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Multiple Oscillation Stabilizing Control

Meng Yue,Member, |IEEE, Robert Schluetefellow, IEEE, Mohamad A. Azarm, and Robert Bari

Abstract— This paper presents a strategy that may be used to were shown to be very effective for a single bifurcation. As

guide stabilizing control design for multiple oscillations, which are
difficult to control using conventional control design procedures. A
multiple oscillation phenomena is observed in an example peer
system. A local bifurcation and an interarea bifurcation develop
in an example power system due to multiple bifurcation parane-
ter variations. The dynamic behaviors of the bifurcating system
are complex due to the overlapping of the two different bifurca-
tion subsystems and are shown to be difficult to control. The du-
ble bifurcations are studied in this paper and in order to stabilize

them, three kind of pu-synthesis robust controls are designed, (a)

u-synthesis power system stabilizer (MPSS); (b)-synthesis SVC
control (MSVC); and (c) a mixed MPSS/MSVC control. Based on
the bifurcation subsystem analysis, the measurement siglsaand
locations of the controls are selected. The control performnces
of three kind of controls are evaluated and compared. The con
clusions are given according to the analysis and time simuti@n

results.

Index Terms—Multiple bifurcations, local oscillation, interarea
oscillation, overlapping bifurcation subsystem u-synthesis control
design

I. INTRODUCTION

a very important step for multiple bifurcation stabilizats, a
robust control design methodology was developed based-the b
furcation subsystem method in [8]. The extension of this de-
sigh methodology will enable designs of MPSS, MSVC, and
mixed MPSS and MSVC control with different measurements
and control outputs for stabilization of the multiple bifations

in this paper.

This paper is aimed at investigation of possible coordihate
controls to provide generic guideline for multiple osditte
stabilization, using the bifurcation subsystem basedsbton-
trol design methodology [8] and different control devicas i
cluding power system stabilizer and SVC. This involves in (1
the identification of the bifurcation subsystem and the unde
standing of the bifurcation nature; (2) the structured utagety
modeling by using a bifurcation parameter or multiple kit
tion parameters as uncertainty parameter(s); (3) the temlec
of performance index, weighting transfer function matthe
measurements, and siting of the control to be designed using
the bifurcation subsystem analysis; (4) the relative gaiaya
(RGA) analysis [10] of the open loop and closed-loop system.

With the complexity and stress increased on current powlerthis paper, all these properties except B&A analysis will

systems, multiple bifurcations are more likely to develdp.

be used to guide the robust control designs. Three MPSSs, two

WECC system it has been verified that there could exist up tadBVCs, and a mixed MPSS/MSVC control are designed ac-

interarea oscillations at the same time and these inteoseh
lations are very difficult to control since they are strongbu-

cording to the nature of the multiple bifurcations. Time sia
tion results are given to evaluate and compare the individaa

pled to each other. Typically, a conventional power system ¢ bust control designs. A general conclusion is drawn to mievi

trol that stabilizes one oscillation destabilizes othéfs Using
the conventional control design procedure, the coordinati
different controllers is a significant difficulty.

A multiple bifurcation phenomena is observed and the sta-

bilization of the multiple bifurcations is studied for a twoea

information and insight to the multiple bifurcation stakhihg
control design.

Il. MULTIPLE BIFURCATIONS AND p-SYNTHESIS
STABILIZING CONTROL DESIGN

power system in this paper. Usually multiple bifurcations a A two-area power system [1] shown in Fig 1 is studied. Two

produced by more than one bifurcation parameter variatio
More complex system behaviors are expected when more t
one bifurcation develop simultaneously and the corresipgnd
bifurcation subsystems overlap. This makes it more diffitul

stabilize the system under this situation.

neration and load areas are interconnected by two garalle
Pfhsmission lines. There are two generators in each aftema. T
generators and their controls are almost identical exdegit t
generator3 (G3) has a conventional power system stabilizer
(CPSS) attached. Bus 101 has a conventional SVC (CSVC)

Robust control has been applied to power system interarga. .. device.

oscillation and/or voltage support [2] - [9] for a single unif
cation. Multiple bifurcation stabilization has not beendied

This two-area system is vulnerable to the interarea oscilla
tions caused by various bifurcation parameters and to sadd|

extensively, although it is the most frequently encourdere e pifircation under certain situations [11] - [14]. THRSS
a real power system. In [8] [9], a single measurement andy3y the CSVC are not able to maintain the system stabil-

single control outpup.-synthesis based robust power systeri%, for relatively large change of different bifurcation naan-
stabilizer (MPSS) angi-synthesis based robust SVC (MSVC), o 8] [9].
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yuemeng, azarm, bari@bnl.gov)

