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Mitigation of power system forced oscillations based on unified

power flow controller

Ping JIANG!, Zikai FAN' @, Shuang FENG!, Xi WU,
Hui CAI?, Zhenjian XIE?

Abstract Forced oscillations (FOs), or low-frequency
oscillations (LFOs) caused by periodic, continuous, small
power disturbances, threaten the security and stability of
power systems. Flexible AC transmission system (FACTS)
devices can effectively mitigate LFOs via stability control.
We propose a novel method that mitigates FOs by shifting
the resonant frequency. Based on the features of the lin-
earized swing equation of a generator, a resonant frequency
shift can be achieved by controlling the synchronous torque
coefficient using a unified power flow controller (UPFC).
Because of the resonance mechanism, the steady-state
response of an FO can be effectively mitigated when the
resonant frequency changes from the original one, which
was close to the disturbance frequency. The principle is
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that a change in resonant frequency affects the resonance
condition. Simulations are conducted in a single-machine
infinite-bus (SMIB) system, and the simulation results
verify that the method is straightforward to implement and
can significantly mitigate FOs. The controller robustness
when the resonant frequency is not accurately estimated is
also analyzed in the simulations.

Keywords Forced oscillations, Flexible AC transmission
systems, Unified power flow controller, Stability control

1 Introduction

The probability of low-frequency oscillations (LFOs) is
increasing with the increasing size of power grids, thereby
threatening the normal operation of power systems [1-3].
As a result, the LFOs of large-area power systems have
become an important issue [4]. The traditional theory of
power system dynamic analysis claims that LFOs are the
result of a negative damping mechanism. Under this the-
ory, an LFO is caused by the lack of damping [5-7].
However, in recent years, an increasing number of LFO
incidents have arisen that cannot be explained by the
negative damping mechanism. Instead, forced oscillations
(FOs) originate from periodic, continuous, small distur-
bances in the system [8, 9]. In these cases, a resonance
mechanism is required to explain the behavior of power
systems. An LFO is explained by resonances between the
transmission power and the disturbances in the system
[10, 11]. Relative to the LFOs of negative damping
mechanisms, FOs start faster and have a larger amplitude;
they also spread more broadly. As a result, FOs are more
harmful to power systems than the LFOs of a negative
damping mechanism [12].
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Many studies on the localization and identification of
FOs have been conducted. In contrast, few studies on the
mitigation of FOs have been conducted. The existing
methods for mitigating LFOs are typically based on the
ideas of removing the disturbance sources and a power
oscillation damping controller (PODC). Methods based on
the first approach include removing the disturbing gener-
ators and loads, reducing the output of generators, splitting
the system and modifying the control model of the prime
mover [13, 14]. A PODC is also a valid method for
reducing the amplitude of power oscillations and sup-
pressing LFOs [15, 16]. Reference [17] proposed a new
approach to design the parameters of the power system
stabilizer (PSS) to mitigate FOs. Reference [18] provided a
method to mitigate FOs using flexible AC transmission
system (FACTS) devices with energy storage. This method
directly reduces the disturbance sources to prevent the
spread of the oscillation energy. However, damping control
cannot provide ideal mitigation of FOs because the lack of
damping is not the major cause of FOs. The method
neglects the continuity of energy injection in the situation
of a resonance mechanism; it is also limited by damping
conservation theory, i.e., if we adopt a large damping ratio
for one mode, then the other modes of the power system
become less stable [19]. As a result, a new approach is
required to mitigate FOs.

In this research, the proposed method can be realized by
FACTS devices, which can mitigate power oscillations via
appropriate control strategies. The unified power flow
controller (UPFC) is the most comprehensive example of a
FACTS device at present [20]. UPFCs have received much
research attention. Reference [21] presented an approach of
UPFC stability control to damp inter-area power oscilla-
tions. We adopt a UPFC because it is a serial-parallel
FACTS device that can realize both voltage control and
impedance control [22]. Therefore, we can carry out
coordinated control between both sides to simultaneously
shift the resonant frequency and guarantee large
damping.

To overcome the defects of a PODC, we propose a
resonant frequency controller (RFC) based on a UPFC to
mitigate FOs. An RFC is added to the UPFC to control the
resonant frequency. This RFC method is different from a
PODC method because the effect of a PODC depends on
the variation in the damping coefficient D. The proposed
method can reach a mitigation independently. It can also
work in conjunction with a PODC to reach a better result.
A large compensation of D is required to provide adequate
damping. In contrast, with the proposed method, we simply
shift the synchronous torque coefficient K from its original
value, which is therefore not affected by the limitation of
damping conservation theory. With a resonant controller,
the resonant frequency is shifted only when a FO occurs.
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The principle of the method is analyzed in Section 2.
Section 3 presents and analyzes the proposed method of
this study, providing a comprehensive model of the system.
Section 4 provides a detailed design of the supplementary
controller. The method effectively mitigates FOs and
exhibits higher performance than a PODC. The effect of
the proposed method is verified by the simulations
described in Section 5. The performance of the UPFC and
the robustness of the proposed method are also provided in
this section.

