system), respectively, while ¢ and § are the phase
angles of the current and voltage in the system reference
coordinate system (xy coordinate system), respectively.

Obviously, we have

Oy =38 — Opn

()
Or = ¢ — Opn

The control block diagram of the synchronous rotating
coordinate system PLL is shown in Figure 3 [22], [30].

) U, 0

> i_ :
—> ABC/dq U,, kip]l 1 § Hp”
—>» id kﬂp“ + s ; | ”

?

FIGURE 3. Control block diagram of PLL.

As shown in Figure 3, the relationship between the g-axis
voltage U, and the PLL output angle 6, is given by

{ Op1 = Gpu($)Uy )

w = stpn + wo

1 Kipil
where Gpll = ;(kppu + %)
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FIGURE 5. Control block diagram of GSC.

The RSC and GSC control block of DFIG in the dg coor-
dinate system are shown in Figure 4 and Figure 5, respec-
tively [31]-[34].

where Ly = Ly+Los, Ly = Liy+Loy and Ly, = Ly—L2 /L,

According to the control block diagram of RSC and GSC,
the relationship between the voltage and current components
in thedq coordinate system can be written as shown in (3)
and (4).

Ur*d = Grsc(s)(l;tj —ILq) — w2 Ly Ly + M
Ly 3)
Urt] = Grsc(s)(lrtj - Irq) + wrLyr Iy
{U;d = Gyse($)Uy — Iga) — w1 Lglgg + Uy @
U;q = Ggsc(s)(lgq —Iyy) + w1Lglgy
Kirse Kigse

where Gise(s) = Kprse + , and Ggse(s) = Kpgse + .

N N

lIl. ADMITTANCE MODEL OF DFIG-BASED WIND

POWER SYSTEM

In this paper, the following conditions are assumed: the output

power factor of DFIG is close to 1, and the AC grid is stable.
Due to the multi-time scale characteristics of the DFIG

converter control system, the response of the outer loop is

slower than that of the inner loop. Therefore, we divide the

DFIG converter control system into two processes. First,

only the dynamic of the inner loop is considered. Then,

the dynamic of the outer loop is considered.

A. ADMITTANCE MODELING OF THE DFIG REGARDLESS
OF THE OUTER LOOP CONTROL

In the dg coordinate system, the stator and rotor voltage
equations of the DFIG are written as shown in (5) and (6),
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respectively.

{ Usa = (Rs+5sLg)lsqg + 5Lyl yq _wlLsIsq _U)leIrq (5)

Usq =(Ry +5Ls)lsq +SLmIrq ‘w1 Lslsg +w1 Linlya

Ui =Ry +sL)ya+sLinlsa _a)ZLrIrq _a)lelsq (6)
Uy =(R, + SLr)Irq +sLinlsg+wrLylg +w1 Linlsa

Similarly, the GSC voltage equation of the DFIG is

{Usd = (Rg + sLo)lga — 01Llga + Uy -

Usg = (Rg + sLg)lgq + wiLglyq + Uy,
We transform those equations into the polar coordinate
system corresponding to the xy coordinate system. Substitut-

ing (1)-(3) into (5) and (6) yields the simultaneous solutions
in (8) (The derivation process is shown in Appendix A):

Al _ Yo ) AU; ®)
LAp | 7 | Y3 Y || UAS
Equation (8) is the approximate dynamic model between
the stator side voltage and the current of the DFIG, where

1
ﬁ +sLlos + sLor — @Grsc(s)
Yo =0
Y3=0
1
Y4 = R 1 .
(I+ Gpll(s)Us)( Uslzp + $Lys + SLor — FlipGrsc(S))

Similarly, substituting (1), (2) and (4) into (7) yields the
simultaneous solutions in (9) (the derivation process is shown
in Appendix A):

Al, | _|[Ya Yo || AU )
IAp | | Ye3  Yeu || UsAS
Equation (9) is the approximate dynamic model between
the grid side voltage and the current of the DFIG.

1
Yo = ——m«+—
87 SLg — Gase(s)
Yoo =0
where &2
Yo3=0

1
You = .
1+ Gpll(s) Us)(SLg - Ggsc(s))

The modulus of Gpy(s) decreases with the increase in
frequency, which makes Yy tend to Yy4 and Y tend to Ygq.
In particular, when the frequency is sufficiently high, there
are Y51 ~ Yy and Y1 X Yg4.

