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A Model and Controller Reduction Method for
Robust Control Design

Meng Yue,Member, IEEE, and Robert Schlueteffellow, IEEE

Abstract—A bifurcation subsystem based model and controller system robust control designs [7] - [13] were discussed in [14]
reduction approach is presented. Using this approach a robust and are not presented here. Most of them were aimed at increas-
u-synthesis SVC control is designed for interarea oscillation and ing the damping only while some of them did not show ob-

voltage control based on a small reduced order bifurcation sub- . f . t th ti |
system model of the full system. The control synthesis problem Vious performance improvement over the conventional power

is posed by structured uncertainty modeling and control configu- System stabilizer control design. It is noted that-aynthesis
ration formulation using the bifurcation subsystem knowledge of power system stabilizer (MPSS) was designed in [14] using a

the nature of the interarea oscillation caused by a specific uncer- systematic bifurcation subsystem based robust control design
tainty parameter. Bifurcation subsystem method plays a key role methodology. Using the same design methodology, a rgbust

in this paper because it provides (1) a bifurcation parameter for . . . ’

uncertainty modeling; (2) a criterion to reduce the order of the re- syntheS|§ sve (MSVC) was also des_"gned in [15]. Although
sulting MSVC control; and (3) a low order model for a bifurcation ~ both designs achieved tremendous improvement of damping
subsystem based SVC (BMSVC) design. The use of the model ofand network voltage control as well as robustness of the closed-
the bifurcation subsystem to produce a low order controller sim- loop system, the bifurcation subsystem method was not fully
plifies the control design and reduces the computation efforts so exploited in either [14] or [15] because the MPSS and MSVC

significantly that the robust u-synthesis control can be applied to . . . .
large system where the computation makes robust control design were designed using the full system model information. The

impractical. The RGA analysis and time simulation show that large size of the power system model and thus the uncertainty
the reduced BMSVC control design captures the center manifold model could make such an approach impractical due to the
dynamics and uncertainty structure of the full system model and Computation required for a robust control on a |arge system
is capable of stabilizing the full system and achieving satisfactory ,44el and the fact that the controller would have an order equal
control performance. to or higher than that of the power system model. The high or-
Index Terms—model reduction, bifurcation subsystem method, der of the controller also makes such controls difficult to im-
u-synthesis, SVC control RGA analysis 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-
|. INTRODUCTION troller without losing the desired control performance. Both
ODEL reduction approaches that have been applied %ocedures are used to obtain the lowest possible order con-
M obtain a reduced order model include a singular pep'_oller.
turbation method [1], am-decomposition method [2], slav-

ing principle [3], and center manifold determination [4]. Ther . . :
: : /nethsis SVC control. A bifurcation subsystem baged
is no guarantee that the reduced model will preserve the Cﬁ§nthesis SVC (BMSVC), which is obtained by reducing the

ical dynamics of the full system model by using these met . . . . .
ods except center manifold determination, which requires si MSVC arder using bifurcation subsystem information and a

nificant computation of nonlinear transformation for relativelé?ankel norm, is applied to the full system model. TRe'A

In this paper, a bifurcation subsystem based model and con-
goller order reduction method is used to design a rohust

large systems such as a power system. A bifurcation subs leyss and time simulation are given to verify the BMSVC

tem method [5] [6] was proposed and justified to be able {&'9"-
provide a small order subsystem (bifurcation subsystem) that . TWO-AREA EXAMPLE SYSTEM
experiences, produces, and causes the bifurcation in full system T _ o
model. The bifurcation subsystem also preserves the dynamid ¢ tWo-area system studied in [16] [14] is shown in Fig 1.
behaviors and the critical dynamics, the center manifold, of t{4/0 9eneration and load areas with two generators in each area
full system. This suggests that a controller can be designed A& interconnected by transmission lines. There are a conven-

ing the lower order bifurcation subsystem model to stabilize thi@nal power system stabilizer (CPSS) at generator 3 (G3) and
full system. a conventional SVC control (CSVC) at bus 101, respectively.

