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Connection Between Damping Torque Analysis and
Energy Flow Analysis in Damping Performance
Evaluation for Electromechanical Oscillations in

Power Systems

Yong Hu, Siqi Bu, Xin Zhang, Chi Yung Chung, and Hui Cai

Abstract—The damping performance evaluation for electro-
mechanical oscillations in power systems is crucial for the sta-
ble operation of modern power systems. In this paper, the con-
nection between two commonly-used damping performance eval-
uation methods, i.e., the damping torque analysis (DTA) and en-
ergy flow analysis (EFA), are systematically examined and re-
vealed for the better understanding of the oscillatory damping
mechanism. First, a concept of the aggregated damping torque
coefficient is proposed and derived based on DTA of multi-ma-
chine power systems, which can characterize the integration ef-
fect of the damping contribution from the whole power system.
Then, the pre-processing of measurements at the terminal of a
local generator is conducted for EFA, and a concept of the fre-
quency-decomposed energy attenuation coefficient is defined to
screen the damping contribution with respect to the interested
frequency. On this basis, the frequency spectrum analysis of the
energy attenuation coefficient is employed to rigorously prove
that the results of DTA and EFA are essentially equivalent,
which is valid for arbitrary types of synchronous generator
models in multi-machine power systems. Additionally, the con-
sistency between the aggregated damping torque coefficient and
frequency-decomposed energy attenuation coefficient is further
verified by the numerical calculation in case studies. The rela-
tionship between the proposed coefficients and the eigenvalue
(or damping ratio) is finally revealed, which consolidates the ap-
plication of the proposed concepts in the damping performance
evaluation.
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1. INTRODUCTION

ELECTROMECHANICAL oscillation is an inherent

phenomenon in modern power systems, which is of
many concerns in the large-scale or interconnected system
operation [1]. The oscillation events can be triggered by vari-
ous factors such as the sudden change in transmission line
parameters, generator faults, and load fluctuations [2], [3].
Over the past several years, a series of oscillation incidents
have occurred in power systems all over the world, e.g., sev-
eral events observed in USA [4], [5] and China [6]. These
oscillation incidents have posed critical threats to the stable
operation of power systems.

After an oscillation accident occurs, if the oscillatory pow-
er lasts for a while and then gradually decays, the oscillation
is considered to be stable. The damping is a quantitative
characterization to evaluate the oscillatory stability, and the
better damping performance indicates a shorter oscillation
duration. For the power systems with weak natural damping,
the damping performance is normally enhanced by using the
external equipment such as the power system stabilizers
(PSSs) [7], [8]. The damping performance evaluation should
be carefully conducted for the installation planning and pa-
rameter setting of PSSs. At present, there are two commonly-
used methods for the damping performance evaluation, i.e.,
the damping torque analysis (DTA) and energy flow analysis
(EFA).

DTA originates from the concept of the electric torque of
synchronous generators in the electromechanical oscillation.
The generator rotor movement produces the torque effect,
which provides a clear physical explanation [9], [10]. As a
component of the electric torque, the damping torque contrib-
utes to the damping of power oscillations [9]. At present,
DTA is a common method to examine the effect of excita-
tion control on the small-signal stability of power systems
and is gradually extended to the damping performance evalu-
ation as well as the design of stabilizer controllers. DTA is a
mathematical modeling-based method. The mathematical
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models of the doubly-fed induction generator (DFIG), fixed-
speed induction generator, and three transitional wound rotor
generators are established in [11] to realize the damping
torque assessment. A model reduction strategy of DFIGs is
mathematically proposed in [12] to improve the efficiency of
the dynamic DTA. The dynamic mathematical model of
DFIGs with the least order but acceptable accuracy is estab-
lished in [13] to investigate the damping torque from differ-
ent dynamic components of DFIGs. DTA is proven to be
equivalent to the conventional eigenvalue-based analy-
sis [14].

The damping torque coefficient is an important index to
represent the relationship between the damping torque and
angular frequency. References [15]-[17] study the damping
torque coefficient through the state-space modeling based on
a linearized model. In a single-machine infinite-bus power
system, there is only one dominant oscillation mode and the
damping torque coefficient can directly characterize the
damping performance of the whole power system. However,
the damping torque coefficients of multiple generators are
presented in the matrix form for multi-machine power sys-
tems [9]. The damping contribution of the whole power sys-
tem is distributed to the generators associated with the oscil-
lation mode, which makes the analysis more complex for
multi-machine power systems. There is a lack of a useful
concept for DTA that can characterize the integration effect
of the damping contribution from the whole power system,
which should be applicable for arbitrary types of synchro-
nous generator models in multi-machine power systems.

