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Study on DFIG Dissipation Energy Model and

Low-Frequency Oscillation Mechanism
Considering the Effect of PLL

Yaqi Shen ", Jing Ma

Abstract—Considering the dynamic characteristics of phase-
locked loop (PLL), the effect of interaction between doubly fed in-
duction generator (DFIG) and power grid on system low-frequency
oscillation is revealed from the perspective of dissipation energy.
First, the dynamic energy model of DFIG with PLL is derived,
and the component that varies nonperiodically is extracted and
defined as the dissipation energy. Second, the dissipation energy
is decomposed into the free dissipation energy and DFIG-grid
coupled dissipation energy. On this basis, the free dissipation in-
tensity and coupled dissipation intensity are defined, which, re-
spectively, characterize the immanent damping of DFIG and the
DFIG-grid interaction degree. Thus, the contribution degree of
DFIG to electromechanical oscillation is quantified for evaluation,
and the mechanism of interaction between DFIG and power grid
is further revealed. Finally, hardware-in-the-loop simulation tests
with real-time digital simulator of the IEEE 10-machine 39-bus
system verify that when the oscillation frequency of PLL is close
to electromechanical oscillation frequency, strong coupling and
resonance exist between DFIG and grid, and negative dissipation
effect on the oscillation of DFIG will result. Thus, DFIG, as an
oscillator, continuously injects dynamic energy to the grid, causing
the system to oscillate to instability.

Index Terms—Doubly fed induction generator (DFIG) energy
model, dissipation energy, low-frequency oscillation, phase-locked
loop (PLL).

NOMENCLATURE
DFIG Doubly fed induction generator.
PLL Phase-locked loop.

A Small increment of a variable.
Aby Variation of phase angle of DFIG voltage at grid-
connecting point.
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AbOp1)  PLL free response component.

A2y PLL forced response component.

AW Dynamic energy, energy change during oscillation.

K; Integration gain of PI control link in PLL.

K, Proportion gain of PI control link in PLL.

Qo Oscillation amplitude of phase angle of voltage at
PCC.

r Oscillation attenuating coefficient of phase angle of
voltage at PCC.

Wi Oscillation frequency of phase angle of voltage at
PCC.

s Stator side.

0 Initial value.

d q d-axis and g-axis in synchronous rotating speed.

r1, 12 Eigenvalues of small-signal model of PLL.

D Nonperiodical component item.

Q@ Free attenuation coefficient of phase-locked angle
when PLL excites oscillation mode.

I6] Free oscillation frequency of PLL phase-locked
angle.

AWP Dissipation energy, aperiodic component of dynamic
energy.

AE Energy dissipation intensity.

AFE ouple DFIG-grid coupled dissipation intensity.

AEfce Free dissipation intensity.

I. INTRODUCTION

UE to the weak coupling between the stator and rotor of

DFIG, DFIG will exhibit weak damping characteristics
after disturbance occurs in the system. The introduction of PLL
stabilizes DFIG integration voltage, but also strengthens the cou-
pling between DFIG and power grid; thus, the participation of
DFIG in system electromechanical oscillation increases, which
may aggravate system damping level and even intimidate the
safe and stable operation of power grid [1]-[5]. Therefore, it is
urgent to study how the coupling between DFIG and power grid
affects system low-freqeuncy oscillation.

Currently, research on low-freqeuncy oscillation of the system
with wind power integration mainly applies the state matrix
method and the damping torque method [6]-[12]. The state
matrix method reveals the mechanism in which the wind turbines
affect system stability by tracing back to the influencing factors
of system state matrix. In [13], the effect of factors such as
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DFIG integration scale, operation mode, etc., on system state
matrix is anlayzed, and conclusion is reached that traditonal
wind turbines change system state matrix by affecting system
power flow, but do not introduce any new electromechanical
oscillation mode. Chondrogiannis and Barnes [14] point out
that different integration locations of wind turbines may im-
prove system oscillation mode, but may also aggravate system
damping. In [15], the coupling between DFIG and synchronous
generator is analyzed from the perspective of PLL dynamic
characteristic using the state matrix method, and it is found
out that PLL is the key link that affects DFIG low-freqeuncy
oscillation. The damping torque method traces the correlation
between control parameters and oscillation modes by adjusting
control parameters and anlayzing the corresponding effect on
the damping torque. Du et al. [16] analyze the effect of DFIG
dynamic characteristic on system damping using the damping
torque method and points out that DFIG is approximately de-
coupled from the grid. Lv et al. [17] reveal the mechanism in
which the control link of DFIG affects the oscillation mode of
two-generator system using the damping torque method. The
above references all analyze the effect of wind power integration
on system low-freqeuncy oscillation from the perspective of
power grid, with the conclusion that there exists oscillation
mode coupling between wind turbines and power grid, which
may affect system damping level. However, the above methods
need to use state variables of all the generators in the system, and
most research on the coupling between wind turbines and power
grid is qualitative analysis. There is still a lack of illustration on
the quantification of wind generator-grid coupling degree and
the mechanism in which wind generator-grid coupling results in
system oscillatory instability.

The essence of wind generator-grid coupling is the trans-
mission of energy between wind generator and power grid.
Thus, by excavating the wind generator-grid energy trans-
mission information during system oscillation, a method to
analyze low-freqeuncy oscillation of system with DFIG inte-
gration based on the dissipation energy model is proposed in
this article. First, the dynamic energy model of DFIG with PLL
is established, and the nonperiodical component is extracted
and defined as the dissipation energy. On this basis, the DFIG
dissipation energy is decomposed into the free dissipation energy
which is determined by DFIG parameters and the dissipation
energy which is generated by DFIG-grid coupling. And then,
by defining the free dissipation energy intensity and coupled
dissipation energy intensity, the damping contribution degree
of DFIG to electromechanical oscillation is evaluated, and the
participation degree of DFIG in electromechanical oscillation
is quantified. Furthermore, the physical process of DFIG-grid
energy interaction causing the system to oscillate to instability
is depicted, and the mechanism in which DFIG-grid coupling
affects system low-frequency oscillation is illustrated. Finally,
hardware-in-the-loop simulation tests are conducted in real-
time digital simulator (RTDS) of the IEEE 10-machine 39-bus
system, and comparison is made between eigenvalue analysis
and the proposed method, which verifies the correctness and
effectiveness of the proposed method.
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II. DYNAMIC ENERGY MODEL OF DFIG WiTH PLL

A. DFIG Port Dynamic Energy Function

The energy function of the power system can be constructed
based on the node current equation. For any system, extract
the imaginary part of the node current equation and do integral
operation, so that the following energy function as shown in (2)
can be constructed:

Iin=YUg-Ic+1, )
W = /Im(((YUB —Ig+I)) dUs) ()

where Y is system admittance matrix, and U p is the col-
umn vector of bus voltages. I and I are, respectively, the
column vector of injection current at generator nodes and the
column vector of injection current at load nodes. Im means
extracting the imaginary part of the complex.