Bifurcation subsystem method leads directly to the robu_stTEi twotgrea pgwertsysterrlr\]/v%s gls% thf;ougglyts;udigd us-
control design by taking the bifurcation parameter as the u g bifurcation subsystem method [5] [6] [17] and it has been

certainty parameter of the system model. Some previous pov? pwn that this example power system is vulnerable to the inter-
area oscillations caused by various bifurcation parameters and

Meng Yue is with Energy Science and Technology Department, Brookhavtd saddle-node bifurcation under certain situations. It was also
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61 Gs 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 anslyathesis
SVC control is designed for the same bifurcation to provide

both interarea oscillation and generator terminal voltage con-
2 4 1 12 trol. By using the same method the BMSVC order can be fur-
ther reduced.
62 G4 The detailed fundamentalsynthesis 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
For the convenience and consistence of the presentation,l?b{éhe bifurcation parameter and leads to less conservativeness

following notations, which were adopted in [14], are describdfl Uncertainty representation is used.

below: Pr, = P,,, andPy, = Pg,i = 1,2,---,4, indicate  The same performance indeikand the weighting transfer

the input power references and active power outputs on gdidctionw,(s) as we used in [14] are formulated because ex-

erator busl, 2,11,12. Vg, andVp,, i = 1,2,---,5, indicate actly the same type of bifurcation (Hopf) and bifurcation sub-

the voltage references and measured voltage outputs on g%ﬁ_tem are studied in this paper. The performance index of this

erator terminal bug, 2, 11, 12, and SVC bus 101, respec-#-controller is defined as:

tively. Vo,,i = 6,---,13, represents the yoltage outputs on J = min[SL,(Pr, — Po,) 3)

other buses3, 4,10,13,14,20,110,120. w;,i = 1,2,---,4,

represents the speed on generatorlh2si1, 12.

Fig. 1. Diagram of Two-area Example System

+ X (VR — Vo,) + I (wi — wy)]

The first term in (3) indicates the power output control because
I1l. BIFURCATION SUBSYSTEM BASED MODEL AND the electric power carries the frequency information. The sec-
CONTROLLER REDUCTION FOR ABMSVC DESIGN ond term represents the requirement of voltage output control
Bifurcation subsystem method has been used to guide @iethe four generators and the SVC bus. The third one reflects
controller design and the order reduction of controller that w&e nature of this Hopf bifurcation because the minimization of
introduced in [14] [15]. As have been proved the bifurcatiothe frequency deviation between generator 4 and generator 1, 2,
subsystem not only experiences, produces, and causes thedl 3 is required.
system bifurcation, but also provides a lower order model thatFollowing the same procedures for MPSS design in [14],
preserves the dynamic properties of the full nonlinear systenfatgeneral control configuration of the bifurcation subsys-
bifurcation frequency [5] [6]. The controller designed based d8M based MSVC is shown in Fig 2, wher® consists
this reduced order model is expected to be able to stabilize ffeall the uncertainties of system and is in the form of
full system and achieve robustness for the uncertainty pararfiézg{ Aa, Av, Ac, Aq}, which represents the normalized un-

ter (bifurcation parameter) variation in the full system. certainty blocks of bifurcation subsystem matrieks, Bi, C1,
The linearization of the full system is represented as: D. PCK(Au,, Bi,,C1,, Dy) represents the LFT realization
of the bifurcation subsystem antt, ,, ---, Dy are augmented
1 = Anwi+ A2xe + Biu system matrices. It should be noted that the full system order is
o = Aoimo + Assxe + Baou 52 and the bifurcation subsystem order is significantly reduced
y = Cizi+ Coro+ Du @ to only 15. This is the largest bifurcation subsystem because

it will provide the greatest control design flexibility. This will
When a specific bifurcation parameter approaches the bifur@so greatly reduce the uncertainty complexity. Therefére,
tion value, the bifurcation subsystem model of the full syste#ie controller to be designed, is expected to be synthesized with

(1) is represented as: much less computation. The inputs are the reference signals of
the power systemPr, andEP;, i = 1,2,---,4 indicate the

1 = Anz + Biu mechanical power references and power output errors on gen-
y = Ciz1+ Du (2) eratori, Vg,, -, Vg, andEVy,- -, EV; are the voltage refer-

ences and voltage output errors on the four generator buses and
wherez; are the states that are involved in the bifurcation sulg\v/C bus101, respectivelyw,, the speed on generator 4, is the
system (2). The bifurcation parameter change in the bifurcatigfedback measurement signal/p = diag{wp, wy, - -, wp}

subsystem model,; causes the bifurcation of the full systemis the performance weighting matrix, (s) is the performance
It has been proved that the center manifold dynamics of the fylkighting function:

system (2) lie in or are contained in the nonlinear model asso-
ciated with the bifurcation subsystem. wy(s) = Ols+1
An interarea oscillation corresponding to a Hopf bifurcation 0.01s +1
developed by increasing active load at bus 2 and was studigtk details can be found in [14].
and stabilized in [14] [15]. The nature of this interarea oscil- To suppress the interarea oscillations caused by the active
lation was shown to be the oscillation between generator 4 goalver load on bus 2, the speed of generator 4 is selected as



duces, and causes the full system bifurcation. The bifurca-
tion subsystem information was used to simplify the obtained
A 4L controller as well as the controller design in [14] [15]. The
Ew -0 o - bifurcation subsystem for the Hopf bifurcation is tf*" or-
» PCK ¥ 2 ER I~ der, wh|ch suggests the thesynthess controller_oIE)th o.rder
I A B B, - could achieve the control objective of the damping the interarea
o {Hflj < £y W.lr oscillation since the rest of the system can be truncated, and
Yo C.. D = EV; P~ thus need not be controlled because the bifurcation is experi-
Vi vy aqﬁ B, —~  enced, produced, and caused within tHi&" order bifurcation
Voo N el '~ subsystem model.
s o 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 bifurcation that is
experienced, produced, and caused within it [5] [6]. The bifur-
cation subsystems exist of order< k& < 15 for this specific

the measurement signal and the controller output will go to tRgurcation. This implies the order of bifurcation subsystem and
sum point of the voltage referentg,, of SVC bus 101 in Fig the controller order can be decreased further. The result, is that
2. The BMSVC is synthesized usithnaIysis and Synthe- an 8" order BMSVC that preserves the control performance
sis Toolbox in Matlab [22] and the closed-loppvalue around a@nd the system stability in the presence of the uncertainty can be
the frequency we are concerned (the bifurcation frequency)dgtained by using Hankel norm reduction. It should be pointed
shown in Fig 3. The maximum value is about 0.92, which out that as long as the reduced controller order is of at Bast
occurs around the interarea oscillation frequency, and thus féer, the control performance will not severely degrade. This
robust performance can be guaranteed evenwmm2 =1.08 agrees with the above statements of the order of minimum bi-
times uncertainty. The resulting BMSVC is of the order of 18ircation subsystem. Therefore, bifurcation subsystem method
and is the same as the bifurcation subsystem. provides a criterion for controller order reduction. This will be
evaluated in the follows.

Fig. 2. Control Configuration of BMSVC

IV. RGA-MATRIX ANALYSIS

RG A matrix [20] provides a simple but powerful tool for the
control structure and controllability analysis of MIMO systems.
The RG A matrix of a transfer functioty is defined as [20]:

RGA(G) =G x (G™HT

wherex indicates the Hadamard or Schur product.

Ths magnitude of &G A matrix element indicates the ef-
fectiveness and capability of input disturbance rejection of the
control. Also, a system with largBG A element magnitudes
around the crossover frequency implies that the plant is fun-
Fig. 3. p-value of Closed-loop System with BMSVC damentally difficult to control due to uncertain or unmodeled

actuator dynamics. For a properly scaled system, a small mag-

A Hankel norm can be used for a linear model reduction [1Q}itude (less than 1.0) of G A element indicates the weak
The reduced order model can be found by minimizing the ogirection of the corresponding control, and a large magnitude
timal Hankel norm error between the original model and thgreater than 1.0) indicates the system is very sensitive to the
reduced order model. Hankel norm method has not been uggolt disturbance [20]. Therefore, there are two criterions [14]
to reduce the controller order in any previous work [7] - [11for a RG A analysis: (1) for each outpytthere should be only
except in [13] and [14]. The problem with linear model reene elementi, j) of magnitude close to 1 since this means that
duction techniques such as Hankel norm reduction is that thefe gain from input to output;j is not affected by closing other
is no systematic method to determine the order of the redudedps [20] or by changes in input magnitudes other than igiput
model should be or the dynamics that should be retained in ted (2) a decoupled control structure is a perfect control struc-
reduced model except for trial-and-error. In this section we willire, i.e., in each subsystem composed of a subset of the out-
use Hankel norm to obtain the reduced ordeontroller with  puts of the system, there is one and only one effective control
the help of bifurcation subsystem information. and each output of any subsystem are only regulated by its own

Bifurcation subsystem method claims although a number edntrol input.
states are involved in the instability, only a subset of them, The RG A matrix is proved to capture the bifurcation subsys-
which constitutes the bifurcation subsystem, experiences, ptem structure [21] such that thHeG A matrix is block diagonal