The electromechanical oscillation events are accompanied
by the transmission and dissipation of the oscillatory energy
flow in the power system. For a stable oscillation event, the
oscillatory energy flow is eventually dissipated by the gener-
ators as well as external stabilizers. Hence, the EFA provides
a clear description for the electromechanical oscillation
mechanism. In recent years, the phasor measurement unit
(PMU) and wide area measurement system (WAMS) have
been applied in the power system stability analysis [18],
[19], which facilitates the measurement of the oscillatory en-
ergy flow at the terminal of a local generator. The measure-
ment-based EFA becomes an emerging way to evaluate the
damping performance. Compared with DTA, EFA shows an
apparent advantage: no complex modeling process is re-
quired, especially for the large-scale power system.

The basic components of the oscillatory energy flow are
presented in [20] and the oscillatory energy flow is utilized
to determine the location of oscillation sources. In [21], the
numerical estimation of the damping performance is provid-
ed by analyzing the rate of change of the oscillatory energy
flow. In [22], the oscillatory energy flow is linked with the
electric torque from the perspective of physics and attempt
to expand the damping torque coefficient to a frequency
spectrum. However, the connection between EFA and DTA
is not mathematically explored in [21] and [22]. The consis-
tency of EFA and DTA tends to be revealed in [23]-[25], but
all the derivations are unfortunately restricted to a certain
simplified model of synchronous generators, which largely
reduces the generality and significance of the work. There-

fore, there is no research so far to rigorously justify the con-
sistency between EFA and DTA for the damping perfor-
mance evaluation. In addition, the measurement at the termi-
nal of a local generator involves multiple oscillation modes
with respect to different frequencies in the multi-machine
power system; thus, the pre-processing of the measurements
at the terminal of a local generator should be conducted so
that the damping contribution with respect to the interested
frequency can be screened.

Considering all the points above, the major contributions
of this paper are listed as follows.

1) For DTA, in order to characterize the integration effect
of the damping contribution from the whole power system, a
concept of the aggregated damping torque coefficient is pro-
posed and derived. It can be applied to arbitrary types of
synchronous generator models in multi-machine power sys-
tems. The aggregated damping torque coefficient lays a foun-
dation for identifying the theoretical connection between
DTA and EFA.

2) For EFA, the pre-processing of measurements at the ter-
minal of a local generator is conducted in the time domain.
Based on that, a concept of the frequency-decomposed ener-
gy attenuation coefficient is defined to pick out the damping
contribution with respect to the interested frequency.

3) The connection between DTA and EFA is strictly prov-
en and the consistency of the aggregated damping torque co-
efficient and frequency-decomposed energy attenuation coef-
ficient is revealed, which is a general conclusion for arbi-
trary types of synchronous generator models in both single-
machine infinite-bus power systems and multi-machine pow-
er systems.

4) The relationship between the frequency-decomposed en-
ergy attenuation coefficient (or aggregated damping torque
coefficient) and the corresponding eigenvalue as well as
damping ratio is revealed based on the numerical calculation
and hence the application of the former proposed concepts
in the damping performance evaluation can be further veri-
fied and consolidated.

The rest of this paper is organized as follows. Section II
presents a DTA in the frequency domain and defines the ag-
gregated damping torque coefficient. In Section III, EFA is
conducted based on the pre-processing of measurements in
the time domain and the frequency-decomposed energy atten-
uation coefficient is defined. The frequency spectrum analy-
sis of the energy attenuation coefficient is conducted in Sec-
tion IV, which reveals the connection between DTA and
EFA. Case studies are carried out in Section V. Finally, con-
clusions are drawn in Section VI.

II. DTA IN FREQUENCY DOMAIN

In this section, a DTA is conducted in the frequency do-
main via the mathematical modeling. Compared with the
Phillips-Heffron model-based analysis in [9], the derivations
presented in this section are order-independent for the syn-
chronous generator models and can effectively evaluate the
integration effect of the damping contribution from multi-ma-
chine power systems.

The swing equation of the i" generator in a power system
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is expressed as:

ds,

gzwo(wf—l)

do, 1 )
= — [P —-P -D(w.—1

dt T]’[ mi el l(a)l )]

where ¢, is the power angle of the i" generator; w, is the
synchronous angular frequency; w, is the angular frequency
of the i" generator; T, is the inertia constant of the i" genera-
tor; P, is the mechanical power of the i" generator; P, is
the electric power of the i" generator; and D, is the natural
damping of the i" generator. It should be noted that i is omit-
ted for a single-machine infinite-bus power system.