R. Schlueter is with the Department of Electrical and CorapUEngi-
neering, Michigan State University, East Lansing, MI 488RBA (email:
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A constant power load model is used in this paper. A double-
bifurcation is produced by increasing the active power laadl
line susceptance connecting load bus 20 to generator bus 2 si
multaneously. The bifurcation subsystems of the two bdurc
tions can be obtained and analyzed via bifurcation subsyste



Q 61 G3 O cations, which is not shown here due to the limit of the space,
suggests that the two bifurcation subsystems overlap gaeh o

and the overlapping states of the two bifurcation subsys

10 20 8 101 B 120110 71 mainly involved in all the inertial dynamics and excitatigys-

tems states at generators 2 and 4. According to the biforcati

subsystem method, this implies that control improvemetts a

generator 2 and 4 are most likely needed.

I I 14| 2 L The following notations, which were adopted in [8], arel stil

used herePg, = P,,,, andPp, = Pg,,i =1,2,---,4, indicate

O G2 G4 O the input power references and active power outputs on gener

ator busl,2,11,12. Vg, andVp,, i = 1,2,---,5, indicate
Fig. 1. Diagram of Two-area Example System the voltage references and measured voltage outputs on-gene
ator terminal bug, 2, 11, 12, and SVC bus 101, respectively.
Vo,,i =6, ---,13, represent the voltage outputs on other buses
3,4,10,13,14,20,110,120. w;,i = 1,2,---,4, represent the
frequency on generator bus2, 11, 12.

The fundamental robust control design gménalysis and
ﬁ;(%\thesis theory, which can be found in [10], were summedrize
In [8]. The uncertainty is modeled using the second order ma-
trix polynomial [8] [9] for the two bifurcation parameterac-
tive power load at generator 2 and line susceptance between b
2 and bus 20. The resultant uncertainty model is of highegrord
than for a single bifurcation parameter, but is simplifiethgs
the approach in [16]. The design procedure is the same as that
shown in [8] and [9] using:-synthesis method [10] [17].

A performance index to be minimized is formulated accord-
ing to the nature of the interarea and local bifurcations:

_1 11 .

method [12] [13]. Two Hopf bifurcations, a local Hopf bifur-
cation (frequency of oscillation around 1 Hz) and an inteaar
Hopf bifurcation (frequency of oscillation less than 0.5)ldre
observed in this study.

The generator angle vector diagrams of the interarea and
local Hopf bifurcation at the bifurcation point are showrfig
2 and 3, respectively. It is expected that the dynamic behsvi
of the system with multiple bifurcations are more compkcht
because of the interaction between the interarea and leciéd o
lations.

53 J = min[X_,|Pr, — Po,| +X_,|Vr, — Vo, (1)
+ B lws —ws| + B |ws — wal]
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This performance index reflects both the requirements of the
interarea and local oscillation control and also avoidscitre
flicts between the control requirements of them. It is slight
modified from the performance index shown in [8] [9], where
Fig. 2. Generator Angle Vector Diagram of Interarea Ostitifa a single Hopf bifurcation developed. This performance inde
will be used through this paper. The teri$_,|Pr, — Po, |
andX?_, |Vg, — Vo, | assure regulation of the output power and
voltage of the four generators and the voltage of the SVC bus.
The term%2_, |w; — w3| andX?_; |w; — w4| assure damping of
the inter area oscillation between generators 1 and 2 and gen
erators 3 and 4 as well as the oscillation of generator 2 again
52 generators 3 and 4.

In [8], it was shown that the control configuration was flex-
ible in terms of different control designs, measuremergcsel
tions, and control sitings. The control configuration can be
easily obtained for each control design considered in this p
per by the slight modification of the diagram shown in Fig 6
in [8] and will not be presented individually. Following tlle-

Fig. 3. Generator Angle Vector Diagram of Local Oscillation sign procedures of MPSS shown in [8] [9], the individual con-
trol can be obtained usingsynthesis toolbox provided in Mat-

