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A Model and Controller Reduction Method for
Robust Control Design

Meng Yue,Member, IEEE, and Robert Schlueter,Fellow, IEEE

Abstract—A bifurcation subsystem based model and controller
reduction approach is presented. Using this approach a robust
µ-synthesis SVC control is designed for interarea oscillation and
voltage control based on a small reduced order bifurcation sub-
system model of the full system. The control synthesis problem
is posed by structured uncertainty modeling and control configu-
ration formulation using the bifurcation subsystem knowledge of
the nature of the interarea oscillation caused by a specific uncer-
tainty parameter. Bifurcation subsystem method plays a keyrole
in this paper because it provides (1) a bifurcation parameter for
uncertainty modeling; (2) a criterion to reduce the order of the re-
sulting MSVC control; and (3) a low order model for a bifurcat ion
subsystem based SVC (BMSVC) design. The use of the model of
the bifurcation subsystem to produce a low order controllersim-
plifies the control design and reduces the computation efforts so
significantly that the robust µ-synthesis control can be applied to
large system where the computation makes robust control design
impractical. The RGA analysis and time simulation show that
the reduced BMSVC control design captures the center manifold
dynamics and uncertainty structure of the full system modeland
is capable of stabilizing the full system and achieving satisfactory
control performance.

Index Terms—model reduction, bifurcation subsystem method,
µ-synthesis, SVC control,RGA analysis

I. I NTRODUCTION

M ODEL reduction approaches that have been applied to
obtain a reduced order model include a singular per-

turbation method [1], anα-decomposition method [2], slav-
ing principle [3], and center manifold determination [4]. There
is no guarantee that the reduced model will preserve the crit-
ical dynamics of the full system model by using these meth-
ods except center manifold determination, which requires sig-
nificant computation of nonlinear transformation for relatively
large systems such as a power system. A bifurcation subsys-
tem method [5] [6] was proposed and justified to be able to
provide a small order subsystem (bifurcation subsystem) that
experiences, produces, and causes the bifurcation in full system
model. The bifurcation subsystem also preserves the dynamic
behaviors and the critical dynamics, the center manifold, of the
full system. This suggests that a controller can be designedus-
ing the lower order bifurcation subsystem model to stabilize the
full system.

Bifurcation subsystem method leads directly to the robust
control design by taking the bifurcation parameter as the un-
certainty parameter of the system model. Some previous power
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system robust control designs [7] - [13] were discussed in [14]
and are not presented here. Most of them were aimed at increas-
ing the damping only while some of them did not show ob-
vious performance improvement over the conventional power
system stabilizer control design. It is noted that aµ-synthesis
power system stabilizer (MPSS) was designed in [14] using a
systematic bifurcation subsystem based robust control design
methodology. Using the same design methodology, a robustµ-
synthesis SVC (MSVC) was also designed in [15]. Although
both designs achieved tremendous improvement of damping
and network voltage control as well as robustness of the closed-
loop system, the bifurcation subsystem method was not fully
exploited in either [14] or [15] because the MPSS and MSVC
were designed using the full system model information. The
large size of the power system model and thus the uncertainty
model could make such an approach impractical due to the
computation required for a robust control on a large system
model and the fact that the controller would have an order equal
to or higher than that of the power system model. The high or-
der of the controller also makes such controls difficult to im-
plement. One approach is to reduce the order of the model as
mentioned above and the other is to reduce the order of the con-
troller without losing the desired control performance. Both
procedures are used to obtain the lowest possible order con-
troller.

In this paper, a bifurcation subsystem based model and con-
troller order reduction method is used to design a robustµ-
synethsis SVC control. A bifurcation subsystem basedµ-
synthesis SVC (BMSVC), which is obtained by reducing the
BMSVC order using bifurcation subsystem information and a
Hankel norm, is applied to the full system model. TheRGA
analysis and time simulation are given to verify the BMSVC
design.

II. T WO-AREA EXAMPLE SYSTEM

The two-area system studied in [16] [14] is shown in Fig 1.
Two generation and load areas with two generators in each area
are interconnected by transmission lines. There are a conven-
tional power system stabilizer (CPSS) at generator 3 (G3) and
a conventional SVC control (CSVC) at bus 101, respectively.