For DTA, some other equations should be further involved
besides (1), e.g., the equations that characterize automatic
voltage regulators (AVRs), PSSs, etc. Define a vector Z that
includes the state variables of the generator(s) except J, and

i=1

k
®,. The dimension of Z is (Zni—Z)x 1, where n, is the or-

der of the i" generator model and k is the number of the gen-
erator(s). Then, the linearized model of a power system can
be derived as:

[ dAS, () ]
dAw, (¢ i l
7’() =4, - T Ay || Aw, (1) 2)
dr Ji AZ(1)
dAZ(t) A}I A32 A33
de
where 4,, is the element of the state matrix; 4,,, 4,,, A;,, and

A, are the block sub-matrices of the state matrix; AJ,(¢) is
the power angle deviation of the /" generator in the time do-
main; Aw, (¢) is the angular frequency deviation of the i" gen-
erator in the time domain; and AZ(¢) is the deviation of the
state variables aggregated in Z in the time domain.

The representation of (2) is transformed from time domain
to frequency domain applying the Fourier transform, as giv-
en by:

0 W, 0

IO PR PO
Aw,(f)|= ﬁ, Ay _TJ: Ay || Ao, (f) 3)
AZ(f) AZ(f)
A31 A32 A33
where Ad,(f) is the power angle deviation of the i" genera-

tor in the frequency domain; Aw,(f) is the angular frequen-
cy deviation of the i" generator in the frequency domain;
and AZ(f) is the deviation of the state variables aggregated
in Z in the frequency domain.

Based on (1) and (3), the linearized representation of a
power system can be derived as the form in Fig. 1.

From Fig. 1, the relationships among the major variables
are clearly revealed. Then, (4)-(6) can be derived, respective-
ly.

AP, (f):_TJi (A21A5,~(f)+A23AZ(f)) (4)

Ao, (f)=

f ®)

A
21
| ZAPu ()
S T, |1 %o Aw, (f) e A6, (f)
A J2nf T Y J2nf
-D; A
EQ 2n/T, Ty JszfI3 2A33
AZ(f) LAy ]
+ | j2nfT-Ay
Fig. 1. Linearized representation of a power system.
AZ(f)= o A ()+ Ao, () (6
2l - A, -4, ©
where AP, (f) is the electric power deviation of the i gener-

ator in the frequency domain; and 7 is an identity matrix.
Substitute (5) and (6) into (4), and (7) can be derived step
by step.

AP, (f):_Tji(A21A5i(f)+A23AZ(f)):

T A, +A 73 A0, +A,,—
Ji 21 23 2 ﬂ 133 (f) 23 2 ﬂ l%z (f)
—T A +A 731 @o +A 732 A
Ji 21 23 j2 ﬂ 133 j2 f 23 jz ﬂ [33 a)l(f)
(;)

The electric torque consists of two components: the damp-
ing torque and synchronous torque. According to the discus-
sion in the introduction, the damping torque contributes to
the damping of power oscillations. Since the rotating speed
is close to 1 p.u., the electric power is approximately equal
to the electric torque. According to the definition of the
damping torque, the real part of the ratio of AP,(f) and
Aw,(f), i.e., K, ,(f) in (8) can be regarded as the damping
torque coefficient. Equations (7) and (8) will play an impor-
tant role in revealing the connection between DTA and EFA
in Section IV.

KdaJ (f):
Ay, ) @,

T4y +Ayy—— |7
{( T - A, jonf

where Re{} is the real part operator.

For a single-machine infinite-bus power system, (8) is ac-
tually the damping torque coefficient of this single generator
according to the traditional definition of the damping torque.

For a multi-machine power system, as explained in Sec-
tion I, the damping torque coefficients of multiple generators
are usually presented in the matrix form. Equation (8) essen-
tially implies the integration effect of the damping contribu-
tion from the whole power system but projected to the i"
generator, which is different from the traditional definition
of the damping torque. Hence, a useful concept is given as
Definition 1.

Definition 1: the aggregated damping torque coefficient of
the i generator with respect to the interested oscillation fre-
quency f, is defined as K, ,(f,) by substituting f, into (8).

The physical explanation of this concept is that all the

Re ®)

A - -
? jomfl - AJ
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damping contributions from the whole power system are ag-
gregated and then reflected from a selected generator.

III. EFA IN TIME DOMAIN

As indicated in [23] and [24], the oscillatory energy flow
from node a to node b can be calculated by:

W, = [[Pud,+0,dIn U= [P, +AP,)d@,, +A0,)+
[©u,+20,) AW, , + AU, )= [P, ,dA0, +

f AP ,dAG, +(Q,, +A0,,)d(In(U,, +AU,)) ©)

where W, is the oscillatory energy flow from node a to
node b; P, is the active power flow from node a to node b;
Q,, is the reactive power flow from node a to node b; U,
and 6, are the amplitude and phase angle of the voltage of
node a; the subscript s denotes the steady-state value of cor-
responding variable; and the operator A(-) denotes the devia-
tion of corresponding variable from its steady-state value.