2 Principle of the proposed method
2.1 Introduction of the system

As shown in Fig. 1, a single-machine infinite-bus
(SMIB) system with a UPFC installed at the midpoint is
analyzed using a third-order generator model to illustrate
the impact of the UPFC and the principle of the proposed
method [7]. In Fig. 1, E’ is the transient electromotive
force and 5g is its phase; X4’ is the transient reactance of
the generator and Xt is the reactance of the transformer;
X is the reactance of the transmission line; Vypgpc and
Xuprc are the voltage of UPFC shunt side and the reactance
of UPFC serial side, respectively; V is the sending terminal
voltage.

Equation (1) is the linearized swing equation of the
generator rotor:

T; d>Ad dAS

2829 p, 20— AP, + AP, 1
wo dr? e dr et (1)

where ¢ is the power angle of the generator; w is the base
frequency; Ty and D, are the inertial constant and damping
coefficient of the generator, respectively; AP, and AP, are
the variation in the electromagnetic power and mechanical
power output, respectively. The mechanical power is reg-
ulated by the governor; a disturbance from the governor is
a common cause of FOs [12].

In the generator model, the variation in electromagnetic
power AP, is approximately equal to the variation in
electromagnetic torque AT, [7]. The variation in electro-
magnetic power is given by (2).
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Fig. 1 SMIB system with a UPFC
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AP, = AT, :KA5+D6$ (2)
where D, is the damping coefficient. The original values of
K and D, are influenced by the parameters of the generator
and its excitation system. These values are also related to
the transmission line impedance [23].

A UPFC is installed at the midpoint of the transmission
line. It can simultaneously control the local bus voltage and
circuit impedance. The UPFC is implemented using two
similar solid-state phase voltage source converters (VSCs)
that are connected via a common DC link capacitor, as
shown in Fig. 1, and each converter is coupled with a
transformer [24]. The UPFC in this case is separated into a
serial side and a shunt side. Both sides can be used to
mitigate FOs; the corresponding models are given in the
following sections.

2.2 Resonance mechanism

When a continuous sinusoidal disturbance with fre-
quency 2 and amplitude r arises in the governor, an
equation in the form of (3) can be obtained. In (3), D
represents the total damping coefficient.

Ty &> Ad dAd

o A2 -l-DT—i- KAO = rsin(Qr) (3)

The solution of (3) can be separated into two parts,
namely, the general solution and the particular solution,
which are combined to form the synthesized response of
the system:

A6 = Bsin(Qt — @) + By (t) cos(wqt) + By (t) sin(wqt)
(4)

The first item of (4) is the steady-state response of FOs.
@ is the initial phase of this component. The value of the
maximum amplitude B is related to the damping coefficient
D, synchronous torque coefficient K and disturbance
amplitude r. The detailed expression of B is given in the
following section. The frequency of the steady-state
response is equal to the disturbance frequency (2. The
second and third items are the transient responses. wyq is the
frequency of the transient responses. The amplitudes of
transient responses B(f) and B,(f) decrease to relatively
small values several seconds after the starting point.

The transient responses can also be classified as free
oscillations which are caused by the initial conditions and
accompanied free oscillations which are caused by a dis-
turbance. Based on theoretical analysis, the curves of the
synthesized FO are as shown in Fig. 2. Transient responses
1 and 2 represent the free oscillation and the accompanied
free oscillation, respectively. The starting process of the
synthesized FO is slightly different from the real situation
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Fig. 2 Curves of a synthesized FO

because an ideal phase step is used. As shown in Fig. 2, the
main factor influencing the amplitude of the FO is the
steady-state response. Thus, minimizing the amplitude of
the steady-state response can effectively mitigate the FO.

2.3 Influence of synchronous torque coefficient

According to the resonance mechanism, the resonant
frequency is equal to the frequency of free oscillation
without damping. When D=0 and r=0, the linearized swing
equation of a SMIB system without damping is given in (5)
[7].

Ty d°AS
we d?

+KAS=0 (5)

By solving this equation, the frequency of Ad can be
derived; this frequency is equal to the resonant frequency.
As a result, we have

C!)QK

— (6)

)y =
n TJ

This result shows that the resonant frequency is related
to both the synchronous torque coefficient and the inertial
constant of the generator.

