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Stability Assessment of DFIG Subsynchronous
Oscillation Based on Energy Dissipation
Intensity Analysis

Jing Ma

Abstract—Concerning the subsynchronous oscillation caused by
the integration of doubly-fed induction generator (DFIG) to the
power grid via the series compensation circuit, a method to assess
the stability of subsynchronous oscillation based on the dissipation
intensity is proposed in this article. First, the transient energy that
DFIG generates in one oscillation period is defined as the dynamic
energy of DFIG, and the model of DFIG dynamic energy containing
internal control and external networks is constructed. And then,
according to the Lyapunov stability theory, the negative gradient of
dynamic energy is defined as the dissipation intensity, which reflects
the dissipation effect of DFIG on the energy generated during
oscillation. On this basis, the effect of the series compensation
degree, phase-locked loop, and converter control parameters on
subsynchronous oscillation is assessed, and real-time assessment of
the stability level of DFIG-integrated power system is realized. Fi-
nally, a simulation model is built in RT-LLAB to verify the proposed
method. Simulation results demonstrate that the stability level of
the system can be assessed accurately according to the value of dissi-
pation intensity. When the value of dissipation intensity is positive,
system oscillation converges. When the dissipation intensity is zero,
the system oscillates with constant-amplitude oscillation. When the
value of dissipation intensity is negative, system oscillation diverges.

Index Terms—Dissipation intensity, doubly-fed induction
generator (DFIG), dynamic energy, phase-locked loop (PLL),
subsynchronous oscillation.

I. INTRODUCTION

N RECENT years, as the penetration rate of wind generation
keeps increasing when doubly-fed wind farm is transmitted
via the series compensation system, subsynchronous oscillation
has occurred ever more frequently as well as disconnection of
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wind farm from power grid, which greatly endangers the safe
and stable operation of power system [1], [2]. Therefore, it is
urgent to study methods to identify the developing trend of
oscillation fast and effectively and assess system stability level
online, thus providing reliable real-time stability criteria for
wind farm control and power grid dispatching.

Currently, doubly-fed induction generator (DFIG) stability
assessment methods mainly include offline assessment methods
and online assessment methods. Offline assessment estimates
the generator-grid resonance point and damping level through
theoretical model calculation. Existing offline assessment meth-
ods can be categorized into the impedance-frequency scanning
method, eigenvalue analysis method, and complex torque co-
efficient method. The impedance-frequency scanning analysis
method identifies the resonance point by depicting the spectrum
characteristics of DFIG and grid in a subsynchronous frequency
band and then determines system stability according to the
Nyquist criterion [3]-[7]. In [6], by constructing the positive-
sequence and negative-sequence impedance models of the sys-
tem based on the impedance analysis method, the stability of the
system is analyzed qualitatively according to the Nyquist stabil-
ity criterion. Huakun et al. [7] uses dg—axis impedance analysis
and builds the RLC equivalent circuit near the resonance point so
that the stability level of the system is identified quantitatively.
The eigenvalue analysis method obtains the oscillation mode
and damping information by calculating the eigenvalues of the
full model of DFIG-grid system [8], [9]. In [9], the damping of
oscillation mode in subsynchronous frequency is calculated
quantitatively through eigenvalue analysis, thus realizing sta-
bility assessment of power system integrated with wind genera-
tion. The complex torque coefficient analysis method identifies
whether subsynchronous oscillation will occur in the system ac-
cording to the value of net damping coefficient [10], [11]. Tabesh
et al. [11] derive the stability criteria of subsynchronous oscil-
lation according to the relationship between the phases of sta-
tor/rotor torque and speed using the complex torque coefficient
method. However, the above methods can only obtain offline
stability criteria and are incapable of online stability assessment
in the full-time domain. Besides, most of the above methods are
based on the full-order model of power system integrated with
wind generation, thus, are not applicable to the large-scale power
system. Existing online stability assessment methods mainly
include time-domain simulation analysis methods and online
oscillation monitoring methods based on Fourier transformation,
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wavelet transformation, etc. Time-domain analysis methods an-
alyze the dynamic characteristic of the system according to the
time-domain response curves of system state variables obtained
by using numerical integration to solve the dynamic differential
equation of system [9], [12]. However, time-domain methods
can only provide the responses of variables and cannot assess
the stability level of system oscillation. Besides, a large amount
of computation is involved in solving a nonlinear differential
equation, thus time-domain methods are not applicable to the
stability analysis of large-scale power system. Fourier trans-
formation is widely used to analyze the oscillation frequency,
which can realize the decomposition of measured signals in the
frequency domain, but is not applicable to signals with strong
nonlinear characteristics generated in the power system [13].
Wavelet transformation is a time-frequency analysis method
applicable to signals with strong nonlinear characteristics, which
can track the variation process of system oscillation frequency
with small computation amount and high computation speed.
However, wavelet transformation can only decompose the signal
in a certain frequency band, but cannot extract the characteristic
of the signal at any specific frequency [14], [15]. The above three
categories of online stability analysis methods can be applied to
both big-disturbance and small-disturbance cases for real-time
monitoring of system oscillation. However, these methods focus
on signal analysis and the identification of attenuation coefficient
and oscillation frequency concerning certain electrical variables,
and cannot assess the overall stability level of the system after
oscillation occurs.

Concerning the above problems, a method to assess the sta-
bility level of the power system with DFIG integration based on
dissipation intensity is proposed in this article. First, the transient
energy that DFIG generates in one oscillation period is defined
as the dynamic energy of DFIG, and the model of dynamic
energy at the terminal of DFIG is constructed. Furthermore,
according to the Lyapunov stability theory, the negative gradient
of dynamic energy is defined as the dissipation intensity, which
characterizes the variation trend of system overall energy during
oscillation and reflects the dissipation effect of DFIG on the
energy generated during oscillation, i.e., the overall stability
level of system. And then, by analyzing the effects of converter
control parameters, phase-locked loop (PLL) control parame-
ters, and grid-side line parameters on the dissipation intensity,
the assessment of effect of system parameters on the stability
level of DFIG subsynchronous oscillation is explored. On this
basis, by measuring the real-time information of dynamic energy
at the terminal of DFIG, the occurring and developing of system
subsynchronous oscillation is monitored, and the dissipation
intensity is calculated, thus real-time assessment of the stability
level of DFIG-integrated power system is realized. Finally,
simulation tests in RT-LAB based on network parameters of
a real wind farm verify the correctness and effectiveness of the
proposed method.