Normally, the reactive power in (9) is ignored. Then, it
can be observed that the oscillatory energy flow in (9) con-
sists of two components, as listed in (10).

w,,=[P,.da0,

ab,s

(10)
Wazb = IAPabdAea

where W, is the oscillatory energy component with respect
to P, ; and W is the oscillatory energy component with re-
spect to AP, which reflects the dissipation of the oscillato-
ry energy flow [23].

The electric power of the generator is considered to be nu-
merically equal to the active power flow between the two
nodes, and the phase angle of the node voltage is approxi-
mately regarded as the power angle of the generator. On this
basis, the oscillatory energy flow dissipated by the i" genera-
tor can be calculated by (11) using the measurements at the
terminal of a local generator.

W, =AP,,(1)dAd, (1) (11)

where W, is the oscillatory energy flow dissipated by the i
generator; and AP, (¢) is the electric power deviation of the
i" generator in the time domain.

Since the rotating speed is close to 1 p.u., the electric
power is approximately equal to the electric torque. Then,
the oscillatory energy flow dissipated by the i" generator can
also be represented as:

W,=w, [AT, (Ao, ()dt (12)

where AT, () is the electric torque deviation of the i" genera-
tor.

Generally, the electric torque can be divided into synchro-
nizing torque and damping torque [9], which can be ex-
pressed as:

AT, (O)=K ;Aw,(H)+ KA, (?) (13)

where K, is the damping torque coefficient of the i" genera-
tor; and K, is the synchronizing torque coefficient of the i
generator.

The integral of the product of power angle deviation and
angular frequency deviation is equal to zero, and then (14)

can be further derived based on (11)-(13).

[AP, 0dAs, ()=, [K, A} (dt (14)

The damping torque coefficient can be derived from (14),
as given by:

[ ap.wdns, 0
Ky==—07"""— (15)
w, O

K, can reflect the energy attenuation brought by the damp-
ing torque of generators, and hence we define the calculation
result of (15) as the energy attenuation coefficient. Using the
measurements at the terminal of a local generator, the energy
attenuation coefficient of the i" generator can be estimated
by:

| : AP, (DAw, (1)dt

de,i —

- (16)
f , Aw? (f)dt

where K, is the energy attenuation coefficient of the i gen-
erator based on EFA.

For a single-machine infinite-bus power system, the mea-
surement at the terminal of a generator involves only one os-
cillation mode. Equation (16) can be directly used to esti-
mate the energy attenuation coefficient of this single genera-
tor.

For a multi-machine power system, the measurement at
the terminal of a local generator involves multiple oscillation
modes. It is difficult to directly estimate the energy attenua-
tion coefficient using (16). Therefore, it is necessary to con-
duct the pre-processing for the measurements at the terminal
of a local generator in the time domain. According to the
theory of Fourier series, any signal that satisfies the Dirich-
let condition can be decomposed into a series of sub-signals,
as given by:

(17)

where g(¢) is a signal in the time domain; 4, is the amplitude
of the j" sub-signal; J; is the frequency of the J" sub-signal;
and a, is the phase angle of the j" sub-signal.

The amplitude-frequency characteristic and phase-frequen-
cy characteristic of g(f) can be obtained by the well-known
Fourier transform, as shown in (18)-(20).

g)= iAf cos(2nfit +a;)

G()=Flg)=[ ge™ dr (18)
A, =[G G .. G(f, )] (19)
a,.,=arg(G(f,) G(f)) ... G(f, ) (20)

where G(f) is the Fourier transform of g(#); 4,,,, is the p-di-
mension vector that includes the amplitudes of sub-signals at
each frequency; a,,, is the p-dimension vector that includes
the phase angles of sub-signals at each frequency; |-| denotes
the magnitude of a complex number; and arg(-) denotes the
phase angle of a complex number.

The amplitude 4,€A4,,, and phase angle a,ca,,, at the
interested oscillation frequency f, can be observed from the
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amplitude-frequency characteristic and phase-frequency char-
acteristic of g(#), and then the decomposed sub-signal with
respect to the interested oscillation frequency f, is given as:

g (t)=4,cos2nft +a,) Q1)
where g“(¢) is the decomposed sub-signal from g(7) with re-
spect to f,.

Based on (18)-(21), the decomposition is conducted for
the electric power deviation and angular frequency deviation
of the i" generator, and the decomposed sub-signals with re-
spect to f, are substituted into (16) to screen the damping
contribution with respect to f,, as shown in (22). A concept
is given as Definition 2.

Definition 2: the frequency-decomposed energy attenua-
tion coefficient of the /" generator with respect to an interest-
ed oscillation frequency f is defined as K ‘fj ;. by (22).

j;wAfﬁ(aAaéxgdt

K, = (22)

[ @alwya

where APf;? (f) is the decomposed sub-signal from AP (f)
with respect to f; and Aa)’f’ (¢) is the decomposed sub-signal
from Aw,(f) with respect to f,.