Analogous to a mechanical system, when the distur-
bance frequency is close to the resonant frequency, the
disturbance performs positive work on the system. The
disturbance energy is continuously transformed into the
system’s potential energy, thereby causing FOs. In con-
trast, when the resonant frequency is different from the
disturbance frequency, the disturbance performs negative
work, and the oscillations are damped. According to this
theory, when the synchronous torque coefficient changes,
the resonant frequency changes, and FOs are mitigated.

If the damping coefficient and the disturbance amplitude
of the system are constant, then the expression of maxi-
mum amplitude B in (4) can be shown to be a function of
K, as expressed in (7) [12].
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Based on the derivation above, when the synchronous
torque coefficient changes, the resonance condition is
affected, and the steady-state response amplitude is much
smaller. The expected result is shown in Fig. 3. According
to the curves, the steady-state response is mitigated, and the
transient state responses remain. Therefore, the proposed
method is ideally suited to mitigating a FO. The method
transforms FOs into LFOs of a negative damping
mechanism. The problem of FOs cannot be completely
solved via a simple damping control. However, by
transforming the FO into a LFO of a negative damping
mechanism, the oscillation can be effectively mitigated via
the damping control method. When the oscillation is
mitigated to a small range, the stability of the system can
be guaranteed.

The variation in active power and the variation in the
power angle have the relationship AP = KAo. When the
disturbance frequency is fixed, the relationship between the
maximum steady-state response amplitude B and syn-
chronous torque coefficient K can be derived from (7). The
relationship curves between K and B are shown in Fig. 4.
The four curves represent four different disturbance
frequencies.

B(K) =

2.4 Generalization of the principle

To generalize the proposed principle to a multimachine
system, the linearized swing equation set should be ana-
lyzed. The swing equation set of the multi-machine system
is given by (8).
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Fig. 3 Curves of a mitigated synthesized FO
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_ﬁdzAél_ -D dAS; 7
wo dr? " Ky AS
Ty, d2AS, dAS, stet
I X KoAS,
wo df? = APy — da | —|. (8)
T, A9, PR
L wo dt2 i = dt -

where Ty, Ty, ..., Ty, denote the inertial constants of
n oscillation modes; Dy, D,, ..., D, denote the damping
coefficients of the oscillation modes; K, K, ..., K,
denote the synchronous torque coefficients of the
oscillation modes; Ad;, Ad,, ..., Ad, are the variations in
the power angles of the oscillation modes; APy, is a vector
that represents the power of disturbance from the
mechanical power of the generators. The process for
solving the equation set is complex [25]. Assuming that
only one disturbance signal exists in the system, the final
expression of the amplitude of the i™-order steady-state
response is as follows:

2 2
(&) + (%)
(o) @)

woK; K;
where r, and r,, are constants determined by the amplitude
of the disturbance; T};, K; and D; denote the inertial coef-
ficient, the synchronous torque coefficient and the damping
coefficient of the i"™-order response, respectively.

Equation (9) shows that the amplitude of the steady-state
response of the FO in a multimachine system is related to
the synchronous torque coefficient of the relevant mode K;.
By controlling K;, the resonant frequency of the i"™-order
mode can be changed, and the i"_order FO is mitigated,

thereby demonstrating that the proposed method can be
generalized to a multimachine system.

Bi(K;) = )
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3 Analysis of UPFC
3.1 Integrated model of the system

This section provides a detailed analysis of the SMIB
system with a UPFC shown in Fig. 1 to explain the prin-
ciple of the proposed controller.

The UPFC can be separated into the shunt side and the
serial side. The shunt side of the UPFC achieves voltage
control at the midpoint, and the serial side is used to control
the impedance of the transmission line. The serial side of
the UPFC interacts with the shunt side because the shunt-
side voltage Vyprc is influenced by the serial-side impe-
dance Xyprc. Considering this interaction, the integrated
model of the system is as shown in Fig. 5, where impe-
dances X;, X, and Xy are defined using the impedances
shown in Fig. 1 and transformed by (Al) in Appendix A.
The expressions for K{-Kg can also be found in Appendix
A (see (A2) to (A7)) [7, 26]. Some variables in the
expressions for K;-K are defined as follows. In Fig. 5, all
the input signals are marked with dashed lines. Gg,(s) and
Gy (s) are first-order inertia elements that simulate the
function of the shunt side and the serial side, respectively.
The expressions of these elements are given later. Input
signals APgpc and AVggc are obtained from the proposed
supplementary RFC. AXyppc and ABypgpc are the output
signals of the serial side and the shunt side, respectively.
The physical meanings of these signals are discussed in the
following subsections. In a real system, the effect of this
control is realized via the transmission of an equivalent
injected power or current from the UPFC to its installation
point [26, 27].

