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ABSTRACT Recently, sub-synchronous oscillation (SSO) issues were observed in direct-drive permanent
magnet synchronous generator (D-PMSG) based wind power generation systems (WPGS) comprising
multiple wind farms. Impedance model (IM) analysis has become an important method to study such
problems. In this paper, an IM of a D-PMSG grid-connected system (GCS) is established considering
the relationship between wind speed and wind turbine output power and the effect of voltage outer loop
control. An impedance network model (INM) for a multi-wind-farm grid-connected system (MWFGS) is
constructed with IMs of each wind turbine/farm and transmission lines according to the interconnection
topology of them. Then, based on the IM of the D-PMSG-GCS, the influence of wind speed on the SSO
characteristics is quantitatively analyzed, and the accuracy of the model is verified by comparing with the
eigenvalue analysis results. Finally, the influencing factors such as distributed wind speed and network
topology of MWFEGS on SSO characteristics are quantitatively analyzed based on the INM, and the time-
domain simulation verifications are performed in PSCAD/EMTDC. The results prove the effectiveness of
INM in analyzing SSO problems of a large-scale WPGS. This is of great significance for the planning of
large-scale D-PMSG-based WPGSs and the suppression of SSO.

INDEX TERMS Direct-drive permanent magnet synchronous generator (D-PMSG), sub-synchronous

oscillation (SSO), impedance network model (INM), wind speed, voltage outer loop.

NOMENCLATURE I. INTRODUCTION
SSO Sub-synchronous oscillation As a green renewable energy resource, wind power has played
D-PMSG Direct-drive permanent magnet synchronous an important role in solving the current global energy crisis
generator and environmental pollution problems [1]. However, in recent
WPGS Wind power generation systems years, problems related to the oscillation stability of wind tur-
GCS Grid-connected system bines have occurred in many regions of China. In July 2015,
MSC Machine-side converter the severe sub-synchronous oscillation (SSO) without series
INM Impedance network model compensation occurred in the wind farm based on D-PMSGs
MWEFGS  Multi-wind-farm grid-connected system in Hami area of Xinjiang, China [2], [3].
WT Wind turbine At present, the time-domain simulation method [4], the
PLL Phase-locked loop eigenvalue method [5], [6], and the impedance model
MPPT Maximum power point tracking method [7]-[16] have been used for the research of SSO
WF Wind farm issues. However, for the SSO analysis of a large-scale WPGS,
PCC Point of common coupling the time-domain simulation method is time-consuming, and
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the eigenvalue method will face the problem of “‘dimensional
disaster”” [7]. Because the impedance model analysis method
has the advantages of clear physical concepts and strong
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scalability, it is suitable for analyzing the SSO problems of
a large-scale WPGS.

There are two main ideas for impedance modeling of
power electronic converters. One is to establish the sequence
impedance model of a converter in the abc three-phase sta-
tionary coordinate system [8], [9], and the other is to estab-
lish the impedance model in the dq synchronous rotation
coordinate system [7], [16]. The sequence impedance model
represents a one-dimensional impedance, but in the process of
modeling, the effects of positive and negative sequence cou-
pling, voltage outer loop control, AC-DC dynamic coupling,
and asymmetry of the parameters of the dg-axis controllers
are ignored, making precise modeling difficult. Based on
the 2*2 order impedance matrix model in the dq coordinate
system, the problems such as dq axis coupling can be easily
solved.

The voltage outer loop control has a significant impact on
the dynamic characteristics of the lower frequency range of
the system [13]-[16]. Reference [16] considered the voltage
outer loop control, but did not quantify the stability of the
renewable energy system; [7] proposed a quantitative method
for stability analysis, but did not give the expression of cor-
responding impedance model.

Wind speed is one of the important factors affecting
the grid-connected operation of D-PMSGs [2], [17], [18].
Though [2] qualitatively pointed out the impact of wind tur-
bine (WT) output power on the SSO characteristics, it did not
give a model for quantitative analysis. Reference [18] quan-
tified the influence of wind speed on the SSO characteristics
of a D-PMSG based WPGS based on the eigenvalue analysis.
However, there is no literature to quantify the impact of wind
speed on the SSO characteristics of D-PMSG based WPGS
with impedance model analysis method.

