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Abstract: This paper proposes a transient stability analysis of the multiin@power systems. Rotor angle stability refers to

the ability of synchronous machines to a power system to remaynahronism after being subjected to a disturbance. It
assumes a Single Machine Infinite Bus and two Machine Powser8 connected with a transmission line lossy are
investigated. The linearized dynamical equations of the multi-imagower system are obtained near to an equilibrium point,
and it can stabilize by using decentralized constrained optimal cortekelationship between the open-loop poles and the
closed-loop poles that guarantee a positive regulator and quadratinirgygstability. The feedback gains matrices can be

achieved by applying the corresponding Riccati equations appro@seith machine with bounded constraints. A successful
strategy for control of large-scale power systems must satisfy these canttitimecome robust and decentralized in terms of
gain; phase margins and tolerance to the nonlinearity inside thesgrhs. The numerical simulation test of the multi-machine

power system showed the results. This study found that a decentralittenl strategy that improves the rotor angle stability

of the multi-machine power system is satisfied. The paper desmpmeputation and simulation as a method to achieve the
final results.

Keywords: Rotor angle, multimachine power systems, decentralized constraineglogbintrol, linear, quadratic regulator,
subsystem.

1. Introduction

Interconnection has led to increassecurity sinceand high systems efficiency since each generator could be
utilized to a large extent. Rotor Angle Stability (RAS) refers to the abilityrdérgonous machines to remain in
synchronism after being subjected to a disturbance [1]t[B] a dynamic phenomenon associated with changes
in active power flows that create an angular separation between synchraitsus the systems. It has been a
dominant stability problem in power systems. Hence, it becomes nadltenging to assure the security of power
systems [1]. RAS depends on the initial operating state because of @réyset¥ the disturbance on the
synchronous machine. RAS can be further divided into small stabilityaage-signal transient stability.

The leading cause of widespread blackouts is large rotor angle deviatimmméngenerators, it disturbs the
balance between because of the complexity and nonlinearity of poamsoans or any desperation in the system
and oscillations in the rotor angle. The aim is to improve the RABeafnultimachine power system connected
to keep the equipment operational after disturbances [1]. In interactbgystems, it may not be workable to
establish information flow between all control agents. For such systésmsiore desirable to have the same form
of decentralization where each control input is constructed in terms oftloodg outputs available to the
corresponding local control because of the communication and computational linj@&{idjn Based on inverse
optimal control methods, strategies of these controls, and the perspettieéngbact on the multimachine system
and nonlinear behavior are examined.

Optimal control emerged as one of the fundamental design philosophieglefmtontrol systems [5] [6]. The

controller of a multivariable is said to be centralized if at least two of its auggahange information, otherwise,
if there is no exchange of information, it is said to be decentralized corfieobdsic concept of the decentralized
control is a local interaction between components of a system with tdidistsed order and coordination to
achieve global goals without a central commanding influence, in anothédr thie overall system is no longer
controlled by one controlled built by several independent local controllers incorporaach component [7]. In

the DC (decentralized control) solution, the goal is to achieve good penfcentyy designing local feedback
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policies. Although the optimal control concept has many advantages, it is alsplaxavay of solving nonlinear
problems.

Various methods have been used to improve RAS during the lastefed{arady and Mansour studied generator
tripping based on a tracking rotor angle, where he used two algorithiahstermine stability and operation
conditions [8].

Rajapakse proposed RAS prediction using post-disturbance and enunestatedion of the proximity of the
post-fault and predicted stability status using the classifierAl®ined implemented generator RAS prediction
using an adaptive artificial neural network for dynamic security assetsHe based his analysisaprediction

of each generator stability status under contingency to a certain level of I¢adi¢I@onitored RAS in the wide-
area proposed phasor measurement unit online based on the maximal Lyapunov expbhlent [

Zairong designed a nonlinear decentralized controller using the Hamiltarmiatioh method with a saturated
steam valve and excitation controller in the power system [12]. Hongyoged a nonlinear robust decentralized
by using a linear matrix inequality approach for different operatingtg@ind fault locations to operate cost
performance by different operating points and fault locations [L3kd®Rdtz and Sanjay designed an optimal
decentralized controller using convex problems to minimize closed-loopsremd feedback systems subjected
to constraints [14]. Huang introduced quadratic invariance to preseemesgat framework for both continuous
and discrete-time for a stable or unstable system for any nornJi8lg proposed a new nonlinear decentralized
disturbance attenuation excitation control for MMPS (multimachine power Sybtesad on a recursive design
with linearization treatment, showed to improve the robustness systmamic uncertainties and also attenuates
bounded exogenous disturbance on the power system to enhancettsiabibty [15]

Xuncheng designed a new model of excitation DCC (decentralized constrainedlenmfdMPS based on the
optimal feedback gain [15]. Elloumi compares two DC laws implemented $MRd it presented two aspects
which are linear DC, the gains depend on the nonlinearity ofttera and the successive approximation approach
to determine two-point boundary value [16]. Hongshan proposast &Xcitation predictive control method for
MMPS based on the dynamic model and some inequality constraints on ptate and outputs in rolling
optimization by using Gramian balanced reduction technique with impraemehe stability of PS (power
system) [17]. Song reported a novel DC strategy for large PSSKmystem stability) enhancement based on
practical concepts that specific variable control needs only local informationprovienthe overall system
performance [18]. Rim designed Takagi-Sugeno controller foigéesmachine infinite bus PS to analyze transient
stability under severe disturbance, based on the linear fuzzy maaé&ettback gain is determined by a linear-
guadratic instructor [19]. Abouelsoud proposed a stabilizing controlleirfglesmachine power systems with a
nonzero conductance of transmission line based on an observer to estiwextamgle of the system, the stability
of the reduced-order observer and closed-loop of the systemanating using the Lyapunov direct method [20].

