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Abstract—The mode-based damping torque analysis (M-DTA)
method for studying the effect of an external controller on
power system low-frequency oscillations is proposed in this paper.
First, based on the interconnection model between the system
and the controller in the frequency domain, the oscillation loop
corresponding to the electromechanical oscillation mode is built,
and then the mode-based damping torque of the controller can
be calculated. Then, the application of the M-DTA method in
the power system is illustrated. The derivation shows that in the
single-machine infinite-bus power system, the M-DTA method is
completely equivalent to the classical damping torque analysis
(C-DTA) method. In the multi-machine power system, the mode-
based damping torque directily reflects the effect of the controller
on the oscillation mode, overcoming the shortcomings of the C-
DTA method in which there is no direct correspondence between
the damping torque and the oscillation mode. By deriving the
relationship with the residue index, the M-DTA method shows
higher accuracy than the residue method in applications, such
as controller parameter adjustment. Finally, two example power
systems are presented to demonstrate the application of the
proposed M-DTA method.

Index Terms—Electromechanical oscillation mode, FACTS,
interconnection model in the frequency domain, mode-based
damping torque analysis (M-DTA), power system low-frequency
oscillation, PSS, residue method.

I. INTRODUCTION

HE damping torque analysis method is a main analysis

method in the study of power system low-frequency
oscillation. The damping torque analysis method was origi-
nally proposed in [1] to study the influence of the excitation
controller of the synchronous generator on the power system
small-signal angular stability. Based on the Phillips-Heffron
model of the single-machine infinite-bus power system [2], the
electromagnetic torque provided by the excitation controller
to the electromechanical oscillation loop of the synchronous
generator was decomposed into the synchronous torque which
is proportional to the rotor angle, and the damping torque
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which is proportional to the rotor angular speed. The damping
torque affects the attenuation characteristics of the oscillation
mode. The damping torque method in the single-machine
infinite-bus power system has clear physical meaning and is
easy to understand [3]-[6]. The value of the damping torque
directly reflects the impact of the controller on the power
system small-signal angular stability.

Many studies have attempted to extend the application of
the damping torque analysis method to multi-machine power
systems. Reference [7] studied the damping variation and con-
trol of low-frequency oscillations in the two-machine power
system based on the principle of damping torque analysis. Ref-
erence [8] proposed a generalized Phillips-Heffron model of
the multi-machine power system, which clearly describes the
dynamic interaction between synchronous generators. How-
ever, due to the complicated relationship between the model
parameters and the operating conditions of the power system, it
is difficult to obtain general analysis conclusions according to
the model proposed in [8]. Reference [9] proposed to calculate
transfer functions by the signal flow graph, and on this basis,
the synchronous torque and damping torque of each generator
were calculated. References [10]-[14] analyzed the distribu-
tion of damping torque in the multi-machine power system
with the transfer function block diagram. However, when the
number of synchronous generators is very large, the block di-
agram will be very complicated and it is hard to apply in prac-
tice. References [15]-[20] analyzed the damping characteris-
tics of flexible AC transmission system (FACTS) stabilizers
in the multi-machine power system. Among them, [16] gave a
panoramic demonstration of damping torque distribution and
explained how the FACTS stabilizer clearly affects the oscil-
lation mode of the power system. Reference [20] summarized
the popularization and application of the damping torque anal-
ysis method in multi-machine power systems. Reference [21]
mathematically proved the equivalence of the damping torque
analysis method and the modal analysis method through the
Phillips-Heffron model of the multi-machine power system,
providing a rigorous theoretical basis for the damping torque
analysis method. In recent years, renewable power generation,
such as wind power and photovoltaic power generation, have
been integrated into the power system through voltage source
converters. The application of damping torque analysis in
power systems integrated with renewable power generation is
a recent new research interest [22]-[25].

From the above, the damping torque analysis in the multi-
machine power system shows the influence path of the con-
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troller on the oscillation mode through the panoramic demon-
stration diagram. However, there is no direct correspondence
between the oscillation mode and the damping torque con-
tributed to every single synchronous generator, which reduces
the applicability of the damping torque analysis method in
multi-machine power systems. In this paper, the damping
torque analysis method mentioned above is named as the
classic damping torque analysis (C-DTA) method.

The remainder of this paper is organized as follows. In the
next section, the mode-based damping torque (M-DTA) anal-
ysis method is proposed. Based on the interconnection model
between the system and the controller in the frequency domain,
the oscillation loop corresponding to the electromechanical
oscillation mode is built, and the mode-based damping torque
of the controller to the oscillation loop can be calculated. Then,
the application of the M-DTA method in the power system is
introduced. The similarities and differences between the M-
DTA method, the C-DTA method and the residue method is
illustrated. In Section III, the effects of FACTS and PSS on
the power system low-frequency oscillations are studied in
the two-machine and two-area four-machine example power
system with the M-DTA method respectively, which verifies
the correctness of the proposed method. Conclusions of the
paper are given in Section IV.