Existing IMs of a D-PMSG based WPGS are simplified
“single-machine-infinite-bus’’ system models [9], [16], [20].
That is, the wind farm is aggregated into one WT or many
identical WTs are connected to a common bus, and the power
network is reduced to an equivalent series line. However,
an actual large-scale WPGS usually consists of multiple
geographically distributed wind farms, and each wind farm
contains different numbers and types of WTs. Moreover, due
to the distributed wind speed, their operating conditions will
be diversified. The simplified * single-machine-infinite-bus
7 system model is difficult to characterize a real WPGS
including multiple wind farms with different WTs. It cannot
reflect the influence of the key factors such as network topol-
ogy, spatial distribution of wind farms, diversity of WTs and
distributed wind speed on SSO characteristics. In [23], con-
sidering the above factors, an INM was proposed to analyze
the stability of the sub-synchronous resonance of the multiple
wind farms series compensation system, but the impedance
model expression of the D-PMSG was not presented.

In this paper, an IM of a D-PMSG-GCS is first established
considering the effects of voltage outer loop, current inner
loop, phase-locked loop, DC dynamic link and filtering, and
wind speed is introduced into the model utilizing the function
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of wind turbine output power. An INM for an MWFGS is
constructed with IMs of each wind turbine/farm and transmis-
sion lines according to the interconnection topology of them.
Then, based on the IM of the D-PMSG-GCS, the influence of
wind speed on the SSO characteristics is quantitatively ana-
lyzed, and the accuracy of the model is verified by comparing
with the eigenvalue analysis results. Finally, the influencing
factors such as distributed wind speed and network topology
of MWFGS on SSO characteristics are quantitatively ana-
lyzed based on the INM, and the time-domain simulation
verifications are performed in PSCAD/EMTDC. The results
prove the effectiveness of INM in analyzing SSO problems
of a large-scale WPGS. This is of great significance for the
planning of a large-scale D-PMSG based WPGS and the
suppression of SSO.

Il. D-PMSG EQUIVALENT CIRCUIT

AND CONTROL SYSTEM

A D-PMSG mainly consists of a WT, a PMSG, a
machine-side converter (MSC), a grid-side converter (GSC),
a DC link, and an L filter [2], [24]. The DC link separates
MSC and GSC without affecting each other, and the on-grid
dynamics of a D-PMSG mainly depends on the control fea-
tures of its GSC [2]. Therefore, a D-PMSG is generally
equivalent to a voltage source converter (VSC) [8], [9], [16],
as shown in Fig. 1.
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FIGURE 1. D-PMSG grid side main circuit and control system.

Fig. 1 consists of two parts: the equivalent circuit and the
control loops. The GSC of the D-PMSG is connected to the
infinite grid through a filter link L1, a transformer, and a grid
connection impedance Zz. The current reference direction is
from the grid to the PMSG [16]. The control loops includ-
ing the voltage outer loop, the current inner loop, and the
phase-locked loop (PLL), are oriented at the grid voltage in
the dq frame system. The controllers of the current inner loop
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and the voltage outer loop adopt the proportional-integral (PT)
controls.

Ill. MODELING THE IM OF THE D-PMSG-GCS
The IM of the D-PMSG-GCS is established in the form of
per-unit value. Besides the considerations of the voltage outer
loop, the current inner loop, the phase-locked loop and etc.,
the model takes a wind speed variable into account by using
the functional relationship between wind speed and output
power of WT, to accurately quantify the influences of wind
speed on the SSO frequency and damping of the system.

For the convenience of the following model deduction,
there are two equivalents to represent the electrical quantities
in Fig. 1: one is the vector form like E = E4 + jEq, the other

is the scalar form like E = [Ed Eq ]T.

A. IM OF D-PMSG

1) VSC AC SIDE DYNAMIC LINK

As shown in Fig. 1, the dynamic equation of the GSC AC-side
circuit is,

s .
(—Ly +jor1 LIy = E - Uy (1)
wp

where, L1 is in p.u, wy, is the base angular frequency in rad/s,
w1 is the base angular frequency in p.u, I is the vector of
the output current, and E is the voltage vector of the point of
common coupling (PCC), Uy is the vector of inverter output
voltage.

2) CURRENT INNER LOOP
In the current inner loop, the unit power factor control mode
is used, that is, Iggrer = 0 [6]-[10].
According to Fig.1, the current inner loop control equation
is,
1 .
Ugref = - (kgi + ﬂ)(lgref - Ig) _leLIIg +E (2
_
Fi(s)
where, Ugret 18 the reference vector of the GSC output volt-
age, Igref is the reference vector of the output current, and kg;
and Ty; are the proportional gain coefficient and the integra-
tion time constant of the PI controller, respectively.
The equation for the modulation link is

Ug = Udcb/ 2/ Upthchgref
= kUchgref (3)
where, Uqcp is the DC voltage base value, Uppp is the AC

voltage base value, Uy is the DC side voltage, and k is the
GSC output voltage gain.

