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Abstract

With the continuous expansion of power systems and the application of power electronic equipment, forced oscillafion has
become one of the key problems in terms of system safety ahilitgtdn this paper, an interline power flow controller

(IPFC) is used as a power suppression carrier and its metiaanalyzed using the linearized state-space method to

improve the system damping ratio. It is shown that althoughl=C can suppress forced oscillation with well-designe
parameters, its capability of improvihg 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 outstag tracking performance to a systeteagly reference value, and the main IPFC
controller with the ARC can provide higher damping, artidareduce 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 outpeitdtompensation power according to the reference value of the
ARC tracking system.

—
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1 Introduction forced oscillation disturbances can be identified and re-
With the continuous expansion of power systems and moved through online system operating dat®,[6], the
the application of power electronic equipment, system wavelet ridge technique?] and spectral Granger causal-
oscillation in the power grid gradually increaseg][ As ity analysis 8], the current forced oscillation identifica-
one of the key problems affecting the safety and stabilitytion technology is still in the development stage without
of power system, it is of great significance to carry outguaranteed accuracy and timeliness. In addition, a power
theoretical analysis of forced oscillation and develop spesystem stabilizer (PSSP] and some flexible AC trans-
cific suppression methods. mission system (FACTS) equipment, such as a static
Forced oscillation is caused by periodic disturbancessynchronous series compensator (SSSCJ][ and static
[2], with its amplitude inversely related to the system synchronous compensator (STATCOM)1[1] are recom-
damping ], while the oscillation rapidly decays as the mended for system damping. Under the Robust Exact
disturbance source disappeard][ In view of the above Differentiator (RED) control strategy, a DFIG wind tur-
characteristics, several measures have been proposed fbme equipped with energy storage can also further sup-
forced oscillation suppression. Although the source of press inter-area oscillationslp]. As the source of forced
disturbance continuously injects disturbance into the
. oo G power system, the dampers proposed ig, [L3] can only
1Ji:nréiipglr:actterri]§ ng%ZrleruE;sc?;plr:.siggtlécgo. Ltd, China Energy Engineerin?educe the_ os_C|IIat|on amp“tUde without suppressing the
Group Co. Ltd, Nanjing, China orced 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 i
value accurately. Therefore, repetitive control is now or z =
widely used to deal with harmonic distortion caused by @d
nonlinear load L4 16] or grid-tied inverters [L7, 18]. Fig. 1 Variation of power angle amplitude with disturbing
However, repetitive control has not been widely applied source frequency under different damping ratios
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 controlwigl amplitude and angular frequency g. n
can track the system steady-state reference value undey,” K=T ; refers to the generator natural frequency
the disturbance of forced oscillation. is the synchronous torque coefficient of the generator,

As an advanced third generation FACTS device, amyng T, s the inertia constant of the generator. ¥ D=2
IPFC can play a more comprehensive and prominent

role than a unified power flow controller (UPFC) in
power flow regulation L9]. In this paper, an additional . o _ _
repetitive control (ARC) scheme of an IPFC is designed4 /QEC)COLC;IHQ rt]o (1)Iar_1d af]§um|t;1g =1 Kal’ and , = |
for suppressing forced oscillation in a power system. l_rads, tde re]:atLonz_ |psb etween the pgwe(rj_fefmge
Based on the internal model principle of repetitive con- amplitude and 4 of the disturbance source under differ-

trol, the IPFC is able to track the system power steady-ent system de_1mp|ng ratlos_ are shown in Fig. .
The following conclusions can be obtained from

state reference value and suppress the system force[g_ 1
power oscillation effectively. 9. L.

T, n¥%D=2 KT, is the damping coefficient and D is
the generator damping.