II. MODE-BASED DAMPING TORQUE ANALYSIS METHOD
A. Principles of Mode-based Damping Torque Analysis

The mode-based damping torque analysis (M-DTA) method
is applied to study the effect of the external controller on
the power system low-frequency oscillation. In this paper, the
whole power system is divided into two parts: the controller
part and the system part. The controller part consists of the
external controller to be studied, and the system part consists
of the remaining part of the power system.

According to the physical structure and electromagnetic
relationship of the system part and the controller part, a pair
of interaction variables between the two parts needs to first be
determined. By taking the interaction variables as input and
output variables, the state space models of the two parts can
be obtained respectively as:

AX, = A,AX, + B;Au
Ay = CeAX, + DgAu
AXy = ALAXy + BrAy
Au = CLAXy, + DyAy

(D

2)

where AX, and A X, are state variable vectors of the system
part and the controller part respectively, Awu is the input
variable of the system part, and the output variable of the
controller part, Ay is the output variable of the system part,
and the input variable of the controller part.

According to (1) and (2), the transfer function of the system
part and the controller part can be obtained as:

Ay = g(s)Au

. 3)
Au = h(s)Ay

“)
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where g(s) = Cy(sI — Ag) !By + Dg, h(s) = Cp(sI —
Ah)_lBh + Dy,.

According to (3) and (4), the interconnection model between
the system part and the controller part can be represented as
Fig. 1.

System

Ay=g(s) Au

Controller

Au=h(s) Ay

Fig. 1.
part.

Interconnection model between the system part and the controller

Let the electromechanical oscillation mode to be studied in
the system part be A\g = &y + jwp. The oscillation mode of
the power system corresponds to a pair of conjugate complex
roots, and the oscillation characteristic term corresponding to
the oscillation mode )\g is:

[s — (&0 + jwo)][s — (&0 — jwo)] = s* +ds + k

where d = —2&, k = &% + wi.

Since \g is the eigenvalue of the system part, the denomi-
nator polynomial of the transfer function g(s) in (3) contains
the term s2 +ds -+ k. Thus, the relationship between the output
variable Ay and the input variable Au of the system part can
be expressed as:

&)

By= ©)
where R(s) = (s* +ds + k)g(s).
Equation (6) can be expanded as:
(s> +ds + k)Ay — R(s)Au =0 (7)
Let
Az = sAy ®)
Substituting (8) to (7), we have:
(s +d)Az + kAy — R(s)Au =0 9)

According to (8) and (9), the oscillation loop corresponding
to the oscillation mode Ay can be built, as shown in Fig. 2.

The oscillation loop in Fig. 2 is similar to the electrome-
chanical oscillation loop in the classic damping torque analysis
(C-DTA) method. In this paper, the oscillation loop in Fig. 2
is named as the mode-based oscillation loop, and the input
signal to the mode-based oscillation loop in Fig. 2 is defined
as mode-based electromagnetic torque. It should be noted that
the nomenclature here is made by analogy. The mode-based
electromagnetic torque has no physical meaning of torque.

Adding the transfer function model Au = h(s)Ay of the
controller part to the mode-based oscillation loop shown in
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Fig. 2. Mode-based oscillation loop corresponding to Ag.
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Fig. 3. Transfer function block diagram of the whole power system.

Fig. 2, the interconnection model of the whole power system
in the frequency domain can be represented as the transfer
function block diagram as shown in Fig. 3.

From Fig. 3, define the mode-based electromagnetic torque
as:

ATy (s) = —R(s)h(s)Ay (10)

Substituting the studied oscillation mode A for s, the co-
efficient —R(A)h(A) in (10) is a complex value, which can
be decomposed into two real values which are proportional to
Ay and Az respectively.

According to the relationship between Ay and Az as
determined in (8), we have:

ATy = ThgAz + T Ay (11D

where T, = —Re[R(A)h(N)] + glm[R()\)h()\)}, Tyvag =
—%Im[K()\)h()\)}, A=¢+ jw.
From Fig. 3 and (4)(7)(10)(11), it can have:
[s* + (d+ Tara)s + (k + Tar)] Ay = 0 12)

It can be seen from (12) that T4 is directly superimposed
on the coefficient d of the first-order term, and T, is directly
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superimposed on the constant term k. Tsq and d, Thsx and k
have the same effect on the system eigenvalues respectively.
The addition of the controller causes the coefficient of the first-
order term and constant term to change, and the solution of the
equation also changes from the eigenvalue of the open-loop
system to the eigenvalue of the closed-loop system.