Extract the energy of generator in (2)

/ Im(1},;dU;). 3)

The energy function based on the node current equation is
universal for all generators. However, due to the different internal
structures, the detailed expression of energy function varies.
Considering the power system with DFIG, (3) is transformed
to the dg-axis, i.e.,

W= /Im((—fg)dU)

—_— [/ Ped9+/Idqu - /quUd] )

where P, is the generator output active power. 6 is the angular
difference between xy-axis and dg-axis, which can also represent
the phase-locked angle of PLL. Uy, Uy, I, and I,; are, respec-
tively, the d-axis and g-axis components of voltage and current
at the output terminal of generator. W is the injection energy
from grid to generator.

According to Lyapunov’s second stability criterion, if the
variation of system overall energy V (V > 0) with time V is
constantly negative, system overall energy will keep decreasing
until it reaches the minimum value, i.e., the equilibrium state,
and the system is stable. Otherwise, system overall energy will
keep increasing, and the system will go unstable.

According to (2), system overall energy is composed of three
parts—generator energy, line energy, and load energy. When a
certain generator in the system exports energy in the oscillation
process and causes the dynamic energy at the terminal of this
generator AW to keep increasing, this generator has positive
effect on the increasing of system overall energy V. According
to Lyapunov’s second stability criterion, this generator will
lower system stability level and exert negative damping effect
on system oscillation. Conversely, when a certain generator in
the system absorbs energy in the oscillation process and causes
the dynamic energy at the terminal of this generator AW to keep
decreasing, this generator has negative effect on the increasing
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of system overall energy V. According to Lyapunov’s second
stability criterion, this generator will improve system stability
level and exert positive damping effect on system oscillation.
Therefore, if DFIG absorbs energy, which means the energy
change during oscillation AW > 0, DFIG has positive damping
effect on the oscillation. If DFIG exports energy, AW < 0
and DFIG has negative damping effect on the oscillation. In
this article, the energy change during oscillation is defined as
dynamic energy, denoted as AW,

Variables in (4) are expressed by changes in relative
steady-state values and DFIG dynamic energy function can be
described as

AWoprpig = /(Afd + Lao) d (AUy + Upo)
— (qu + Iqo) d(AUd + Udo)

+/(AP5+Pe0)d(A9+90)
- / AT AU, — AL AT, + / AP,dAG

+ / LodAU, — IodAU, + / P.odA8  (5)

where 0O represents state values of variables.
Denote

AWEpie = [ 1a0dAU, — I,0dAU4 + [ PeodA§
(6)
AW]?FIG = fAIddAUq — Al dAUq + fAPedAH,

When oscillation occurs, AW is a component varying
periodically with time and does not affect the variation trend of
energy. AW]JDJFIG, containing nonperiodical components, is the
main concern of this article.

It can be seen from (6), AW contains two energy parts:
AW7 and AW, which can be expressed as

AW, = — / AL dAU, + / Al dAU, )

AWy = —/APedAQ (8

where AW is the dynamic energy component directly affected
by the output voltage and current of DFIG, and AW is the
dynamic energy component directly affected by the active power
and phase-locked angle.

B. Dynamic Energy Component Directly Affected by the
Output Voltage and Current of DFIG AW,

The structure of DFIG integrated with the power system is
shown in Fig. 1. The reactance of DFIG transmission line is L.
When low-frequency oscillation with frequency of wg occurs
in the DFIG-integrated power system, the amplitude of current
oscillation component is I,,¢"t. The d—axis and g—axis compo-
nents of current at DFIG grid-connecting point are expressed as

Nig = Ie"cos [(ws — wq) t + @]
Aig = —Ie"sin [(ws — wa) t + 1] ©)
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Fig. 1. Model of DFIG integrated with power system and energy channel.

where (; is the phase of current oscillation component, and 7 is
the attenuation coefficient of system low-frequency oscillation
amplitude.

Considering the effect of PLL, the low-frequency component
of voltage at the grid-connecting point can be expressed as (after
dg-abc transformation)

Aug = Uyecos [Opn — wat + @]

Auy = —Uye'sin [pn — wat + @) (10)

where 01 = wst + Abpn. ¢, is the phase of voltage oscillation
component, p,, = ¢; + ¢r. ¢y, is the impedance angle of DFIG
output transmission line, ¢ = arctan%.

Apply (9) and (10) to (4), so that the expression of AW can

be obtained

AW, = —1,,U, e*"sin (Abpu + 0, — ©5)
— /InUneQ"’tcos (—AbOpn + i — pu)wadt. (11)

It can be seen from (11) that phase-locked angle Af,;; will
affect dynamic energy component AW by affecting the values
of Uy and Uj,.

C. Dynamic Energy Component Directly Affected by the
Active Power and Phase-Locked Angle AW,

Since the stator side is directly connected to power grid, there
are two energy channels between DFIG and system. The DFIG
output power can be expressed as

P, =P, - P, (12)
where P, and P, are, respectively, the stator-side output electro-
magnetic power, and the grid power absorbed by the grid-side
converter.

In this article, it is assumed that the capacitance of dc bus is
big enough; thus, the transient process of dc bus can be neglected
[15]. Apply (12) to (8), so that AW can be further described as

AW, = — / (AP, + AP,) dA6,, (13)
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Fig. 2.
tracking.

Voltage and current phasor diagram of stator side under incomplete

When PLL does not track perfectly, the diagram of DFIG
stator-side voltage and current phasors is shown in Fig. 2, where
d’q’-axis represents the position of dg-axis considering the dy-
namic process of PLL, the rotating speed of which is wpi # ws.
The phase-locked angle is 011, the phase angle of stator voltage
is 05, and the angle between voltage and current, i.e., the power
factor angle is .

The error of output active power generated by PLL can be
expressed as

Py = Uglscos (05 — Opn + @) — UsIscosep. (14)
Linearization of (14) yields
AP = AP, + AP,
= —U,lIssin (050 — Opno + @) (Al — Abpn)
— Uglysing (A0s — Abyn) (15)

where A#; is the variation of phase angle of DFIG voltage at
the grid-connecting point. Afp; is the variation of phase-locked
angle.  is the power factor.

Consider that the voltage and current of the grid-side converter
are much smaller than the voltage and current of stator-side
converter, and the reactive power provided by the grid-side
converter is next to 0, i.e., UyI4sinp ~ 0; thus, the last item
in (15) is next to 0, and the variation of dynamic energy caused
by the grid-side converter can be neglected. The dynamic energy
of DFIG is mainly generated by the stator side, i.e.,

AP~ AP, = —U,I,sin (950 - 9p1]0 + (p) (AOS — Aepn) .
(16)
Apply (16) to (8), the dynamic energy caused by PLL can be
expressed as

AWy = /USISSiH (950 - 9p110 + (,0) AesdAgpn

a7)

1 .
_ 5USISSID (950 - (9p110 + (p) A@?,ll.