If we repeat the calculation in (22) with respect to multi-
ple oscillation frequencies, e. g., f, f,, f. ..., the set
{K;:;_,,K;;,»,de;,l, } can be obtained. It can be observed that

the frequency-decomposed energy attenuation coefficients
calculated in the time domain can be represented as a spec-
trum with respect to multiple oscillation frequencies, which
will be further analyzed in the Section IV.

In the case studies, i.e., Section V, the time-domain data
of the electric power and angular frequency can be obtained
by the real-life measurements or solving differential equa-
tions. In this paper, the time-domain data of the electric pow-
er and angular frequency are obtained by solving the differ-
ential equations based on synchronous generator models.
The power flow calculation is needed in the process of solv-
ing differential equations.

IV. CONSISTENCY BETWEEN EFA AND DTA

In this section, the frequency spectrum analysis of the en-
ergy attenuation coefficient is conducted to demonstrate the
consistency between EFA and DTA.

Using Parseval’s theorem, the integral of the product of
two real signals in the time domain can be conducted equiva-
lently in the frequency domain, i.e., (23). It is noted that
2,()=0 and g,(©)=0 when ¢<0.

[ e0g.0a=[" 6 (nGnir= ] Gi(NG(HY @3)

where g,(¢) and g,(f) are two signals in the time domain;
G,(f) and G,(f) are the Fourier transforms of g,(f) and
g, (1), respectively; and « is the conjugate operator.
Let G, (=R, (/H+jX,(f) and G,(/)=R,(/)+jX,(/),
and then (24) can be derived.
G (NG (N=R, (N +iX, NNR, (/) -iX. (/)=

X, (NX (N+IR, (NX, ()= R, (X () 24

According to the definition of Fourier transform, (25) can
be derived.

R(N= [ g (cos@uirde

X, (f)=- J’Mgl (t)sin(2mft)de
- (25)
R,(f)= f & (H)cos(2mft)dt

X,(N=" g sinQnfiyr

It can be observed from (25) that R, (f) and R, (f) are the
even functions with respect to f, while X, (f) and X, (f) are
the odd functions with respect to f. On this basis,
R, (/HR,(f) and X, (f)X,(f) are the even functions, while
R, (NHX,(f) and R,(f)X,(f) are the odd functions. There-
fore, (23) can be further derived as:

[ e0g.wa= [ G (NG (f -
2 RN+ X (DX (=

2] "Re(G, (NG (NN (26)
By applying (26), (16) can be derived as:
[ AP, s, [ “Re@P, (0] (1)
- @7

[awt@ar [ Re(o,(NA0] (/)Y

Equation (27) implies that EFA is transformed from time
domain to frequency domain. Normally, for an oscillation
mode with respect to the interested oscillation frequency f,
(27) can be rewritten as:

[ aPtwastoa [ "Re@P(fare; (1) df

[ sl [ Reo, (f)80] (1) df

It should be noted that AP,(f,), Aw,(f,) and Aw; (f,) are
all constant complex numbers at f,, and hence the integral
operator in (28) actually collapses. In fact, the product of
Aw,(f,) and Aw, (f,) is a real number. Considering the coef-
ficient proposed in (22), (29) can be obtained.

APei(ﬁz)Awf(ﬁz))_Re(APe,-(ﬁz)) 29

Aw,(f)Aw! (f)] | Aw(f)

The following theorem can be summarized by comparing
(29) with (7) and (8).

Theorem: for the i" generator, the aggregated damping
torque coefficient is essentially equivalent to the frequency-
decomposed energy attenuation coefficient with respect to
the interested oscillation frequency f, i.e.,

Ky =K. (f)

(28)

Jo _
de,i — €

(30)

V. CASE STUDIES

The consistency of the proposed coefficients reflecting the
damping performance calculated by (8), (22), and (29) is ver-
ified by the numerical calculation in both the single-machine
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infinite-bus power system and multi-machine power system
in this section. The 6"-order model of synchronous genera-
tors [26] and the transfer functions of AVR and PSS are giv-
en by (Al) and Fig. Al in the Appendix A.

MATLAB programming is employed to conduct the nu-
merical calculations of K, ,(f,) and K jj, as follows.

Step 1: assume a set-up disturbance happens at the i" gen-
erator in a power system.

Step 2: the time-domain solutions of P, (¢) and w,(?) of the

" generator are obtained by solving the differential equa-
tions; then, AP, (f) and Aw,(f) are calculated from P ,(f) and
w,(t).

Step 3: the amplitude-frequency characteristic of AP, (¢) is
obtained through the Fourier transform, where the frequency
of each dominant oscillation mode can be observed; then, an
interested oscillation mode at f; is selected.