Following the corresponding definitions in the C-DTA
method, define the coefficients T4 and T in (11) to be the
mode-based damping torque coefficient and the mode-based
synchronous torque coefficient, respectively.

The above are the principles of the M-DTA method. The
application of the M-DTA method in the single-machine
infinite-bus power system and the multi-machine power system
will be explained as follows.

B. M-DTA in Single-machine Infinite-bus Power System

In this section, the M-DTA method is performed on the
single-machine infinite-bus power system shown in Fig. 4
to study the effect of the excitation controller on the elec-
tromechanical oscillation mode. Since the electromechanical
oscillation mode is generated by the rotor motion, the me-
chanical part of the rotor is selected as the system part, and
the other part such as the excitation windings are classified as
the controller part. The transient electromotive force E; and
the rotor angle § of the synchronous generator are selected as
the interaction variables of the two parts.

Vi X Vo
—
1

Fig. 4. Configuration of the single-machine infinite-bus power system.

The rotor motion equations of the synchronous generator
are:

6 =wo(w—1)
1
W= M[Pm—Pe—D(w— 1)] (13)
where § and w are the rotor angle and the rotor speed of
the synchronous generator, respectively. wg = 2w fy is the

synchronous speed, in which fj is the system frequency. M
and D are the inertia constant and the damping coefficient
of the rotor respectively. P,, and P, are the mechanical
power and the electromagnetic power respectively. P, can be
calculated as:

Pe=Viglg + V;quq (14

where Viq and Vi, are the d-axis and g-axis components
of the terminal voltage, I and I, are the d-axis and g-
axis components of the output current of the synchronous
generator, respectively.

According to the electromagnetic relationship of the syn-
chronous generator, we have:

Via = Xqu

Vig = By = Xyl (15)



1340

where £ is the g-axis transient electromotive force, X and
X, are the d-axis transient reactance and the g-axis reactance
of the synchronous generator, respectively.

In addition, according to the voltage and current relationship
of the transmission line, we have:

{ Vig = Vysind — X, 1,

(16)
Vig = Vycosd + Xyl

where X, is the reactance of the transmission line, and V}, is
the voltage of the infinite bus, which is generally setto V}, = 1.
From linearization of (14) to (16), we have:

AP. = K A6 + K2 AE, (17)
_ EuW (Xq=XPVE _
where K| = X(;-T-Xf, cos g — W cos 20g, Ko =
% sin 60.
1) C-DTA

According to (13) and (17), the electromechanical oscilla-
tion loop in the C-DTA method can be obtained as shown
in Fig. 5(a). The electromagnetic torque AT to the electrome-
chanical oscillation loop can be decomposed into the damping
torque ATy and the synchronous torque AT.

A

K

Ms+D Ky

K,

i

AE',

Fig. 5. Electromechanical oscillation loop in C-DTA and mode-based
oscillation loop in M-DTA in the single-machine infinite-bus system.

According to the theory of the C-DTA method, the positive
damping torque indicates that the controller is beneficial to
power system stability, while the negative damping torque
indicates that the controller is unfavorable to the power system
stability, which causes the oscillation to be low-damped or
divergent. In the single-machine infinite-bus power system, the
value of the damping torque can be used to directly determine
the impact of the controller on the electromechanical oscilla-
tion mode.

2) M-DTA
Substituting (17) into the linearization of (13) obtains:

Ms*AS§ + DsAS + woK1 A8 = —wy Ko AE, (18)

From (18), the transfer function from input signal AE(’Z to
the output signal AJ can be expressed as:

—w0K2
Ad = g(s)AE; - Ms2 4+ Ds + wo K,

According to the M-DTA method introduced in Section IL.A,
extracting the oscillation characteristic term s> + ds + k

AE, (19
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corresponding to the oscillation mode of the system part, we
have:

R AFE!

A0 =g()AE = g7 A

(20)
From (20), the mode-based oscillation loop can be repre-
sented as Fig. 5(b).
By comparing (19) and (20), we can easily obtain the
relationship between the coefficient in (20) and that in (19) as:

D
d= =

woK1
F M @D
n— _wng

M

From the above analysis, Fig. 5(a) and Fig. 5(b) are in
essence two representations of the same oscillation circuit.
Therefore, in the low-frequency oscillation analysis of the
single-machine infinite-bus power system, the M-DTA method
is equivalent to the C-DTA method, and the analysis process
and conclusions are all the same.

C. M-DTA in Multi-machine Power System
1) C-DTA

The C-DTA method takes the electromechanical oscillation
loop of the synchronous generator as the main analysis object.
Previous studies have shown that in the multi-machine power
system, the controller not only provides damping torque to the
generator at the installation location, but also relates to other
generators in the power system. In the application of the C-
DTA method in multi-machine power systems, it is necessary
to build the electromechanical oscillation loops shown in
Fig. 5(a) for all synchronous generators, and to calculate the
damping torque for every oscillation loop. The advantage of
the C-DTA method is that it shows the impact of the controller
on each synchronous generator, which has certain physical
significance.