This diagram and the derivations below can be used to
find the additional angle for the design of the supplemen-
tary controller. Details regarding the supplementary control
strategy of the UPFC are discussed in the next section.

STATE GRID

3.2 Impact of UPFC shunt side

With the shunt side of the UPFC, midpoint voltage
control can be achieved. An equivalent circuit of the UPFC
shunt side is shown in Fig. 6.

The midpoint voltage V,,, is set to the shunt side voltage
Vuprc. The network equation of Fig. 6 is:

E' = Vuprc + jXili
Vupre =V +jXalh
Iy = I, — Iyprc
Iyprc = jVuprcBuprc

(10)

where Byprc denotes an equivalent susceptance to control
the midpoint voltage.

We use a first-order inertia element G, (s) given by (11)
to simulate the UPFC midpoint voltage control on the shunt
side with a gain of K, and time constant Ty,.
Ksh

Gan(s) = ——
‘h(S) 1 +STSh

(11)

The following can be derived:

dAB
To % = —Kuw(AVuprc — AVrec) — ABuprc

AT, ~ AP, = K{Ad + K> AByprc
AVyppe = K4Ad + KsABuyppc

(12)

In this section, we consider only the function of the
shunt side; thus, the serial-side impedance Xypgc is equal
to 0 in the expressions for K;-Kg.

A supplementary modulated signal given by (13) is used
to control the resonant frequency, as shown in Fig. 5. The
detailed design of this signal is discussed in the next
section.

AVrpc = Grec(8)Ad = (I' + sP)AS (13)

where I' and ¥ denote the real and imaginary parts of the
transform function, respectively. Let s=j2, and combine
(12) and (13). The expression of variation in the complex
electromagnetic torque is:

K> Ko (K4 — Grec(s))

AT. = K| Ad —
¢ ! 1+ KsKg + QT

A (14)

Based on (2) and (14), the expression of the synchronous
torque coefficient is given by (15).

i

|24

JXi—=X2)
V.0°

Fig. 6 Equivalent circuit of UPFC shunt side
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KoK [(1 + KsKan) (Ks — I') + Q¥ Ty
1+ KSKsh + QZTsh

Define A; and A, as:

A — Ky K (1 + KsKq)

| =
1 + KsKq + Q*Tyy (16)
Kr K QT

B 1+ KSKsh + Qszh

K=K,

Ay

Then the following can be derived:
K=Ky+A T -AY (17)

where Ky = K; — AK,. If the shunt side operates strictly in
a constant midpoint voltage mode, then the UPFC can exert
a natural influence only on the synchronous torque coeffi-
cient of the mode. The resonant frequency changes after
the installation of the UPFC. However, when a disturbance
arises at the new frequency, FOs still occur. To solve this
problem, the shunt side voltage should be modulated, and
control of the synchronous torque coefficient can be
achieved according to (17). A clearer derivation follows.
The transmission power of this system is:

VVa . [0
P =—"sin(
X, sin ( 2) (18)
Equation (18) has this linearized form:
oP, oP, oP, oP,
AP, = AV AVy +—=A0 AX 1
v AV oy, AVmt 55 At A (19)

When the sending terminal voltage V and impedance of
the transmission line X, are constant, combining (19) and
(1) yields
Ty d°Ad dAs  oP, P,

a0, dao AV, + e ps = AP 20
wo a2 T PeTg tay AVm T 5 mo (20

If an ideal modulated output voltage AV, = KyAJ is
realized via an appropriate design of Grgc(s) to take
control of the resonant frequency of a certain mode, then
(20) can be rewritten as:

Ty d>Ad dAd ( oP.| or.

it T (K —8| e
oo a2 2 ar T \™av,) s

)Aé = AP,
0
(1)

The supplementary controller realizes control of K
according to (21). Based on (6), the new resonant
frequency can be calculated as:

o o aPe 6Pe

When the resonant frequency changes, FOs are
mitigated according to the theory presented in Section 2.

wm,
ot s\%
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Regarding a multimachine system, when the supple-
mentary signal is designed to compensate for the syn-
chronous torque of a certain i"_order mode, the FOs of this
mode are mitigated, as is apparent in (9).

3.3 Impact of UPFC serial side

An equivalent circuit of the system with a UPFC serial
side is shown in Fig. 7. The UPFC serial side can provide
impedance control.