3) VOLTAGE OUTER LOOP
As shown in Fig. 1, the voltage outer loop control equation
is,

1
Igdref = (kgu + T_S)(Edcref — Uqc) 4

gu
———

Fyc(s)
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where, kg, and Ty, are the proportional gain coefficient
and the integration time constant of the voltage outer loop
controller, respectively, Eqcret 1S the reference value of DC
voltage, and Iyrer is the reference value of d-axis current.

Equation (5) is obtained based on (1)-(4) and presented into
a matrix form.

S
— L1 + kUgcFi(s)  kUgcw1 Ly — w1Ly I
Wp |: gd:|

s
w1L1 — kUgew1 Ly aTbLl + kUq4cFi(s) Igq

| 1 —kUqc 0 Eq
o 0 1 —kUq || Eq

+ kUqgcFi(s) |:FdC(s)(Edcref - Udc)i|

o 5)

Equation (6) is obtained by adding a small disturbance at
the PCC based on (5).

A B ||l + Alyg
—B A || Iy + Aly
| C 0 || Eg+AEq
10 C||EptAE,

D
]+(Uch+AUdc) |: 0 ]

(6)
where, AUy, is the deviation of the DC voltage, and Uy is
the per-unit value of the DC voltage in steady-state,

s
A= w—bLl + k(Uaco + AUqc)F1(s)
B = k(Ugco + AUgc)w1 L1 — w1Ly
C=1—-k(Ugep + AUqc)
D = kF1(8)Fac(s)(Edcret — (Uaco + AUge)).

The small-signal model (7) is obtained by linearizing (6).
E F Isq0 n G H Algq
~F  E || I ~H G || Al
| J O] Eq K 0O AEq | M
-[os ][]+ Ok [35] - aue[T]
@)
where
E = kAUqcFi(s)
F =kAUgcw1L;
s
G = —L1 + kUacoFi(s)
Wh
H = kUgcow1 L1 — w1l
J = —kAUygc

K =1— kU
M = kFi(s)UqcoFac(s).

Take the grid voltage as the orientation vector of the vector
control system, that is, set the grid voltage vector E on the
d-axis in the synchronous rotation coordinate system, and
then rotate it 90° counterclockwise to obtain the g-axis, then

Eq = Ep

Eq=0 ®
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where Ej is the voltage of PCC at a steady-state operating
point. The following electrical variables with the subscripts
containing 0 are the values at the steady-state operating point.
After considering small disturbances, the vectors of the
GSC output voltage and the inductor current are Uy =
(Ugdo+AUga) +j(Uggo + AUgq) and Ig = (Igao + Alga) +
j(ngo + Algq) respectively. Therefore, the complex power
transmitted by GSC is S = Uglz = Py +jQ,, and then

APy =140 AUgd + Igq0AUgq + Ugdo Alga+UgqoAlgq
AQo=1Ieq0 AUgq —Izq0AUgd — Ugdo Algq+Ugqo Algd
©))
where the d-axis current at the steady-state operating point is

Iga0 = Pgo/Ugdo-
The dynamic equation of the DC capacitor is (10) [14].

N
APg = —AUqgcUdcoClc (10)
Wh

where Cq. is the per-unit value of the DC-side capacitance.
From (9) and (10), the DC voltage deviation is obtained.
T5a0AUgg + Igq0 AUgq + Ugdo Alga + UgqoAlgq
an UdcoCac

AUqge =

(11)

The relationship between Ug and E is shown in (1). There-
fore, the Uy at the steady state operating point and its small
deviation expressions are shown in (12) and (13), respec-
tively.

S
Ugdo = Eqo — —Lilgdo + w1Lilgq0
@b s (12)
quO = EqO - cUlLlIng + w—bLllqu
AUga = AEq — — Ly Alyg + 1L Al
“ (13)
AUgq = AEq + w—bLlAng —w1L1Alg

Because of the zero reactive power control, lygef =
Iyq0 = 0, so (12) can be simplified to (14).

Ugdo = Eqo (14)
Ugqo = Eq0 — w1L11gd0

According to (14), Isq0 = Pg0/Eqo-
Equation (15) is obtained by taking (13) and (14) into (11).
AEglgq0 + Fe(s) Al
Fu(s)

AUgc = 15)

S
Fyp(s) = —UgcoCac
where @b

sPgo
Fe(s) = Eqo — wonLl
Equation (16) is obtained by taking (15) into (6).