Fig 2 verifies that an interarea Hopf bifurcation develodab [17]. The order of the resultant controllers will be redd
since the two generation ared;, 5>} and{ds, 4} oscillate using a Hankel norm and the bifurcation subsystem informa-
against each other. Fig 3 shows that the Hopf bifurcation istian [8] sicne otherwise the control dimension is near that o
local oscillation between generator 2 and the other geoeratthe full system model.
in the system. Two bifurcation subsystems were obtaingtjusi The RG A matrix is proved to capture the bifurcation subsys-
the bifurcation subsystem identification algorithm [15]. tem structure [18] such that tHeG A matrix is block diagonal

The study of the bifurcation subsystems of the double bifuhere the diagonal blocks represent the bifurcation suésys
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and external subsystem structure. Due to the limit of spa@gpear around 3 and 8 rad/sec that correspond to frequerfcies
RG A analysis will not be presented in this paper. the interarea and the local oscillation. This verifies thaltiple
bifurcations develop in the two area system.

1. pu-SYNTHESIS POWER SYSTEM STABILIZER FOR

MULTIPLE BIFURCATIONS 12
Because the multiple bifurcations develop in the diffetent 1ap
cations (generators) of the two area system, it is thusipatid .

that more measurements or controls are either requiredeor ar
able to improve the control of the system undergoing mutipl
bifurcations. Therefore, three increasingly more complex o8
synthesis robust power system stabilizer designs aredenes! 207
in this section that have:

(1) a single measurement and a single control on generator 2
considering that both interarea and local oscillationginede 0%
controlled. Generator 2 speed is taken as the measurenfent. T .
voltage excitation control set point on generator 2 is thglsi
control. Thisis a typical local controller but is sited tdeatft the

0.3

interarea oscillation between generator 1 and 2 and gemerat %%~ o o o I o v
3 and 4 and for the local oscillation between generator 2 and FREQUENEY (1
generators 1, 3, and 4; Fig. 4. Closed-loop: Value: MPSS Design |

(2) two measurements and a single control on generator 2.
Because a local oscillation develops at generator 2 iniaddit A 40% increase in active power load and@% increase in
to the interarea oscillations, the measurement on gene2atdine susceptance above the nominal values are applied to gen
and 4 should provide information on both areas containimg geerator bus 2 and the line between bus 2 and bus 20 to bring the
erators 1 and 2 and the other area containing generators 3 system close to the point of the double bifurcations. Thssiite
4 as well as the local oscillation of generator 2 against genevill reflect the variation in the feasibility region in botffirca-
ators 1, 3, and 4. This controller is not local any more sing®n parameter directions. The time response of the cléseol-
a communication link will be needed for the measurement @ystem with MPSS Design | is shown in Fig 5. Compared to
generator 4 to wherever the controller is located on geoerathe open loop time response of a single bifurcation [8] theeva
2. The control is chosen to be on the excitation voltage $stpoform shown in Fig 5 is more complex. The magnitudes of the
on generator 2 since it should provide control over the inteswings change alternatively and thus, indicate the oconoeref
area and local oscillation. This controller should perftaetter more than one bifurcation. This is because of the combinatio
than the local controller since it has measurements thatldhoof the two bifurcations and the system response reflectsibe t
capture both oscillations; oscillations.

(3) two measurements and two controls on generator 2 and 4From Fig 5, the open loop system can not maintain the sta-
The measurements of the speed on generator 2 and 4 are Ui while MPSS Design | is not able to achieve good control
as in the case above. This is expected to achieve better cperformance for multiple bifurcations. It is able to staglthe
trol performance than either of the above two designs sinee gperturbed system because the oscillations decay with téne a
has both sufficient information to detect and estimate tatest shown in Fig 5. However, the transition time is too long. The
associated with both oscillations and since there is al§d suoscillations are not completely damped out yet even aftér 10
cient control to independently control both oscillatioAflove seconds. Therefore, a single measurement and a single MPSS
designs are now addressed fesynthesis power system stabi-control is not a good choice when multiple bifurcations depe
lizer.

A. MPSSDesign | B. MPSSDesign |l

MPSS with a single measurement] and a single control A MPSS with two measurements{ andw,) and a single
on generator 2 (MPSS Design 1) will be designed. In order twntrol on generator 2 (MPSS Design 1) is designed now. This
improve the control performance, the inverse dynamics 8] oontroller should perform better than the local controdlieice
the corresponding generators are included in the contside it has measurements that should capture both oscillatfon-in
The closed-loop system value with MPSS Design | is shown mation.
in Fig 4. In Fig 4, the maximum value appears at very low fre-  The time response of the closed-loop system with MPSS De-
guency (around0~3 rad/sec) instead of bifurcation frequencysign Il is shown in Fig 6. A0% increase in active load and a
for single bifurcation. Another fact is that the peakalue of 20% increase in the line susceptance above the nominal value
the closed-loop system is greater than one. However, we are applied to generator 2. The increase in the bifurcatien p
not concerned with this because it occurs at very low frequenrameters brings MPSS Design | to the point of bifurcation. It
beyond the frequency range that is the most important to tban be seen that the damping of the oscillations has been in-
system behaviors are of concern. Two local maximum pointseased dramatically compared to Fig 5 for MPSS Design |.
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Fig. 5. MPSS Design | (-) and Open Loop System (- -)