B. ADMITTANCE MODELING OF THE DFIG CONSIDERING
THE OUTER LOOP CONTROL

When the dynamic of low-frequency signal must be consid-
ered, the effect of the outer loop controller on the system

stability cannot be ignored. The outer control block diagrams
of GSC and RSC are shown in Figures 4 and 5.
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1) CONSIDERING THE PQ CONTROL OF THE RSC
When considering the PQ control, the following dynamic
equations of the outer loop controller in (10) and (11) should
be included into the rotor side dynamic equations.

I} = (P5 — Py)Gpg(s) (10)
I3, = (QF — 0)Gpq(s)
Py = Usalsa + Usqlsq (11)
Os = _Usdlsq + Usqud

where Gpq(s) is the transfer function of the power outer loop
controller. Py and Qf are the reference values of active and
reactive power, respectively.

By linearizing (10) and (11) and substituting these equa-
tions into the stator voltage equations, the stator-side dynamic
model in polar coordinates is expressed as shown in (12). (The
detailed derivation is shown in Appendix A)

Al _ Ya Yo AU; (12)
LAp |~ | Ya Y4 || UsAS
1
SLas g + sLor+Gpq()Gree()Us = i Girse(s)

Yo =0
Y3=0

where

Yg =

1
14+Gpu(s)Us

 sLost+5Lar+Gpg(8)Grse($)Us — 5 Gise(s).

Ys4

2) CONSIDERING THE DC BUS VOLTAGE CONTROL

When considering the DC voltage control of the GSC, the DC
voltage control equation and dynamic equation of the DC
capacitance are given by

ea = (Ude — Ujo)Gac(s) (13)
dU,
UgcCac dtdc = —Pe + Py (14)

where U (fc and Uy, are the reference and actual values of the
DC bus voltage, P, is the actual input power of the DFIG
(assumed constant), P, is the output power of the DFIG, and
Gyc(s) is the transfer function of the DC voltage controller.

Similarly, the grid side dynamic model of the DFIG can be
written as shown in (15). (The detailed derivation is shown in
Appendix A).

A, T _[Ya Ye][AU (15)
LAp |~ | Y3 Yeu || UsAS

where
1— GgSC(S)Gdc(S)IsO(O'A’lip_1)
Y, = slipSUdeo Cae
gt Gac(9)Uso(osiip—1)
sLg = Ggse W — = S TacaCar )
Yop =0
Yi3=0
1
You =
1+ Gpll(s)Us)(SLg - Ggsc(s))
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C. ADMITTANCE MODEL OF THE AC GRID

Assuming that the resistance, inductance and capacitance
of the element are expressed by R, L and C, respectively,
the impedance matrix of the resistance, inductance and capac-
itance can be written as follows in consideration of the com-
ponent coupling.

N —
ZL:L) s }L (16)

It can be proven that the following equation remains valid:
Yr=23' Y. =Z;" andYc =Z_".

In the xy coordinate system, by Ohm’s law, the linearized
dynamic equation of element k can be given by

Alkx} AUj, AU,

=Yk([ }—[ / }) A7)
|: Al AUy AUy

where i and j are the node number at both ends of the element
respectively, and k is the element number. Y is the admit-
tance coupling matrix of element k.

Introducing ¢; as the power factor angle of the i-th node,
equation (17) can be written as shown in (18) in the polar

coordinate system.
Al _—_— cos¢; —sing; AU;
LAge | k sin ¢; cos ¢; U;AG;
S e el D
i )j JR0j

The power factor of each node is approximately 1 when
the wind power is sent [26]. Therefore, cos¢p ~ 1 and
sin¢ = 0. The nodal voltage equation is formulated accord-
ing to the grid structure as shown in Figure 1. (The inflow
port current is positive)

ALl [ Yq Yo || AUy (19)
0| [-Yu Yn AU,
where

Yiu=Ycq + Y,
Yo=Yu=Yg,,
Yo =Ycec + Y,

Y ¢, = 0 when there is no SVC in the wind power system.
Yc. = 0 when there is no series compensation capacitor.
By simplification, the admittance model of the AC grid is

Al =YAU, (20)
whereY =Y — Y12Y2_21Y21.
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IV. STABILITY ANALYSIS AND EQUIVALENT CIRCUIT OF
THE DFIG-BASED WIND POWER SYSTEM

A. EQUIVALENT POSITIVE AND NEGATIVE SEQUENCE
IMPEDANCE VALUES IN THE POLAR COORDINATE SYSTEM
By the diagonalization transformation of (16), we have

R O
Zn =
z, =1| %+ 7! 21
7
Ze=T Zey T-!
Zc—

where

Zi+ = (st jw)L
1

Zeot

T (stjw)C’

Therefore, Z; + and Z¢+ are the equivalent positive (nega-
tive) -sequence impedance of inductance and capacitance in
the polar coordinate system.