II. DFIG DYNAMIC ENERGY MODEL
A. Model of DFIG Terminal Dynamic Energy

Based on the node current equation, system energy function
can be constructed [9]. Integration of node voltage, generator
injection current, and load current along system trajectory yields
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Fig. 1. Structure of DFIG-integrated power system.

the energy injected to bus i, as well as the conservation of
system’s overall energy

W= /Im((Ii*)TdUi)

/Im(((YUB —Ic+I))dUug)=0 (1

where Y is system admittance matrix, and U p is the column
vector of bus voltage. I and I, are, respectively, the column
vectors of injection current of generator nodes and load nodes.
Im represents extracting the imaginary part of a complex.

The DFIG-integrated power system contains three parts, i.e.,
DFIG, the series compensation circuit, and the infinite bus
system, as shown in Fig. 1. According to (1), the voltage of
infinite bus system is constant, i.e., the energy at the terminal of
bus 2 Wy is 0, thus energy interaction only exists between DFIG
and the series compensation circuit, the energy conservation of
which is expressed as

Wpric + Wre =0 (2)

where Wprig is the transient energy generated by DFIG, and
W e is the transient energy generated by the series compensa-
tion circuit.

For spontaneous subsynchronous oscillation, DFIG as the
oscillating source generates transient energy, which is then
absorbed by the line. The more energy interacted between DFIG
and the line, the more acutely the system oscillates. The inter-
action energy is determined by the transient energy of DFIG.
Therefore, by analyzing the transient energy at the terminal
of DFIG, the stability of subsynchronous oscillation can be
identified.

In this article, the transient energy that DFIG generates in one
oscillation period is defined as the dynamic energy of DFIG.
According to (1), the dynamic energy that DFIG generates at
any moment can be expressed as

t4 2%
WDFIG (t) = / Im (IadUg) (3)
t

where I and Ug are, respectively, the xy-axis components
of voltage and current at the output terminal of DFIG.
An oscillation period is selected as the interval of integration,
and the integration value represents the instantaneous value of
dynamic energy.

Transformation of (3) to dg—axis yields

t4 2%
/ Im(I&dU )
t

t+2x
:/ (Iqcosf —I,sinf)d(Ugsing+ U, cosb)
t
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t4 22
+/ (Igsing + I cos6)d(Ugcost —U,sinb)
t
t+

2m

_ / * IydU, — 1,dUy + P.df
t

t+2x
= / (AZd + idO) d (Auq + uqo)
t

— (Alq + iqo) d (Aud + UdO)

“

where P, is DFIG output active power. 6 is the angular difference
between zy coordinate system, and dq coordinate system, which
also represents the phase-locked angle of PLL. Uy, U, I, and
1, are, respectively, the d-axis and g-axis components of voltage
and current at the output terminal of DFIG. w is the oscillation
frequency in dgq coordinate system. Subscript “0” represents the
steady-state value of the corresponding variable; “A” represents
the variation of the corresponding variable from the steady-state
value.

It can be seen from (4) that by measuring the information of
terminal voltage, current, and power, DFIG terminal dynamic
energy can be calculated. However, since the measured infor-
mation of electrical variables contains a steady-state component
that is irrelevant to oscillation, the dynamic energy obtained
in (4) cannot accurately reflect the energy accumulation pro-
cess during subsynchronous oscillation. To reduce the effect of
steady-state component, replace each variable in (4) with the
variation of the corresponding variable from the steady-state
value, thus DFIG dynamic energy can be further expressed as

t+2
+ / (AP, + P.o) d (A0 + 0y)
t

t4 2%
AWDFIG = / AiddAuq — Aiquud
t

t+2x
+/ AP.dA) = AW + AW, (5)
¢

According to (5), DFIG dynamic energy is composed of two
parts

t+2x
AWl = / AiddAuq — Aiquud
t

(6)

where AW is the dynamic energy directly determined by
voltage and current at the output terminal of DFIG. AW is the
dynamic energy directly determined by PLL and active power.

Next, we will analyze these two energy components sepa-
rately.

t+2x
AW, = / AP.dA0
t

B. Dynamic Energy AW, Directly Determined by Voltage and
Current at the Output Terminal of DFIG

According to (6), during oscillation, the dynamic energy
generated by transmission line is mainly affected by the d-axis
and g-axis components of DFIG terminal voltage and current.
Thus, the detailed expressions of d-axis and g-axis components
of DFIG stator voltage and current are analyzed first.
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When subsynchronous and super-synchronous current distur-
bance signals with frequency of w;_ and w4 appear in the
system, the variation of DFIG terminal phase current can be
expressed as

(N

According to (7), the variation of voltage after the subsyn-
chronous and super-synchronous currents flow through the se-
ries compensation circuit, i.e., the variation of voltage at DFIG
grid-connecting point can be expressed as

Aug = U_ cos (wi-t + @y ) + Us cos (wit + @uy)  (8)

where w;_ and w;4 are, respectively, the angular fre-
quency of subsynchronous and super-synchronous voltage
and current. U_, U;, I_, and I, are, respectively, the
amplitudes of subsynchronous and super-synchronous volt-
ages and currents. ¢, and ¢, are the initial phase an-
gles of subsynchronous and super-synchronous voltages. ¢;_
and ¢; are the initial phase angles of subsynchronous and
super-synchronous currents. Uy = I, X, U_=1_X_,p,_ =
i- + prro,and Yyt = iy + Yrrc, Where X, X, and
¢ rrc are the impedance and phase angle of series compensation
circuit in subsynchronous frequency and super-synchronous
frequency, respectively.
Apply dq transformation to (7) and (8), so that

Aug = U- cos (wt — @y ) + Uy cos (wt + put)
Aig =T sin(wt — ;) + I sin (wt + ;1)
Auy = —U_sin (wt — py—) + Uz sin (wt + @qy)
Aig = —I_sin (wt — @;—) + I sin (wt + ;)
where w = wy — w1 = W14 — Ws.
Apply (9) to AW in (6), so that the dynamic energy of the
transmission line can be obtained

Aig =1T_cos(wi-t+ ;) + I cos (witt + piy) .

)

t4 2
AW, = / [—Isz—i—LrI,RwCOS (pit +<Pi7)] dt
t

t+3x
+/ ILI Xpcwsin (g4 + ;- ) dt (10)
t

where R is the resistance of the series compensation circuit, and
X1 is the capacitance and reactance of the series compensation
circuit.

It can be seen from (10), AW is the dynamic energy com-
ponent transmitted to the machine through the transmission line
and is only relative to transmission line parameters of the power
grid. Therefore, itis also the dynamic energy component affected
by line parameters.

C. Dynamic Energy AWy Directly Determined by PLL and
the Active Power

According to (6), the dynamic energy of PLL is affected by
the variation of DFIG output active power A P, and the variation
of phase-locked angle A#f.