It can be seen from (17) that the dynamic energy caused
by PLL is determined by the deviation value of phase-locked
angle Ad,; and the deviation value of bus power angle during
electromechanical oscillation Af,.

In this article, a three-phase synchronous PLL is adopted,
which is widely used at present. The linearized model of PLL
can be expressed as

PN/
dt?2

dAO,
dt

K,U, + KU Abpy = K;UAG,  (18)
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where U, is DFIG stator voltage. Ay is PLL output phase
angle, and K, and Kj; are, respectively, the proportional gain
and integral gain of PLL control.

After disturbance occurs, the dynamic characteristic of the
phase angle of DFIG integration voltage can be expressed as

Ay = Qpe" cos (wmt + ©c) (19)

where )y is the initial amplitude of the phase angle of bus
voltage. r is the attenuation coefficient of the phase angle of bus
voltage. w,, is the frequency of electromechanical oscillation.
@, 1s the phase shift caused by disturbance.

According to the structure of solution to (18), the dynamic
characteristics of PLL are composed of a free response, which is
only decided by PLL parameters, and a forced response decided
by system oscillation modes

Ay = Abpucr) + Abpue) (20)

{Aepll(l) = Cie!t + Coe™' AK; < KJU, Q1)
A1y = e (Crcospt 4 Cosinfit) 4K; > K7

Abpn(2) = € (bcoswint + d sinwy,t) (22)

where A6, (1) is the free response, which can be further divided
into PLL exciting oscillation mode and not exciting oscillation
mode based on different PLL parameters. r; and ro are two
eigenvalues of Af,; (1), (3 is the oscillation mode of PLL, and
o1 18 the attenuation coefficient of this oscillation mode. C
and Co are coefficients determined by the initial values of the
phase-locked angle and rotating speed. The expression of the
parameters are shown as (A-1) and (A-2). Considering 71, 72, &
< 0, the free response of PLL will not diverge or go unstable.
Ab,y(2) is the forced response. b and d are the constants decided
by A6, and PLL parameters, which can be expressed as (B-1)
and (B-2) in Appendix B.
Apply (20) to (17), so that

AW, = / U, I, sin (50 —Opio+0) Absd (Abycr)+ Az

1
- 5USIS sin (050 — Opno + )

X (AHE)H(Q) + 2A0,0(1) A0pn(2))

1 .
= 5UsIssin (650 = Gpuo + ¢) NG ) (23)

The first two items in (23), related to the forced response of
PLL A#,(2), reflect the energy coupling between DFIG and
system. It is denoted as DFIG-grid coupled energy AW ouple-
The last term is only related to the free response of PLL Af,(1)
and characterizes the immanent damping effect of PLL. It is
denoted as free response energy AWree

AWeouple = / UsIssin (650 — Opuo + )
Afsd (Abpir) + Az )
— %Uslssin (0s0 — Opno + )
X (Mﬁu@) + 2A0,0(1) Abpn(2))

1 :
AWiee = =5 UsIsin (650 — fpuo + ) NGy (24)
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It can be seen from (24), PLL parameters influence the cou-
pling between DFIG and system and system stablity, as a result.
The following sections will analyze the effect of PLL parameters
in detail.

III. Low-FREQUENCY OSCILLATION MECHANISM OF
INTERACTION BETWEEN DFIG AND POWER SYSTEM BY
DYNAMIC ENERGY

Cumulative process of dynamic energy reflects the damping
effect of DFIG on low frequency oscillation. In order to quan-
titatively analyze the effect, dissipation energy and dissipation
intensity index are defined in this article. By analyzing the dis-
sipation intensity function that contains PLL dynamic equation,
the mechanism of how the DFIG-grid coupling caused by PLL
affects low-frequency oscillation can be further revealed.

A. Definition of Dissipation Energy and Dissipation Intensity

Apply (21) and (22) to (23), so that the dynamic energy caused
by PLL can be expressed in the following form:

AW, = f (€') + g (sinwpt) (25)

where f(e') is the aperiodic component associated with e,
and g¢(sinw,,t) is the periodic component associated with the
oscillation frequency.

For (25), take the variation in an oscillation period 7. AW,
can be approximated as

AWQ‘A{;:T ~ alt (26)

where a is the average gradient of f(e') during the oscillation
period 7.

It can be seen from (26), the variation of periodic component
g(sinw,,t) is zero during oscillation period T and the aperiodic
component f(e?) is the leading component which characterizes
the variation trend of the dynamic energy. When the variation
of f(e') is positive, DFIG absorbs dynamic energy and posi-
tively damps system oscillation; when the variation of f(e') is
negative, DFIG emits dynamic energy and deteriorates system
damping. Thus, f(e') characterizes the dissipation process of
dynamic energy in the system, and is defined as dissipation
energy, denoted asAW P

Moreover, the variation of AWs| A= is approximately linear
during the period T, and its gradient is a. If a > 0, AWs|ai=1
is positive and its value increases with the increasing of a.
That is to say, the dynamic energy dissipated by DFIG per unit
time increases, and the system oscillation is suppressed faster
than before. Thus, the value of a characterizes the degree of
absorption of energy by DFIG. This article defines the variation
of nonperiodical component of energy per unit time a as the
dissipation intensity of energy, which is denoted as AF. The
definition of AFE is

dAWP
AFE =
dAt

The bigger the A E, the stronger the damping effect of DFIG
on system oscillation; and the smaller the AFE, the weaker
the damping effect of DFIG on system damping. If AFE turns

27)
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negative, DFIG will exhibit negative damping and continuously
inject dynamic energy to the system, causing the system to go
unstable.

According to the definition of dissipation intensity in (27), the
dissipation intensity corresponding to two energy components in
(24) are, respectively, DFIG-grid coupled dissipation intensity
and free dissipation intensity, denoted as A Ecoupie and A Efyee,
which, respectively, characterize the damping effect of coupling
between DFIG and grid on system oscillation and the damping
effect of PLL free response.

B. DFIG Energy Dissipation Intensity Analysis Under
Different PLL Parameters

The dynamic characteristics of PLL contain two cases: PLL
not exciting oscillation mode and PLL exciting oscillation mode.
In this section, the influence of DFIG on dissipation intensity
is analyzed under the two cases, and the energy interaction
between PLL and system is explored. On this basis, the mech-
anism of PLL inducing low frequency oscillation instability is
illuminated.