The two area power system was also thoroughly studied us-
ing bifurcation subsystem method [5] [6] [17] and it has been
shown that this example power system is vulnerable to the inter-
area oscillations caused by various bifurcation parameters and
to saddle-node bifurcation under certain situations. It was also
concluded in [14] that the CPSS and CSVC were not able to
maintain the system stability for relative large change of differ-
ent bifurcation parameters.
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Fig. 1. Diagram of Two-area Example System

For the convenience and consistence of the presentation, the
following notations, which were adopted in [14], are described
below: PRi

= Pmi
andPOi

= PGi
,i = 1, 2, · · · , 4, indicate

the input power references and active power outputs on gen-
erator bus1, 2, 11, 12. VRi

andVOi
, i = 1, 2, · · · , 5, indicate

the voltage references and measured voltage outputs on gen-
erator terminal bus1, 2, 11, 12, and SVC bus 101, respec-
tively. VOi

, i = 6, · · · , 13, represents the voltage outputs on
other buses3, 4, 10, 13, 14, 20, 110, 120. ωi, i = 1, 2, · · · , 4,
represents the speed on generator bus1, 2, 11, 12.

III. B IFURCATION SUBSYSTEM BASED MODEL AND

CONTROLLER REDUCTION FOR ABMSVC DESIGN

Bifurcation subsystem method has been used to guide the
controller design and the order reduction of controller that was
introduced in [14] [15]. As have been proved the bifurcation
subsystem not only experiences, produces, and causes the full
system bifurcation, but also provides a lower order model that
preserves the dynamic properties of the full nonlinear system at
bifurcation frequency [5] [6]. The controller designed based on
this reduced order model is expected to be able to stabilize the
full system and achieve robustness for the uncertainty parame-
ter (bifurcation parameter) variation in the full system.

The linearization of the full system is represented as:

ẋ1 = A11x1 + A12x2 + B1u

ẋ2 = A21x2 + A22x2 + B2u

y = C1x1 + C2x2 + Du (1)

When a specific bifurcation parameter approaches the bifurca-
tion value, the bifurcation subsystem model of the full system
(1) is represented as:

ẋ1 = A11x1 + B1u

y = C1x1 + Du (2)

wherex1 are the states that are involved in the bifurcation sub-
system (2). The bifurcation parameter change in the bifurcation
subsystem modelA11 causes the bifurcation of the full system.
It has been proved that the center manifold dynamics of the full
system (2) lie in or are contained in the nonlinear model asso-
ciated with the bifurcation subsystem.

An interarea oscillation corresponding to a Hopf bifurcation
developed by increasing active load at bus 2 and was studied
and stabilized in [14] [15]. The nature of this interarea oscil-
lation was shown to be the oscillation between generator 4 and

other generators in this two area power system in [14]. The
bifurcation subsystem was obtained using a bifurcation subsys-
tem identification algorithm [18]. In this section, a bifurcation
subsystem based model reduction is proposed and aµ-synthesis
SVC control is designed for the same bifurcation to provide
both interarea oscillation and generator terminal voltagecon-
trol. By using the same method the BMSVC order can be fur-
ther reduced.

The detailed fundamentalµ-synthesis theory and uncertainty
modeling technique can be found in [14] [19] and are not pre-
sented here. The structured uncertainty that captures the non-
linear changes of the system matrices in a linear model caused
by the bifurcation parameter and leads to less conservativeness
in uncertainty representation is used.

The same performance indexJ and the weighting transfer
functionwp(s) as we used in [14] are formulated because ex-
actly the same type of bifurcation (Hopf) and bifurcation sub-
system are studied in this paper. The performance index of this
µ-controller is defined as:

J = min[Σ4

i=1(PRi
− POi

) (3)

+ Σ5

i=1
(VRi

− VOi
) + Σ3

i=1
(ωi − ω4)]

The first term in (3) indicates the power output control because
the electric power carries the frequency information. The sec-
ond term represents the requirement of voltage output control
on the four generators and the SVC bus. The third one reflects
the nature of this Hopf bifurcation because the minimization of
the frequency deviation between generator 4 and generator 1, 2,
and 3 is required.