The outgoing line can be considered a linear element,
soY 11,Y 12,Y 21 and Y5, can be described by the capacitance,
inductance and resistance. Y is given by

_r| Y+ -1
Y_T[ Y_]T (22)

where Y4 and Y_ can be are the equivalent positive and
negative sequence admittance values of the AC grid in the
polar coordinate system.

B. STABILITY CRITERION AND EQUIVALENT CIRCUIT
The dynamic model of the DFIG-based wind farm and AC
grid can be written in (23).

AL | _ (| Ywi(s) AU
I:IA(pi| _([ " YW4(S)] +Y)|:UA8:| 3)

where Yy 1(s) = Y1(s) + Ys1(s) and Yya(s) = Ya(s) + Ysa(s).

According to the equivalent equation of the DFIG-based
wind power system in (23), the characteristic equation of the
DFIG-based wind power system is given by

Yw1 O
[ w0 |+
where |x| denotes determinant functions. Equation (24) is
equivalent to

0 0 Y1 0 -1
T([O Yw4_lei|+|: 8 le]+Y)T

Therefore,

O O —1 le +Y+ 0 _
'T(|:O Yw4—Yw1i|T +|: 0 Yw1+Y_iH_O

(26)

=0 (24)

=0. (25)
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+

@ (b)

FIGURE 6. Equivalent circuit diagram of the DFIG-based wind power
system (a) Y, # Yy1; (b) Yyua = Y1

Substituting T and T~ ! into (26), we have

Ywa — Yu1 1 —1 Ywi + Y+ 0 _
2 [—1 I ]*[ 0 Yo —v_ || =0
27

When Y4 # Yy1, let quA = Yw4 — Ywi, qu+ =Y, + Y
and Yoy = Y_ + Y1, and we have

-1 -1
Yegr O qu+ Yoy
Y, 2| =0
|: 0 qu— ( _Ye;—li- Yej]‘é eas 20
YL —r!
< qu_l “q Yeqao +2I1 =0
|:_qu+ qu—
1+ quA _ quA
& 2ot + Yeq) 2y ||=0 (28)
0 1

Therefore, the characteristic equation of the wind power
system is given by

-1 -1
Yor +

AT —0 (29)

I+ quA B

The characteristic equation of the wind power system cor-
responds to the series-parallel circuit, which is composed of
the equivalent impedance of the DFIG and AC grid in the
polar coordinate system. The instability of the wind power
system is equivalent to the series-parallel resonance among
these impedances.

Introducing the transfer function Geq(s), we have

Yot + Yegh
2

By Nyquist’s criterion, if the Nyquist curve of Geq(s)
does not surround (—1, jO), the wind power system is
small-interference stable. Obviously, the essence of the pro-
posed method is to simplify the special MIMO system to
SISO to more simply address the stability of the system. The
nonlinear problem of the eigenvalue and matrix parameters
is transformed into a linear problem in the high-dimensional
space.

WhenYyws = Yy, the stability can be determined by
whether the real part of Y, or Y, is positive. In summary,
the equivalent circuit of the DFIG-based wind power system
is given as shown in Figure 6.

Geq(s) = quA (30)
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Introducing the total impedance of the DFIG-based wind
power system asZeqsum, according to the equivalent circuit
diagram in Figure 6, we have

Zeqsum = ZLeq+ + Zqu + Zeq— (3D

According to the characteristics of series-parallel cir-
cuit, when the system loses stability, it will oscillate. The
voltage-current relationship of AC grid is given by

AT Yy [ av
L]=r o rlen] e

Furthermore, we have

Zi(AI +jlA@) = AU +jUAS (33)
Z_(AI —jlAp) = AU —jUAS
Through simplification, we have
Y, -Y_ Y, +Y_
JIAg = +TAU +j+TUA6 (34)

When the disturbance of the port voltage is not large,
i.e., AU = 0, the equation describes the dynamic relationship
between the current phase angle disturbance and the voltage
phase angle disturbance. Essentially, the series-parallel reso-
nance occurs in the system equivalent circuit.