2 Methods 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.

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 Thus, if the system damping ratio approaches in-
verify the performance of ARC, an equivalent four- finity, the change in power angle will approach zero
machine system including IPFC and forced oscillation@nd the forced oscillatio can be completely sup-
source are constructed in MATLAB/SIMULINK. From Pressed. However, the system damping ratio cannot
the analysis and simulation, it has been found that thebe increased infinitely in reality. For an independent
main IPFC controller with ARC can provide higher Power system, if the sum of the real parts of the ei-
damping, and further reduce the amplitude of oscilla- genvalues of the state equan is invariant, the total
tions to zero compared with an IPFC based on a supple-damping of each mode of the system will remain

mentary damping controller (SDC). constant 20]. If the damping of the electromechan-
ical mode is increased to suppress the forced oscilla-
3 Principle of suppressing forced oscillation with tion at a certain frequency, the damping of other
IPEC electromechanical and non-electromechanical modes
3.1 Principle of suppressing forced oscillation in a power ~ Will be reduced accordingly. This may lead to low-
system frequency oscillations in ther modes or large fluctu-

A single-machine infinite system is used to analyze thedtions of non-mechanical variables. Moreover, with
situation of forced power oscillation. By solving the gen- the increase of the damping ratio, the reduced oscil-
erator rotor motion equations, the change trend of lation amplitude with the same damping ratio incre-

power angles is represented as3j: ment approaches zero. Therefore, it will be
increasingly difficult to ®ntinue suppressing the

sp forced oscillation usingthe same method. Thus, in-
creasing the system damping can only reduce the
forced oscillation amplitwle to a certain extent, and

whereTsin  refers to the periodic disturbance source Other targeted suppression methods are required.

I sin 4t=K

abvg >
3 4= nP-1p& 4= o2b




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

proportional and integral gains of the Pl controller

V(,‘Zﬁ‘ KZO :VWIZH\(”,ZH : V.20, Main Control Transmission Line used to COﬂtl’O|V . . - .
Q '—@+ [ ! . Equation @) can be linearized as:
ix, | Xt |
X i : J | k I T
IPFC | . .
AV Ya—"APK ,—APyK |
V.25, V.20 IV”,ZZHWZ I V.26, uxiliary Control Transmission Line ik P ik !
: 26, : | Auxiliary Control Trans | Li ‘AV %_’AQikK p_AQikKi &b
: }—/\/\‘/\,— -( >+ AN
Sl ST
S ____ [ Considering the inject active power from the IPFC, the
Fig. 2 Single-machine infinite-bus system with IPFC motion equations of the generator rotor can be repre-
sented as:
8 d
1
3.2 IPFC dynamic performance analysis 2T % Wb Pe, p Pis ¥aPr,~D18 1-1P b
In addition to quickly adjusting the line power flow and > da Ve _1
node voltage, the IPFC can also improve the transient dt !

stability of the power system by means of its dynamic
adjustment function. In order to further analyze its dy- wherePg=V Vi/xsq indicates the IPFC active power in-
namic adjustment mechanism, the IPFC power model isjection into busi.
connected to two single-machine infinite-bus systems as Equation 6) can also be linearized as:
shown in Fig.2 with the detailed parameters listed in
Appendix A. Simplified voltage sources are used to rep- 5
resent the IPFC series side converters. T %b D &p KA 1p Viav o &b
N 7 1 1 4
As shown in Fig. 2, the upper line is the main dt dt Xsel
control transmission line, whose active and reactive
power are controlled by the IPFC. The lower line is The system linearization model and transfer function
the auxiliary control transmission line, which is used block diagram can be obtained by considering){(7), as
to maintain the stability of the DC capacitor voltage. shown in Fig.3. The detailed parameters are listed in
Taking the main control line for example, the Appendix A
injected power of the IPFC will change the line ac- The system linearization model, as shown in Fig.is
tive and reactive power flow, which can be repre-changed by the dynamic regulation of the IPFC. There-
sented as: fore, with well-designed parameters, the IPFC is available
to improve system damping and suppress forced oscilla-

. ion. H r, it h n pr hat improving th
VaVising, V Vi tio owever, it has been proved that improving the

P Ya o b &b system damping ratio has limited capability. Thus, in
Xd1 Xsel this paper, combined with the repetitive control method,
. VZ-VgVicosy, V V, an improved strat.egy is proposed to further suppress the
Qi ¥a > < &8P forced power oscillation.
d1 sel

where V. =Vgq Sin ¢4 refers to the IPFC active power
injection component andV =Vg4 COS 54 refers to the
IPFC reactive power injection component.