Following the same procedures for MPSS design in [14],
a general control configuration of the bifurcation subsys-
tem based MSVC is shown in Fig 2, where∆ consists
of all the uncertainties of system and is in the form of
diag{∆a, ∆b, ∆c, ∆d}, which represents the normalized un-
certainty blocks of bifurcation subsystem matricesA11, B1, C1,
D. PCK(A11f

, B1f
, C1f

, Df ) represents the LFT realization
of the bifurcation subsystem andA11f

, · · ·, Df are augmented
system matrices. It should be noted that the full system order is
52 and the bifurcation subsystem order is significantly reduced
to only 15. This is the largest bifurcation subsystem because
it will provide the greatest control design flexibility. This will
also greatly reduce the uncertainty complexity. Therefore, K,
the controller to be designed, is expected to be synthesizedwith
much less computation. The inputs are the reference signalsof
the power system.PRi

andEPi, i = 1, 2, · · · , 4 indicate the
mechanical power references and power output errors on gen-
eratori, VR1

, · · · , VR5
andEV1, · · · , EV5 are the voltage refer-

ences and voltage output errors on the four generator buses and
SVC bus101, respectively.ω4, the speed on generator 4, is the
feedback measurement signal.WP = diag{wp, wp, · · · , wp}
is the performance weighting matrix.wp(s) is the performance
weighting function:

wp(s) =
0.1s + 1

0.01s + 1

The details can be found in [14].
To suppress the interarea oscillations caused by the active

power load on bus 2, the speed of generator 4 is selected as
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Fig. 2. Control Configuration of BMSVC

the measurement signal and the controller output will go to the
sum point of the voltage referenceVR5

of SVC bus 101 in Fig
2. The BMSVC is synthesized usingµ Analysis and Synthe-
sis Toolbox in Matlab [22] and the closed-loopµ-value around
the frequency we are concerned (the bifurcation frequency)is
shown in Fig 3. The maximumµ value is about 0.92, which
occurs around the interarea oscillation frequency, and thus the
robust performance can be guaranteed even with1/0.92 = 1.08
times uncertainty. The resulting BMSVC is of the order of 15
and is the same as the bifurcation subsystem.
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Fig. 3. µ-value of Closed-loop System with BMSVC

A Hankel norm can be used for a linear model reduction [10].
The reduced order model can be found by minimizing the op-
timal Hankel norm error between the original model and the
reduced order model. Hankel norm method has not been used
to reduce the controller order in any previous work [7] - [11]
except in [13] and [14]. The problem with linear model re-
duction techniques such as Hankel norm reduction is that there
is no systematic method to determine the order of the reduced
model should be or the dynamics that should be retained in the
reduced model except for trial-and-error. In this section we will
use Hankel norm to obtain the reduced orderµ-controller with
the help of bifurcation subsystem information.

Bifurcation subsystem method claims although a number of
states are involved in the instability, only a subset of them,
which constitutes the bifurcation subsystem, experiences, pro-

duces, and causes the full system bifurcation. The bifurca-
tion subsystem information was used to simplify the obtained
controller as well as the controller design in [14] [15]. The
bifurcation subsystem for the Hopf bifurcation is of15th or-
der, which suggests the theµ synthesis controller of15th order
could achieve the control objective of the damping the interarea
oscillation since the rest of the system can be truncated, and
thus need not be controlled because the bifurcation is experi-
enced, produced, and caused within this15th order bifurcation
subsystem model.

The order of the controller could be further reduced. It is
pointed out that the largest subsystem that satisfies both bifur-
cation subsystem condition and geometric decoupling condition
is considered as the bifurcation subsystem in order to provide
the greatest control design flexibility for the bifurcationthat is
experienced, produced, and caused within it [5] [6]. The bifur-
cation subsystems exist of order8 ≤ k ≤ 15 for this specific
bifurcation. This implies the order of bifurcation subsystem and
the controller order can be decreased further. The result, is that
an 8th order BMSVC that preserves the control performance
and the system stability in the presence of the uncertainty can be
obtained by using Hankel norm reduction. It should be pointed
out that as long as the reduced controller order is of at least6th

order, the control performance will not severely degrade. This
agrees with the above statements of the order of minimum bi-
furcation subsystem. Therefore, bifurcation subsystem method
provides a criterion for controller order reduction. This will be
evaluated in the follows.