V. ANALYSIS AND SIMULATION

The stability of the DFIG-based wind power system is related
to several parameters, such as the parameters of the PLL
controller, AC grid parameters and wind speed. To analyze
the effect of different parameters, a simulation model is estab-
lished by MATLAB/SIMULINK, and the model is shown
in Figure 1. The simulation sampling frequency is 5 kHz, and
the simulation step size is 2 us.

Based on previous assumptions, the DFIG has the con-
stant power factor control strategy. The DC bus capacitor
voltage is constant, and the parallel SVC is not included in
the grid. The parameters of the DFIG and system are shown
in Table 1 [35].

TABLE 1. Parameters of the DFIG and system.

Parameter Value

Rated power 1.5 MW
Stator rated voltage 690 V

Rotor rated voltage 1975V
DC bus voltage 1150V
Stator resistance R 0.01 pu
Rotor resistance R, 0.008 pu
Stator leakage inductance Ly, 0.172 pu
Rotor leakage inductance L~ 0.155 pu
Magnetizing inductance L, 2.9 pu
Integral coefficient of RSC Kirsc 8
Proportional coefficient of RSC kprse 0.6
Integral coefficient of PLL ki 6

Proportional coefficient of PLL k,pn 20
Outgoing line inductance Liine 0.23 pu
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As shown in Figure 6, Ye4a is given by
quA = Yg4 + Yo4 — Ygl — Yy (35)

When the power factor is constant to 1, the impedance of
the AC grid is given by

1
Zy = (s +jo)liine + ———————
(s +]1CU)CC (36)
Z_ = (s —jw)Lj _
(s — jw)Liine + s — jo)Ce

Generally, it is considered that the grid side equivalent
impedance of the DFIG is much larger than the stator side
equivalent resistance [26]. To simplify the analysis, the grid
side circuit is considered an open circuit, and the effect of the
grid side can be ignored. Therefore, substituting (35) and (36)
into (30) yields the approximate open-loop transfer function
Geq().

When s changes from —joo to +joo along the axis jo,
the case where the Nyquist curve surrounds (—1, 0) deter-
mines whether the system is stable and whether oscillation
occurs.

A. GRID STRENGTH

The outgoing line inductance is 0.23 pu, 0.36 pu, 0.53 pu
and 0.82 pu, and the Nyquist curves of the open-loop transfer
function are shown in Figure 7. In addition, if the line length
is changed from 0.23 pu to 0.4 pu at the time of 2.1 s, then
the line length is changed from 0.4 pu to 0.8 pu at the time
of 6.1 s, and the corresponding simulation waveform is shown
in Figure 8.

! v —0.23pu 5 —0.36pu
| .
05
05
0t - ~ 0+
05
0.5
-1
1 - ’ -1.5
1 0.5 0 0.5 -1 0.5 0 0.5
(a) (b)
5
e [—os3m] s o8z
1 1
05- 0.5
0 0- +
0.5 0.5
-1 1
15¢ . - 15 .
1.5 -1 0.5 0 0.5 1 45 41 05 0 05 1 15
() (d

FIGURE 7. Nyquist curve of the open-loop transfer function under
different line length conditions (a) L;;,, = 0.23pu; (b) L;,, = 0.23pu;
(€) Liine = 0.53pu; (d)Lj,e = 0.82pu.

As shown in Figure 7, when the line length is short,
the point (—1, 0) is outside the area enclosed by the Nyquist
curve. Therefore, the system is stable, and there is no oscil-
lation or the oscillation is convergent in this case. With the
increasing length of the line, the point (—1, 0) gradually
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FIGURE 8. Simulation waveform of outgoing line current under different
line length conditions.

approaches the Nyquist curve and is eventually enclosed
within the area enclosed by the Nyquist curve. As a result,
the system will oscillate and the oscillation will not converge,
which is shown in Figure 8.

Thus, there is a coupling relationship between the outgoing
line and the DFIG-based wind farm. In a weak grid, the oscil-
lation and instability more likely occur in the DFIG-based
wind power system.