A first-order inertia element Gg(s) with a gain of K.
and time constant Ty, as shown in Fig. 5, is used to sim-
ulate the UPFC transmission line impedance control on the
UPFC serial side. The measured power of the transmission
line is chosen as the input signal. The following can be
derived:

dAX
{ Tee % = K (APe — APgrc) — AXuprc (23)
AT, ~ AP, = K1Ad + K3AXypec

Using (12) and (23), the diagram in Fig. 5 can be
obtained. Using a similar derivation, it is straightforward to
find that if the serial-side impedance is modulated by a
supplementary signal, for example, AX, = KxAd, then the
resonant frequency is given by:

o 6Pe 6Pe
=4/= (K 24
@n \/TJ< X6X2+65> 24)
Moreover, the serial side of the UPFC can compensate
for the damping of the system [28] and can work in

conjunction with the shunt side to improve the
effectiveness of FO mitigation.

4 Design of resonant frequency controller

4.1 Structure of UPFC resonant frequency
controller

In Fig. 5, the fluctuations in AP, lead to FOs. The
magnification of the disturbances is related to the syn-
chronous torque coefficient K according to (7). As shown
in Fig. 5, K is determined by the transfer function of the
UPFC. In fact, merely the installation of the UPFC can
change the original synchronous torque coefficient. How-
ever, without a supplementary controller, FOs still occur

Pe

X=Xt i L=h 12¢)
E'Z5, ) V200

jXUPF('

Fig. 7 Equivalent circuit of UPFC serial side
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Mitigation of power system forced oscillations based on unified power flow controller 105

when a disturbance exists at a new resonant frequency. In
this section, we propose the structure of the UPFC RFC to
mitigate such FOs.

Taking the shunt side as an example, the general
structure of the RFC is as shown in Fig. 8. In Fig. 8, x; is
the input signal and x,. is the reference value of it; V; is the
voltage of the installment point and V.. is the reference
voltage; B is the equivalent susceptance caused by the
controller. The controller contains a resonant controller
R(s), a DC block element 7,,(s), and a phase compensation
unit 7(s). The supplementary signal AVggc is added to the
corresponding location in Fig. 5. Gg,(s) is the first-order
inertia element used to simulate the UPFC shunt side, as
shown in Fig. 5. The detailed design of each control unit is
discussed in the following subsections.

The chosen input signal Ax can be the variation in the
power angle Ao, the variation in the generator speed Aw,
the opposite of the variation in the transmission power
—AP,, and so on. To shift the resonant frequency from the
disturbance frequency when an FO of a certain mode
arises, the resonant controller R(s) must be adopted [29].
Thus, for maximum compensation with synchronous tor-
que coefficient K, a phase compensation unit 7(s) is
adopted to change the phase of the signal. The expression
for the DC block element T,,(s) is shown in (25), which is
used to remove the DC components of the signals. In (25),
K., is the gain of the element and T, is the time constant of
it.

K,s

SR )

(25)
The RFC design of the serial side is similar to the design

of the shunt side. In this study, to enable a contrast, a

PODC can be used on the serial side of the UPFC [30].

4.2 Design of resonant controller

The expression of the resonant controller is:
R(s)

KR(DCS

- ROS 26
§2 + s + 0? (26)

where o, is the center frequency; Kg is the proportional
coefficient; & is the damping coefficient of the element. The
values of Ky and ¢ determine the gain and bandwidth of the

Vref + Xref
I(s) J«— Tls) j«— R(s) —x
ABmaX

AB
Gsh(s) >
ABmin

AVgrc

Fig. 8 Structure of the resonant frequency controller
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resonant controller, respectively [31]. The damping ratio &
can be set to a small number under ideal conditions. The
center frequency @, should be set to the original resonant
frequency w,. In this study, the value of w, is obtained by
performing small signal analysis.

The frequency response of R(s) is as shown in Fig. 9.
The RFC has maximum gain at the original resonant fre-
quency, thereby guaranteeing that the controller maintains
the stability of the system. K can be set to a small number
to make the effect of the resonant controller more ideal, as
this approach substantially reduces the gain at frequencies
other than the center frequency. In real cases, considering
the error in identifying the resonant frequency, the damping
coefficient should be set to a larger value to improve the
robustness of the controller.

The main component of FOs is the steady-state
response. In (2), the frequency of the steady-state response
is found to be equal to the disturbance frequency €2 instead
of the resonant frequency ,. This point is important
because if the resonant frequency changes from ;g to w,,
then the frequency of the input signal is still £, which can
maintain the RFC’s effectiveness. Moreover, if the distur-
bance frequency is equal to w,;, then the gain of the res-
onant controller is close to zero because £ is equal to w;.
As the resonant frequency is still w,o under this condition,
FOs can be avoided. The only problem occurs when
oscillation modes of w,y and w,; exist simultaneously in
the system; this situation is a low-probability event.
However, the higher harmonics of the oscillation mode w,
have been observed to exist in real systems [32]. Therefore,
when we design the RFC, we should avoid the situation in
which the final w, is equal to the frequency of any higher
harmonics of the oscillation mode .