1) PLL Not Exciting Oscillation Mode: When PLL does
not excite any oscillation mode, in the expression of AW7,
PLL free response will generate nonperiodical component, so
that sin(Af,n + ¢ — ;) and cos(Abpn + ¢, — ;) will also
contain nonperiodical components. As for the value of Af,y; +
u — i, consider that ¢, —¢; = ¢, i.e., line impedance
angle, and for long-distance DFIG output transmission line,
R <« X, thus ¢, = 90°. Meanwhile, according to the dynamic
characteristic equation of PLL, when PLL does not excite any
oscillation mode, the free response of Afy is the superpo-
sition of two attenuating exponents which rapidly decreases
to O after a small decline; thus, Af,y < 1. Based on the
above analysis, when PLL does not excite any oscillation mode,
sin(Abpn + ¢, — i) and cos(Abpn + ¢, — ;) are mainly
determined by ¢y, i.e.,

sin (A9p11 + Pu — ‘Pi) ~ sin (¢r)

cos (Abpi + @, — i) = cos () ~ 0.

Apply the above approximation to (11), so that

AW, = —I,U,e*'sin (p1) . (28)

It can be seen from (28) that, when PLL does not excite any
oscillation mode, AW will generate nonperiodical component,
i.e., dissipation energy, which is the coupled energy that system-
side oscillation generates in DFIG. This dissipation energy
is only affected by the amplitudes of system-side oscillation
current and voltage and does not vary as PLL parameters vary.

Apply (28) to (27), so that the dissipation intensity generated
by AW, ie., AEcouple1 can be obtained

A-Ecouplel = _2’7171 UnGQ’Yt' (29)

This article is mainly focused on the mechanism in which the
coupling between DFIG and grid causes system oscillation to
diverge. When the amplitudes of oscillation components of volt-
age and current generated by disturbance in the system gradually
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attenuate, v < 0, and the dissipation intensity that system oscil-
lation generates at the terminal of DFIG AE¢qypie1 > 0; thus,
this dissipation intensity will accelerate the converging of system
oscillation. When the amplitudes of oscillation components of
voltage and current generated by disturbance in the system grad-
ually diverge, v > 0, and the dissipation intensity that system
oscillation generates at the terminal of DFIG AFEcquple1 < 0,
thus this dissipation intensity will aggravate system oscillation.

In the expression of AW5, considering PLL not exciting any
oscillation mode, there is no coupling between A, and Af,1).
Thus, f AfsdAbyn 1) is a periodical component and does not
affect the increase or decrease of energy. In this case, DFIG-grid
coupled dissipation intensity is only determined by the force
response of PLL.

Apply the first item in (21) and (23) to (24) and (27), cou-
pling dissipation intensity and free dissipation intensity can be
obtained

1
AE‘frcc = _iUsIsSin (930 - 0p110 + SD)

X (27’01262”t +2(rm + 7»2)01026(r1+r2)t)
1
- iUsIsSin (050 — Opiio + ®) 2T2022€2T2t

1 . ”
AElcouple = ZUSISSID (930 — 9p110 + QD) 62 i

L) [r— (r 4 o))
A? + B?

(30)
where

A=r2—(ri+r)r+riry —w?
B =wy, [2r — (1 +r2)].

It can be seen from (20), since r, rq, 2 < 0, the free dissipation
intensity AEfq.. is constantly positive. Considering K,U; =
—(r1 + 7o) and K;Us = riro, the value of AEf.. increases as
K; increases and decreases as K, increases.

The value of coupling intensity AE¢qupie is determined by r
and r1 + ro. When r < ry + ra, AEcquple > 0 and the coupling
between DFIG and grid has positive damping on oscillation. In
this case, the value of AE q,ple increased as K; increases and
decreases as K, increases. When PLL parameters meet the con-
dition that 0> r > r1 + ra, AEcouple < 0 and coupling between
DFIG and grid negatively damps the oscillation. However, in
this case, €2t < e 772, Namely, the free dissipation plays the
leading role and the total dissipation intensity keeps positive.
DFIG exhibits positive damping to the oscillation.

It should be noted that the overall dissipation intensity of
DFIG is composed of AEuple1 (generated by AW;) and
APFEfee and AEqoypie2 (generated by AWs). Consider that dur-
ing low-frequency oscillation, the oscillation amplitudes of cur-
rent and voltage [,, and U,, are both much smaller than the
amplitudes of power-frequency current and voltage I, and Usg;
thus, the value of AE¢qypler is much smaller than the values of
AFEjgee and AEouple2, and the overall dissipation intensity of
DFIG is determined by the sum of AEf.ee and A Eqoypieo.
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Based on the above analysis, when PLL not exciting oscilla-
tion mode, the dissipation intensity of DFIG keeps positive, and
increase as K; increases, while decreases as K, increases. With
this PLL parameters setting, DFIG exhibit positive damping on
the force and free response caused by system oscillation.

2) PLL Exciting Oscillation Mode: In the expression
of AWj, since Af,; varies periodically with time,
sin(—Abpn + @; — @) and  cos(—Abfpn + p; — @,) in
AW; are also periodically time varying, ie., AW; will
not generate any new dissipation energy and dissipation
intensity components. As a result, when PLL excites oscillation
mode, the dynamic energy component directly affected by the
output voltage and current of DFIG AW; will not affect the
damping level of DFIG concerning low-frequency oscillation.

In the expression of AW, when the frequency of PLL free
response differs considerably from the frequency of system low
frequency oscillation, there is weak coupling between Af and
Abp(1)- The analysis results in this case are similar with that
when PLL not exciting oscillation mode. Thus, we will not
explore it in this article. Importance is attached on the coupling
intensity when the frequency of PLL free response is close to
the frequency of system low frequency oscillation. According
to resonance mechanism of the system, there is strong coupling
between PLL and grid, and resonance occurs in this case. The
coupling intensity caused by A, and A1) is shown as

Q
AE‘couple2 = 7Oe(a+r)t Awy — K;Us (04 + T)

Ady [(r — a)2 + 6% — w2,

X Y (2r —2a)
Q Awp — aA
_ 70€(O‘+T)tKiUs (a+7) ((JJ‘,:?_F—O&B?(SO) (2r — 2a)
€1y

where AEcquple2 18 the new dissipation intensity generated by
the coupling between Afs and Af,,;(1). Awg is the initial value
of variation of PLL rotating speed. Ady is the initial value of
variation of phase-locked angle.

When PLL exhibits weak damping, i.e., when 0 > a > r,
(31) can be simplified as

Q
AEeouplez = 7Oe(a+r)t

Adg (7"2 + 3% - wfn)
(r? + 82 = w2,)* + (2rwm)”
(32)

After PLL is disturbed, Awg, Adg < 0; thus, AE ouple2 < 0,
and the coupling between Af, and A6, (1) will aggravate the
damping effect of DFIG. When v and rremain unchanged, adjust
K; so that the frequency of PLL oscillation mode /3 draws closer
to wyy,. According to (32), when 5 = wo, AEcouple2 reaches the
minimum value, and strong resonance will occur between DFIG
and system oscillation, which will amplify system low frequency
oscillation and make DFIG generates the maximum negative

X | Awg — K;Ugr
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dissipation intensity and injects dynamic energy to the system,
further aggravating system damping level.
The minimum value of AEq,ple2 can be expressed as

2A(.L)0 - 30[A50
4

QO (a+r

AlgcoupleQ = 76 )t Awg + (33)

It can be seen from (33) that the minimum value of AE¢qypie2
decreases as « increases. Therefore, by increasing the value of
K, and improving the damping level of PLL free response, the
minimum value of AE,,ple2 can be increased, and the diverging
effect of DFIG on system oscillation can be weakened.