N H[Ala] _[X O][AE 6
T G||Alg|~ |W K||AE (16)
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where
kFy(s)P, kEqoF
_ 1(5) 20 (5) 4 KED c(s) iL]
Fy(s)Eqo Fy(s) wp
kF1(s)UqgcoF F
1) UdcoFac(s)Fc(s) + kF1(5)Udeo
Fp(s)
_ _ka)lLch(S)Pg() _
Fy(s)Eqo
XK — kPgo _ MPy _ kF(s)PgoPg0
Fo(s)  Fp(9)Eq0  Fv(s)EqoEdo
0=0
_ kw1L1PgoPyo
Fo($)EdqoEq0

4) PHASE-LOCKED LOOP
The phase-locked loop control structure is shown in Fig. 2.

. v
E, E,
— =4 »
E, Park @, n
r—

transform| 0
E E, A® D 1 PLL
e

FIGURE 2. Phase-locked loop control structure.

As shown in Fig. 2, the control equation of the PLL is,

1
Aw = Ky, + —) E! 17
B e
FpLL(s)
do
d’;LL = wp + Aw (18)

where Aw is the difference between the PLL output angular
frequency and the actual grid voltage angular frequency, and
Kpp and Tj, are the proportional gain coefficient and the
integration time constant of the PLL controller, respectively.
E[] is the g-axis voltage component obtained by transforming
the three-phase voltage at the PCC through the Park transfor-
mation after considering the effect of PLL. 8pr L is the output
angle of the PLL.

A6 = OpLL — O, and 6 is the actual grid voltage angle.
The voltage phasor at PCC can be expressed as,

E = ¢72%E = [cos(AB) — jsin(A)] (Eg + AE)
~ Ey+ AE — jJEyAf (19)

Equation (20) can be obtained according to (17)-(19).

dAf
7R FpLL(S)(AEq — EgA0) (20)

The transfer function of the PLL can be obtained according
to (20).
F
A — PLL(S) AE,
s+ FpLL(S)ED
= GpLL(S)AEq (21)

The schematic diagram of the phase-locked loop is shown
in Fig. 3. From Fig. 3, the small deviations of the voltage and
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FIGURE 3. Phase-locked loop schematic diagram.

the current at PCC considering the PLL are obtained as shown
in (22) and (23), respectively.

AE; [ AE4 0
AE, |~ | AEg *lo

(22)
AL [Al 0  GpL()lqo || AE,
e B o e

Therefore, the equivalent impedance expression (24) of the
D-PMSG is obtained by taking (22) and (23) into (16).

GrLL()Eq | [ AE,
—GpLL(DEw | | AE,

_ p ~1
X —HGpLL -2
Zy(s) = Edo
W K + KGprLEgqo — GGpr L —=—
L Eqo
« N H
T G
[ Zaa  Zag
= 24
| Zga Zgq 9

5) IM OF D-PMSG CONSIDERING WIND SPEED VARIATION
The actual active power obtained by the wind turbine Py, is

closely related to the wind speed v, and the relationship is as
follows [24]-[26],

0, v € [0, Veutin)
0.57R2

tur

Pur = ,OCpV3 = ki V3, Vv € [Veutins Vrated]  (25)

Prage, v € (Vrateds Veut-out]

where Ry, is the radius of the WT blade, p is the air density,
Veut—in 18 the cut-in wind speed, vrgeeq 1S the rated wind speed,
Veut—out 18 the cut-out wind speed, Prae 1S the rated power of
the D-PMSG. C,, is the wind energy utilization coefficient,
which is kept at the maximum value and constant (generally
0.593) by maximum power point tracking (MPPT). The blade
radius of the WT is a constant and the air density is normally
assumed as a constant in the same area, thus kq in (25) is a
constant coefficient.

Considering the power loss of the PMSG and the MSC,
the conversion efficiency is assumed as a constant value k.
Thus, the active power transmitted from the MSC to the DC
bus is Py = kyPy:. Ignoring the DC side resistance, it is
assumed that the active power is transmitted from the DC bus
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to the GSC without any loss, that is, Pgo = P; at the steady-
state. Py in p.u s,

PgO = _kZPtur/Sb (26)

where Sy, is the capacity base value of the system.

By introducing (26) into (24), the equivalent impedance
model Zyy(s) of the D-PMSG considering wind speed varia-
tion is obtained.

B. IM OF D-PMSG-GCS
In the abc three-phase stationary coordinate system, the AC
grid connection impedance model in D-PMSG-GCS shown
in Fig. 1 is expressed as:

S
Zgabe = o + —L 27)
g-abc g wp g

where r is the AC grid connection resistance in p.u and Ly is
the AC grid connection inductance in p.u.