4.3 Design of phase compensation unit

The transfer function of the phase compensation unit is:
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7(s) = (1 - T) (27)

1+T2S

where m is the number of lead-lag components. To
compensate for the synchronous torque coefficient K, the
input signal should be modulated to keep the signal
synchronous with respect to the variation in the power
angle, which lags the input signal by 90°. The relationships
between those vectors are shown in Fig. 10 for the case in
which the input signal is synchronous with respect to —AP,
(which is opposite to Ad). ATrrc is the complex torque
caused by the RFC. The compensation angle is

Orrc = —0Ocom — Oadd (28)

where 0., is determined by the input signal; 0,44 is the
additional angle caused by the original system with the
UPFC. The value of 0., should be set to compensate for
the synchronous torque coefficient K. The value of 0,44 is
affected by the excitation system [33]. From (16) and (17),
we find that 0,44 can be influenced by the angle of the first-
order inertia element Ggy,(s) with an independent shunt side.
In fact, 0,44 is also affected by the influence of the serial
side, as shown in Fig. 7. Moreover, the influence of the
resonant controller on 0,49 should be considered in a sim-
ilar manner.

The center frequency of the phase compensation unit
ot should be set as close as possible to the original res-
onant frequency m,o. This design achieves an appropriate
gain for this unit [17]. The design of time constant values
should follow:

1 —sin QR—FC
L__  \m)
Ty 4 i (9“&> (29)
m

Wy ~

v T

The final control strategy is illustrated in Fig. 11.
Assuming that the system has a mode of negative
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- DrrcAw
I
I
I
|
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Fig. 10 Phase diagram to illustrate the proposed method
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ATpopc AN

Fig. 11 Phase diagram to illustrate the comprehensive control
strategy

damping (which can be represented by the complex
torque AT, having a negative imaginary part) via a
supplementary damping controller at the UPFC serial side,
ATpopc is added to AT. In addition, AT, is obtained with
a imaginary part. The LFO of the negative damping
mechanism is mitigated using this method.

When a disturbance exists at the original resonant fre-
quency, the RFC operates, and ATggc is added to ATy;.
AT, has a larger real part, i.e., the synchronous torque
coefficient becomes larger. The change in AT, can shift
the resonant frequency; as a result, FOs are mitigated in
this situation.

In a multimachine system in which no infinite bus is
considered, the relationship between the response of the
rotor angle and the disturbance is no longer a 90° lag.
Optimization algorithms such as the genetic algorithm
(GA) and particle swarm optimization (PSO) can be used
to design the parameters of the phase compensation unit
[34, 35].

5 Simulation verification
5.1 Results of PODC method

In this section, we investigate the effectiveness of the
proposed method in a SMIB system. A comparison
between the traditional method and the new method is
conducted to demonstrate the advantages of the proposed
method.

A sixth-order SMIB system with an excitation system
and governor has been constructed in MATLAB/SIMU-
LINK. The parameters are listed in Appendix B. Before the
UPFC is installed, the resonant frequency of the system is
1.44 Hz. The resonant frequency changes to 1.67 Hz after
the installation of the UPFC. In this system, the active
power delivered is 0.75 p.u. A 0.05 p.u. sinusoidal distur-
bance at 1.67 Hz is added to the mechanical power output
from O to 40 s. Typical FO curves for the synthesized FO in
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Fig. 2 are denoted by Pgo in Fig. 12. The maximum
amplitude of the power oscillation is approximately
0.6 p.u., which amplifies the disturbance by approximately
12 times, demonstrating the adverse consequences of
FOs.

First, a conventional PODC on the UPFC serial side is
used to mitigate Pro. Two lead-lag components are used in
this supplementary controller; thus, m = 2. The shunt-side
UPFC works in a constant-voltage mode that does not
compensate for the synchronous torque coefficient of this
mode. The optimized parameters of the PODC are: T, =

10.0, K=30.0, T,=031, T,=0.05. The simulation
results are as shown in Fig. 12, where Pgy reflects the
oscillation caused by the disturbance in this system and
Ppopc represents the mitigated power oscillation.

In this situation, the maximum amplitude of the power
oscillation is approximately 0.15 p.u., which is approxi-
mately 25% of the original oscillation. The result demon-
strates that using a PODC is a valid method for damping
FOs. Figure 13 shows related curves regarding the per-
formance of the UPFC, including the equivalent injected
current of the UPFC I, the reactive power of the UPFC
Q.. and the voltage of the converters V q,y.