B. WIND SPEED

The rotor speed of the DFIG is affected by the wind speed.
With the increase in wind speed, the rotor speed of the DFIG
also increases. The relationship between wind speed and rotor
speed is shown in Table 2.

TABLE 2. Relationship between wind speed and rotor speed.

Wind speed Rotor speed
5.5 m/s 31.25Hz
6.5m/s 43.62 Hz
7.5m/s 49.95 Hz
8.5m/s 54.73 Hz
9.5 m/s 61.42Hz

According to the DFIG parameters in Table 1, the Nyquist
curve of the open-loop transfer function at different wind
speeds is shown in Figure 9. In addition, the impedance of
the wind power system at different wind speeds is shown
in Figure 10.

As shown in Figure 10, regardless of the sub-synchronous
or super-synchronous rotor speed, the intersection of the
Nyquist curve on the real axis moves to the right side and is
continuously away from the point (—1, 0) with the increase in
wind speed. Thus, for a greater wind speed, the DFIG-based
wind power system is less likely unstable. Figure 10 shows
that the damping of the wind power system increases with
the increase in wind speed, so it is more possible to oscillate
at low wind speeds.

C. PI PARAMETERS OF THE PLL CONTROLLER

By changing the proportional and integral coefficients of
PLL, the effects of the PLL parameters on the stability and
oscillation characteristics of the DFIG-based wind power sys-
tem are studied. Considering the oscillation frequency range
of 18.4-18.6 Hz during oscillation, the equivalent impedance
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FIGURE 9. Nyquist curve of the open-loop transfer function at different
wind speeds (a) v =5.5m/s; (b) v =6.5m/s; (c) v =8.5m/s; (d) v =9.5m/s.
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FIGURE 10. Impedance of the wind power system at different wind
speeds.
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FIGURE 11. Effect of kp; on the DFIG-based wind power system
equivalent impedance.

of the DFIG-based wind power system in this frequency
range is analyzed. The effects of the proportional and integral
coefficients of PLL on the equivalent impedance are shown
in Figure 11 and Figure 12, respectively.
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FIGURE 14. Phase-A current waveforms of the system for different k; .

As shown in Figures 11 and 12, the equivalent resistance of
the system decreases with the increase in k), which makes
the stability of the system worse and easier to oscillate. When
kppn < 60, the oscillation of the system is also attenuated.
However, when ko1 > 75, the system oscillates and is
divergent. Unlike the proportional coefficient, the integral
coefficient kjp has little influence on the system stability.
Even if k;p is increased several times, the system damping
remains positive, and the system remains stable.

The simulation of the DFIG-based wind power system
under different PLL parameters is shown in Figure 13 and
Figure 14.

As shown in Figures 13 and 14, the oscillation of the sys-
tem gradually diverges from convergence with the increase
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FIGURE 15. FFT analysis of the current waveform.

in kppn, whereas the convergence tendency of the system
oscillation does not change, and the convergence speed does
not significantly change with the increase in k;py1. Therefore,
the PLL integral coefficient has little influence on the system
oscillation, while the proportional coefficient greatly affects
the system oscillation.

For kppn = 75, the oscillating current waveform is ana-
lyzed by FFT, and the FFT analysis results are shown in
Figure 15.

When the system oscillates, there are obvious harmonic
components of 18.5 Hz and 81.5 Hz, which shows that
the DFIG-based wind power system is coupled between
frequencies. The traditional positive and negative sequence
component analysis method are based on a single frequency
component, causing errors when ignoring the frequency cou-
pling. The proposed method can avoid this problem effec-
tively, and the analysis results will be more accurate.

VI. CONCLUSION

The impedance model of the DFIG-based wind power system
in the polar coordinate system is established by using the
small-signal analysis method, and the equivalent impedance
analysis circuit considering frequency coupling is provided
in this paper. Furthermore, the stability and oscillation mech-
anism of the system are revealed based on Nyquist criterion.
The main conclusions are as follows:

The AC grid strength has an important effect on the sta-
bility of the DFIG-based wind power system, and it is more
likely to lose stability and oscillate in the weak AC grid.

The change in wind speed makes the DFIG equivalent
impedance have time-varying characteristics, which affects
the stability of the wind power system. The stability of the
system increases with the increase in wind speed, and it is
more likely to lose stability at low wind speeds.

The increase in the PLL proportional coefficient will
reduce the system damping and decrease the system stability.
The effect of the PLL integral coefficient on the system
damping and stability is negligible.