Based on the above analysis, when PLL excites certain oscil-
lation mode, the coupling between PLL free response Af,,;;(1)
and system oscillation Af, will introduce a negative dissipation
intensity item. Especially, when the frequencies of A6y and
Ady are equal, strong resonance will occur, and if PLL exhibits
weak damping, the negative dissipation intensity will reach the
minimum value. As the oscillating source, DFIG will contin-
uously inject dynamic energy to the grid, amplifying system
oscillation and aggravating system damping level.

Comparison between the dissipation intensities of DFIG in
two cases reveals that when PLL does not excite oscillation
mode, the coupling between DFIG and grid is relatively small,
and the dissipation intensity of DFIG is relatively big; thus,
DFIG exhibits positive damping effect on system oscillation.
When PLL excites oscillation mode, DFIG and grid are strongly
coupled, and the dissipation intensity of DFIG is relatively weak;
thus, DFIG may lower system stability level. Based on the above
conclusion, the following tuning strategy is put forward.

On the premise of guaranteeing the tracking performance of
PLL, PLL parameters are preferentially tuned to be in the interval
of 4dK; < K 12) U, where PLL does not excite oscillation mode. In
this interval, modestly decreasing parameter K, and increasing
parameter [; can improve the dissipation intensity of DFIG
on low-frequency oscillation, thus improving system damping
level. If PLL parameters cannot meet the conditions of PLL not
exciting oscillation mode, PLL parameters can only be tuned to
be in the interval of 4 K; > K 3 U, where PLL excites oscillation
mode. In this case, by increasing parameter K, the damping
level of PLL can be improved; and by adjusting parameter K; to
render the oscillation frequency of PLL far away from system
oscillation frequency, the coupling between DFIG and grid can
be weakened; thus, system stability level can be improved.

IV. SIMULATION ANALYSIS
A. Test System

To verify the correctness of the above DFIG dissipation energy
analysis, the hardware-in-the-loop simulation is introduced and
the experimental system is shown in Fig. 3. The IEEE 10-
machine 39-bus New England system is builtin RTDS, as shown
in Fig. 31 in Appendix C. Substitute synchronous generator G1
in Area 1 with a wind farm of equal capacity made up of 1.5-MW
DFIGs. System parameters can be found in [18].

In order to prove the general applicability of the proposed
method, three simulation cases are set in this article, i.e., three
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Host Computer

(a)

Fig.3. Experiment platform. (a) RTDS. (b) Experiment platform. (c) Connec-
tion diagram between RTDS and DFIG controller.

TABLE I
SETTING OF SIMULATION PARAMETERS

o Oscillation Oscillation
Case Incident OSC‘“attmg frequency amplitude
enerators
& o, (Hz) Q, (deg)
Three phase
instantaneous short
circuit fault at Bus Gl10,
1 B31 via 500Q 0.7203 0.3
. . G4, G6
grounding resistance
which lasts for 0.1s.
Load at Bus B31
2 increases by 50% G8, G2 0.96 0.226
Forced oscillation
3 added to the power - 0.5 5.065

torque of G2

phase instantaneous fault, load power fluctuation, and forced
oscillation, the parameter setting of which is shown in Table L.

Concerning these three simulation cases, the effect of dif-
ferent PLL control parameters on DFIG dissipation intensity is
analyzed and compared with hardware-in-the-loop tests, so that
the correctness and effectiveness of the above conclusion can be
verified.

B. Simulation Verification of Low-Frequency
Oscillation Mechanism

1) Case I:

a) PLL not exciting any oscillation mode: The variation
trend of DFIG dissipation intensity corresponding to different
control parameters is shown in Fig. 4. It can be seen that DFIG
dissipation intensity remains positive in value, and increases
as parameter K; increases, and decreases as parameter K,
increases. Thus, DFIG exerts positive damping effect on system
low frequency oscillation.

Variation of the components of DFIG dissipation intensity
is further analyzed. When PLL parmeters vary, the variation
of coupled dissipation intensity and free dissipation intensity is
shown in Fig. 5. Itcan be seen from Fig. 5(a) that when K; < 1.3,
and 0 > r > ry + ra, AEcouple < 0. However, since the free
dissipation intensity is the leading component, i.e., AEf e >
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Fig.4. Variation of DFIG dissipation intensity corresponding to different PLL
control parameters when PLL not exciting oscillation mode in case 1.
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Fig. 5. Variation of free dissipation component and coupled dissipation com-
ponent corresponding to different PLL control parameters when PLL not exciting
oscillation mode in case 1.

AE¢ouple, DFIG exhibits positive dissipation effect on the whole.
As K; increases, AEcquple > 0, and both AEg.c. and AEqouple
increase. In Fig. 5(b), AEfce and AEoyple are both above 0,
and both decrease as K, increases. This result is consistent with
the conclusion in Section III.

To verify the correctness of the above conclusion, hardware-
in-the-loop tests are conducted to compare the power angle
curves of PLL and synchronous generators corresponding to
four different groups of setting values of control parameters,
the results shown in Fig. 6. When PLL does not excite any
oscillation mode, the oscillation componentin Af,,;; (1) is mainly
determined by the forced response, and its oscillation frequency
is consistent with the oscillation frequency of system power
angle. When K; increases, the oscillation amplitude of A6, (1)
decreases, and the oscillation amplitude of system power angle
slightly decreases. When K, increases, the oscillation amplitude
of A1) increases, and the oscillation amplitude of system
power angle slightly increases; the damping effect of DFIG
on system low frequency oscillation weakens, but the overall
damping level is positive.
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Fig. 6.  Oscillation curves of phase-locked angle and G10 power angle corre-
sponding to different PI parameters when PLL not exciting oscillation mode in
case 1.

The oscillation curves of DFIG-side current and active power
corresponding to three groups of control parameters (i.e., K, =
20,K; =10,K, = 20,K; = 1,K, = 10, K; = 1) are shownin
Fig. 7. It can be seen that when K; increases or K, decreases, the
oscillation amplitude of DFIG active power slightly decreases
and system stability is improved. The experimental results are
consistent with the theoretical analysis.

b) PLL exciting oscillation mode: The variation of param-
eter K; will affect the coupling effect between DFIG and grid.
When the damping of PLL is weak (K, = 0.1), the variation of
DFIG dissipation intensity corresponding to different values of
K; is shown in Fig. 8.