Transform the AC grid connection impedance Zg apc
in (27) into the dq synchronous rotation coordinate system
as

rg + iLg —wiLg
Zg(s) = @ s (28)
a)ng rg + o Lg

The IM Zx(s) of the transformer (Fig. 1) in the dq syn-
chronous rotation coordinate system will not be described in
detail here, since it is similar to the AC grid IM.

According to the system in Fig.1, it can be seen that
the impedances of the D-PMSG, the transformer, and the
grid connection are in series. Therefore, the IM of the D-
PMSG-GCS in the dq coordinate system is

I (s) = Zwy(s) + Zg(s) + Z1(s) (29)

where Zp(s) is a 2+2 order impedance matrix.

IV. ESTABLISHMENT OF INM FOR LARGE-SCALE
D-PMSG BASED WPGS

With the large-scale access of WTs, large-scale D-PMSG
based WPGSs are formed, each of which contains multi-
ple wind farms. The system which is similar to a “single-
machine-infinite-bus shown in Fig. 1 can not reflect the
effects of the network topology, the distributed wind speed,
and other factors on the SSO characteristics in an MWFGS.
In order to solve such problems, an INM is constructed
according to an actual network topology of MWFGS. With
the system in Fig. 4 as an example, WF1, WF2, WF3 and
WF4 are four wind farms (WFs). The wind power generated
by the WFs is sent to a 220kV booster transformer via their
respective transmission lines (Linei i = 1...4), and then,
is transmitted to the main grid via Line0.

A. IM OF WF

Each point of a WF access in Fig. 4 is assumed to be a
PV node, while considering the active power of the WF is
determined only by the wind speed. If the D-PMSG controller
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FIGURE 4. MWFGS topology example.

parameters and operating conditions in the equivalent aggre-
gated WF are the same, the impedance model of each WF is

Zwr(s) = Zyy(s)/n (30)

where n is the number of WTs included in the WE.

B. IM OF TRANSMISSION LINE

The impedance model of a transmission line in Fig. 4 is equiv-
alent to a ;-type equivalent circuit as shown in Fig. 5, where
Ry, L1, and Cp are the lumped resistance, the inductance,
and the shunt capacitance, respectively. In general, the effect
of the shunt capacitor on the SSO characteristics is very
small [23], so it can be ignored.

IC I

I L

FIGURE 5. Transmission line model.

Similar to (28), the IM of a transmission line in the dq
synchronous rotation coordinate system can be presented
in (31).

S
RL + —L, —w1 Ly,
Ziine(s) = @b Ky 3D
w1Ly, R+ —L
Wb

C. IMS OF THE EXTERNAL SYSTEM AND THE
TRANSFORMER
The connecting point of the external system (grid) is desig-
nated as a V6 node. The IM of the external system Zg(s) is
derived with the Thevenin equivalent circuit.

Z1(s) is the impedance of the booster transformer.

The IM of the external system Zg(s) and the IM of trans-
former Zr(s) are similar to (28).

D. INM OF MWFGS
An MWEFGS includes multiple wind farms, transmission
elements such as transmission lines and transformers, and
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external systems. An INM for an MWFGS is constructed with
the IMs of all components according to the interconnection
topology of them.

ZWF 1 ZLi nel

W
ZWF2 ZLineZ
N Zr Zinw Z
Zwrs  Ziines — h

] o e —

ZWF4 ZLine4

N F—

FIGURE 6. INM of the MWFGS.

The example of an MWFGS based on D-PMSG is shown
in Fig. 4. Assume that K1-K4 switches are all closed, the INM
of the system is established shown in Fig. 6. The INM is
further aggregated into lumped impedance as follows.

Z(s) = L1(5) | Zo(s) | Z3(s) || Za(s) +Zo(s)  (32)

where the symbol ““||” stands for the parallel manipu-
lation, Zo(s) = Zt1(s) + Zrineo(s) + Zs(s), Z1(s) =
L1 () + Ziine1(5), Zo(s) = Zwpa(s) + Zrine2(s), Z3(s) =
Ziwr3()+ZLine3(s), Za(s) =Zwra(s) + Ziinea(s). Zwr1(s),
Zwry(s), Zwri(s) and Zwg4(s) are the IMs of the WFs
based on D-PMSG WF1, WF2, WF3, and WF4, respectively.
Ziinei(s) i =0, 1...4) are the IMs of the transmission lines.

V. STABILITY ANALYSIS METHOD
Z(s) is transformed to Z™(s) in the «f stationary coordinate
system as (33) [8].

Z%(s) = L(s — jo) (33)

The stability of the system depends on the zero point of the
determinant of Z™(s) [7], which is

D(s) = det(Z™(s)) = Zad-1Zgq-T — Zdq-1Zgd-T  (34)

where Zad—T, Zdq—T, Zqq—T and Zgq T are the four elements
in the second-order matrix Z™(s) aggregated from the INM
of an MWFGS.