Step 4: the modeling is conducted via (3); then, K, ,(f,) is
calculated by substituting 4,,, A4,,, A;,, A;,, A,;,, and f, in-
to (8).

Step 5: AP,(t) and Aw,(f) are decomposed as AP”(f) and
Aw{”(t) by applying (18)-(21) with respect to f,, and then
(22) is applied to calculate ij ; in the time domain.

Step 6: (29) is applied to calculate Kf,ii_, . in the frequency
domain.

Finally, the numerical results from (8), (22), and (29) need
to be compared to verify the consistency of DTA and EFA.

A. Verification in Single-machine Infinite-bus Power System

The line diagram of a single-machine infinite-bus power
system is shown in Fig. 2.

®—'—@—'7| ER External grld
Line : ]

Generator N
Transformer Infinite bus

Fig. 2. Line diagram of a single-machine infinite-bus power system.

The parameters of this power system are given in the Ap-
pendix B. A step-up disturbance occurs in the mechanical
power of the generator at 0.2 s, i.e., P,=1.1P ,, and lasts for
0.1 s. P,, is the initial mechanical power. There is no instal-
lation of PSS. The eigenvalue of the state matrix is comput-
ed to be —0.1021+7.9095.

The simulation results of AP, () and its Fourier transform
are shown in Fig. 3. It can be observed that there is only
one dominant oscillation mode at around 1.26 Hz.

The simulation results of the angular frequency deviation
Aw(t) and its Fourier transform are given by Fig. 4. It can be
observed that there is only one oscillation mode at around
1.26 Hz, which is consistent with the analysis from Fig. 3(b).

In the single-machine infinite-bus power system, the pro-
posed coefficients at 1.26 Hz are calculated by (8), (22), and
(29), respectively. The calculation result of the aggregated
damping torque coefficient by (8) is 1.6221, and the calcula-
tion results of the frequency-decomposed energy attenuation
coefficient by (22) and (29) are 1.6054 and 1.6308, respec-
tively, which verifies the consistency.
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Fig. 3. AP,(¢) and its Fourier transform. (a) AP, (f) in time domain. (b)
Amplitude-frequency characteristic of AP, () in frequency domain.
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Fig. 4. Aw(?) and its Fourier transform. (a) Aw(?) in time domain. (b) Am-
plitude-frequency characteristic of Aw(?) in frequency domain.

Generally, the numerical calculation from DTA is consid-
ered to be accurate because DTA is a modeling-based meth-
od. While the numerical calculation from EFA is regarded as
an estimation because EFA is a measurement-based method.

Equation (8) is derived from DTA, (22) is derived from
EFA in the time domain and (29) is derived from EFA in the
frequency domain. The computing time by (8), (22), and
(29) in this single-machine infinite-bus power system is 0.12
s, 0.14 s, and 0.03 s, respectively. Compared with DTA
based on (8), the error of EFA based on (22) is —1.03%,
while the error of EFA based on (29) is 0.54%. It can be ob-
served that the error of EFA is within an acceptable range.

B. Verification in Multi-machine Power System

A 4-machine 2-area power system is used as an example
in this subsection, which is illustrated by Fig. 5. The parame-
ters of the generators, transmission lines, and loads are pre-
sented in Appendix C, and the base capacity of this 4-ma-
chine 2-area power system is 100 MVA. A step-up distur-
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bance occurs in the mechanical power of G, at 0.5 s, i.e., P =
1.05P,, ,, and lasts for 0.05 s. P,,, is the initial mechanical

m1,0° ml1,0
power of G,.
| | | | |
@"ﬁ@ 5 6 [7 _8F ol @_2|’®
G, i G,
Load 6! Load 8
3 § 4
Area 1 Area 2
G, 1 Gy
Fig. 5. Line diagram of 4-machine 2-area power system.

The four generators are all equipped with AVR and PSS
with the same parameter settings. Three scenarios are de-
signed as follows.

1) Scenario 1: K,,=60; T,,=0.055s; K, =8, T,,=T,=5s;
and T,,=T,,=3 s. K, is the proportional coefficient of AVR
of the i" generator. 7, is the time constant of AVR of the i"
generator. K . is the proportional coefficient of PSS of the
i" generator. T,, T,, T,, and T, are the time constants of

PSS of the i" generator.

2) Scenario 2: K, =70; T, =0.055s; K, =7, I, =T5,=5 s;
and 7,,=T7,=3 s.
3) Scenario 3: K, =80; T,,=0.055s; K,,=6; T),=T;,=5s;

and 7,,=T, =3 s.

As for the neglect of the reactive power in (9), the com-
parison of the oscillatory energy flow with and without the
consideration of the reactive power is conducted at G, for
Scenario 1. The results are given in Fig. 6. It can be ob-
served that the influence of the reactive power is very small,
which can be ignored.

0.02

— With consideration of reactive power
— Without consideration of reactive power

Amplitude (p.u.)