It can be seen from Fig. 8(a) that, as K; keeps increas-
ing, the oscillation frequency of PLL gradually approaches
the electromechanical oscillation frequency 0.7201 Hz, DFIG
dissipation intensity gradually decreases and turns from positive
to negative. In the vicinity of electromechanical oscillation
frequency, DFIG dissipation intensity reaches the minimum
value. Two leading components of DFIG dissipation intensity
are shown in Fig. 8(b). It can be seen that the free dissipation
intensity gradually decreases as K increases, and the coupled
dissipation intensity reaches the minimum value at the elec-
tromechanical oscillation frequency, when DFIG is strongly
coupled with the grid and continuously injects dynamic energy
to the grid, which will amplify system oscillation and aggravate
system damping.

The variation of the minimum value of DFIG dissipation
intensity with K, is shown inFig. 9. When K, is relatively small,
and PLL exhibits weak damping, DFIG dissipation intensity
is negative. As K,, gradually increases, the damping of PLL
oscillation mode strengthens, and DFIG dissipation intensity
gradually increases to positive value. The components of DFIG
dissipation intensity are shown in Fig. 9(b). It can be seen that
the coupled dissipation intensity and free dissipation intensity
both decrease as K, increases. When K, > 0.3, the sum of two
components is above 0; thus, although the resonance between
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Fig. 7.  Oscillation curves of DFIG-side current and active power correspond-
ing to three groups of control parameters when PLL not exciting oscillation
mode in case 1.

DFIG and grid will amplify system low frequency oscillation,
DFIG still exhibits positive damping effect on system oscillation
and will not cause the system to diverge.

To verify the correctness of the above conclusion, hardware-
in-the-loop tests are conducted concerning six groups of control
parameter settings, i.e., K; = 20 with K, = 0.1, 0.3, 0.6 and
K, = 0.1 with K; = 17, 20, 26. The variation curves of phase-
locked angle and G10 power angle are shown in Figs. 10 and 11,
respectively. It can be seen that when K; = 20, K, = 0.1, the
coupling between DIFG and grid generates resonance, and PLL
exhibits weak damping; thus, the system oscillates to instability.
As K, increases, the oscillation of system and PLL gradually
attenuate and converge to stability. When PLL remains at weak
damping level, by increasing K; to make ( gradually approach
wp,, the resonance between DFIG and grid occurs and the angle
of PLL oscillates with equal amplitude. The oscillation of power
angle of G10 converges in initial stage. However, with DFIG
continuously injecting oscillation component, the power angle
oscillation develops into an equal amplitude oscillation, causing
the system to go unstable. When /3 is far from w,,, the coupling
between DFIG and grid is weak, and system oscillation will
converge. This simulation result is consistent with the above
theoretical analysis.
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Fig. 11. Oscillation curves of phase-locked angle corresponding to different

PLL control parameters when PLL exciting oscillation mode in case 1.

The variation curves of DFIG-side current and active power
corresponding to the six groups of control parameters are shown
in Fig. 12. It can be seen that as K, increases, the oscillation of
DFIG active power gradually attenuate and converge to stability.
When PLL remains at weak damping level, by increasing K; to
make ( gradually approach w,,, the resonance between DFIG
and grid occurs and DFIG active power oscillates to divergence,
which leads to the instability of system. The experimental results
are consistent with the theoretical analysis.

2) Case 2: Low frequency oscillation caused by the fluc-
tuation of load power is essentially similar to Case 1; both
are relative oscillation between power angles caused by system
disturbance, only different in oscillation mode and parameters.
Thus, Case 2 can be analyzed in the same way as Case 1, which
is not repeated here. The simulation results of Case 2 are as
follows.
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Fig. 12.  Oscillation curves of DFIG-side current and active power correspond-
ing to three groups of control parameters when PLL exciting oscillation mode
in case 1.

Energy Intensity

Fig. 13.  Variation of DFIG dissipation intensity corresponding to different
PLL control parameters when PLL not exciting oscillation mode in case 2.

a) PLL not exciting any oscillation mode: The variation
trend of DFIG dissipation intensity corresponding to different
control parameters is shown in Fig. 13. It can be seen that
DFIG dissipation intensity is constantly positive, increases as
K increases, and decreases as K, increases. Thus, in this case,
DFIG has positive damping effect on system oscillation.

When PLL control parmeters vary, the variation of coupled
dissipation intensity and free dissipation intensity is shown in
Fig. 14. It can be seen that both coupled dissipation intensity and
free dissipation intensity are constantly above 0, and coupled
dissipation intensity is the leading component. This is because
in this setting of parameters, the forced response of PLL is
much bigger than the free response. Both components of DFIG
dissipation intensity increase as K; increases and decrease as K,
increases. Such simulation result is consistent with theoretical
analyis.

The oscillation curves of phase-locked angle and G8 power
angle corresponding to four groups of control parameters (i.e.,
K, =45 with K; = 2, 4 and K; = 4 with K, = 30, 50) are
shown in Fig. 15. It can be seen that, in this case, the forced
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Fig. 15.  Oscillation curves of phase-locked angle and G8 power angle corre-
sponding to different PI parameters when PLL not exciting oscillation mode in
case 2.

response is leading the response curves of phase-locked angle,
the oscillation trend of which is similar to that of system os-
cillation. When K increases, the damping of DFIG increases,
PLL oscillation amplitude drops, and the oscillation of G8 power
angle also slightly converges. When K, increases, the damping
of DFIG decreases, the oscillation amplitudes of PLL and G8
power angle both increase, but since the overall damping is
still positive, the system finally converges to stability. Such
hardware-in-the-loop tests results verify the correctness and
effectiveness of the above analysis.

The oscillation curves of DFIG-side current and active power
corresponding to three groups of control parameters (i.e., K, =
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Fig. 16.  The oscillation curves of DFIG-side current and active power corre-
sponding to three groups of control parameters when PLL not exciting oscillation
mode in case 2. (a) K, = 50, K; = 2. (b) K, = 30, K; = 2. (c) K, = 30,
K; =4.

50, K; =2, K, =30, K; = 2, K, = 3, K; = 4) are shown in
Fig. 16. It can be seen that when K;; increases or K, decreases,
the oscillation attenuation of DFIG-side current and active power
increases gradually, which is consistent with the theoretical
analysis.

b) PLL exciting oscillation mode: The variation trend of
DFIG dissipation intensity corresponding to different control
parameters is shown in Fig. 17. It can be seen that when K; = 46,
DFIG dissipation intensity reaches the minimum value, and this
minimum value increases as K, increases.

The variation of DFIG coupled dissipation intensity and free
dissipation intensity are shown in Fig. 18. It can be seen from
Fig. 18(a) that the free dissipation intensity is constantly positive,
while the coupled dissipation intensity is negative and reaches
its minimum value when K; = 46. Since the forced response of
PLL is bigger than the free response in this case, the coupled
dissipation intensity is the leading component. The sum of two
components is negative; thus, DFIG continuously injects dy-
namic energy to the system, aggravating system damping level.
In Fig. 18(b), as K, increases, the free dissipation intensity and
coupled dissipation intensity both increase. When K, > 0.56,
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Fig. 18.  Variation of free dissipation component and coupled dissipation com-

ponent corresponding to different PLL control parameters when PLL exciting
oscillation mode in case 2.

the sum of two components turns positive; thus, the damping of
DFIG turns positive, and the system turns from unstable state to
stable state.