The IPFC dynamic performance depends on the
proportional-integral (Pl) controller of the series con-
verter. The relationship among the IPFC power injection
componentsV , V and the line transmission poweP;, A
Qi can be given as:

( V Ya Pref_pik K pb K i:S
V % Qe—Qx Kpp Ki=S

oAb

where K , and K ; refer to the respective propor-
tional and integral gains of the PI controller used to
control V , while K , and K; are the corresponding  Fig. 3 Block diagram of system transfer function with IPFC






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

Table 1 Parameter descriptions and values

Page 10 of 12

Name Description Value Unit

Sl Sz The nominal power of Generator 1 and 3 2000 MVA
Snol Sna The nominal power of Generator 2 and 4 1400 MVA
Vi~ Voa The nominal voltage of Generator 1 ~4 13.8 kv
Xfﬂ Xfm The transient reactance of Generator 1 ~4 0.296

Xa3 The reactance of the infinite system 1.5E-4 H

fn The nominal frequency of the system 60 Hz
St/S13 The nominal power of Transformer 1 and 3 2100 MVA
S0l Sta The nominal power of Transformer 2 and 4 1400 MVA
kri~k7a The transformer ratio of Transformer 1 ~4 13.8/500

Sl Sa The nominal power of the main and auxiliary converter 100 MVA
Xseal Xse2 The reactance of the main and auxiliary converter 0.26 H

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

k al ki The integral gain of main controller 0.1875

k 2 The proportional gain of DC voltage controller of the auxiliary converter 3.75E-3

K 2 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 i The integral gain of injected voltage controller of the auxiliary converter 2E-2

Udcrer The nominal voltage of DC 40,000 \%

Cac The total equivalent capacitance of DC link 3.75E-4 F
Xieal Xiko The reactance of the line between bus i and k 0.14 H
Xinl X2 The reactance of the line between bus j and | 0.14 H
X The reactance of the line between bus k and m 0.047 H
Xin The reactance of the line between bus | and n 0.047 H
Sioadt! Sioads The active power of load 1 and 5 250 MW
Sioad2! Sivads The active power of load 2 and 6 100 MW
Sioadd! Sioad7 The active power of load 3 and 7 2200 MW
Sioaddl Sioads The active power of load 4 and 8 50 MW
T1 parameters of SDC 0.021

Ts parameters of SDC 0.665

whose main structure is composed of multiple back-to-
back voltage source converters (VSC) interconnected by
DC capacitors, as shown in Fig4.

Two independent stand-alone infinity systems with
IPFC, as shown in Fig2, consist of two series con-
verters with different control goals. The detailed pa-
rameters are listed as follows.

3)

1) Ve, Vep and 4,  represent the voltage amplitudes
and power angles of the two power sources,
respectively; while X3, and xg, refer to the transient
reactance of the sources.

The buses i, j, k, I, m and n represent different
buses in the system. V;, Vi, V,, V, refer to the
voltage amplitudes, and ;, ;  are the

4)

2)

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

Vg1 and Ve, are the injected voltage components
of the main and auxiliary series converters,
respectively; while 1, se2 and Xee1, Xse2 Fepresent
the voltage angles and reactance of the two series
converters.

iy, ip and 41, , represent the current amplitudes
and the angles of the two transmission lines,
respectively. Py and Qj refer to the active and
reactive power of the main control line, and P, and
Qe are the target power references of the series
converter, respectively.