However, the C-DTA method has disadvantages in the
following aspects.

1) For each damping torque calculation in the multi-machine
power system with the C-DTA method, the order of the
transfer function is almost equal to the order of the whole
system. Thus, the repeated calculation of the damping torque
increases the calculation pressure.

2) The C-DTA method only shows the relationship between
the controller and the electromechanical oscillation loop of
the synchronous generator. In order to study the effect of the
controller on the electromechanical oscillation mode of the
system, it is necessary to additionally analyze the sensitivity
of the oscillation mode to the damping coefficient of each
synchronous generator, as shown in Fig. 6(a). Additional
sensitivity calculations undoubtedly increases the complexity
of the C-DTA method.

3) In practice, electromagnetic torque 71" in Fig. 5(a) is not
an observable physical quantity. Thus, the coefficient matrices
in the C-DTA method cannot be obtained by measurement but
can only be obtained by formula derivation.
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Oscillation

Controller mode

Gy
(a) C-DTA
T
Controller b »| Oscillation
mode
(b) M-DTA
Fig. 6. Calculation processes of C-DTA and M-DTA in multi-machine
systems.
2) M-DTA

Compared with the C-DTA method, the M-DTA method has
certain advantages in the above aspects.

(1) Calculation pressure.

Different from the C-DTA method, the M-DTA method
directly considers the oscillation mode of the power system
as the main analysis object. Once the oscillation mode to be
studied in the system is selected, there is only one mode-base
oscillation loop in the whole system. Thus, the mode-based
damping torque only needs to be calculated one time, as shown
in Fig. 6(b).

For example, for a power system with N synchronous
generators, M candidate installation locations of PSS need to
be evaluated. In the application of the C-DTA method, N x M
times the damping torque calculation and N times sensitivity
calculation are needed. In contrast, in the application of the M-
DTA method, only M times the mode-based damping torque
calculation is needed.

(2) Sensitivity.

In the M-DTA method, there is a fixed sensitivity rela-
tionship between the oscillation mode and the mode-based
damping torque.

For the characteristic equation corresponding to the oscilla-
tion mode \q to be studied:

S4+ds+k=0 (22)
We have:
—dE+Vd? -4k .
s10= g =& £ jwo (23)
where,
d
50 = —5
. d? — 4k

Jwo=——%5— (24)

For (23), differentiating the coefficients of the first-order
term d (damping coefficient) and the constant term £k (syn-
chronous coefficient), we have:

881’2 _ _1 . _] @
od 2 W

ok wo (25)

It can be seen from (25) that the real part of the eigenvalue
is only affected by the damping coefficient d. For the low-
damped electromechanical oscillation mode, & < w% stands,
and Js12/0d =~ —1/2 can be taken as the approximate
calculation.

From (12) and (25), the effect of the controller on the elec-
tromechanical oscillation mode to be studied can be quantified
as:

881}2
ok

0
A)\:TMd'%"FTMk'

(3) Variable accessibility.

In the M-DTA method, the interaction variables u and
y are both practically measurable. The transfer function of
the system part and controller part can be obtained by the
perturbation method.

In summary, the required steps for the application of the
M-DTA method in the study of power system low-frequency
oscillations are as follows.

Step I: According to the research purpose, decompose the
whole system into the system part and the controller part. The
system part contains the oscillation mode to be studied.

Step 2: According to the physical structure and electrical
relationship, select the interaction variables of the two parts.
The two parts dynamically interact with each other through
the interaction variables.

Step 3: If the models and parameters of the power system
are known, the transfer function model of the two parts can be
obtained by the analytical method. If the model or parameters
are unknown, the value of the transfer function at the specific
frequency can be obtained by the perturbation method.

Step 4: According to the transfer function model of the
system part, extract the oscillation characteristic terms cor-
responding to the oscillation mode to build the mode-based
oscillation loop, and take the transfer function model of the
controller part as the feedback loop.

Step 5: Calculate the mode-based electromagnetic torque of
the controller and decompose it into the mode-based damping
torque and the mode-based synchronous torque.

Step 6: Calculate the fixed sensitivity of the oscillation mode
to the damping coefficient.

Step 7: The product of the mode-based electromagnetic
torque coefficient and the corresponding sensitivity is the
quantitative characterization of the effect of the controller on
the oscillation mode.