Hardware-in-the-loop tests are conducted concerning six
groups of parameters, i.e., K; = 46 with K, = 0.1,0.3, 0.5 and
K, = 0.1 with K; = 40, 46, 50, and the oscillation curves of G8
power angle and phase-locked angle are shown in Figs. 19 and 20
respectively. When K; = 46, and PLL exhibits weak damping,
the resonance between DFIG and grid causes constant-amplitude
oscillation in system side and PLL. As K, keeps increasing, the
damping effect of DFIG on the resonance gradually increases;
thus, the oscillation gradually converges. By adjusting the value
of K;, the distance between (5 and w,,, can be adjusted. The closer
[ is to wyy,, the stronger the resonance between DFIG and grid is,
and the more probably PLL will oscillate to divergence and cause
system to oscillate to instability. When S is far from w,,, the
coupling between DFIG and grid is weak; thus, the resonance is
weakened, and the damping effect of DFIG on system oscillation
is strengthened. This simulation result is consistent with the
above theoretical analysis.
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Fig. 20.  Oscillation curves of phase-locked angle corresponding to different
PLL control parameters when PLL exciting oscillation mode in case 2.

The oscillation curves of DFIG-side current and active power
corresponding to the six groups of control parameters are shown
in Fig. 21. Increasing K, or adjusting K; parameters to make
PLL oscillation frequency far away from system oscillation
frequency is beneficial to increase the damping effect of DFIG
on system oscillation and enhancing system stability level.

3) Case 3:

a) PLL not exciting any oscillation mode: 1f forced os-
cillation occurs in the system, DFIG will continuously absorb
oscillation energy from the system. When PLL does not excite
any oscillation mode, the variation of DFIG dissipation intensity
corresponding to different PLL parameters is shown in Fig. 22. It
can be seen that DFIG dissipation intensity is constantly positive
with similar variation pattern to the former two cases.

As PLL control parameters vary, the variation of free dis-
sipation intensity and coupled dissipation intensity is shown
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Fig. 22.  Variation of DFIG dissipation intensity corresponding to different
PLL control parameters when PLL not exciting oscillation mode in case 3.

in Fig. 23. It can be seen that the free dissipation intensity
and coupled dissipation intensity are both positive, with free
dissipation being the leading component, and both components
increase as K; increases and decrease as K, increases.

Hardware-in-the-loop tests of phase-locked angle and power
angle of voltage at Bus39 corresponding to different PI parame-
ters are shown in Fig. 24. It can be seen that when K; increases,
the oscillation amplitude of phase-locked angle decreases; when
K, increases, the oscillation amplitude of phase-locked angle
increases. The phase angle of voltage at Bus39 has similar
variation pattern, due to the relatively weak coupling between
DFIG and grid, only with smaller variation amplitude.

The oscillation curves of DFIG-side current and active power
corresponding to three groups of control parameters (i.e., K, =
15, K; =1, K, =10, K; = 1, K, = 10, K; = 3) are shown in
Fig. 25. It can be seen that when Kj; increases or K, decreases,
equal-amplitude oscillation amplitude is reduced and system
stability level is enhanced. The test result is consistent with the
theoretical analysis.

b) PLL exciting oscillation mode: As (3 draws closer to
W, tesonance will occur between PLL and the system. As the

Fig. 23.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 4, APRIL 2020

14 : : ‘
19l Il Free Dissipation |
:_ “['| I Couple Dissipation
> 1r ]
ﬁ
c 0.8 4
-]
£ 06 4
>
204 |
2
w 0.2 |

Il Free Dissipation

:ni. I Couple Dissipation

E

a

c

@

2

£

>

o

= 0.

@

i=4

w

8 9 10 11 12 13 14 15 16

Kp
(b)

Variation of free dissipation component and coupled dissipation
component corresponding to different PLL control parameters when PLL not
exciting oscillation mode in case 3.

284 306
— Kp=10Ki=5 . Kp=10,Ki=5
282 —— Kp=10,Ki=3 8304 Kp=10,Ki=3
3 T 7 7
280 o I
2 .
@ @ 30.2 VY |
g2 5
2 ° |
g- 276 ? 30 3056
274 ° $0_54
§ 208 I
272 & 30.52 \
270, 54.254.454.654.8 55
40 50 60 70 285 50 60 70
ts ts
(a) (®)
284 306
282 — Kp=15Ki=1 @ Kp=15 Ki=1
—— Kp=10Ki=1 § 304 Kp=10 Ki=1
280 3 L
]
o278 @ 30.2
8 276 5 AT
g 2 30.56
@274 2 30 | 3056
2 < 30.54
272 g 52
§ooo %
; )
270 46 48 50 & 54 54.5 55
268 296
40 50 60 70 40 50 60 70
ts ts
(©) (d
Fig. 24.  Oscillation curves of phase-locked angle and power angle of voltage

at Bus39 corresponding to different PI parameters when PLL not exciting
oscillation mode in case 3.

oscillating source, DFIG will inject oscillation energy to the
system; thus, DFIG dissipation intensity will be negative and
will reach its minimum value when 8 = w,,,. As PLL control
parameters vary, the variation of DFIG dissipation intensity is
shown in Fig. 26.

Fig. 27 depicts the variation of free dissipation intensity and
coupled dissipation intensity corresponding to different PLL
control parameters. It can be seen that, as J draws closer to
wm, the coupled dissipation intensity decreases rapidly and turns
negative; thus, DFIG injects oscillation energy to the system,
and the injected oscillation energy reaches the maximum value
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Fig.25.  Oscillation curves of DFIG-side current and active power correspond-
ing to three groups of control parameters when PLL not exciting oscillation mode
incase3.(a) K, = 15, K; = 1.(b) K, =10, K; = 1. (¢) K, = 10, K; = 3.

Energy Intensity/p.u.

Fig. 26. Variation of DFIG dissipation intensity corresponding to different
PLL control parameters when PLL exciting oscillation mode in case 3.

when 3 = wy,. This maximum value keeps increasing as /K,
increases.

In this case, the hardware-in-the-loop tests curves of phase-
locked angle are shown in Fig. 28. It can be seen that as
K, increases, the oscillation amplitude of phase-locked angle
gradually decreases. When K; = 10.6, i.e., when the frequency
of PLL oscillation mode is equal to system oscillation frequency,
resonance occurs between DFIG and the system, which amplifies
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Fig. 28.  Oscillation curves of phase-locked angle corresponding to different

PLL control parameters when PLL exciting oscillation mode in case 3.

system oscillation, and the damping of DFIG turns negative.
Thus, the above theoretical analysis result is verified.

