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Abstract

With the continuous expansion of power systems and the application of power electronic equipment, forced oscillation has
become one of the key problems in terms of system safety and stability. In this paper, an interline power flow controller
(IPFC) is used as a power suppression carrier and its mechanism is analyzed using the linearized state-space method to
improve the system damping ratio. It is shown that although the IPFC can suppress forced oscillation with well-designed
parameters, its capability of improving the system damping ratio is limited. Thus, combined with the repetitive control
method, an additional repetitive controller (ARC) is proposed to further dampen the forced power oscillation. The ARC
control scheme is characterized by outstanding tracking performance to a system steady reference value, and the main IPFC
controller with the ARC can provide higher damping, and further reduce the amplitude of oscillations to zero compared
with a supplementary damping controller (SDC). Simulation results show that the IPFC with an ARC can not only greatly
reduce the oscillation amplitude, but also actively output the compensation power according to the reference value of the
ARC tracking system.

Keywords:Forced oscillation, Interline power flow controller (IPFC), Additional repetitivecontrol (ARC), Linearized state-space
method

1 Introduction
With the continuous expansion of power systems and
the application of power electronic equipment, system
oscillation in the power grid gradually increases [1]. As
one of the key problems affecting the safety and stability
of power system, it is of great significance to carry out
theoretical analysis of forced oscillation and develop spe-
cific suppression methods.

Forced oscillation is caused by periodic disturbances
[2], with its amplitude inversely related to the system
damping [3], while the oscillation rapidly decays as the
disturbance source disappears [4]. In view of the above
characteristics, several measures have been proposed for
forced oscillation suppression. Although the source of

forced oscillation disturbances can be identified and re-
moved through online system operating data [5, 6], the
wavelet ridge technique [7] and spectral Granger causal-
ity analysis [8], the current forced oscillation identifica-
tion technology is still in the development stage without
guaranteed accuracy and timeliness. In addition, a power
system stabilizer (PSS) [9] and some flexible AC trans-
mission system (FACTS) equipment, such as a static
synchronous series compensator (SSSC) [10], and static
synchronous compensator (STATCOM) [11] are recom-
mended for system damping. Under the Robust Exact
Differentiator (RED) control strategy, a DFIG wind tur-
bine equipped with energy storage can also further sup-
press inter-area oscillations [12]. As the source of forced
disturbance continuously injects disturbance into the
power system, the dampers proposed in [2, 13] can only
reduce the oscillation amplitude without suppressing the
forced oscillation completely.
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In view of the periodic characteristic of the forced os-
cillation disturbance source, repetitive control technol-
ogy is considered in this paper. This is based on the
principle of an internal model. When the interference is
found to be a periodic signal of known frequency, repeti-
tive control can be used to track the system reference
value accurately. Therefore, repetitive control is now
widely used to deal with harmonic distortion caused by
nonlinear load [14�16] or grid-tied inverters [17, 18].
However, repetitive control has not been widely applied
to the analysis and research of suppressing power oscil-
lation. Integrated with a carrier that can adjust the active
and reactive power flow of the system, repetitive control
can track the system steady-state reference value under
the disturbance of forced oscillation.

As an advanced third generation FACTS device, an
IPFC can play a more comprehensive and prominent
role than a unified power flow controller (UPFC) in
power flow regulation [19]. In this paper, an additional
repetitive control (ARC) scheme of an IPFC is designed
for suppressing forced oscillation in a power system.
Based on the internal model principle of repetitive con-
trol, the IPFC is able to track the system power steady-
state reference value and suppress the system forced
power oscillation effectively.

2 Methods
In this article, an interline power flow controller (IPFC)
equipped with an additional repetitive controller (ARC)
is used as a power suppression carrier to suppress forced
oscillation. Its mechanism and controller parameters are
analyzed using the linearized state-space method. To
verify the performance of ARC, an equivalent four-
machine system including IPFC and forced oscillation
source are constructed in MATLAB/SIMULINK. From
the analysis and simulation, it has been found that the
main IPFC controller with ARC can provide higher
damping, and further reduce the amplitude of oscilla-
tions to zero compared with an IPFC based on a supple-
mentary damping controller (SDC).