The variation of phase-locked angle is mainly affected by
PLL control parameters. According to three-phase synchronous
phase-locked control structure [16], the expression of PLL out-
put phase angle can be obtained

A b = —/kjpguth - // kigugqdtdt.

an
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Since the integration operation does not change the oscillation
frequency, according to (10) and (11), the variation of phase-
locked angle is

(12)
where A_, Ay, pg_, and @y represent the amplitude and
phase angle of A 0,1 in subsynchronous frequency and super-

synchronous frequency, the detailed expressions of which are
shown as

A Opn ~ A_sin(wt + @g_) — Ay sin (wt + pgy)

kpos + kig
Ay, =U,,_ % L :
+/ +/ §2 — Sqo(kpgs + kie) s=jw
=Uy/ Ky
k
Yot/ = —Pu4 - +arctan %. (13)
0

DFIG output active power AP, is composed of grid-side
active power and stator active power. Therefore, AWW; has two
energy channels, i.e., stator energy channel AWs,q, as shown
in Channel 1 in Fig. 1, and excitation energy channel AWy,
as shown in Channel 2 in Fig. 1. The expression of AW5 is

Wy = Wagi + Was

t4 2 t4 2
:/ APSdA9+/ APydAG. (14)
t t

The detailed expressions of energy components in two chan-
nels are analyzed below.

1) Stator Energy Channel: The variation of active power can
be expressed with voltage and current as

AP, = Iyg0Ausq + [quAUsq + UsaoAigq

+ AiggAusg + AiggAugg (15)

where Isq0, Isq0, and Usqg are the initial values of d-axis and
g-axis components of DFIG stator voltage and current.Aug,
Augg, Aigq, and Aigg are the variation of d-axis and g-axis
components of DFIG stator voltage and current.

Applying (10) and (15) to (14), the expression of energy in
the stator channel can be obtained

t42%
AWas1 =/ (Isdow COSQ% + Isq0w sin %)AUdt
t
+mwwm“%;¢m”%LLﬁ
t4 22 .
w oS Qe sin @,
| (R s ) 2
t

cos (pe

+ Usgow — LPRLC) A+I+:| dt

2

27

t4 2z
+ / wKpnU-Uy sin e [Lsqo sin (put + Pu-)
t

—I 540 €08 (Put + Pu—)] dt. (16)
2) Excitation Energy Channel: In (14), grid-side con-
verter output active power AP, in excitation channel energy
2T
/, :+ “ AP,;dAf can be expressed as

AP, = AP, — APy,. (17)
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Since the time scale of subsynchronous oscillation is much
smaller than that of DC bus voltage, the dynamic variation of
dc bus capacitance during oscillation is not considered in this
article, i.e.,APy. = 0. Thus, according to (17), the excitation
channel energy can be written as

t42 t4 2
Wasa = / APydA = / AP.dAG. (18)
t t
It can be seen from (18) that the excitation channel energy is

jointly affected by rotor-side converter control and grid-side con-
verter control. Therefore, rotor-side converter excitation channel

energy ftH_ « AP,.dA6 and grid-side converter excitation chan-

nel energy ftH%T APydAf are studied, respectively.

For rotor-side converter excitation channel energy, when the
flow direction of W59 in Fig. 1 is taken as the positive direction,
DFIG rotor active power AP, can be expressed as

AP, = _(I’!‘dOAu’I‘d + Urao Qg + NipgAtrg + AiTunTq)

(19)
where I,.40 and U,4o are, respectively, the initial values of d-
axis components of rotor-side voltage and current, which are
constant. Au,.q, Atyq, Aiyq, and Ai,., are the variation of d-axis
and g-axis components of rotor-side voltage and current.

The control structure of the rotor-side converter of wind
turbine containing induction generator is shown in Fig. 2 [16].
According to the inner-loop and outer-loop control blocks, the
variation of rotor voltage, after rotor current flows through the
rotor-side converter Au,.q and Au,.,, can be expressed as

Btra = (o 55) [(Ky1 + 5) AP, - Ai]
—wa Ly Aipg 20)

Aupg = (K Bir) [(Kpo + £22) AQs — Ay
+wo L, Ailrg
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where L, is the inductance of generator rotor, L,, is the excita-
tion inductance, w,. is rotor speed, wo = ws — w,.Kp1, K1, and
Ky, and K5 are, respectively, the proportlon and integration
gain coefficients of power outer loop. K3 and K3 are the pro-
portion and integration gain coefficients of current inner loop.

When the variation of stator flux and the stator resistance
are neglected, the expression of stator power can be obtained
according to the relationship between stator-side voltage, flux,
and current [18]

AP, = — ’" UsAig @1
U2 . .
AQs = -5 — LL UsAirg
Applying (21) to (20) yields (22), shown at the bottom of this

page.

It can be seen from the control block of the induction generator
in Fig. 2 that the variation of rotor current will, in turn, act on
rotor windings and cause rotor current to vary. Rotor voltage and
current considering the dynamic characteristic of the induction
generator can be expressed as

Atyg = R Aipg — LLLiL’"wQAqu + ag8Ai,g
Atpg = Ry ANipg + LLLimeQAsz + 2501,
Combining (22) and (23) and solving the first-order linear dif-
ferential equations, the variation of rotor current can be obtained
Aidpg = al_sin (wt — ;- + @) + aly sin (wt — iy + @)
Aiypg = al_cos (wt — ;- + @) + al; cos (wt — it + @)
(24)

(23)

(Rr—Us Klep3)w1+U Ki1 K3

Ly L
w2 R, cos p— (misé

WU (Kp1 Kz + Ki1 Kp3)
w2 (R, —UsKp1 Kps) + Us K1 K3
Applying (19)—-(24) to (18), the expression of rotor-side ex-
citation channel energy can be obtained as (25), shown at the
bottom of this page.
In grid-side converter excitation channel energy, the expres-
sion of DFIG grid-side converter active power AP, can be

where a =
) w2(wfw7)

= arc tan
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derived in the way similar to that of rotor-side active power
and can be written as
AP, = _(IngAugd + UgaoAigq + AiggAugq + Aiquugq)
(26)
where 1,40, 1gq0, Ugan, and Uygo are, respectively, the initial
values of d-axis and g-axis components of grid-side voltage
and current, which are constant. Augq, Augq, Aigq, and Aigg,
respectively, are the variation of d-axis and g-axis components
of grid-side voltage and current.