The M-DTA method can be used for controller damping
evaluation and controller design, such as location selection
and parameter adjustment of PSSs and FACTS damping con-
trollers. It should be noted that, both M-DTA and C-DTA are
small-signal analysis methods based on linearized models, and
not applicable for the analysis under “large” disturbances. For
example, when another synchronous generator is added to the
power system, it will have a great impact on some original
electromechanical oscillation modes, and the generators par-
ticipating in the original oscillation modes will also change. In
this case, neither M-DTA nor C-DTA can ensure the analysis

(26)
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accuracy. In this situation, the eigenvalue calculation method
is more reliable.

D. Relationship between M-DTA Method and Residue Method

For the N x N open-loop state matrix Ag in (1), the
left and right eigenvectors corresponding to the ¢-th open-
loop eigenvalue \; are 'wiT and v;, respectively. The mode
decomposition of the open-loop system part is shown in Fig. 7.

1

T T
w B o ST, Cgvl
A 'B ! ct
u wiB, S— T Vi Ay
wi B ! cly,
N"g 5=y g"N
Fig. 7. Mode decomposition of the open-loop system with residues.

From Fig. 7, the relationship between the output variable Ay
and the input variable Au can be expressed with the residue
as:

27)

where Ry = w ByCJ v is the residue corresponding to
the i-th eigenvalue \;.

It can be seen that the residue method is based on the
mode decomposition of the open-loop system. Each open-loop
eigenvalue of the system corresponds to a residue. The residue
is essentially the “static” indicator corresponding to the open-
loop eigenvalue.

Unlike the residue, which is a “static” indicator, the in-
termediate variable R(s) in (6) in the M-DTA method is a
“dynamic” indicator that changes with the eigenvalue s.

Without loss of generality, suppose \g = &y + jwp and
Ay = &o — jwo in (5) are the first two eigenvalues of the open-
loop state matrix Ag. That is, A\; = A9, A2 = A§. Equation
(27) can then be written as:

N R
Tess
Ay = Z s Auy
i=1
N
Rres 1 RresZ Rresi
< —)\1 S—>\2+;S—/\i> Y
R R YR
resl res2 Test
( o s Z; —)\Z) "

(s — /\S)Rresl +(s — )\O)RTCSZ+Z£\L3 %
(s = Ao)(s = Af)

- Au (28)
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Since the residues of the conjugate characteristic values are
equal, i.e., Ris1 = Rres2, then we have:

(8 - )\E)Rresl"‘(s - )\O)Rresz+Z£V:3 %}3\3)%

Ay =
(5= Ao)(s — Ap)
- Au
(25— A0 N R o+ S, O
s2+ds+k
(29)

From (6) and (29), the relationship between the R.g; in the
residue method and the R(s) in M-DTA method is:

- /\0)(3 - AS)Rresi

N (S
R(S) = (23 - )‘0 - )\S)Rresl + Z

i=3 s =X
(30)
If and only if s = Ag or s = A, we have:
R(A\o) = j2wo Riest
R()\S) = _jQWORresl (31

From (31), for the research at the open-loop eigenvalue Ag,
the residue indicator R, and the M-DTA intermediate variable
R()\g) differ by only a multiple, and the analysis conclusions
of the two methods are consistent. However, in the closed-loop
system research after the controller is added, the “dynamic”
M-DTA intermediate variable R(s) is theoretically more ac-
curate than the “static” residual index R.s. The difference
between the two methods will be explained in Section III.B
by an example.

Another difference between the M-DTA method and the
residue method is that the M-DTA method learns from the
concept of the C-DTA and extracts the oscillation circuit
corresponding to the oscillation mode, thus the damping
torque and synchronous torque of other parts of the system
can be calculated and graphically decomposed. Through the
derivation of the formula in this paper, we conclude that the
damping torque only affects the real part of the eigenvalue and
the synchronization torque only affects the imaginary part of
the eigenvalue approximately.

III. EXAMPLE

In this section, the C-DTA method and the M-DTA method
are compared and demonstrated in the two-machine example
power system to study the effect of the SVC stabilizer on low-
frequency oscillations. In the two-area four-machine power
system, the M-DTA method and the residue method are
compared for the location selection and parameter adjustment
of PSS.

A. Evaluation of Damping Effect of the SVC stabilizer with
the C-DTA and M-DTA Method

Configuration of the two-machine power system is shown
in Fig. 8. The change of load flow is balanced by G2 at
slack bus 4. In this example, the third-order model of the
synchronous generator, and first-order model of the automatic
voltage regulator (AVR) are used [26]-[29]. The loads are
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modeled as constant impedance. Parameters of the system
and synchronous generators are given in [29]. The thyristor-
controlled reactor and fixed capacitor (TCR-FC) type of the
static VAR compensator (SVC) with an additional damping
controller (i.e., the SVC stabilizer) are installed at bus 2. The
configuration of the TCR-FC is shown in Fig. 9.