FREQUENCY (rad/s)



where the diagonal blocks represent the bifurcation and-extalmost none of th&2G A matrix element magnitudes are much
nal subsystems structure. This capability could allow one ¢peater than one at steady state. In [21], an almost completely
observe subsystems that can bifurcate if the proper bifurcatid@ecoupled closed-loop system structure was achieved and the
parameter is chosen. It also allows one to observe the dynangtwork voltage control is dominated by the MSVC at bus 101.
cal structure of a system when different controllers are used.Although BMSVC is not as good as MSVC, this degradation is
A general structure of G A matrix of the system can be anticipated.
found in Table | and Table II. For our analysis, three blocks (re- This loss of controllability structural robustness occurs be-
fer to Table | and 1) are the most important: (1) the powetauseA p, the uncertainty in the dynamics, represents the un-
control related block (PRBYPg,, Po,), i,j = 1,2,---,4; certainty only in the bifurcation subsystem for the BMSVC
(2) the voltage control related block (VRBY,, Vo, ), i,j = where A p represents uncertainty in both the bifurcation sub-
1,2,---,5; and (3) the frequency control related block (FRB¥ystem and the external system dynamics for the MSVC. The
(Pr,,w;), (Vgy,wj), 4,5 = 1,2,---,4,k = 1,2,---,5. The uncertainty components &f » associated with the external sys-
PRB and VRB blocks are the diagonal blocks of the upper nit@m produced the excellent control structure for the external
rows of theRG A matrix. The FRB block is the last four rowssystem in the MSVC (for a definition and discussion/of
of the RGA matrix. There should be one large element in eaeiifects see [14]). More important, bifurcation subsystem pre-
of these rows if the control is effective. Effective control of th€isely preserves the dynamic properties of the full system at
network buses (rows associated wifh, to Vo, called the net- bifurcation frequency other than at steady state. This is verified
work related block NRB) should only have one large elemehy inspecting theRG A-matrix at bifurcation frequency shown
close to 1.0 so that there is no fighting among different voltage Table I1.
control devices for control of voltage at this network bus [14]. The degradation of the control structure of the closed-loop
The RGA analysis of the open loop system at steady sta¥stem with BMSVC has been greatly improved in Table Il at
and bifurcation frequency was shown in [14]. At both steadjﬁe bifurcation frequency but the control structure of BMSVC
state and bifurcation frequency, tR& A-matrix element mag- has changed so network voltage control of the BMSVC is now
nitudes of the open loop system suggests that the controlsasgumed in part by the generators. The omission of the dy-
power are not effective since the power related block (pRBpmics external to the bifurcation subsystem thus has very little

(Pr,,Po,), i = 1,---,4, are much smaller than 1.0, and theffect on control structure at bifurcation frequency, and the con-
controls on voltage are very sensitive to input disturbance sirféel of power,Po,,i =1,2,---.4,andVp,,i = 1,2,---,5, are
(Vg,,Vo,), i = 1,---,5, in voltage related block (VRB) are not subject to disturbance because their magnitudes are very

much greater than 1.0. There are conflicts among the cdiPse to one. Moreover, there should be no fighting for con-
trols since in VRB each control is trying to stabilize a numfrol of output variables because there is only one dominant el-
ber of outputs and each output is affected by several contrg§ent in each row. Thus, the control structure at bifurcation
((Vg,,Vo,) > 1.0for several inputs). On the other hand, all of for BMSVC is still excellent although it is expected that the
the elements in frequency related block (FRB) have extremd@ntrol performance will degrade compared to the full system
small values10~17) and it reflects that the controls do not hav®ased MSVC design, especially for control of voltage at steady
much effect on the generator speed. This explains why this t&i@te. From Table | and Il it is anticipated that the BMSVC
area example system is vulnerable to the interarea oscillatigtstantially enhances the control performance of the system
and the conventional control designs CPSS at generator 3 &hépoth steady state and bifurcation frequency compared to the
CSVC at bus 101 are not capable of achieving good control pepen loop system. This will be verified by time simulation.
formance and robustness over the operating condition variations
at either steady state or bifurcation frequency. V. TIME SIMULATION OF BMSVC