The variation of dc bus voltage and the effect of grid-side
converter outer-loop control are not considered in this article,
thus according to the structure of grid-side converter inner-loop
control [17], the expression of grid-side voltage can be written as

Augg = — (K > Aigg — wsLgAigg

K;
Augy = — (Kmd + 93> Aigy +wsLyAigg.  (27)

Applying (26) and (27) to (18), the expression of grid-side
converter excitation channel energy can be obtained

27
to

X (I_U_ — I+U+)

Ky cos (pi- + o) dt
t0+277r Kigg — wwng
_ Idg()f
to

x (I_U- — I Uy ) Kpnsin (gi— + @o—) dt - (28)

where L is the output reactance of the grid-side converter, K 43
and K3 are the proportion and integration coefficients of grid-
side converter power outer loop, respectively, and 1440 is the
initial value of d-axis components of grid-side current.

Atypg = (Kpg + %) |:— (Kpl + %) %USAird — Aird:| — OJQLTAirq
(22)
Aty = (Kpg + %) [— (K KSZ) ( = UsAirg + UL ) Azw] + wo L, Aiyq
1 to+2T Lo
AWQSQ = 5/ Id’rO (I,U, — I+U+) Kpll COS ((pi, + SDQ,) Kp3w (LUSKPI + 1) dt
to S
1 [tot+2F . L.,
- 5 / IdrO (I_U_ - I+U+) Kpll Sin ((pi_ + (pg_) TUSWKlei3dt
to S
1 [t L. KiK;
— = / Taeo (I_U_ = I, Uy) Kpncos (i + o) U, =220
2 L w
1 [t . Ly,
5 Lo (I_U_ — I UL) Kpn sin (pi— + po—) i1Kps + Kig —wwy Ly | dt
1 to*” . (Rr = UsKp1 Kps) w} + U Kin Kis
5/ Ugro (I_U_ — ILUL) Kpp sin (- + @o—) dt (25)
to

2
L2, -L,L,
w2R,. cosp — (%) w? (ws — wy)
s
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III. ASSESSMENT OF STABILITY LEVEL OF SUBSYNCHRONOUS
OSCILLATION IN DFIG-INTEGRATED SYSTEM

The accumulation process of dynamic energy can reflect the
stability of the power system. In order to analyze the stability
level of subsynchronous oscillation quantitatively, the Lyapunov
stability criteria are used to establish a criterion for the stabil-
ity assessment of subsynchronous oscillation, a stability level
online assessment scheme is proposed, and the degree in which
different parameters affect system stability level is analyzed.

A. Subsynchronous Oscillation Stability Assessment Criteria

For the DFIG-integrated power system shown in Fig. 1, the
overall energy is the dynamic energy caused by oscillation
which is only interacted between DFIG and the line and can
be represented by the dynamic energy that DFIG generates
AWppig(t), which is constantly positive.

According to Lyapunov stability theory, for a free dy-
namic system, if the variation rate of system overall energy V
(V > 0) with time V(J’J) is constantly negative, system over-
all energy will keep decreasing until it reaches the minimum
value, i.e., the equilibrium state, and the system is stable. When
AWprig(t) gradually decreases, i.e., when AWprig (t)is con-
stantly negative, system’s overall energy will keep decreasing
until it reaches the minimum value, and the system yvill reach a
stable state. If AWppi(t) gradually increases, AWppig (t) is
constantly positive, system’s overall energy will keep increas-
ing and the system will finally oscillate to an unstable state.
According to the variable gradient method of Schultz—Gibson,
the negative time gradient of AWppig(t) is defined as the
dissipation intensity, which can quantitatively characterize the
degree of increasing or decreasing of AWppii(t) and reflect
the dissipation speed of system overall energy. The dissipation
intensity is denoted as 7, the definition of which is

h=—V |AWpriG (t) — AWDFIG_av]

(% Yoy (AWppic (t) — AWDFIG_av)Q) ’

where Vo] is the symbol of the gradient. The item inside [o]
represents the normalization of dynamic energy on time scale in
order to eliminate the difference in dynamic energy caused by
disturbance.

According to (29), when 1 > 0, the dynamic energy that
DFIG generates gradually decreases, and the system is sta-
ble. The bigger 7 is, the faster the dynamic energy decreases,
the higher the system stability level is, and the faster system
oscillation converges. When 7 = 0, the dynamic energy that
DFIG generates is constant, and the system is critical stable
with constant-amplitude oscillation. When 7 < 0, the dynamic
energy that DFIG generates gradually increases, and the system
stability level is negative. The smaller the 7 is, the faster the
dynamic energy increases, and the more acutely subsynchronous
oscillation diverges. Therefore, the stability level of DFIG sub-
synchronous oscillation can be assessed quantitatively according
the value of 7.

(29)

B. Online Stability Assessment Procedure

The dissipation intensity can be calculated according to the
information of electrical variables at the terminal of DFIG
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directly, without referring to system network structure. Thus
the online assessment of system stability level can be realized,
the detailed procedure of which is as follows and the logical
diagram of the proposed assessment scheme is shown in Fig. 4.

Step 1: Collect the data of electrical variables at the terminal
of DFIG, i.e., the current, voltage, power, and phase-locked
angle Aig(k), Aig(k), Auq(k), Aug(k), AP(k), AG(k),
and calculate the variation of the measured values of these
variables from the steady-state values. And then, the measured
electrical variables in abc-axis are transformed to dg-axis
through abc-dg transformation

cos fpcos (By — 120°) cos (A + 120°)
sin fpsin (6 — 120°) sin (6 + 120°)

Ldq = Labe-

(30)

Discretizing (1) and combining the collected information
of electrical variables, the variation of transient energy at the
terminal of DFIG can be calculated

AW () = % [Aig () + Aig 4+ 1)] [Aug ( + 1) — Ay &)]

_ % Ay () + Aig (6 + 1] [Aug (k+ 1) — Aug ()]
+ % IAP (k) + AP (k + 1)] [A0 (k + 1) — A8 (k)]

€19

Applying (7), (8), and (12) to (1), the relationship between the

variation of DFIG transient energy and the oscillation frequency
can be obtained

AW = /LwUJr cos (Put + vi-)
+ I wU_cos (py— — p;_)dt
- /LwU, cos (2wt — ;- — Yyu-)
— I wU; cos (2wt + @4 + @y ) dt
— /AIdOwU, sin (vo + @u-)

+ AljpwUy sin (g — @yt ) dt
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- /AUdowI, sin (pp + i)
+ AUgowlIy sin (pg — piy) dt
— /AIdowU, sin (2wt + g — pu—)
+ AljpwUy sin (2wt + wg + @yt ) dt
— /AUdowL sin (2wt + g — wi_)

+ AUgowlIy sin (2wt + pg + @i4) dt. (32)

It can be seen from (32) that U_(¢) contains oscillation
components with a frequency of 2w, where w = wy — w_ 18
the oscillation frequency of dg-axis components of voltage and
current. When AW exhibits ascending or descending trend in
oscillation, the oscillation frequencies in the dynamic energy
are detected using the Prony algorithm, and 1/2 of the dominant
oscillation frequency is extracted as the frequency of system
subsynchronous oscillation in dg-axis. Since the frequency of
sub/super-synchronous oscillation studied in this article is in the
frequency band of 2-100 Hz, the sampling frequency is selected
to be above 200 Hz.