With a current is injected on the UPFC serial side, the
impedance of the system changes when an oscillation
arises. In addition, the UPFC current increases the damping
of the oscillation mode. The injected current can reflect the
influence on the active power of the system from the
UPFC. FOs are mitigated when the damping is enhanced.
However, the effect is not ideal because there is a limit to
the amount of damping compensation that can occur.

Moreover, the disturbance source continuously injects
energy into the system, making it challenging to damp FOs
with a PODC because we need higher damping compen-
sation. The reactive power in Fig. 13b is caused by the
UPFC capacitor. The reactive power and the converter
voltage reflect the UPFC working condition. When the
controller gain is too high, they may be distorted.
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5.2 Results of the proposed method

Graphs of a mitigated FO, similar to the synthesized one
in Fig. 3 are shown in Fig. 14, where Pro reflects the
oscillation caused by the disturbance and Prpc represents
the mitigated power oscillation. We use two different sets
of parameters to mitigate oscillations, corresponding to the
different directions of K, and they are shown in Table 1.

K is decreased when parameter set I is used. The reso-
nant frequency changes to approximately 1.05 Hz, com-
pared to the resonant frequency of 1.67 Hz after the
installation of the UPFC. The amplitude of the oscillation
is reduced to approximately 13% of the original amplitude,
as shown in Fig. 14a. When using parameter set II, K is
increased, and the resonant frequency is temporarily shifted
to approximately 3.55 Hz. This simulation achieves a
better effect, as shown in Fig. 14b, because the variation in
the resonant frequency is larger.

Both simulation results demonstrate the effectiveness of
the proposed method. It is better to increase K than to
decrease K because a wider adjustable range exists within
which K can be increased. The increase in K can also
provide better static stability. Note that this result is
reached without a large compensation for the damping of
this mode. As a result, a transient oscillation remains at the
starting stage of the oscillation. The principle of this phe-
nomenon is analyzed in Section 2.3. Thus, we can use
other methods to compensate for the damping in conjunc-
tion with the proposed method and improve the effect of
mitigation.

The performance of the UPFC is shown in Fig. 15. The
curves corresponding to a decrease in K show that the
UPFC provides relatively less current when the proposed
method is used, achieving satisfactory mitigation. The
amplitudes of reactive power and converter voltage are also
smaller. Moreover, based on the curves corresponding to an
increase in K, the effect of the proposed method is much
better than that of the conventional method when similar
current is provided. The function of the UPFC is to shift the
synchronous torque coefficient instead of compensating for
the damping. Thus, less output of the UPFC is required in
the proposed method.

To solve the problem of the transient response, the
UPFC serial side is added to compensate for the damping
of this mode. The method is similar to the one described in

Table 1 Parameters of RFC

Parameter set Ky 14 Wno T, K, T, T,
1 0.03 001 105 10.0 9.0 0.04 023
I 0.62 0.01 105 100 9.0 048 0.02
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Fig. 15 Performance of UPFC with the proposed method

Section 5.1. The result is shown in Fig. 16, where Pggo
reflects the oscillation caused by the disturbance and Pypgc
represents the mitigated power oscillation. The effect is
much better than that shown in Fig. 12 showing the supe-
riority of the UPFC compared to a single PODC. In
Fig. 14, we can draw a conclusion that a RFC can mitigate
FOs independently, especially their steady-state responses.
In this case, these results verify that the proposed method
can work in conjunction with a PODC to reach a better
result.
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Fig. 17 Performance of UPFC with comprehensive method

The curves corresponding to the UPFC with the com-
prehensive method described in Section 4.3 are shown in
Fig. 17. For comparison, the injected current is equivalent
on both sides. The results demonstrate a better mitigation
effect following the control of resonant frequency when the
UPFC output is similar. The reactive power and converter
voltage also lie within a reasonable range.

5.3 Robustness of the proposed method

In this subsection, simulations are conducted to discuss
the robustness of the controller. When designing the reso-
nant controller, the original resonant frequency is required.
The parameter is obtained after identifying the oscillation.
However, identification errors should be considered in the
design of the proposed controller. In common cases, the
identification errors are too small to be considered [36].
However, the controller should still be designed to address
certain extreme situations.