In addition, the DFIG controller parameters, location
of the static var compensator(SVC), and serial compensation
of the outgoing line also affect the stability and oscillation of
the wind power system. Therefore, further research should be
conducted in the future.
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VII. APPENDIX

A. DETAILED DERIVATION PROCESS OF THE DFIG
DYNAMIC MODEL

Assume that the inner loop output voltage and PWM modu-
lation voltage are equal, and the outer loop output is constant.
Therefore, we have AU, = AUpq, AUr*q = AUy, AU;,k =
AUgq and AU,, = AUy,.

1) ADMITTANCE MODELING OF THE DFIG REGARDLESS OF
THE OUTER LOOP CONTROL

Linearize (2) and the dynamic equation of the PLL in the
corresponding polar coordinates is given

Abpn = Gpu(s)AU,; = Gpu(s)U Aby
(A1)
Aw = sABpy
According to Figure 1, we have
Aby = AS — A6
Ou pll (A2)
At = Ap — Abpy
With simultaneous (B1) and (B2), we have
Gon(s)U
Al = L (A3)
1 + Gpu(9)U
Linearizing (3)-(7) yields
AU — Gl ALY [ Giels)  —waly | [ Al
AU,”;I i 8¢ AI;';I WLy Grse(5) Aly,
(A4)
k 7] *
(305 G S5 [0 oy [800]
Aqu_ Alg, wiLg Gse(s) | [ Al
(A5)
AUsgq i _ _Rs + sLg —wiLy Al
AUy | — | w1l Ry +sLg || Aly
[ sL, —wiLy |[ ALq |
+ | @1Lm sLm || Aly i (A6)
AUy | _[Rr4sLr  —wol, |[ALq
AUy | | oL, Ry +sLy || Aly
[ sL,, —wyLy | [ ALy ]
+ _a)sz sL;, 1L Aly i (AT)
[AUq | [Re+sLy  —wilg |[ Al 4 AUy
| AUsq | - | wilg Rg +sLg | | Al AU;q
(A8)

With simultaneous (B4) and (B7), we obtain

AI* s —wy Algy
Grse(s rd | = 5
ol ][l 7L
Alyg
+Z i’ A9
rsc I:Aqu } ( )
Grse(s) 2Ly,
—w2 Ly Grse(s) |
Since the dynamics of the outer-loop controller are
ignored, the following equation holds.

AL, } [ AI%, ]
=0, 8¢ =0
I ALy,

where Z,. =

(A10)
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Substituting (B9) and (B10) into (B6) yields
AU | | Ry +sLg —wiLg Algy
AUgg | — w1 L Ry +sLs | | Aly
2 s —or || s —w2f| Aly
+Ln |:a)1 ) :| Zise [w2 s i||: Alsq]
(A11)

Generally, the stator resistance of the DFIG is small and
negligible. In addition, L, > L and L, > Lys; by
simplification, we have

AUy Zg Zp Algq
= Al2
|: A Usq j| |:Zs3 Zx4 Alsq ( )
where
1R, w]
Zs1 = SLys + + 8sLoy — —Gise(s)
w) w)

Zo = —wL2,/Ly
Zg3 = a)lL(%s/Lx

w1 R,
Zgy = sLog +

w1

+ 5Ly — —Gise(5).
1a%) 1a%)

If we ignore the GSC equivalent impedance in the analysis,
transform (A12) into the polar coordinate expression and
substitute (A2) and (A3) into (A12), we have the relationship
between current and voltage in polar coordinates, as shown

in (A13).
Al _ Yy Yo AU
[Ismp] = [m Yo || U,AS (A13)
where
Z Z
Y = e S cos 6y + 3 sin 6p
Zslzs4 - ZS2ZS3 ZSIZS4 - ZSZZSS
4 . s3
Ypo=——" ginf+————"  cosf
U ZaZy —ZoZg ZZsy — ZZs
1 s2
Y cos Oy

= (
I+ Gpll(s) Us Zs1Zss — Z2Zg3
s1

+—————5in6y)
Zs1Zgy — %SZZ_SB

Zs

= (—
1+ Gpll(S)Us ZZss — ZpZs3
1
4=
Zs1Zss — ZppZg

Y sin 6p

cos 6y)

Furthermore, according to the assumption that the output
power factor of the DFIG is 1, cos6; = 1, and sinf; ~ 0.
Thus, we have

1
Flrip + sLos + SLoy — FJ:‘pGrSC(S)
Yoo =0
Y3=0
1
Yy = R 1
(I+ Gpll(S)Us)((,S[:p + sLos + Loy — @Grsc(s))

(Al4)

88945



IEEE Access

W. Jin, Y. Lu: Stability Analysis and Oscillation Mechanism of the DFIG-Based Wind Power System

Similarly, the GSC equivalent impedance can be obtained
according to (B5)-(B8), as shown in (A15).