IV. RGA-MATRIX ANALYSIS

RGA matrix [20] provides a simple but powerful tool for the
control structure and controllability analysis of MIMO systems.
TheRGA matrix of a transfer functionG is defined as [20]:

RGA(G) = G × (G−1)T

where× indicates the Hadamard or Schur product.
Ths magnitude of aRGA matrix element indicates the ef-

fectiveness and capability of input disturbance rejectionof the
control. Also, a system with largeRGA element magnitudes
around the crossover frequency implies that the plant is fun-
damentally difficult to control due to uncertain or unmodeled
actuator dynamics. For a properly scaled system, a small mag-
nitude (less than 1.0) of aRGA element indicates the weak
direction of the corresponding control, and a large magnitude
(greater than 1.0) indicates the system is very sensitive tothe
input disturbance [20]. Therefore, there are two criterions [14]
for a RGA analysis: (1) for each outputj there should be only
one element(i, j) of magnitude close to 1 since this means that
the gain from inputi to outputj is not affected by closing other
loops [20] or by changes in input magnitudes other than inputi;
and (2) a decoupled control structure is a perfect control struc-
ture, i.e., in each subsystem composed of a subset of the out-
puts of the system, there is one and only one effective control
and each output of any subsystem are only regulated by its own
control input.

TheRGA matrix is proved to capture the bifurcation subsys-
tem structure [21] such that theRGA matrix is block diagonal



where the diagonal blocks represent the bifurcation and exter-
nal subsystems structure. This capability could allow one to
observe subsystems that can bifurcate if the proper bifurcation
parameter is chosen. It also allows one to observe the dynami-
cal structure of a system when different controllers are used.

A general structure of aRGA matrix of the system can be
found in Table I and Table II. For our analysis, three blocks (re-
fer to Table I and II) are the most important: (1) the power
control related block (PRB)(PRi

, POj
), i, j = 1, 2, · · · , 4;

(2) the voltage control related block (VRB)(VRi
, VOj

), i, j =
1, 2, · · · , 5; and (3) the frequency control related block (FRB)
(PRi

, ωj), (VRk
, ωj), i, j = 1, 2, · · · , 4, k = 1, 2, · · · , 5. The

PRB and VRB blocks are the diagonal blocks of the upper nine
rows of theRGA matrix. The FRB block is the last four rows
of theRGA matrix. There should be one large element in each
of these rows if the control is effective. Effective controlof the
network buses (rows associated withVO6

to VO13
called the net-

work related block NRB) should only have one large element
close to 1.0 so that there is no fighting among different voltage
control devices for control of voltage at this network bus [14].

The RGA analysis of the open loop system at steady state
and bifurcation frequency was shown in [14]. At both steady
state and bifurcation frequency, theRGA-matrix element mag-
nitudes of the open loop system suggests that the controls on
power are not effective since the power related block (PRB)
(PRi

, POi
), i = 1, · · · , 4, are much smaller than 1.0, and the

controls on voltage are very sensitive to input disturbancesince
(VRi

, VOi
), i = 1, · · · , 5, in voltage related block (VRB) are

much greater than 1.0. There are conflicts among the con-
trols since in VRB each control is trying to stabilize a num-
ber of outputs and each output is affected by several controls
((VRi

, VOi
) > 1.0 for several inputsi). On the other hand, all of

the elements in frequency related block (FRB) have extremely
small values (10−17) and it reflects that the controls do not have
much effect on the generator speed. This explains why this two
area example system is vulnerable to the interarea oscillations
and the conventional control designs CPSS at generator 3 and
CSVC at bus 101 are not capable of achieving good control per-
formance and robustness over the operating condition variations
at either steady state or bifurcation frequency.

The performance of the BMSVC is expected to be excel-
lent compared to the open loop system, but not as good as the
MPSS [14] and MSVC [15], which were designed using the in-
formation of the full system model. As an example, theRGA
matrices of the closed-loop system with BMSVC at steady state
and bifurcation frequency are shown in Table I and II, respec-
tively. Table I shows that at steady state the effectivenessof
control is still excellent because the control structure isdecou-
pled although there are some large elements in the column of
VRB under controlVR2

andVR4
, which are trying to control

the buses that are electrically close to them. The rest of thecon-
trol pairs in PRB, VRB are still dominant. On the other hand,
BMSVC has strong controls over most of the voltage output
variables. This can be seen from the column underVR5

in VRB.
Also, BMSVC permits better frequency control than other volt-
age control signals if we compare the magnitudes of elements
(VR5

, ωi) and (VRi
, ωi), i = 1, 2, · · · , 4, in FRB. Almost no

output is subject to the input disturbance. This is true because

almost none of theRGA matrix element magnitudes are much
greater than one at steady state. In [21], an almost completely
decoupled closed-loop system structure was achieved and the
network voltage control is dominated by the MSVC at bus 101.
Although BMSVC is not as good as MSVC, this degradation is
anticipated.