According to the impedance-frequency characteristic
curve of D(s), the stability of the SSO mode of the system can
be discriminated and the SSO frequency can be quantified [7].
Assume that there is a pair of conjugate zeros in the deter-
minant D(s) within the synchronous frequency range, that is,
Al2 = Osso +jwsso, and |asso| K |wssol, when w is located
in the tiny neighborhood of A1 7, (34) can be expressed as

D(jo) = (jo — r1)(jo — 22)G(jw) (35)

where G(jw) = a + jb, a, b are constants.
Equation (36) is obtained by separating the real and imag-
inary parts of D(jw) in (35).

(36)

Re[D(jw)] = a(—* + adg + wiso) + 2bassow
Im[D(jw)] = b(—w2 + aéSO + a)gso) — 2aassow
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The system zero-crossing frequency w, can be obtained by
making the imaginary part Im[D(jw)] = 0, as

wr1,2=—[assoa £ \/ (ass0a)2 +bX(adg)+wig)l/b (37)
Since |asso| K |wssol, there is
wr X ws50 (38)

That is to say, the concerned SSO frequency can be
obtained by locating the zero-crossing point in the imaginary
curve of D(s).

By substituting (37) into (36), the equivalent resistance at
the crossing frequency is given by

Re[D(jwr)] = (2bwr)asso (39)
Equation (40) can be obtained from (39).
o = —asso ~ —Re[D(jox)]/(2bwr) (40)

where o is the damping of the SSO.

As can be seen from (40), when the imaginary curve of
D(s) crosses w, from positive to negative, that is b > 0, and
Re[D(jw;)] < 0, the SSO is stable; otherwise, it is unstable.
When the imaginary curve of D(s) crosses w; from negative
to positive, that is b < 0, and Re[D(jw,)] > 0, the SSO is
stable; otherwise, it is unstable.

In order to further quantify the SSO damping, the aggre-
gated RLC circuit method [7], [19], [23] is used. In the tiny
neighborhood of the SSO frequency, the impedance model
determinant of the system can be equivalent to a complex
number multiplied by the impedance of the RLC series cir-
cuit. According to the obtained aggregated circuit parameters
R and L, the damping of the SSO can be further quantified:

R

o=5 (41)

VI. CASE STUDY

A. RESEARCH ON THE EFFECT OF WIND SPEED ON SSO
CHARACTERISTICS AND D-PMSG IM VALIDATION

The system of a single D-PMSG connected to a grid is shown
in Fig. 7. GW/1500, the typical model of D-PMSG used in
the WFs in Hami of China, is taken as the research object.
The main parameters of the system are given in Table 1.

)ﬁ—@—mﬁﬂ—@

Ty
0.69kV/35kV ‘& g Grid

D-PMSG
FIGURE 7. A single D-PMSG connected to grid.

1) QUANTITATIVE ANALYSIS OF THE EFFECT OF WIND
SPEED ON SSO CHARACTERISTICS

Based on the SSO stability criteria and the calculations of
the lumped impedance, the impedance-frequency charac-
teristic curves of the impedance determinant of the single
D-PMSG-GCS (shown in Fig. 7) under the different operating
wind speed conditions are shown in Fig. 8.
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TABLE 1. Parameters of D-PMSG-GCS.

Parameters Value
Rated power 1.S MW
Rated voltage 0.69kV
DC-side capacitor Cy=35mF
Filter inductor L,=0.4mH
Grid connection reactance L,~0.5146H
Grid connection resistance re=0
System's capacity base value 1.5MVA.
DC link rated voltage 1.1kV
Rated wind speed 11 m/s
Cut-in wind speed 3 m/s
Cut-out wind speed 22 m/s

As Fig. 8 shows, the Im curve means the imaginary part of
the determinant, the Re curve means the real part of the deter-
minant. In (a) the Im curve crosses the zero point at 21.276Hz
from positive to negative while the real part is greater than 0 at
the wind speed 3m/s, which means the SSO is unstable. In (b),
the Im curve crosses the zero point at 21.077Hz from positive
to negative while the real part is greater than O at the wind
speed 4m/s, which means the SSO is also unstable. When the
operating wind speed is Sm/s, the SSO is stable, because the
Im curve crosses the zero point at 21.029Hz from positive
and negative while the real part is less than 0 in (c). When the
operating wind speed is at 6m/s, 7m/s, 8m/s, 9m/s, 10m/s,
and 11m/s respectively, the Im curves cross the zero point
at21.122Hz, 21.336Hz, 21.678Hz, 22.178Hz, 22.898Hz, and
23.954Hz from positive and negative while the real parts are
all less than zero, in which cases the systems are stable.