1

08

R
S = Ok

— L

SvC

Fig. 8. Configuration of the two-machine power system.

% voltage
V. controller

TT

firing
circuit

n/2

SvC
P % stabilizer

P =

ref

Fig. 9. Configuration of the TCR-FC with SVC stabilizer.

For the TCR-FC shown in Fig. 9, the equivalent susceptance
bSVC is:

2c0 — sin 2 — 27 1

bsvc = (32)

2w Xgver Xsvee

where Xgycr and Xgycc are the reactance of the inductor
and the fixed capacitor of the TCR-FC, respectively, « is the
firing angle of the thyristor-controlled firing circuit, which
is modulated by both the voltage controller and the SVC
stabilizer. In this paper, the voltage of bus 2 is the control
signal of the SVC voltage controller, and the active power
from bus 2 to bus 3 is the control signal of the SVC stabilizer.
The two controllers are both adopted using the proportional-
integral (PI) control method. From Fig. 9, we have:

a=qy+ay +ap
Kvi
S

ay = <K\/p + ) (‘/;ref - V;)

Kp;
ap = <Kpp+sp> (Pret — P)

(33)

When the SVC stabilizer is not added, the electromechanical
oscillation mode of the power system is Ao = 0.0103 +
77.2332. The real part of the eigenvalue is positive, and the
system will generate divergent oscillation under disturbance.
Therefore, the SVC stabilizer needs to be added to stabilize
the oscillation mode. The C-DTA method and M-DTA method
are compared to study the damping effect of the SVC stabilizer
on the oscillation mode.
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1) C-DTA

In the application of the C-DTA method, the damping torque
of the SVC stabilizer to the electromechanical oscillation loop
of each synchronous generator needs to be calculated first.

According to the configuration of the SVC stabilizer in
Fig. 9, for the state space model of the system part in (1),
Au = Aap, Ay = AP. According to [29], it can be obtained
that the damping torque to the electromechanical oscillation
loop of G1 is Tcgr = —0.9990 + 510.4905, and that G2 is
Tcae = 2.9845 — 52.9722.

In the C-DTA method, the effect of the controller on
the oscillation mode cannot be judged by the above two
damping torque values. According to [29], the sensitivity of the
electromechanical oscillation mode to the damping coefficient
of each synchronous generator needs to be calculated. In
this example, the sensitivity of the studied electromechanical
oscillation mode to the damping coefficients of G1 and G2 are
Sc1 = —0.0305 + 50.0034 and Sco = —0.0321 — 50.0031,
respectively.

The whole calculation process with the M-DTA method is
shown in Fig. 10(a).

Tear Sei
SvC G, Oscillation
stabilizer mode
Tea Sca
G,
(a) C-DTA
svC T Oscillation
stabilizer mode
(b) M-DTA
Fig. 10. Comparison of C-DTA and M-DTA in the two-machine power

system.

Synthesizing the damping torque and sensitivity, the com-
prehensive index to characterize the damping effect of the SVC
stabilizer is QR(TCdl -Sc1+Tcas - ch) = —0.1106.

2) M-DTA

According to the M-DTA method introduced in Section II.C,
extracting the oscillation characteristic term s? — 0.3284s +
35.42 from the transfer function g(s) in (3), we have:

0.153955%(s + 97.66) (s + 90.29)
(s 4 10.22)(s + 1.133)(s% + 2.1555 + 35.89)

s2(s + 90.63) (s + 75.25)
(s + 25.75)(s + 9.993) (s + 0.4027)

—2(s +8)

R(s) =

H(s) =

Substituting s = Ao to R(s) and H(s) obtains R()\g) =
—1.1542 — j0.4868, H(\g) = —2.0032 + 52.2120. Further-
more, the mode-based damping torque and synchronous torque
can be calculated to be Th;q = 0.2181, Thr, = —3.3912.

From (25), the sensitivity of the oscillation mode to the
mode-based damping torque is —0.5 approximately. Thus,
the influence of the SVC stabilizer on the real part of the
oscillation mode is A¢ = —0.1091. Therefore, only by the
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value of the mode-based damping torque, the oscillation mode
is estimated to be £y + A& = —0.0988 after the SVC stabilizer
is added. The characteristic structure analysis method is used
to obtain the closed-loop oscillation mode of the whole system
with the SVC stabilizer as A = —0.0925 + 57.0364. It is
very approximate to the estimated value, which verifies the
correctness of the method.

The whole calculation process with the C-DTA method is
shown in Fig. 10(b). Compared with the M-DTA method, the
M-DTA method avoids calculating the damping torque for
each synchronous generator. It is not necessary to additionally
calculate the sensitivity.

Before and after the SVC stabilizer is added, under the same
disturbance conditions, the non-linear time domain simulation
results of the active power of the transmission line are shown
in Fig. 11.