cation parameters can be further increased before the elou
bifurcations would occur. This fact suggests that MPSS @esi
Il would provide an even larger increase in the feasibilgy r
gion in the direction of these two bifurcation parameterswH
ever, the voltage control performance is not satisfactepaboise

the transition time is long and the error magnitude is reddyi
large. This control design also needs to be improved.
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C. MPSSDesign 11

trols on generators 2 and 4 (MPSS Design lll) is considerametwork buses degraded.

4. This is expected to achieve better control performanae th
above two designs since one has sufficient information teatiet
both oscillations and sufficient control to independenttcol

both oscillations.
The time simulation of the closed-loop system

with MPSS

Design Ill is shown in Fig 7. Again, the robustness of the con-
trol design is stressed with £0% increase in the active load
and a20% increase in the line susceptance above the nominal
value. The robustness of the control design is observedtin no
only being able to increase the feasibility region in theubif
cation parameter directions by the above percentages st al
to achieve a slightly better frequency control performaride
oscillations are damped more quickly and transient regmns
are more smooth compared to the time response shown in Fig 6
for (w1 — w4) and(ws — wy4). The magnitude of the oscillation

on (w3 — wy) is larger and is no longer at the local oscillation
frequency & 1 Hz) but now at the interarea frequeney (.5

Hz). This is because that the local bifurcation occurredem g
erator 2 is easier to control than the interarea oscillatiomd
thus, the improvement of the frequency control performasice
Both interarea and local oscillations can be damped out in B0t obvious.
seconds. The simulation result in [18] showed that the bifur
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40 50

The voltage control of the MPSS Design Il is not improved

at all and this is clear in Fig 7. The generator 2

speed mea-

surement does not provide any voltage information and the
power system stabilizer increases the damping effect legtijr

changing the generator terminal voltage setpoint.

Conflict

objectives are difficult to obtain simultaneously for twonss

system stabilizers.

IV. p-SYNTHESIS SVC FORMULTIPLE BIFURCATIONS

For multiple bifurcations the control performance of MPSS
A MPSS with two measurements4{ andw,) and two con- was shown to be less than perfect since the voltage control of

In [9], it has been concluded that

The measurements of the speed on generator 2 and 4 are us&d&gC is more effective than MPSS for a single bifurcation
in the case above to provide both interarea and local oaiila due to the local property of power system stabilizer. Sintda
information. The control actions will be taken on the excitaMPSS designs considered in the previous section, the MSVC
tion system voltage setpoint on generator 2 as well as genmeravill be designed
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The multiple bifurcation phenomena can be verified by inspec *° W e
. . . = | Vi | =
ing the peak. value around frequency 3 and 8 rad/sec in Fig ¢ |l i \””"U"‘U\“‘v:”\luw ‘] N‘J\\“J“,“b»‘x g0
'am—o.s ot AR g 'Em—o.s
-1 -1
0.8
-15 -15
10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
Fig. 9. MSVC Design | (-) and Open Loop System (- -)
x10™*
0.6 6
T SO KR I
R e
3 0.4 2 ‘H‘\(”HHH\”‘HHJM‘HH‘H,H\HHH“‘H
2 03 2, } “Mﬂ B e
> & A AR TN
S 02 i 0 gttt
8 S l"J”“Hm‘rHJ"\[‘\“UMU””:‘HH
& 01 -4 ‘\“U“r‘\gu‘“‘g““ﬂ"‘vﬂ‘“y“"-‘w
0 -6
-0.1 -8
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
x10™ x10°
FREQUENCY (rad/s) 6 1
4 IR NS T v
Fig. 8. Closed-loop: Value: MSVC Design | L " Jl o ! “\\ i " :“ I ; | HHA
El ok ‘m”‘r"\n‘u\“(”w“\:\\u“‘u
~ 0
. i . 3 | AT
The time simulation of the open loop system and closed-loc ' 2 SRR ‘\J‘\J‘w g
. . . . . . ! L [ Vi i
system with MSVC Design | is shown in Fig 9. By applying R S .
40% more active power load than the bifurcation value for th  -®

interarea oscillation and0% more line susceptance than the @0 1 2 w© 4 = T 10 20 a0 40 s0
bifurcation value for the local oscillation on generatost Tme® e
the closed-loop system interarea and local oscillatiomstkeEa Fig. 10. MSVC Design Il (-) and Open Loop System (- -)
eliminated effectively by the MSVC Design | and the voltages
are controlled well.

the advantage of capability of voltage support of SVC and the
B. MSVC Design | damping of power sys_tem stabilizer at generator 2.