Step 2: Calculate the transient energy that DFIG generates in
any oscillation period so that the expression of DFIG dynamic
energy AWppic (k) can be obtained

AWprrc (k) = % [Aig (k) + Aig (k+ 1)]
x [Aug (k+1) = Aug ()]
— 5 g (k) + A (k4 1)]
X [Aug (k4 1) — Aug (k)]
+ % [AP (k) + AP (k + 1)]

X [AG (k+ 1) — AB (k)] 33)

where T'= N %’T, and N is the sampling frequency.

To eliminate the error in the amplitude of dynamic energy
caused by different disturbances, the discretized dynamic energy
is normalized as follows:

[AWbric (k) — AWbriG_av
(% Yoy (AWppie (k) — AWDFIG_av)z)

(34)
where AWpric_q. 1S the mean value of dynamic energy.

AWpric_u k) =

1
2

Step 3: Apply the normalized dynamic energy AWppic (k)
to (38), so that dissipation intensity 7 can be calculated, the
stability level of the system can be assessed according to the
value of 7. When 7 > 0, the system is stable, and the bigger
7 is, the higher the stability level is. When n = 0, the system
is critical stable. When 7 < 0, the stability level is negative
and the system subsynchronous oscillation diverges
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1 n
UZ—NZ
t=1

AWpric_u k +nT) — AWppig_w k+ 0 —1)T)
8 t(nT) —t[(n— 1) 7] '

(35)

It should be noted that, although the stability criteria of
dissipation intensity proposed in this article are based on an
infinite-bus system, it is also applicable to noninfinite system
with DFIG integration. In the case of noninfinite system, energy
conservation exists between the wind farm, line, and power
grid; as the oscillation source, the wind farm generates dynamic
energy, which is absorbed by the line and power grid; and the
dynamic energy at the terminal of wind farm can still reflect the
variation of system overall energy.

C. Energy Intensity Assessment With Different System
Parameters

1) Grid Parameters: The dynamic energy generated by the
transmission line is mainly affected by the series compensation
degree and line resistance. Apply (10) to (29), so that the dissipa-
tion intensity of transmission line concerning subsynchronous
oscillation can be obtained

= [ on- 1 e ][
+ [IddltwR— L%WRCOS (Pit +<,0i)] :+2J
N IJF%XLCOJ sin (@ig + i) :Jr?
- I’%XLC‘” sin (@i+ + @i-) ZO“ (36)

where 7; is the dissipation intensity generated by the transmis-
sion line.

In (29), the first item is the dissipation intensity gener-
ated by line resistance R, and the second item is the dissi-
pation intensity generated by an LC series compensation sys-

tem. Considering that the subsynchronous component is dom-

; ; to+ 2T to+ 25
inant in the DFIG connected system, [ |, =~ = > I |~ *

dI_jto+35 _ diy to+3 . .
and S=[,0 " © > SE[,07 , thus the resistance of transmission

line R has positive dissipation intensity concerning subsyn-
chronous oscillation. By increasing the value of R, the system
stability level will improve and subsynchronous oscillation will
converge. On the other hand, the LC series compensation system
has negative dissipation intensity, and as the series compensation
degree increases, LC will generate more negative dissipation
intensity, thus lowering system stability level and aggravating
the divergence of subsynchronous oscillation.

2) Rotor-Side Converter Control Parameters: According to
the analysis in Chapter II, rotor-side converter control param-
eters affect the stability level of the DFIG-integrated power
system mainly by changing the dissipation intensity of DFIG
through the excitation channel energy.
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Applying (25) to (29), the expression of rotor-side converter
excitation channel dissipation intensity can be obtained as (37)
shown at the bottom of this page.

Affected by the value of w, the value of (37) is mainly
determined by the first two items, i.e., the excitation channel
dissipation intensity is mainly affected by rotor-side converter
inner-loop proportion gain K3, outer-loop proportion gain K,
and inner-loop integration gain K;3. According to (31), decreas-
ing K3 or increasing K;3 and K,,; can increase the excitation
channel dissipation intensity, thus improving the stability level
of DFIG sub/super-synchronous oscillation and accelerating the
convergence of sub/super-synchronous oscillation.

3) Grid-Side Converter Control Parameters: Applying (28)
to (29), the expression of grid-side converter excitation channel
dissipation intensity can be obtained as follows:

KpgSIngW + Ung

A?]ng - - 5 (I_U_ — I+U+)
750-1-27’r
Kpu cos (gi- + ¢o-)
to
K3 — wwsL
+ Ly — L2 (LU - LU,
t0+277

Kpn sin (<pi, + QDgf) (38)

to

It can be seen from (38) that, by reducing grid-side con-
verter current inner-loop d-axis proportion parameter K43 or
increasing current inner-loop integration coefficient K43, the
dissipation intensity of DFIG can be increased, thus the stability
level of subsynchronous oscillation in DFIG-integrated power
system can be improved.

It should be noted that, since the capacity of the grid-side
converter is much smaller than that of the rotor-side converter,
the reference value of current in the grid-side converter is much
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intensity in a much smaller degree than rotor-side converter con-
trol parameters. Therefore, the stability level of DFIG subsyn-
chronous oscillation is mainly affected by rotor-side converter
control parameters.

4) PLL Parameters: According to the energy analysis in
Chapter II, PLL affects the stability level of subsynchronous
oscillation through the stator energy channel and excitation
energy channel.

Applying (15) to (29), the dissipation intensity that PLL
generates through the stator energy channel can be obtained as
follows:

du_ |t
T12s1 = — pll (Isdow COS P¢ + IquW sin Qpc) Ui?
to
cos (. —
KUy e — PrLC)
2
Al dU_\ |t T
X (U .—+1_——
(v %),
0
, dU, [t
+ Kpn (Lsdow cos ¢ + Isqow sin @) U+d—t+
to
cos (p, —
+Kp11Usdow—((p > PRLC)
27
di, AU\ [T
U, —+1,——
X(+dt++dt)to
du, . .
— KonwU_ dt+ sin e [Tsdo sin (put + @u—)
t0+27"
—1Ls5q0 €08 (Put + Pu-)]
to

du_ . .
_ Kpqu+W sin @, [Lsao sin (Qut + Pu—)

smaller than the reference value of current in the rotor-side to+2m
converter, i.e., I;50 < I4r0 and Ig40 < Igr0. According to (38), —I5q0 08 (Put + @u-)] (39)
grid-side converter control parameters affect the dissipation to
1 L o+ 5
Anogo = -3 Tgro (I_U- — I UL) Kpncos (gi- + o) Kpsw <LmUSKp1 + 1)
s to
1 L. ot
+ 5 Lo (I,U, — I+U+) Kpn sin (g&i, + (,09,) TUszleig
S to
1 Lo KK \|0Hs
+ = Iypo(IU_ —1,Uy) Kpncos (pi 4 ©o) U, 5=l
2 Ly w t
1 . L, to+3-
=+ 5 [dTO (I_U_ — I+U+) Kpll Sin (gﬁl_ + (pg_) I USK,;leg + Kig — CUCLJQLT
$ to
to+3E
1 R, - UK, 1 K 2+ UK K;
+ 5 Uaro (I-U- = LLUL) Kpnsin (pi- + o-) ( pilps) et & Vs Ry (37)