1.02 T T T T T T
—— SVC stabilizer not installed
1.015F — SVC stabilizer installed
3 101}
NS
-
2 1.005}
)
[
= 1r
.2
g 0.995H
g
& 0.99F
0.985F
0.98 -
0 1 2 3 4 5 6 7 8 9 10
Time (s)
Fig. 11. Simulation results in the two-machine power system.

Both methods reach the same conclusion, which verifies
the correctness of the M-DTA method proposed in this paper.
Compared with the C-DTA method, the M-DTA method has a
very small calculation component. This advantage will become
more prominent in the calculation of large systems.

B. Location Selection and Parameter Adjustment of PSS with
the M-DTA Method and Residue Method

Figure 12 shows the configuration of a typical two-area
interconnected power system with an AC tie-line, which has
been used for studying power system low-frequency oscilla-
tions on many occasions [26]-[29]. The change of load flow is
balanced by G1 at slack bus 1. In this example, the third-order
model of the synchronous generator, and first-order model of
the automatic voltage regulator (AVR) are used. The loads are

1 5 6 7 8 9 3

otol—| | Holes
& EO+0+, | O a

2 Lg Ly 4

Fig. 12. Configuration of the two-area four-machine power system.
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modeled as constant impedance. Parameters of the system and
synchronous generators are given in [27].

The interarea oscillation mode of the system is A
0.0131 + j3.6729 before the PSS is added. In this example,
the M-DTA method proposed in this paper and the residue
method are compared for the location selection and parameter
adjustment of the PSS. In this paper, the PSS takes the angular
velocity w of the synchronous generator as the input signal,
and the output signal upss of the PSS is added to the AVR.
1) Location selection of the PSS with M-DTA Method

In the application of the M-DTA method, the mode-based
damping torque to the mode-based oscillation loop by PSS at
each candidate installation location needs to be calculated.

When the PSS is installed on G1, for the state space model
of the system part in (1), Au = Aupssi, Ay = Awy, Dy = 0.
Extracting the oscillation characteristic term (s—Xp)(s—\§) =
2 — 0.0262s + 13.49, the transfer function value from the
input signal Aupss; to the mode-based oscillation loop can be
calculated as R;(Ag) = 0.0101 + 50.0129.

Similarly, when the PSS is installed on G2, G3, and G4,
updating the input-output variables and coefficient matrices,
the mode-based electromagnetic torques can be obtained as
R (M) = —0.0086 + 50.0014, R3(Ag) = —0.0524 — 50.0205
and R4(A\g) = —0.0387 — j0.0105, respectively.

According to the above results, |R3(Ao)| > |Ra(Xo)| >
|R1(Mo)| > |R2(Mo)|- When the studied oscillation mode is
subject to the same damping, the relationship between the
magnifications of the four PSSs is Kpgss < Kpssa < Kpss1 <
Kpssy. That is, when PSS is installed on G3, the control cost
required for the PSS is minimal. Therefore, PSS should be
installed on G3.

If the C-DTA method is applied, for each candidate PSS
installation location, 4 times the damping torque and 4 times
the sensitivity needs to be calculated. In comparison, the M-
DTA method requires less calculations. This advantage will
become more prominent in the calculation of large systems.

In the cases where the PSS is installed on different syn-
chronous generators, the open-loop state matrix A, in (1) are
all the same, but B, and C, vary. With the residue method
in Section II.D, when the PSS is installed on G1, G2, G3 and
G4, the residue corresponding to the open-loop eigenvalue \g
are Ry gi= 0.0018 — 50.0014, Ryes go= 0.0002 4 50.0012,
Ries g3 = —0.0028 + 50.0071 and Ry g4 = —0.0014 +
70.0053, respectively.

As the analysis in Section II.D shows, in this example,
for the research at the open-loop eigenvalue )\, the residue
indicator Ryes gi(i = 1,2,3,4) and the M-DTA indicator
R;(Xo)(i = 1,2,3,4) differ by only a multiple of 2wy.
| Ries_ci| and |R;(Ao)| have the same sequence by size, and
the two methods draw the same conclusion.

2) Parameter adjustment of the PSS with M-DTA Method

The transfer function model of the PSS used in this paper is:
1+ STQ 1+ ST4

H, = Kpgg—2
pss(8) = Kess 1 5T

where 177 = T3 = 0.1s. The value of Kpsg, 1o and T, are
calculated with the M-DTA method as follows. The control
target of the interarea oscillation mode is A = —0.1 + 54.0.