In order to quantify the SSO frequency and damping
accurately, the IM determinant is further represented by the
equivalent RLC circuit near the modal frequency. The SSO
frequency and damping of the system under the different
operating wind speed conditions are shown in Table 2.

As shown in Table 2 when the wind speed increases,
the output power of D-PMSG increases, the damping D
increases, and the SSO frequency fup, increases slightly as the
same presentation in [2]. Although there is a slight decrease
of fsub as the wind speed changes from 3m/s to Sm/s shown
in Table 2, it is negligible relative to the overall change trend.

2) VERIFICATION OF D-PMSG IM

Based on the state-space model, the eigenvalue method is
used to analyze the case in Fig. 7. The results obtained based
on the IM analysis are compared with the results obtained
based on the eigenvalue analysis method verified in [18],
as shown in Table 3.

It can be seen in Table 3 that at the low wind speeds, SSO
frequency obtained by the IM analysis method are close to
the results obtained by the eigenvalue analysis method; the
errors of the SSO frequency are less than 2%; the deviations
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FIGURE 8. Impedance-frequency characteristic curves of the IM system under the fundamental condition are shown in Table 4.
determinant of D-PMSG-GCS under different wind speed conditions. (Zt is the impedance at 220kV voltage level.)
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The WF1, WF2, WF3 and WF4 all contain 175 D-PMSGs
with the rated power of 1.5SMVA. A time-varying scene is set
up for the analysis, which contains the following 4 working
conditions.

Working condition 1: In the initial state, K1, K2, K3, and
K4 switches are closed. The four farms operate at the same
wind speed, 8m/s. The MWFGS operates stably.

Working condition 2: When the MWFGS operates to 30s
based on Working condition 1, the operation wind speeds of
WF1 and WF2 become 7m/s, and the operation wind speeds
of WF3 and WF4 become 6m/s.

Working condition 3: When the system operates to 40s,
the operation wind speed of WF4 becomes 3m/s, and the
operation wind speeds of other WFs remain unchanged.

Working condition 4: When the system runs to 43s,
the operation wind speed of each WF remains unchanged, but
the WF4 is cut off.

21.716Hz

Impedance/pu

18 19 20 21 22 23 24 25 26 27 28
Frequency/Hz
(a) Working condition 1

02 21.524Hz
o1 T~ =
o e
< -0.1F -
E-O,Z r
=-03F7
-0.4
18 19 20 21 22 23 24 25 26 27
Frequency/Hz
(b) Working condition 2
1.5
1
0.5
\g_ 0
g-0.5 b
g -l 1
@-1.5 0s _ 4
£ 2 708//” 21.371Hz q
'2‘35 2136 2137 2138 1
1819 20 21 22 23 24 25 26 27 28
Frequency/Hz
(c) Working condition 3
0.6
—— Re
04 21.555Hz
E’* o2p o~ -
s | T~y -
2o o
B-02F
2.
E.04F -~
0.6

18 19 20 21 22 23 24 25 26 27 28
Frequency/Hz
(d) Working condition 4

FIGURE 9. Impedance-frequency characteristic curves of INM
determinant under the different working conditions.

The impedance-frequency characteristic curves of the
determinant D(s) under the different operating conditions
are shown in Fig. 9. It can be seen that under condition 1,
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FIGURE 10. Active power and current flowing through Line 0.

TABLE 5. Comparison of the theoretical analysis results based INM and
the time-domain simulation results under the different working
conditions.

Wind Theoretical analysis Time-domain analysis

speed

(m/s) fwMz) DY fwMz) DG
2 21.524 3.025 21.103 2.651
3 21.371 -0.412 21.071 -0.408
4 21.555 4.534 21.137 4.235

the zero-crossing frequency is 21.716Hz with the imagi-
nary part of D(jw) crossing the zero point from positive
and negative, and the real part of the determinant satisfies
Re[D(jw)]<0, which means the SSO is stable with the posi-
tive damping. The SSO damping calculated by the aggregated
RLC circuit method is 5.013s~!. The working condition 2 is
similar to the condition 1, and the SSO frequency and damp-
ing of the condition 2 are 21.524Hz and 3.025s71, respec-
tively. Under the working condition 3, the zero-crossing fre-
quency is 21.371Hz with the imaginary part of D(jw) crossing
the zero point from negative to positive, and the real part of
the determinant satisfies Re[D(jw)] <0, which means the SSO
is unstable with the negative damping, and the SSO damping
is calculated as —0.412s~!. Working condition 4 is similar
to the working conditions 1 and 2, and the SSO frequency
and damping are 21.555Hz and 4.534s ™!, respectively. It can
be seen from the above analysis that the distributed wind
speed and the network topology have impacts on the SSO
characteristics.
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TABLE 6. Comparison of advantages with existing references.