3 Principle of suppressing forced oscillation with
IPFC
3.1 Principle of suppressing forced oscillation in a power
system
A single-machine infinite system is used to analyze the
situation of forced power oscillation. By solving the gen-
erator rotor motion equations, the change trend of
power angleδ is represented as [3]:

�� tð Þ ¼
Γ sin� dt=K
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where Γsin� dt refers to the periodic disturbance source

with amplitude � and angular frequency � d. � n

¼
������������
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p
refers to the generator natural frequency,K

is the synchronous torque coefficient of the generator,
and TJ is the inertia constant of the generator.� ¼ D=2

T J� n ¼ D=2
����������
KT J

p
is the damping coefficient and D is

the generator damping.
According to (1) and assuming� = 1, K = 1, and � n =

4.65 rad/s, the relationships between the power angle
amplitude and� d of the disturbance source under differ-
ent system damping ratios are shown in Fig.1.

The following conclusions can be obtained from
Fig. 1.

1) The closer � d and � n are, the more severe the
forced oscillation will be.

2) By increasing the system damping ratio, the forced
oscillation amplitude can be reduced.

Thus, if the system damping ratio approaches in-
finity, the change in power angle will approach zero
and the forced oscillation can be completely sup-
pressed. However, the system damping ratio cannot
be increased infinitely in reality. For an independent
power system, if the sum of the real parts of the ei-
genvalues of the state equation is invariant, the total
damping of each mode of the system will remain
constant [20]. If the damping of the electromechan-
ical mode is increased to suppress the forced oscilla-
tion at a certain frequency, the damping of other
electromechanical and non-electromechanical modes
will be reduced accordingly. This may lead to low-
frequency oscillations in other modes or large fluctu-
ations of non-mechanical variables. Moreover, with
the increase of the damping ratio, the reduced oscil-
lation amplitude with the same damping ratio incre-
ment approaches zero. Therefore, it will be
increasingly difficult to continue suppressing the
forced oscillation usingthe same method. Thus, in-
creasing the system damping can only reduce the
forced oscillation amplitude to a certain extent, and
other targeted suppression methods are required.

Fig. 1 Variation of power angle amplitude with disturbing
source frequency under different damping ratios
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3.2 IPFC dynamic performance analysis
In addition to quickly adjusting the line power flow and
node voltage, the IPFC can also improve the transient
stability of the power system by means of its dynamic
adjustment function. In order to further analyze its dy-
namic adjustment mechanism, the IPFC power model is
connected to two single-machine infinite-bus systems as
shown in Fig.2 with the detailed parameters listed in
Appendix A. Simplified voltage sources are used to rep-
resent the IPFC series side converters.

As shown in Fig. 2, the upper line is the main
control transmission line, whose active and reactive
power are controlled by the IPFC. The lower line is
the auxiliary control transmission line, which is used
to maintain the stability of the DC capacitor voltage.
Taking the main control line for example, the
injected power of the IPFC will change the line ac-
tive and reactive power flow, which can be repre-
sented as:

Pik ¼
V e1V i sin� 1

x0

d1

þ
V � V i

xse1
ð2Þ

Qik ¼
V 2

e1−V e1V i cos� 1

x0

d1

þ
V � V i

xse1
ð3Þ

where V� = Vse1 sin	 se1 refers to the IPFC active power
injection component andV� = Vse1 cos	 se1 refers to the
IPFC reactive power injection component.

The IPFC dynamic performance depends on the
proportional-integral (PI) controller of the series con-
verter. The relationship among the IPFC power injection
componentsV� , V� and the line transmission powerPik,
Qik can be given as:

V � ¼ Pref−Pik
� �

K� p þ K� i=S
� �

V � ¼ Qref−Qik

� �
K� p þ K� i=S

� �

(

ð4Þ

where K� p and K� i refer to the respective propor-
tional and integral gains of the PI controller used to
control V� , while K� p and K� i are the corresponding

proportional and integral gains of the PI controller
used to control V� .

Equation (4) can be linearized as:

˙ΔV � ¼ −˙ΔPikK� p−ΔPikK� i

˙ΔV � ¼ −˙ΔQikK� p−ΔQikK� i

	
ð5Þ

Considering the inject active power from the IPFC, the
motion equations of the generator rotor can be repre-
sented as:

T J1

d� 1

dt
þ Pe1 þ Pis ¼ PT 1−D1 � 1−1ð Þ
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¼ � 1−1

8
><
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wherePis = V� Vi/xse1 indicates the IPFC active power in-
jection into busi.