2
L2, L.L

w2R, cosp — ("Li”) w? (ws — wy)

. t
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Fig. 5. Diagram of simulation system.

DFIG
Controller

Fig. 6. Experimental Platform. (a) RT-Lab and oscilloscope. (b) Connection
between RT-Lab and DFIG Controller. DFIG controller is an external physical
controller that contains control of DFIG rotor-side and grid-side converters and
generates converter control signals as input signals to RT-LAB for simulation
analysis

In (37) and (39), the items containing PLL parameters (i.e.,
Kpn) all appear in the form of product terms in the expressions
of Angg1 and Arjggs, thus PLL parameters does not change the
sign of dissipation intensity (being positive or negative), but
only affect the value of dissipation intensity. Besides, according
to (37) and (39), affected by the value of w and w2, when sub-
synchronous components are dominant, both Anss; and Angso
are below 0. Therefore, decreasing PLL parameters, K, and K;
can lower the negative dissipation effect of stator and excitation
channel energy and increase system dissipation intensity, which
will weaken system subsynchronous oscillation.

IV. SIMULATION VERIFICATION

To verify the feasibility of the proposed method in a real sys-
tem, a simulation model is built in RT-LAB, as shown in Fig. 5,
and the experimental platform is shown in Fig. 6. In this region,
an equivalent wind turbine is integrated to a 220-kV substation,
and then is transmitted via two 500-kV series compensation
circuits (double-circuit on the same tower). The total capacity
of wind power is 3426 MW. DFIG controller is used to regulate
the parameters of the large-capacity equivalent wind turbine.
Detailed settings of DFIG parameters are shown in Table L.

Three oscillating conditions are set in this article, i.e., diverg-
ing oscillation, constant-amplitude oscillation, and converging
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TABLE I
DFIG SYSTEM PARAMETERS

Parameter Symbol Value Parameter Symbol  Value
Rated power P, 3426MW Rotor resistance R, 0.05631pu
Stator leakage
Rated frequency I 50Hz inductance Ls 0.1pu
Stator rated U 0.69kV R_otor leakage L 0.03129pu
voltage inductance
Stator resistance Ry Opu Mutual inductance L, 0.13129pu
PLL integral : GSC inner loop .
parameter Kig 38.2pu integral parameter Kigs 10.38pu
. GSC inner loop
PLL proportional :
parameter K,y  0.67pu proportional K3 0.98pu
parameter
. RSC active power
. RSC inner loop K3 4pu outer loop integral K 16pu
integral parameter
parameter
RSC inner loop RSC active power
proportional K3 0.6pu  outer loop integral K, 2.2pu
parameter parameter
Ta!n'f.'n? I - 1 1
WARAMAAMAAAVAAIA
e — . T
Fig. 7. Active power at the terminal of wind farm in the case of diverging

oscillation.

oscillation. According to the measured values of system oscilla-
tion components at the terminal of the wind farm, the correctness
of dynamic energy function and the feasibility of the proposed
stability assessment method are verified. On this basis, combin-
ing time-domain simulation, the effect of system parameters on
subsynchronous oscillation is assessed comparatively.

A. Model Verification and Stability Assessment

1) Diverging Oscillation: When t = 2 s, add a series com-
pensation circuit with 30% series compensation degree to the
DFIG-integrated system so that subsynchronous oscillation oc-
curs in the system with the diverging trend. Time-domain curve
of active power at the terminal of wind farm is shown in Fig. 7.

Measure the variation of voltage, current, and power at the
terminal of wind farm and apply the measured values to (6) so
that the measured value of dynamic energy at the terminal of
wind farm can be obtained, as shown in blue circles in Fig. 8(a).
It can be seen that the calculated value and measured value
both exhibit a rising trend and basically coincide with each
other. Consider that the measured value contains components
of frequencies other than w, thus it oscillates slightly, but the
fluctuation error is within 1.3%.

The variation curves of wind farm terminal dynamic energy,
PLL dynamic energy, and transmission line dynamic energy are
shown in Fig. 8(b). It can be seen that the dynamic energy of
PLL s positive,i.e., PLL generates dynamic energy; the dynamic
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Fig. 8. Dynamic energy of wind farm in the case of diverging oscillation.
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Fig. 9. Active power at the terminal of wind farm in the case of constant-

amplitude oscillation.

energy of the transmission line is constantly negative, i.e., the
transmission line continuously absorbs dynamic energy. The
dynamic energy at the terminal of the wind farm is constantly
positive and keeps increasing. According to the stability criteria
of dissipation intensity, the value of AWDFIG (t) is constantly
positive, thus the system is unstable and system oscillation will
diverge, which is consistent with the time-domain simulation
result shown in Fig. 7.

2) Constant-Amplitude Oscillation: When t = 2s, add a se-
ries compensation circuit with 20% series compensation degree
to the power grid, so that subsynchronous oscillation with con-
stant amplitude occurs in the system. Time-domain curve of
active power at the terminal of wind farm is shown in Fig. 9.

The measured value and calculated value of wind farm dy-
namic energy are shown in Fig. 10(a). It can be seen that during
oscillation the dynamic energy that wind farm generates remains
basically unchanged, and the measured value and calculated
value of terminal dynamic energy are approximately the same,
the maximum error being within 2.1%. The variation curves
of wind farm terminal dynamic energy, PLL dynamic energy,
and transmission line dynamic energy are shown in Fig. 10(b).
It can be seen that, since the variation of voltage and current
components in one oscillation period are constant, wind farm
dynamic energy and its components are all constant. The energy
at the terminal of wind farm is constantly positive, AWpgi (¢)
is constantly zero, and the system is in a critical stable state.