Fig 11 shows the time response of the closed-loop system
with mixed MPSS/MSVC design. It can be seen that this de-
%gn gives the best overall performance, although this timee

trease ofl0% in active stress anf0% increase in line sus-
eptance above bifurcation values are applied. The cotigueti
or control of bus voltages at 6, 7, 8, and 11 is eliminatedhBo
%tage and oscillations are very well controlled. It demon
strates the advantages of both SVC control and power system
Qtabilizer. The addition of the MPSS showed a significant im-
provement of the oscillation produced by the double bifurca
tions. The control of voltag&’ is shown to degrade due to the

V. MIXED MPSS/MSVC [ESIGN MPSS but not Seriou5|yl

A mixed p-synthesis PSS/SVC control with two measure- It is noted that the a single measurement and a single control
ments (> andw,) is designed in this section. The MPSS iMSVC (MSVC Design I) shown in section IV gives satisfactory
located on generator 2 that is involved in both interareddhe performance and robustness. This does not mean that naultipl
cal oscillation. This mixed MPSS/MSVC design will try to tak measurements and multiple control designs are unnecdssary

A MSVC with two measurements.§ andw,) and one con-
trol at SVC bus 101 (MSVC Design 1l) is designed.

Itis expected that MSVC with more measurements improv:
the control performance. This is verified in Fig 10, where th
MSVC Design Il is applied to the system with the same disr
turbance as for MSVC Design |. Same active power load str
is applied to the original system. The control performamae i
provement can be seen in terms of smaller oscillation mag
tude and shorter transition period compared to Fig 9.
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cause of (a) the small size of this two area system makesyit e
to control; (b) one of the two bifurcations is local bifurigat,
which is easier to control than the interarea oscillatiord €c)
adding more measurements and/or controls improves the cdfl
trol performance. For large power grids, the bifurcation be
haviors are much more complex and thus, more measuremd®it
information and more control are important.

R

9]
VI. CONCLUSIONS

A multiple bifurcation phenomena observed in a two ard#0]
power system is studied in this paper. The multiple bifuores 11]
are more difficult to stabilize due to the overlapping and the
strong coupling of the bifurcation subsystems of each b#ur
tion. Based on the study and the analysis of the double bifdH!
cations using bifurcation subsystem method and a bifuonati[13]
subsystem based control design methodology, MPSS, MSVC,
and, a mixed MPSS/MSVC control are designed. Time simulgz
tion results are compared.

The study in this paper indicates that multiple bifurcassio\ﬁ !
can be stabilized via properly designed control. It is showh
that (1) PSS, as a local control device, can only providedichi [16]
control to the system; (2) a properly designed MSVC is more
effective than a MPSS design from the fact that a single meggz
surement and a single MSVC control (MSVC Design |) is abl@é]
to provide much better control performance than a single-mea
surement and a single MPSS control (MPSS Design 1); (3) mqte]
measurements and/or controls are necessary (for MPSSjlesig
or help improve the robustness and control performance (for
both MPSS and MSVC design); (4) the mixed design such as
the mixed MPSS/MSVC, which exploits advantages of differ-
ent devices, is more likely able to achieve better contrdiqre
mance; and (5) either measurements or controls should not be
more than necessary. One fact that was not shown is that con-
trollers with more measurements and/or control outputs tha
we used in this paper were tested and they did not show any
obvious improvement in terms of time simulation.

It should be pointed out that the controls designed in this pa
per are formulated based on the full system model. For large

power grids, it is impossible due to extremely high complex-
ity and the resultant unaffordable computation effort§uigia-
tion subsystem method is shown to provide a much lower order
model that can be used to design control that is able to ssicces
fully stabilize the full system for a single bifurcation [[1[89].
This effect is not studied in this paper but will be pursued fo
\ multiple bifurcation stabilization in the future.
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