STATE GRID

Table 2 Parameters of RFC used to study robustness

Parameter set Ky é wno T, K, T, T

III 0.62 0.01 12.3 10.0 9.0 048 0.02
v 0.62 0.01 16.2 10.0 9.0 048 0.02
\ 0.62 0.50 16.2 10.0 9.0 048 0.02

Three sets of parameters, as shown in Table 2, are used
to simulate identification errors. In those cases, the original
resonant frequency is not estimated correctly. These errors
are much larger than those typically encountered. The
serial side of the UPFC operates in the same condition as
that shown in Fig. 14.

The effect of the controller is shown in Fig. 18. The
results show that the effect is influenced by identification
errors. For parameter sets III and IV, the effect is com-
promised relative to that of parameter set II, but FOs are
still mitigated with both sides of the UPFC. The results of
parameter set III show that the controller exhibits strong
robustness when the error is not excessive. However, in
parameter set IV, the error of the original resonant fre-
quency is significant, which strongly affects the perfor-
mance of the controller. In this case, the contribution to the
mitigation of FOs comes mainly from the PODC on the
serial side. To achieve better performance, the damping
ratio of resonant controller ¢ should be set to a larger value
if the identification system is not ideal, as it is in parameter
set V. The results of parameter set V show strong robust-
ness of the proposed controller when ¢ is appropriately
designed.

6 Conclusion
We proposed a novel method for mitigating FOs that

involves controlling the resonant frequency using a UPFC.
Because the new method is based on changing the
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g. 18 Simulation results characterizing robustness of controller
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resonance conditions, this method is a targeted and efficient
approach to mitigating FOs. We designed a supplementary
controller to control the resonant frequency, which is
achieved via compensation of the synchronous torque
coefficient. The detailed derivations theoretically show that
FOs are significantly mitigated by this method without any
negative effect on the normal operation of the power sys-
tems. The simulations conducted in an example SMIB
system demonstrate the effectiveness of the proposed
method. The results show that the proposed method can
achieve an outcome superior to that of the traditional
PODC. The controller also offers strong robustness even
when the resonant frequency is not estimated correctly.

Many noteworthy issues regarding the mitigation of FOs
remain to be studied. Firstly, online frequency identifica-
tion can be adopted to meet the requirement of accuracy of
the resonant controller. Secondly, considering that several
oscillation modes are typically present in a real system,
parallel resonant controllers can be designed to address the
situation of multimode oscillations in multimachine sys-
tems. Finally, optimization algorithms should be consid-
ered to achieve a proper selection of parameters, so that the
RFC can compensate for the synchronous torque coeffi-
cient of a certain mode in a multimachine system and
mitigate corresponding FOs. The design of these parame-
ters is a worthwhile topic for future study.
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Appendix A

The following equations are for the gains of the inte-
grated model of the SMIB system with a UPFC:

X
X1 =X +Xr++

X 2 Al
X =3 (A1)
Xy =X + X,
EV
K = cos(d) (A2)
Xs — X1 XoBuprc + (1 — X1B)Xuprc
STATE GRID

X1 (X2 + Xuprc)E'V

K, = 5sin(d)  (A3)
[X> — X, X2Buprc + (1 — X B) Xuprc]
N /
Ky = XiBurec — DE'V _sin(8)  (A4)
(X5 — X1 X2Buprc + (1 — X1 B)Xuprc]
Ki=—
* " sin(5 — 0)
K, Vuprc cos(d — 0) XZTVXCCOS(Q) (AS)
E x (}%cos(é —0) + X2+chos(0))
X K>
Ks=— L 12 A
3 sin(o — 0) E' (A6)
Ko =
® " sin(5 — 0)
& VUppC COS(é — 0) m sin(0)
E' E _ v
X (Xl co8(6 — 0) + x5 cos(()))
(A7)

Appendix B

Figures B1 and B2 are block diagrams of the excitation
system and governor of the SMIB system.
The parameters of the SMIB system are as follows:

1) Reference power: Pg =200 MW.

2) Generator: H=320s, F =0, X;=1.305, X,=0.474,
X;=0.180, X,/ =0.296, T,/ =1.010s, X,” = 0.252,
X," =0.243, T,” = 0.053, T,o" = 0.1.

3) Transmission line: R =0.0134 p.u. per km, X.=

0.00098 p.u. per km, L = 120000 km.

1+ TFS -

Fig. B1 Block diagram of excitation system
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+

K dwS y
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+
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Fig. B2 Block diagram of governor
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4)
5)

6)

Transformer: R, = 3.878 p.u., X; = 0.305 p.u..
Excitation system: Ka =300, T4 =0.001, Kg=1,
Tg = 0.1, K¢= 0.001, T¢ = 0.1.

Governor: R,=0.05, K,=1.163, K;=0.105, Tq=
0.01, K4 = 0.01, Tgy = 0.07, K4, = 3.334.
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