3) Converging Oscillation: When t = 2s, add a series com-
pensation circuit with 10% series compensation degree to the
power grid so that subsynchronous oscillation occurs in the
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Fig. 12.  Dynamic energy of wind farm in the case of converging oscillation.

system which then gradually converges to a stable state. Time-
domain curve of active power at the terminal of wind farm is
shown in Fig. 11.

In this case, the calculated value and measured value of wind
farm dynamic energy are shown in Fig. 12(a). It can be seen
that wind farm dynamic energy and its components all exhibit
a descending trend. As the oscillation converges, the dynamic
energy gradually decreases, and when the system reaches a
stable state, the dynamic energy is next to zero. Besides, the
measured value and calculated value remain consistent, the error
being within 2.0%.
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TABLE II
SIMULATION DATA OF WIND FARM DISSIPATION INTENSITY IN
FIGS. 7,9, AND 11

Case Calculated value Measured value Error
Diverging oscillation -1.45 -1.455 3.4%
Constan_t—arr'lphtude 0 776%10° )
oscillation
Converging oscillation 0.8 0.82 2.4%

The variation trends of wind farm dynamic energy and its
components are shown in Fig. 12(b). In this case, the absolute
values of the dynamic energy that PLL generates and the dy-
namic energy that transmission line absorbs both exhibit grad-
ually descending trend. It means the dynamic energy that wind
farm generates gradually decreases, AWppig () is constantly
negative, and the system is stable.

4) Quantitative Analysis of Stability Level of Wind Farm
Dynamic Energy: Concerning the above three operating con-
ditions, two different methods are utilized to assess the stability
level of DFIG-integrated system, i.e., by calculating the gradient
of dynamic energy to obtain the dissipation intensity and by
using the measured values to fit the dissipation intensity online.
The results are shown in Table II.

It can be seen that the maximum error between the measured
value and calculated value is only 3.4%. Besides, in the first case,
the dissipation intensity of wind farm is negative, i.e., the wind
farm continuously injects dynamic energy to the grid, with the
value of dynamic energy gradually increasing, thus the system
is unstable and oscillates to divergence. In the second case, the
dissipation intensity of the system is next to zero, i.e., the wind
farm continuously injects constant dynamic energy to the grid,
thus the system is critical stable. In the third case, the dissipation
intensity is positive, thus the dynamic energy that wind farm
generates gradually decreases, and the system gradually inclines
to be stable.

B. Stability Assessment With Different System Parameters

On the basis of theoretical analysis, through time-domain sim-
ulation verification, stability assessment with different system
parameters is further explored.

1) Series Compensation Degree of Transmission Line: Ac-
cording to the analysis in Section IV, series compensation degree
and line resistance mainly affect the dissipation intensity of the
transmission line, thus affecting the overall stability level of the
DFIG-integrated power system. Apply different values of system
control parameters and operation parameters to the model of dis-
sipation intensity, i.e., the series compensation degree increasing
from 10% to 90% and line resistance increasing from 0.031 to
0.279 p.u. The effects of different values of series compensation
degree and line resistance on the dissipation intensity are shown
in Fig. 13. It can be seen that as the series compensation de-
gree increases, system dissipation intensity gradually decreases;
while as line resistance increases, system dissipation intensity
gradually increases.

To verify the accuracy of the above evaluation results, time-
domain simulation tests are conducted concerning two points
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Series
Compensation
Level/%

Fig. 13.  Effects of line resistance and series compensation degree on DFIG
dissipation intensity.

Pprr

PDFIO\

b AW

Series Compensation Level 40%

R=0.031p.u.
s Rl Y Vil
(a) (c)
Tek 1. I 1 ey TR E ' 1
PDFI\ PDFIG\ |
AR
L ,,,,,,,,,,,,,,,,,,,,, >
Series COII:‘Ip&lSatiOll Level 20% R=0.155p.u.
@ T ® = - U -

b (d)

Fig. 14.  Experimental results corresponding to different values of line resis-
tance and series compensation degree. (a) Series compensation degree being
20%. (b) Series compensation degree being 40%. (c) Line resistance being
0.031 p.u. (d) Line resistance being 0.155 p.u.

in Fig. 14, i.e., line resistance being 0.279 p.u. and the se-
ries compensation degree being 20% and 40%, respectively.
The active power of wind farm Ppyi¢ is measured, as shown in
Fig. 14(a) and (b). When the series compensation is 20%, it can
be seen from Fig. 13 that the dissipation intensity of DFIG is
positive and the stability level of the system is positive. In this
case, the oscillation of Pppic gradually converges. When the
series compensation degree is 40%, according to the result of
stability evaluation, the stability level of the system is negative
at this time, and the oscillation of Pprig diverges acutely and
the system goes unstable. Such simulation results are consistent
with the stability evaluation results.

Fig. 14(c) and (d) are the time-domain simulation results
when the series compensation degree is 40% and line resistance
is 0.155 and 0.031 p.u., respectively. When R = 0.155 p.u,,
system oscillation diverges slowly. When line resistance de-
creases to 0.031 p.u., system oscillation exhibits obvious di-
verging trend and finally goes unstable. According to the
stability evaluation results of dissipative strength in Fig. 13,
the stability level at R = 0.155 p.u. is greater than that at
R=0.031p.u., while the stability level of the two is still negative.
The evaluation results are consistent with the stability evaluation
results.
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Energy Intensity/p.u,

Fig. 15.  Effects of inner-loop and outer-loop control parameters of rotor-side
converters on the dissipation intensity. (a) Effect of inner-loop control parame-
ters. (b) Effect of outer-loop control parameters.

en : ; g =
Porio Poro " l
i
T
Kp=0.2. Ki5=8
o = e ) uie) @ = - XA T
(2) ©
e : : ; - : : ;
Pori Porr
~ N
AA 4FJW«,W‘AA‘/y';,rvfh,\w‘k)‘ |
Kp=0.8, Kis=8 K=0.2, Kis=8
L & T &) o @ ™ i T W
(b) (d
Fig. 16. Experimental results corresponding to different values of current

inner-loop control parameters. (a) Kp3 = 0.2 and K;3 = 8. (b) Kp3 = 0.8
and Kig =8. (C) Kp3 = 0.2 and Kig =4. (d) Kpg = 0.2 and Kig =8.

2) Converter Control Parameters: The effects of current
inner-loop and outer-loop control parameters of the rotor-side
converter on the dissipation intensity are shown in Fig. 15,
where Fig. 15(a) depicts the pattern in which rotor-side con-
verter inner-loop control affects the dissipation intensity of the
DFIG-integrated system. It can be seen that increasing K3 or
decreasing K3 can increase system dissipation intensity and
improve the stability margin. Fig. 15(b) depicts the effects of
rotor-side converter outer-loop control parameters on system
dissipation intensity. It can be seen that the dissipation intensity
is scarcely affected by the outer-loop integration gain, but only
increases as proportion gain K,,| increases.