The performance of the BMSVC is expected to be excel- The time response of the closed-loop system with the re-
lent compared to the open loop system, but not as good as thueedst” order BMSVC is shown in Fig 4 when the active
MPSS [14] and MSVC [15], which were designed using the irpower load increases 50% above the nominal load value for
formation of the full system model. As an example, REA the open loop system.
matrices of the closed-loop system with BMSVC at steady stateFrom Fig 4 the control performance of BMSVC is still ex-
and bifurcation frequency are shown in Table | and Il, respecellent although the control performance somewhat degrades
tively. Table | shows that at steady state the effectivenessafmpared to that of the MSVC design based on the full sys-
control is still excellent because the control structure is decaiem shown in [15]. This is expected because the states of the
pled although there are some large elements in the columneaternal system, that are computationally considered irrelevant,
VRB under controlVg, andVg,, which are trying to control are discarded as well as uncertainty associated with these states
the buses that are electrically close to them. The rest of the comthe BMSVC control design shown in Fig 4 but is not dis-
trol pairs in PRB, VRB are still dominant. On the other handiarded in the full system based MSVC design. The uncertainty
BMSVC has strong controls over most of the voltage outpabmponents of\ p associated with the subsystem external to
variables. This can be seen from the column uiiderin VRB.  the bifurcation subsystem assures better control of steady state
Also, BMSVC permits better frequency control than other voltroltage, improved decoupling between subsystems, in the ex-
age control signals if we compare the magnitudes of elemetgsnal system, and between those subsystems and the bifurca-
(Vry,w;) and (Vg,,w;), i = 1,2,---,4, in FRB. Almost no tion subsystem, and assignment of only one control for each
output is subject to the input disturbance. This is true becaumeébsystem and for the external system. This improvement in



TABLE 1
RG A MATRIX OF CLOSED-LOOP SYSTEM WITH BMSVC AT STEADY STATE

Pr, Pr, Prg Pr, VR, VR, Vrg VR, Vrg
Pbl 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
Pb2 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
fkh 1.1665e-02 1.1064e-02 9.0828e-01 1.0003e-02 4.5105e-03 2.8970e-02 1.0559%9e-02 3.9376e-02 4.6292e-02
Fb4 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
Vbl 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
Vb2 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
Vba 7.3795e-03 8.3967e-03 1.0745e-02 9.2341e-03 3.3209e-03 1.0111le-02 6.2234e-01 3.9436e-02 1.4358e-03
Vb4 1.3444e-02 1.4668e-02 1.8105e-02 1.5943e-02 2.6312e-03 4.5831e-03 1.5192e-02 4.1366e-01 3.7539%9e-02
VbS 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
Vbﬁ 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
Vb7 1.2339%9e-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
VbS 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
ng 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
vblO 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
vbll 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
Vb12 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
Vbls 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
w1 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
wo 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
ws 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
w4 4.3891e-04 2.3995e-04 4.2399%9e-04 5.8669e-04 7.5876e-05 2.9002e-04 6.5806e-05 1.4586e-04 4.6084e-04
TABLE II
RG A MATRIX OF CLOSED-LOOP SYSTEM WITH BMSVC AT BIFURCATION FREQUENCY
Pr, Pr, Prg Pr, Vg, Vg, Vrg Ve, Vrg

Pbl 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
sz 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
Fbg 5.2543e-02 1.0297e-02 1.1733e+00 1.0417e-01 2.6107e-01 8.2458e-02 1.9743e-01 1.6379%9e-01 9.0109e-02
Fb4 6.5975e-02 1.7717e-02 1.8301e-01 1.2342e+00 2.6818e-01 8.6142e-02 4.5248e-02 1.3989%9e-01 7.6613e-02
Vbl 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
Vb2 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
Vbs 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
Vb4 4.1250e-03 5.3864e-04 1.5774e-02 4.6136e-02 2.9026e-02 3.2926e-02 1.3343e-01 7.4927e-01 7.1179%9e-02
Vbs 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
Vb6 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
Vb7 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
Vbs 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
Vbq 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
Vblo 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
Vbll 6.0779%9e-02 9.4553e-02 1.0749e-02 2.0686e-02 1.7335e-01 5.4268e-01 2.6106e-02 3.0654e-02 4.6779%9e-02
VblZ 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
Vb13 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
w1 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
wo 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
w3 4.2392e-01 2.7446e-01 2.6454e-01 1.8483e-01 3.5395e-05 1.3487e-04 1.7188e-01 3.2225e-04 1.0889%9e-02
w4 4.3062e-01 2.7942e-01 2.0970e-01 2.3085e-01 1.0662e-04 9.5707e-05 1.1763e-01 6.0289%9e-04 1.0272e-02




x10” subsystem model is much lower than the full system. All of
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