AUsq Zet Zgp Algq
= AlS
[AUW ] [Zg3 Zga | | Algq ( )
where
Zg1 = Ry + 5Ly — Ggyc()
Zyp =0
Zy =0
Zoy = Rg + 5Ly — Ggsc(s).

Transforming (A15) into a polar coordinate expression,
substituting (A2) and (A3) into (AlS5), and ignoring the
resistance of the filter, we have the relationship between
the current and the voltage in the polar coordinate system,
as shown in (A16).

Al Yo Ye|[ AU
= Al6
[IgA¢i| |:Yg3 g4i| [UYA‘S} (A0
where
y 1
| = =
§ sLg — Gggc()
Yopr=0
Yi3=0
1
You =

(1 + Gpi()Us)(sLg — Ggse(s))”

2) CONSIDERING THE PQ CONTROL OF THE RSC
According to the PQ control block in Figure 3, we have

Al*d AP
[A/;;] = Gpq(s) [AQ} (A7)
Substituting (A17) into (A4) yields
AU*
Grse(s) —wo Ly Aly
— Al8
[ @2 Ly Grsc(s) i| |:Aqu ]( )

Linearizing equation (7), we have

AP . Usa Al + Lyq AUy

AQ | Usg || Alyy Iy || AUy
(A19)

Substituting (A19) into (A18) yields the relationship
between the stator side current and the voltage, as shown in

(A20).
A Usd Zsl ZYZ Aled
= A20
[AU&q:| |:Zs3 S4:| [Alsq} (420

88946

where
. sLos+ g + 5Loy + Grse(8)Gpg()Us — 51 Grse(s)
1 =
' — i Girse(5) Gpg (95
Z, = a)1L§S /Ly
0= —
1= 5 Grse(8)Gpq(9)];
7= wiL3/Ls
§O —
- rlﬁpGrsc(s)qu(s)Iss
SLas+UI§_l:.p + sLer + Grsc(S)qu(s)Us - %HpGrsc(S)
Zs4 = .
- ﬁGrsc(s)qu(s)Is

Substituting (A1), (A2) and (A3) into (A20) yields the
approximate dynamic model of the DFIG in the polar coordi-
nate, as shown in (B21).

Al _ Y Y AU;
)=l l[0ks] e
where
1
Y51 = 1
SLes + R, + sLoyr + Grsc(S)qu(S)U ol ——Grse(S)
Ys2 =0
Y3 = 0
N
1+Gpu(s)Us
Yo =
SLos+_ +sLor + Grsc(s)qu(S)U iy rsc(s)

3) CONSIDERING DC BUS VOLTAGE CONTROL
Linearizing equations (13) and (14), we have

AlY AU,
gd | — dc
1 — oo
sUdc0AUqcCac = —ﬂAPg
Gslip
o
a0 (UvOAIgd +I0AUy) (A23)
Osslip
Substituting (A23) into (A22) yields
I:Algdi| _ Gac®)Uso(osiip — 1) |:A1gdi|
Al sUqcoCdcOslip 0
Gdc(s)IgO(Uslip -1 |:AUgdi| (A24)
sUqc0CacOsiip 0

Substituting (A1)-(A3) into (AS5), (A8) and (A24) yields
the GSC dynamic model in the polar coordinate, as written in

(A25).
Ay 1 [Ya Yo [ AU
|:1gA¢’:| B |:Yg3 Yg4:| [USAS] (A2
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where
1— Ggsc (5)Gdc ()50 (o'slip —1)
Y, = slipsUdco Cde
. Gac(5)Uso(astip—1)
SLg - Ggsc.(s)(l - leipSUdCOédc )
Yopr =0
Ye3=0
1
4 = .
7 (1 + Gpu(9)Uy)(SLg — Ggse(s))
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