Based on the above dissipation intensity analysis, different
values of rotor-side converter inner-loop parameters are se-
lected for experimental tests. The oscillation curves of DFIG
active power corresponding to different parameters are shown
in Fig. 15. When inner-loop proportion parameter K, increases
from 0.2 to 0.8, the oscillation curves are shown in Fig. 16(a)
and (b). It can be seen that as K, increases, system oscillation
turns from converging to diverging, which corresponds to the
value of dissipation intensity turning from positive to negative
inFig. 15, i.e., system stability level is lowered. When inner-loop
integration parameter K; increases from 4 to 8, the oscillation
curves are shown in Fig. 16(c) and (d). It can be seen that as K;
increases, system oscillation gradually converges, i.e., system
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Fig. 17. Experimental result curves corresponding to different values of
outer-loop control parameters. (a) K1 = 1.7 and K;; = 12. (b) K1 = 1 and
Kil =12. (C) Kpl = 1and Kz‘l =12. (d) Kpl = 1and Kil =18.

Fig. 18.  Effects of inner-loop control parameters of grid-side converters on
the dissipation intensity.

stability level is improved. This is consistent with the above
stability assessment result.

Furthermore, the effectiveness of stability assessment corre-
sponding to different values of rotor-side converter outer-loop
control parameters is verified, and the experimental results are
shown in Fig. 17. When the value of outer-loop proportion
parameter K is, respectively, 1.7 and 1, the oscillation curves
are showninFig. 17(a) and (b). It can be seen that when K, = 1,
system oscillation diverges, which corresponds to the value of
dissipation intensity being negative in Fig. 15. When K,,; in-
creases to 1.7, system oscillation converges, which corresponds
to the dissipation intensity turning positive, i.e., system stability
level is improved. When the value of outer-loop integration
parameter K is, respectively, 12 and 18, the oscillation curves
are shown in Fig. 17(c) and (d). It can be seen that when the value
of K varies, the system oscillation trend does not exhibit any
obvious change, which corresponds to the value of dissipation
intensity remaining negative in Fig. 15. Such simulation result
is consistent with the above stability assessment result.

The effects of current control parameters of the grid-side con-
verter on the dissipation intensity are shown in Fig. 18. Grid-side
inner converter control parameters have the same effect on the
dissipation intensity as rotor-side converter control parameters.
However, when grid-side converter control parameters vary, the
variation amplitude of dissipation intensity is much smaller
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Fig. 19 Experimental results corresponding to different values of grid-side
converter control parameters. (a) Kpg3 = 0.2 and K43 = 8. (b) K43 = 0.8
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Dissipation Intensity/p.u.

Fig. 20.  Effect of PLL parameters on DFIG dissipation intensity.

than when rotor-side converter control parameters vary, i.e., the
stability level of DFIG subsynchronous oscillation is mainly
affected by rotor-side converter control parameters.

The experimental results corresponding to different values
of grid-side converter inner-loop control parameters are shown
in Fig. 19. It can be seen that changing grid-side converter
inner-loop control parameters has no obvious effect on system
oscillation, which corresponds to the value of dissipation inten-
sity remaining almost the same in Fig. 18.

3) PLL Control Parameters: PLL control parameters can
affect the dissipation intensity generated by PLL, thus affecting
system stability. Corresponding to different values of control
parameters, the variation trend of wind farm dissipation intensity
is depicted, as shown in Fig. 20, where parameter K, increases
from 0.1 to 2 and parameter K; increases from 10 to 100. It can
be seen that, as K, and K; increase, system dissipation intensity
gradually drops.

Concerning the effect of different PLL control parameters on
wind farm dissipation intensity, time-domain simulation tests
are conducted concerning three groups of control parameters in
Fig. 21,1i.e.,A (K, = 0.7, K; = 35), B (K, = 1.2, K; = 60),
and C (K, = 1.7, K; = 85). According to Fig. 20, the rela-
tionship between the stability levels of three groups of control
parameters is as follows: A > B > C. However, due to the
negative stability levels of the three groups, only the divergence
velocity and the oscillation amplitude are different. It can be
seen that when K, and K; are relatively big, system oscillation
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Fig. 21.
and C.

Experimental results corresponding to PLL parameters of point A, B,

diverges and goes unstable, as shown in the blue line. When K,
and K; drop, the oscillation amplitude of phase-locked angle
also gradually drops, and system oscillation slightly converges.
When K, = 0.7 and K; = 35, system oscillation has smaller
amplitude than in the former two cases. Therefore, by decreasing
PLL control parameters, system stability level can be improved.
Such simulation results are consistent with the stability assess-
ment results.

V. CONCLUSION

In this article, the model of DFIG dynamic energy that re-
flects the characteristic of subsynchronous oscillation is con-
structed, system dissipation intensity is defined according to
Lyapunov stability criteria, and the stability level of system
subsynchronous oscillation is quantified. On this basis, the
detailed expression of DFIG dissipation intensity is analyzed,
thus the pattern in which the series compensation degree and
PLL parameters affect system subsynchronous oscillation is
explored. The following conclusions can be reached.

1) DFIG terminal dynamic energy contains two components,
one of which is determined by the external network and
the other one is determined by internal control links. The
dynamic energy component determined by the external
network is mainly affected by the grid-side series compen-
sation system and line parameters. The dynamic energy
component determined by internal control links is mainly
affected by parameters of PLL, rotor-side converter, and
grid-side converter.

2) The negative gradient of DFIG dynamic energy is defined
as the dissipation intensity. According to the Lyapunov
stability theory, the quantified stability criteria of DFIG
subsynchronous oscillation are constructed. When the dis-
sipation intensity is positive, system oscillation converges,
and the bigger the dissipation intensity is, the higher the
system stability level is. When the dissipation intensity is
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[1]

[3]
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[5]

[6]
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zero, constant-amplitude oscillation occurs in the system,
and the system is critical stable. When the dissipation
intensity is negative, system oscillation diverges, and the
smaller the dissipation intensity is, the lower the system
stability level is.

The proposed online stability assessment scheme can
assess the degree in which different system parameters
affect the stability of subsynchronous oscillation. The
proportion and integration control parameters of the DFIG
rotor inner loop, the proportion parameter of the DFIG
rotor outer loop, PLL parameters, line resistance, and
series compensation degree are key factors that affect the
system stability level. By reducing rotor-side converter
inner-loop proportion gain and PLL parameters or increas-
ing inner-loop integration gain and outer-loop proportion
gain, system dissipation intensity can be increased, thus
system stability level can be improved. Increasing line
resistance or decreasing the series compensation degree
can also improve the stability level of system.
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