0 10 20 30 40 50 60 70 80 90 100

Time (s)
Fig. 6. Oscillatory energy flow with and without consideration of reactive
power at G, for Scenario 1.

The simulation results of AP, (¢) and its Fourier transform
for the three scenarios are shown in Figs. 7-9, respectively.
It can be observed that there is an inter-area oscillation
mode at 0.53-0.54 Hz, which is the focus of this case study.
The eigenvalues of the inter-area oscillation mode for the
three scenarios are —0.0590+j3.3618, —0.0541+;3.3608, and
—0.0454+3.3580, respectively. The real part of the eigenval-
ue indicates the damping [27]. By comparing the real parts
of the three eigenvalues, it can be found that the damping
performance of Scenario 1 is better.

The calculation results of the aggregated damping torque
coefficient by (8) and the frequency-decomposed energy at-
tenuation coefficient by (22) and (29) for the three scenarios
are demonstrated by Table I, which shows the consistency.
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Fig. 7. AP, (?) and its Fourier transform for Scenario 1. (a) AP,,(¢) in time
domain. (b) Amplitude-frequency characteristic of AP, () in frequency do-
main.
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Fig. 8. AP, (f) and its Fourier transform for Scenario 2. (a) AP,,(f) in time
domain. (b) Amplitude-frequency characteristic of AP, (f) in frequency do-
main.

The difference between EFA and DTA mainly comes from
the following aspects.

1) The fast Fourier transform (FFT) is applied to analyze
the amplitude-frequency characteristic of a signal in MAT-
LAB. Since FFT is discrete, the frequency of an oscillation
mode may fall between two adjacent spectral lines, which
brings a slight error to the presented amplitude.

2) The reactive power is ignored in (9), which leads to a
slight error.

3) The integral operation is obtained by accumulating the
rectangular areas within the time interval, which causes a
slight error. However, the results are generally within the ac-
ceptable range.

The damping performance evaluation through different
methods is given by Table II, and their evaluation results are
consistent. It can be concluded from the case studies that the
proposed coefficients can be used as the new indicator for
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the damping performance evaluation, which can be obtained
from either the time or frequency domain.
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Fig. 9. AP (¢) and its Fourier transform for Scenario 3. (a) AP () in time
domain. (b) Amplitude-frequency characteristic of AP (#) in frequency do-
main.

TABLE I
CALCULATION RESULTS OF PROPOSED COEFFICIENTS IN 4-MACHINE 2-AREA
POWER SYSTEM

Calculation result

Scenario - - -
Equation (8) Equation (22) Equation (29)
44.71 4534 45.37
43.94 44.18 4421
38.93 38.11 38.14
TABLE II

COMPARISON OF DAMPING PERFORMANCE EVALUATION THROUGH
DIFFERENT METHODS

Scenario Eigenvalue-based analysis DTA EFA
1 ¥ Yo ¥ Yo ¥ ¥ ¥¢ Yo ¥
2 Yo de Ve Yo Ve Je
3 ¥ g W

Note: the number of “¥¢” indicates the degree of damping performance.

In order to demonstrate the relationship between the real
part of eigenvalue (or damping ratio) used by the eigenvalue-
based analysis and the proposed coefficients, K, is randomly
adjusted 1000 times between 40 and 80, and K, is random-
ly adjusted 1000 times between 4 and 8. Thus, 1000 simula-
tion scenarios are established to obtain a dense scatter dia-
gram, as shown by the blue scatter points in Figs. 10 and
11, where the fitting result is represented by the red curve. It
can be revealed that there is an approximate linear relation-
ship between the proposed coefficients and the real part of
the eigenvalue (or damping ratio). In other words, the pro-
posed coefficients provide a new indicator to assess the
damping performance of the whole power system, which pro-
vides the important reference for the parameter setting of ex-
ternal stabilizers.
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Fig. 10. Relationship between proposed coefficients and real part of eigen-
value.
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Fig. 11. Relationship between proposed coefficients and damping ratio.

The application of the proposed coefficients to investigate
the electromechanical oscillations in power systems is sug-
gested as follows.

In order to evaluate the damping performance based on
the aggregated damping torque coefficient, the mathematical
models of all power components should be available, and
the state-space modeling of the whole power system should
be conducted. Then, (8) is applied to calculate the aggregat-
ed damping torque coefficient.

The frequency-decomposed energy attenuation coefficient
proposed for EFA shows a clear advantage in the large-scale
power system with a large number of complex power compo-
nents. The mathematical models of power components are
unnecessary to be known, and the high-dimension modeling
can be avoided. In order to evaluate the damping perfor-
mance based on EFA, the measurements at the terminal of a
local generator should be monitored. After that, (22) or (29)
can be applied to calculate the frequency-decomposed ener-
gy attenuation coefficient.