(34)
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The oscillation characteristic term corresponding to the
target oscillation mode is s? + 0.2s + 16.01. Compared
with the original oscillation characteristic term, the additional
damping torque required by the mode-based oscillation loop
is Dys = 0.2262, and the additional synchronization torque is
Ky = 2.52, that is:

R(s)H(s) = —0.2262s — 2.52
Substituting s = A = —0.1 + 54.0, we have:

—0.2262s — 2.52
H()\) = —/———————— =47.3005£ — 1.2223°
@ R3(\)
Let
1+ M5
=47. Z —0.6112°
T T 7.3005 0.6
1+ X1y
K =1.0£—-0.6112°
T+

Solving the above formula, the parameters of PSS can be
calculated as: Kpss = K1 Ko = 47.6745, Ty = 0.0970, T, =
0.0970.

When the PSS with the above parameters is installed on G3,
the closed-loop interarea oscillation mode of the whole power
system is calculated to be A = —0.1001 + j4.0000, which
proves the correctness of the method.

With the residue method in Section II.D, the parameters of
the PSS are designed according to the following formula:
14+ AT 1+ MT}
14+ AT 1+ \T;

Solving the above formula, the parameters of PSS can be
calculated as: Kpqq = 48.1130, T3 = 0.0917, T; = 0.0917.

When the PSS, with the above parameters, is installed on
G3, the closed-loop interarea oscillation mode of the whole
power system is calculated to be A = —0.0881 + ;j4.0028.
Compared with the target characteristic value, the parameter
adjustment effect by residue method is less accurate than the
M-DTA method.

As can be seen from this example, if the target closed-
loop eigenvalue A is known, the calculation result of R(s)
in the M-DTA method, which substitutes the target closed-
loop eigenvalue A, is more accurate than the “static” residue
indicator R which corresponds to the open-loop eigenvalues.

For the following three cases: PSS is not installed, and
PSS is installed on G3, and G4 respectively, under the same
disturbance conditions, the non-linear time domain simulation
results of the active power between the two areas are shown
in Fig. 13.

From Fig. 13, with the same value of Kpgs, the system
oscillation is most suppressed when the PSS is installed on
G3. The parameter setting of the PSS also reaches the target
damping of the system.

In the application of the controller design, the eigenvalue
comparison method is not applicable. Because the location
and parameters of the controller are unknown, the closed-loop
state matrix of the power system cannot be constructed. This
is exactly the advantage of the analysis methods based on
the open-loop system (including M-DTA, C-DTA and residue
method, etc.), and it is one of the most important application
scenarios of the M-DTA method.

A — )\0 = Rres_G3 ' Kl/DSS
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Fig. 13.  Simulation results in the two-area four-machine power system.

IV. CONCLUSION

This paper proposes the mode-based damping torque anal-
ysis (M-DTA) method for studying the effect of an exter-
nal controller on the electromechanical oscillation mode of
the power system. In the single-machine infinite-bus power
system, the derivation shows that the M-DTA method is
completely equivalent to the classical damping torque analysis
(C-DTA) method. In the multi-machine power system, the M-
DTA method takes precedence over the C-DTA method in the
following aspects:

(1) In the C-DTA method, there is no direct correspondence
between the damping torque and the oscillation mode, and an
additional sensitivity calculation is needed. In the M-DTA,
the sensitivity relationship between the oscillation mode and
the mode-based damping torque is fixed, thus the mode-based
damping torque can be used to directly judge the effect of the
controller on the studied oscillation mode.

(2) The C-DTA method considers the electromechanical
oscillation loop of the synchronous generator as the main
analysis object. The repeated calculation of the damping torque
increases the calculation pressure in the analysis of multi-
machine power systems. The M-DTA method directly uses
the oscillation mode of the power system as the main analysis
object, thus the mode-based damping torque only needs to be
calculated one time.

(3) In the C-DTA method, the electromagnetic torque
contributed to the electromechanical oscillation loop is not
an observable physical quantity. In the M-DTA method, the
interaction variables between the system part and the controller
part are all measurable. The transfer function of the two parts
can be obtained by the perturbation method.

The M-DTA method can be used for damping evaluation
and design of various controllers, such as location selection
and parameter adjustments of PSSs and FACTS damping
controllers.

Both the M-DTA method and the residue method can be
used to analyze the impact of the controller on the low-
frequency oscillation stability. However, the two methods
decompose the system in different ways. Through theoretical
derivation, the relationship between the two methods are
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obtained. In the open-loop system analysis, the two meth-
ods can reach a consistent conclusion. But in the closed-
loop system research after the controller is added, such as
controller parameter adjustment in the closed-loop system, the
“dynamic” M-DTA indicator is theoretically more accurate
than the “static” residual indicator.

Although this paper introduces the M-DTA method based on
the single-input single-output (SISO) controller, the M-DTA
method can also be extended to the study of multiple-input
multiple-output (MIMO) controllers. The research on the latter
case is ongoing and has achieved preliminary results, which
will be published in the author’s follow-up papers.
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