This loss of controllability structural robustness occursbe-
cause∆P , the uncertainty in the dynamics, represents the un-
certainty only in the bifurcation subsystem for the BMSVC
where∆P represents uncertainty in both the bifurcation sub-
system and the external system dynamics for the MSVC. The
uncertainty components of∆P associated with the external sys-
tem produced the excellent control structure for the external
system in the MSVC (for a definition and discussion of∆P

effects see [14]). More important, bifurcation subsystem pre-
cisely preserves the dynamic properties of the full system at
bifurcation frequency other than at steady state. This is verified
by inspecting theRGA-matrix at bifurcation frequency shown
in Table II.

The degradation of the control structure of the closed-loop
system with BMSVC has been greatly improved in Table II at
the bifurcation frequency but the control structure of BMSVC
has changed so network voltage control of the BMSVC is now
assumed in part by the generators. The omission of the dy-
namics external to the bifurcation subsystem thus has very little
effect on control structure at bifurcation frequency, and the con-
trol of power,POi

, i = 1, 2, · · · , 4, andVOi
, i = 1, 2, · · · , 5, are

not subject to disturbance because their magnitudes are very
close to one. Moreover, there should be no fighting for con-
trol of output variables because there is only one dominant el-
ement in each row. Thus, the control structure at bifurcation
for BMSVC is still excellent although it is expected that the
control performance will degrade compared to the full system
based MSVC design, especially for control of voltage at steady
state. From Table I and II it is anticipated that the BMSVC
substantially enhances the control performance of the system
at both steady state and bifurcation frequency compared to the
open loop system. This will be verified by time simulation.

V. T IME SIMULATION OF BMSVC

The time response of the closed-loop system with the re-
duced8th order BMSVC is shown in Fig 4 when the active
power load increases by50% above the nominal load value for
the open loop system.

From Fig 4 the control performance of BMSVC is still ex-
cellent although the control performance somewhat degrades
compared to that of the MSVC design based on the full sys-
tem shown in [15]. This is expected because the states of the
external system, that are computationally considered irrelevant,
are discarded as well as uncertainty associated with these states
in the BMSVC control design shown in Fig 4 but is not dis-
carded in the full system based MSVC design. The uncertainty
components of∆P associated with the subsystem external to
the bifurcation subsystem assures better control of steadystate
voltage, improved decoupling between subsystems, in the ex-
ternal system, and between those subsystems and the bifurca-
tion subsystem, and assignment of only one control for each
subsystem and for the external system. This improvement in



TABLE I
���

MATRIX OF CLOSED-LOOP SYSTEM WITH BMSVC AT STEADY STATE

��� ��� ��� ��� 	�� 	�� 	�� 	�� 	�

���

1.0060e+00 1.5347e-02 1.3784e-02 1.2967e-02 7.3904e-03 4.9559e-02 6.5134e-03 3.1206e-02 5.9140e-02���
1.5983e-02 9.254e-01 1.3591e-02 1.2590e-02 6.0213e-03 5.0216e-02 8.0042e-03 3.6195e-02 6.5081e-02���
1.1665e-02 1.1064e-02 9.0828e-01 1.0003e-02 4.5105e-03 2.8970e-02 1.0559e-02 3.9376e-02 4.6292e-02���
1.3619e-02 1.2774e-02 1.2658e-02 9.1181e-01 5.8595e-03 3.6638e-02 9.7707e-03 4.5056e-02 5.5768e-02	��
7.9913e-03 6.9698e-03 5.9029e-03 6.3371e-03 6.9368e-01 1.6993e-02 3.6896e-03 7.3897e-03 9.3491e-03	��
3.3231e-02 3.0060e-02 2.1609e-02 2.2430e-02 9.3847e-03 6.0276e-01 6.5697e-03 7.9023e-03 4.0460e-02	��
7.3795e-03 8.3967e-03 1.0745e-02 9.2341e-03 3.3209e-03 1.0111e-02 6.2234e-01 3.9436e-02 1.4358e-03	��
1.3444e-02 1.4668e-02 1.8105e-02 1.5943e-02 2.6312e-03 4.5831e-03 1.5192e-02 4.1366e-01 3.7539e-02	�

2.4017e-01 2.3216e-01 2.1579e-01 2.0196e-01 2.0690e-02 5.2761e-02 6.2405e-02 6.4415e-02 9.7022e-01	��
1.0782e-01 1.0334e-01 1.1968e-02 2.8893e-02 4.3499e-02 3.8408e-01 1.3038e-01 4.6288e-01 2.3531e-01	�
1.2339e-01 1.1906e-01 1.8330e-02 3.7290e-02 4.9877e-02 4.2037e-01 1.4638e-01 5.1440e-01 2.6997e-01	��
9.5612e-02 7.1100e-02 8.9565e-02 9.5418e-02 7.7417e-02 2.1257e-01 5.4032e-02 8.0798e-02 4.3376e-01	��
1.2579e-02 5.7445e-03 3.4200e-02 3.0584e-02 7.8163e-02 4.0655e-01 3.6872e-02 3.8470e-01 1.1400e-01	���
1.6507e-02 5.6489e-03 4.0276e-02 3.5790e-02 9.4631e-02 4.9358e-01 4.4378e-02 4.6901e-01 1.3626e-01	���
5.6705e-02 3.9540e-02 2.7705e-02 3.8114e-02 1.5375e-02 5.1562e-02 8.7358e-02 2.5326e-01 5.6042e-01	���
2.3900e-02 3.2892e-02 5.6578e-02 4.4566e-02 4.0777e-02 1.5483e-02 1.6637e-01 1.1743e-01 3.5346e-01	���
1.2086e-02 3.3784e-04 3.5474e-02 2.6915e-02 6.0732e-02 2.8429e-02 1.1792e-02 5.0557e-01 4.2649e-01

� �
1.6734e-04 5.3971e-04 5.4780e-04 2.4878e-04 8.6088e-05 3.4057e-04 8.6195e-05 1.9400e-04 4.7443e-04

��
3.6892e-04 5.1010e-04 1.2978e-04 3.0668e-04 7.4402e-05 3.5687e-04 8.4021e-05 1.0901e-04 4.0591e-04

��
2.9003e-04 4.9169e-04 1.3426e-04 4.38859e-04 8.4571e-05 2.6482e-04 8.1586e-05 2.4718e-04 4.5490e-04

��
4.3891e-04 2.3995e-04 4.2399e-04 5.8669e-04 7.5876e-05 2.9002e-04 6.5806e-05 1.4586e-04 4.6084e-04

TABLE II
���

MATRIX OF CLOSED-LOOP SYSTEM WITH BMSVC AT BIFURCATION FREQUENCY

��� ��� ��� ��� 	�� 	�� 	�� 	�� 	�

���

1.1019e+00 5.7585e-02 3.7552e-02 1.2345e-02 9.6924e-02 2.8878e-01 4.9564e-02 7.8733e-02 7.4295e-02���
9.6914e-02 8.6738e-01 2.6025e-02 1.0120e-02 3.9752e-02 1.4499e-01 4.2059e-02 6.8054e-02 5.2614e-02���
5.2543e-02 1.0297e-02 1.1733e+00 1.0417e-01 2.6107e-01 8.2458e-02 1.9743e-01 1.6379e-01 9.0109e-02���
6.5975e-02 1.7717e-02 1.8301e-01 1.2342e+00 2.6818e-01 8.6142e-02 4.5248e-02 1.3989e-01 7.6613e-02	��
2.9315e-01 1.0266e-01 3.5948e-02 2.6058e-02 1.7265e+00 7.8338e-01 1.4986e-02 2.5611e-02 2.4912e-02	��
6.7153e-02 1.4869e-01 2.0044e-02 1.0724e-02 6.5889e-01 1.4119e+00 2.2625e-02 4.2463e-02 1.4069e-01	��
3.6153e-02 2.0008e-02 1.6570e-01 7.2677e-02 1.2978e-02 2.8034e-02 8.4185e-01 1.9377e-01 3.6141e-02	��
4.1250e-03 5.3864e-04 1.5774e-02 4.6136e-02 2.9026e-02 3.2926e-02 1.3343e-01 7.4927e-01 7.1179e-02	�

6.0191e-02 8.4784e-03 2.7554e-02 5.5248e-03 6.0878e-03 2.0887e-01 1.2551e-02 8.9660e-02 9.3302e-01	��
7.8473e-02 9.1388e-02 8.7418e-03 2.2059e-02 1.7098e-01 3.5523e-01 2.6064e-02 9.7670e-02 4.9249e-02	�
8.6017e-02 1.0015e-01 9.5977e-03 2.4151e-02 1.8735e-01 3.8925e-01 2.8548e-02 1.0702e-01 5.3965e-02	��
2.3022e-01 4.1092e-02 2.9811e-02 2.6700e-02 9.9785e-01 4.1550e-01 2.1413e-02 5.8698e-03 3.7373e-02	��
1.2963e-02 1.2550e-03 1.5388e-02 2.0337e-02 1.7278e-02 3.4130e-02 9.8380e-03 8.5133e-02 4.2751e-02	���
1.5831e-02 1.5316e-03 1.8794e-02 2.4840e-02 2.1104e-02 4.1688e-02 1.2018e-02 1.0398e-01 5.2217e-02	���
6.0779e-02 9.4553e-02 1.0749e-02 2.0686e-02 1.7335e-01 5.4268e-01 2.6106e-02 3.0654e-02 4.6779e-02	���
1.4409e-02 1.0340e-02 9.5294e-02 1.5578e-02 2.6456e-02 1.2835e-02 4.6577e-01 1.0787e-01 2.7473e-02	���
5.0555e-03 8.7158e-04 1.8088e-02 3.2069e-02 2.7563e-02 1.0894e-02 2.1947e-02 1.9140e-01 1.5782e-02

� �
2.5350e-01 1.2544e-01 2.8540e-01 2.5556e-01 5.9047e-04 4.9151e-04 1.6311e-01 1.2567e-04 5.1015e-03

��
1.1161e-01 1.1250e-01 2.1293e-01 1.9053e-01 2.3490e-04 4.5730e-04 1.2273e-01 4.9085e-05 3.7291e-03

��
4.2392e-01 2.7446e-01 2.6454e-01 1.8483e-01 3.5395e-05 1.3487e-04 1.7188e-01 3.2225e-04 1.0889e-02

��
4.3062e-01 2.7942e-01 2.0970e-01 2.3085e-01 1.0662e-04 9.5707e-05 1.1763e-01 6.0289e-04 1.0272e-02
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Fig. 4. Open Loop System (- -) and Closed-loop System with BMSVC (-)

control is produced by using the robust control to control each
subsystem in a manner to coordinate with the bifurcation sub-
system with its control effects. In some sense, the robust bi-
furcation subsystem control becomes a supervisory controller
that is assumed a hirarchical role via its knowledge of the full
system dynamics and the bifurcation subsystem. This super-
visory control can be quite detrimental if there are two bifur-
cation subsystem based controls for two different bifurcations
because their supervisory control capabilities fight one another
producing poor control performance. Designing one controller
to stabilize both bifurcations overcomes the problem. Design-
ing reduced order bifurcation subsystem model robust controls
also disables this supervisory control. The design of the ro-
bust control for the full system model and for the bifurcation
subsystem model along with theRGA matrix analysis of both
demonstrates the supervisory control features.

The most important conclusion drawn from this simulation
result is that it again verifies bifurcation subsystem method be-
cause the BMSVC designed based on the bifurcation subsystem
robustly stabilizes the full system. It implies that the central
manifold of the full system lies in or is contained in the bifur-
cation subsystem.

VI. CONCLUSIONS

This paper presents a bifurcation subsystem based approach
for model and controller reduction of aµ-synthesis SVC con-
trol design. TheRGA information analysis and time simulation
results indicate that BMSVC design is able to achieve satisfac-
tory control performance and robustness and is very competible
compared to the full system based MPSS and MSVC design.
The successful application of the BMSVC to stabilize the full
system model also justifies that the center manifold dynamics
of the full system are preserved in the bifurcation subsystem.

The bifurcation subsystem method is fully exploited in this
paper. Bifurcation subsystem is used to provide a low order
model based on that a BMSVC can be designed to stabilize the
full system and to reduce the BMSVC order. The control per-
formance of the BMSVC is excellent although the bifurcation

subsystem model is much lower than the full system. All of
these properties can be derived from (1) the bifurcation sub-
system method that claims the bifurcation subsystem methodis
more than a model reduction method and precisely preserves
the dynamic properties of the full nonlinear system at bifurca-
tion frequency and (2) the robust control design methodology
based on the bifurcation subsystem method. Therefore, the bi-
furcation subsystem based model reduction approach makes it
possible to synthesize the control for a large power system.
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