No. EXISTING REFERENCES

THIS PAPER

[16] considered the voltage outer loop control, but did not quantify the stability of
1 the renewable energy system; [7] proposed a quantitative analysis method for
stability, but did not give the expression of corresponding impedance model.

[18] quantified the influence of wind speed on the SSO characteristics of D-PMSG

based WPGS based on eigenvalue analysis. However, there is no literature to

2
quantify the impact of wind speed on the SSO characteristics of D-PMSG based
WPGS with impedance model analysis method.
In [23], an INM was proposed to analyze the stability of the sub-synchronous
3 resonance of the multiple wind farms series compensation system, but the

In this paper, the impedance model of D-PMSG
considering the effect of the voltage outer loop is
established, and the system stability is quantitatively
analyzed.

Based on the impedance model analysis method, this
paper quantifies the impact of wind speed on the SSO
characteristics of D-PMSG based WPGS.

In this paper, the INM of a large-scale D-PMSG-based
wind power grid-connected system is established. Based
on the INM, the impacts of distributed wind speed and

impedance model expression of D-PMSG was not presented.

network topology on the SSO stability of the system are

quantitatively analyzed.

2) TIME-DOMAIN SIMULATION VERIFICATION

According to the MWFGS shown in Fig. 4, a simula-
tion model is built in the PSCAD/EMTDC to perform the
time-domain simulation verification. The curves of the active
power and the current flowing through Line O are shown
in Fig. 10.

As can be seen from Fig. 10, the system is stable in Work-
ing condition 1. In Working condition 2, the current and the
active power decrease, and reach a stable state after a slight
oscillation. In Working condition 3, the current and the active
power first decrease, and then rapidly oscillate and diverge.
At Working condition 4, the current and the active power
decrease, and reach a stable state after a slight oscillation. The
stability analysis results based on the time-domain simulation
are consistent with the theoretical analysis based on the INM.

Prony analysis is performed on the active power
in Fig. 10 to obtain the system’s oscillation frequency f,s and
damping D under Working conditions 2, 3 and 4. The sub-
synchronous current oscillation frequency is fyup = 50-fos.
The SSO frequencies and dampings of the system under the
different operating conditions obtained in the time-domain
simulation are compared with the results obtained by the
theoretical analysis based on the INM, as shown in Table 5.

It can be seen from Table 5 that under the above three
working conditions, the SSO frequencies and dampings of
the system obtained by PSCAD time-domain simulation are
close to the theoretical analysis results based on the INM, and
the SSO frequency errors are all less than 0.5Hz, which verify
the accuracy and the validity of the INM.

VII. CONCLUSION

In this paper, an IM of a D-PMSG-GCS is firstly pro-
posed considering the functional relationship between wind
speed and wind turbine output power, and the effects of
voltage outer loop, current inner loop, phase-locked loop,
DC dynamic link, filtering, etc.. Based on the IM of the
D-PMSG-GCS, the influences of wind speed on the SSO
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frequency and damping of D-PMSG are quantified. The
accuracy of the IM of D-PMSG is verified by the com-
parison with the eigenvalue analysis results. Based on the
IMs of D-PMSGs and transmission elements, an INM is
established according to the topology of the MWFGS.
The effects of distributed wind speed and network topol-
ogy on SSO characteristics are quantitatively analyzed, and
the time-domain simulation verifications are performed in
PSCAD/EMTDC. The results prove the effectiveness and the
accuracy of the INM in analyzing SSO problems of a large-
scale D-PMSG-based WPGS. This is of great significance
for selection of wind farm locations, parameter settings, and
suppression of SSO for large-scale D-PMSG-based WPGSs.

The INM proposed is suitable for small-disturbance sta-
bility analysis, because the IM of D-PMSG in INM is estab-
lished by linearizing at the steady-state operating point. It can
be used to study the influences of distributed wind speed,
number of wind turbines, network topology and other fac-
tors on the stability of SSO. But it is not suitable for the
large-disturbance stability analysis, such as faults, dynamic
switching and other transient events. The transient problems
in large-scale wind power systems need to be further studied.

APPENDIX
See Table 6.
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