Equation (6) can also be linearized as:

T J1

d2Δ� 1

dt2 þ D1
dΔ� 1

dt
þ KΔ� 1 þ

V i

xse1
ΔV � ¼ 0 ð7Þ

The system linearization model and transfer function
block diagram can be obtained by considering (2)-(7), as
shown in Fig.3. The detailed parameters are listed in
Appendix A.

The system linearization model, as shown in Fig.3, is
changed by the dynamic regulation of the IPFC. There-
fore, with well-designed parameters, the IPFC is available
to improve system damping and suppress forced oscilla-
tion. However, it has been proved that improving the
system damping ratio has limited capability. Thus, in
this paper, combined with the repetitive control method,
an improved strategy is proposed to further suppress the
forced power oscillation.

Fig. 2 Single-machine infinite-bus system with IPFC

Fig. 3 Block diagram of system transfer function with IPFC

Fenget al. Protection and Control of Modern Power Systems           (2021) 6:21 Page 3 of 12





whose main structure is composed of multiple back-to-
back voltage source converters (VSC) interconnected by
DC capacitors, as shown in Fig.14.

Two independent stand-alone infinity systems with
IPFC, as shown in Fig.2, consist of two series con-
verters with different control goals. The detailed pa-
rameters are listed as follows.

1) Ve1, Ve2 and � 1, � 2 represent the voltage amplitudes
and power angles of the two power sources,
respectively; while x

0

d1 and x
0

d2 refer to the transient
reactance of the sources.

2) The buses i, j, k, l, m and n represent different
buses in the system. Vi, Vj, Vk, Vl refer to the
voltage amplitudes, and � i, � j, � k, � l are the

disparate voltage angles. Because the DC capacitor
isolates the AC connection between the circuits, the
two systems are independent of each other. Thus, � i
and � i can be set to zero at the same time.

3) Vse1 and Vse2 are the injected voltage components
of the main and auxiliary series converters,
respectively; while � se1, � se2 and xse1, xse2 represent
the voltage angles and reactance of the two series
converters.

4) i1, i2 and � 1, � 2 represent the current amplitudes
and the angles of the two transmission lines,
respectively. Pik and Qik refer to the active and
reactive power of the main control line, and Pref and
Qref are the target power references of the series
converter, respectively.

Table 1 Parameter descriptions and values

Name Description Value Unit

Sn1/Sn3 The nominal power of Generator 1 and 3 2000 MVA

Sn2/ Sn4 The nominal power of Generator 2 and 4 1400 MVA

Vn1~ Vn4 The nominal voltage of Generator 1 ~ 4 13.8 kV

x
0

d1 � x
0

d4
The transient reactance of Generator 1 ~ 4 0.296

xd3 The reactance of the infinite system 1.5E-4 H

fn The nominal frequency of the system 60 Hz

ST1/ST3 The nominal power of Transformer 1 and 3 2100 MVA

ST2/ST4 The nominal power of Transformer 2 and 4 1400 MVA

kT1~kT4 The transformer ratio of Transformer 1 ~ 4 13.8/500

Sm/Sa The nominal power of the main and auxiliary converter 100 MVA

xse1/xse2 The reactance of the main and auxiliary converter 0.26 H

k� p1/ k�p1 The proportional gain of main controller 3.75E-3

k� i1/ k� i1 The integral gain of main controller 0.1875

k� p2 The proportional gain of DC voltage controller of the auxiliary converter 3.75E-3

k� i2 The integral gain of DC voltage controller of the auxiliary converter 0.1875

k�p2 The proportional gain of injected voltage controller of the auxiliary converter 1E-4

k� i2 The integral gain of injected voltage controller of the auxiliary converter 2E-2

Udcref The nominal voltage of DC 40,000 V

Cdc The total equivalent capacitance of DC link 3.75E-4 F

xik1/ xik2 The reactance of the line between bus i and k 0.14 H

xjl1/ xjl2 The reactance of the line between bus j and l 0.14 H

xkm The reactance of the line between bus k and m 0.047 H

xln The reactance of the line between bus l and n 0.047 H

Sload1/ Sload5 The active power of load 1 and 5 250 MW

Sload2/ Sload6 The active power of load 2 and 6 100 MW

Sload3/ Sload7 The active power of load 3 and 7 2200 MW

Sload4/ Sload8 The active power of load 4 and 8 50 MW

T1 parameters of SDC 0.021

T2 parameters of SDC 0.665
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