VI. CONCLUSION

The damping performance evaluation is important to the
stable operation of power systems. DTA and EFA are two
commonly used methods for the solutions. First, the aggre-
gated damping torque coefficient is defined and derived for
DTA to characterize the integration effect of the damping
contribution from the whole power system. Then, the pre-
processing of measurements at the terminal of a local genera-
tor is conducted for EFA, and the frequency-decomposed en-
ergy attenuation coefficient is defined to screen and deter-
mine the damping contribution with respect to the interested
frequency. On this basis, this paper carries out the strict
proof on the connection between DTA and EFA in assessing
the damping performance of electromechanical oscillations
in power systems, which is general for arbitrary synchronous
generator models in multi-machine power systems. Specifi-
cally, the frequency spectrum analysis of the energy attenua-
tion coefficient reveals that DTA and EFA are essentially
equivalent.
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After that, case studies are conducted in both the single-
machine infinite-bus power system and 4-machine 2-area
power system, where the consistency of the aggregated
damping torque coefficient and the frequency-decomposed
energy attenuation coefficient is numerically verified. Addi-
tionally, the relationship between the frequency-decomposed
energy attenuation coefficient (or aggregated damping torque
coefficient) and the real part of the eigenvalue (or damping
ratio) is also disclosed, which further demonstrates the appli-
cation of the proposed concepts for the damping perfor-
mance evaluation in power systems.

APPENDIX A

The 6"-order model of synchronous generators is given by
(A1). The transfer functions of AVR and PSS of the i" genera-
tor are shown in Fig. Al.

do,
Ez“’o(wf -
da) b _p D 1
e~ T,L [ (@, =1)]
Lo 1 (-E,+E;)
dr — Tj, v
a1 ,
T;d_ T [ Efdr +K, (Vti.w/’_ V,+ upm.)] (Al)
dw,
dy, —1+7T,— g -Y,
dr T,
dy,
dupssi KIM‘Y +KPSS’T2’ d upm‘
dt h T“

where T, is the time constant of the ﬁeld winding of the i"
generator; ¥, is the output voltage of the i" generator; and V,
is the reference output voltage of the i" generator. The mean-
ings of other variables can be found in [26], which are not re-
peated here.

Vi Eio
+7J\ K Ef"di P
Vn,ref () 1+J27U(T ] + ®—'E/Hi
(a)
A UH2n/T,, | Y | 14520/ Ty, | Ypssi
W; ssi - T
£ 1+j2nf T 1+j2nfT),
(®)

Fig. Al. Transfer functions of AVR and PSS of i generator. (a) Transfer
function of AVR. (b) Transfer function of PSS.

APPENDIX B

The major parameters of the single-machine infinite-bus
power system are: 7,=8 s; D=0; w,=314 rad/s; T,,=5 s;
X,=08 p.u; X, =04 p.u; X;/=0.05p.u; P,=0.6 pu; X =
03 p.u; V,=V,=1.05p.u; V,=1.0 p.u; V,ef 1.05 pu; K, =
10; 7,=0.01 s; K,,=0; T,=7,=0; and T, =7,=9999. X, is

tl ref

the d-axis synchronous reactance; X, is the g-axis synchronous
reactance; X, is the d-axis transient reactance; V', and V, are
the voltage at nodes 1 and 2, respectively; and X, is the reac-
tance of the transmission line and transformer.

APPENDIX C

The major parameters of the 4-machine 2-area power sys-
tem are: 7,=T7,=117s; T,=T,=111.15s; D,=D,=D;=
D,=0; w,= 314 rad/s P.,=8 67 Pus Pooo=Poso=Pouo=
7.0 p.uy X, =X, =X, Xd4 0 2pou; X, =X,=X,=X,=
0.1889 p.u; X, =X,=X,=X;,=0.0333 p.u;
Tho=Tpno=8 s; Vy=V,= 1.03 p w; V,= V,4 1.01 p.u;
Vitrer= Vg =1.03 pous Vi, = Vi, = 1.01 pous Xis=X56=
Xy =X,453=0.0167 p.u.; Xy =X, =0.025 p.u.; X =X, =0.055
P-w Pl =9.67 p.us Qi =1.00 p.u; P =200 p.ug
Opoats =1 pu; Qe ==2.0 pu; Qs =-3.5 pu.. Xj5, Xy, X, X,
Xy Xyoo Xi7» and Xo¢ are the reactances of transmission lines
and transformers of the 4-machine 2-area power system; P, .,
Qiouis> Proaas» a0d O, are the active power and reactive power
at loads 6 and 8 in this 4-machine 2-area power system, respec-
tively; and Q¢ and Q,, are the reactive power compensations

at the loads 6 and 8, respectively.

T =T' =
dl,0 — £d2,0 T
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