The oscillation curves of DFIG-side current and active power
corresponding to the six groups of control parameters are shown
in Fig. 29. Increasing K, or adjusting K; parameters to make
PLL oscillation frequency far away from system oscillation
frequency is beneficial to reduce equal-amplitude oscillation
amplitude, increase the damping effect of DFIG on system
oscillation and enhancing system stability level.

C. Comparison With Eigenvalue Analysis Method

To verify the applicability and effectiveness of the proposed
energy method in analyzing the stability of low-freqeuncy os-
cillation, the consistency of the participation degree of DFIG in
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Fig. 29. Oscillation curves of DFIG-side current and active power corre-
sponding to three groups of control parameters when PLL exciting oscillation
mode in case 3. (a) K, = 0.1, K; = 10.6. (b) K;, = 0.2, K; = 10.6. (¢)
Ky, =0.3, K; =10.6. (d) K, = 0.1, K; = 9.5. (e) K, = 0.1, K; = 10.6.
(f) Kp =0.1, K; = 11.5.

electromechanical oscillation and the effect of DFIG on system
damping obtained with the energy method and eigenvalue analy-
sis method [19] is analyzed. Take Case 1 for example. The case,
weak damping with PLL exciting oscillation mode, is analyzed
in detail. The parameter setting is the same as the one shown in
Figs. 8 and 9. The comparison results of the other parameters
are similar and shown in Appendix D.

In order to make the comparison more obvious, the absolute
value of coupled dissipation intensity is used, which character-
izes the degree of coupling between DFIG and grid. The varia-
tion curves of PLL participation factor and the absolute value of
coupled dissipation intensity are shown in Fig. 30(a). It can be
seen that the variation trends of two curves are almost the same.
When K; = 0.5, the participation degree of DFIG in system
electromechanical oscillation reaches the maximum. Compar-
ison between DFIG dissipation intensity and system damping
ratio is shown in Fig. 30(b). It can be seen that both reach the
lowest point when the frequency of PLL excited oscillation is
equal to the frequency of system electromechanical oscillation.
This is consisent with the analysis result in Section III.

Based on the above analysis, the results of eigenvalue calcula-
tion and energy analysis are consistent; thus, the proposed energy
method can be effectively applied in analyzing low-frequency
oscillation of the DFIG-integrated system. Meanwhile, accord-
ing to the above comparison, the eigenvalue method can only
reach the conclusion that when PLL oscillation mode is coupled
with system electromechanical oscillation mode. However, it
cannot accurately analyze the damping level of DFIG itself
and how DFIG-grid coupling causes the system to oscillate to
instability. As for the energy method, the mechanism of how
DFIG-grid coupling affects system low-frequency oscillation is
further illustrated, with the conclusion that the energy interaction
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Fig. 30. Comparison between energy analysis result and eigenvalue cal-

culation result. (a) Comparison between system damping ratio and coupled
dissipation intensity. (b) Participation factor and forced dissipation intensity.

between DFIG and grid caused by PLL will weaken the damping
of DFIG itself. When DFIG is strongly coupled with the grid,
the damping of DFIG will rapidly deteriorate, and DFIG will
continuously inject dynamic energy to the grid, causing the
system to oscillate to instability.

V. CONCLUSION

A method to analyze the low-freqeuncy oscillation of the
system with DFIG integration based on the dissipation energy is
proposed in this article. By constructing the model of dissipation
energy of DFIG with PLL, the interaction between DFIG and
power grid is analyzed, and the mechanism of how DFIG-
integrated system goes unstable from low-freqeuncy oscillation
is illustrated from the perspective of energy. Main conclusions
are as follows.

1) The dynamic characteristics of PLL cause DFIG to be
coupled with the grid, which generates new dissipation
energy composed of free dissipation energy and DFIG-
grid coupled dissipation energy. Free dissipation energy
is the dissipation effect of DFIG on the dynamic energy
generated by the free response of PLL, and its intensity
represents the immanent damping level of DFIG. Coupled
dissipation energy is the dissipation of dynamic energy
generated by the coupling between DFIG and grid, and
its intensity represents DFIG-grid coupling degree. If the
positive damping of DFIG free dissipation cannot off-
set the negative damping effect generated by DFIG-grid
coupling, DFIG will go unstable and cause system elec-
tromechanical oscillation to diverge, aggravating system
damping level.
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2) When PLL does not excite any oscillation mode, the free
dissipation intensity is the leading component. Although
the coupling dissipation intensity maybe negative when
parameter K; decreases, the total intensity keeps positive
and DFIG exhibit positive damping on the oscillation.
Both of the dissipation intensity increase as K; increases
and decrease as K, increases.

3) When PLL excites some oscillation mode, the coupling
between PLL free response and system oscillation will
introduce a negative dissipation intensity item. When the
two frequencies come to be equal, strong resonance will
occur, and if PLL exhibits weak damping, the negative
dissipation intensity will reach the minimum value. As
the oscillating source, DFIG will continuously inject dy-
namic energy to the grid, amplifying system oscillation
and aggravating system damping level.

4) The proposed method does not require the state variables
of all generators in the system to be obtained. From the
perspective of DFIG alone, through the DFIG-grid cou-
pled dissipation intensity, the degree of coupling between
DFIG and grid is accurately quantified, the damping effect
of DFIG-grid coupling on DFIG is evaluated, and the phys-
ical process of how the energy interaction between DFIG
and grid causes system oscillation to diverge when there
is strong coupling between DFIG and grid is revealed.

APPENDIX A

When the eigenvalue of (18) is real number, the general
solution corresponds to PLL not exciting oscillation mode; thus,
the free response of PLL can be expressed as

Ay = Cre®tt 4 Che?! (A-1)

where o; and ay are two eigenvalues of (14), and 7y, ro < 0
because both K, and K are above 0. C; = Afy — Awo—Abo/ry

T2—T1
and Cy = A“(’T;fAfo/“ are coefficients determined by the initial
values of the phase-locked angle and rotating speed.

When the eigenvalue of (14) is imaginary number, the dy-
namic of PLL will excite oscillation mode of its own. The

dynamic of PLL is expressed as
Abpn1y = € (Cy cos Bt + Cy sin ft) (A-2)

where 3 is the oscillation mode of PLL, and « is the at-
tenuation coefficient of this oscillation mode. C; = A#, and
Cy = % are coefficients determined by the initial values
of the phase-locked angle and rotating speed.

APPENDIX B

Qo * (r2 — w2 + K,Usr + KiUS)

b =
(2wt + KyUswm)? + (12 — w2, + K,Ugr + K;U,)?
(B-1)
de Qo wpr + KpUswy,)
(2w + KpUscum)2 + (r2 — w2, + KyUsr + KZ-US)2 '
(B-2)
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Fig. 31.

Diagram of 10-machine 39-bus system.
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