Vinodh and Jovitha presented an analytical approach for solving the weighditrix, a selection problem of a
Linear Quadratic Regulator for trajectory tracking application, chose LiQea(, quadratic regulator) controller
based on a trial-and-error approach to determine the optimum state feediptioller gains [21]. Karanjit
proposed a novel decentralized dynamic output feedback controller to detidenitnsient stability of a class of
an MMPS. He uses local sliding mode observers to estimate the states of ehchritvoler is obtained by
solving two linear matrix inequalities [22]. Elkhateeb introducesystematic optimization approach to find a
constrained linear feedback state control to a linearized version of a lower gas turbine model. It adopts the
discretized model and constrained problem in the linear programming teehtiifoe control law guarantees the
positive invariance conditions of constraints polytope bounded along theidrgje€ the closed-loop systems
[23].

Hosni and Selwa investigated the problem of decentralized robust stabiliziingl @pproach of a polynomial
uncertain interconnected system associated with a quadratic apfraaet,on direct Lyapunov methods and
Kronecker reduction production notation [24]. Lu designed a new appfoadolving decentralized optimal
control for large-scale PS, and each subsystem is controlled only bgridbles. The cost function for each
subsystem is minimized, and interacting effects between the seimsyare not ignored in driving the control
strategy [25]. Jocic and Siljak proposed a multimachine model withundarm damping and transfer
conductance. He pairwise decomposed it into many interconnected subswydteimseach reference of the
machine as a common part, based on Luré-Postkinov type ofsteimsgtability analysis and vector Lyapunov
functions application to compute stability of region estimates for the oveu#tilmachine model [4]. Ohtsuka
proposed a method for MMPS, and the first step is to solve the cordasgpaentralized control system, LQR or
H-infinity regulator applies to control the system. One can examineethtive effects of the control gains and
eliminate those that are small [26]. Xuncheng proposed DC interconnectedi®&S3he larger failure in real and
reactive loads in the system model, based on the optimal damping ratio, heftdsel plane pole configuration
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to achieve a grid isolated DC which could suppress power oscillationsieffiecMahmud presented a robust
nonlinear excitation controller design for synchronous generatorsMVHPS to enhance the transient stability,
based on the partial feedback linearization using reduced-order linegstsulis and autonomous subsystems
[27].

Siljak presented past and present activities in large-scale interconnected systitman vemphasis on
dimensionality information structure constraints and uncertainty, baisetie decomposition of a large-scale
system and parallel computation using modern multi-processor architel@8eMehdi and Nasser proposed
Optimal Control of large-scale uncertain dynamic systems with timeglelayates based on a two-level strategy.
Proposed to decompose the large-scale system into several intercosnbsystems at the first level. Got by
minimization of the convex performance indices in the presence of untiegaand interaction, feedback, the
solution is achieved by bounded data uncertainty problems, whenecgainties, are only needed to be bounded,
and it is not required to satisfy the so-called matching conditions. Sezxdedel substitution-type interaction
prediction method is used to update the interaction parameters betweestesubg29]. Tao proposed an OC
problem for large-scale systems with unknown parameters and ohgafde used robust adaptive dynamic
programming method, a decentralized optimal control with unmatchedtaintes, and the convergence of the
robust adaptive dynamic programming algorithm and asymptotic stabbitig closed-loop large-scale system to
carry out the study [30].

2. Model and Problem For mulation

The model formulates multimachine power systems comprising generdtsc®imected through a transmission
line, which is assumed to be lossy. The dynamics offtlyenerators are described with excitation as presented
by [32] [33].

0, = w;

. Dmi
(Ul:_?i"'z_(z(Pmi_Pei) 1)
E,=2(—Ey+Es+v)ieN={1 N}

[ 7 qi fi i)y — ) res wws was man wes osas wws wes oaas

The active B and reactive @powers, as well as the voltagg, re defined as:
Pe; = Eily;
Qei = Eily;

Eqi = Ey + (%ai — %) lai = Xaailfi 2)(

The interconnects between machines are given by the currents:
N

Iqi = z E} (Gml] Ccos 5,'} + Bml] sin 611)
j=1

loi = X)-1 Ej (Grmij Sin 8, = Bynyj cos ;) ©

Wheres;; = §; — §;, Gn;j is the conductance anBl,,;; is the susceptance both in p.u resulting from the
computation of the network admittance matrix. Developing the sums ivaghand recalling the identities [33]
[34].

The network admittance through conductance and susceptance:

Yy = [Gguj + Bl

G.i:
a;; = tan™? (ﬁ)

Binij
Gmij CoS 611 + Bm’-] sin 6,'] = YI,] sin(5ij + aij)
Gmij sin 51-] - Bm” CoSs 51-] = YU COS((SL']' + a’ij)
Yields
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The current in quadratic and direct axis:

N
Iqi = GmiiEi + Z E] (Gml] CoS SL] + Bmlj sin 511)

j=1
lgi = =BiiE; + X)=1 Ej (Gpnij Sin 8 — By c0s 6;;) (4)
Finally, combining results (1) and (4) in thellMenown compact form.
The dynamic equation of the third-order modelw,, E, becomes:

81 = W
N

(i)l = _Diwi + Pi - GLLELZ - diEi ZE] YL} Sin(é‘l’j + aij)
j=1

. 1
El = —aiEL- + bi Z?’:1 E] Y’J COS((SL']' + ai]’) + T_l(Efl + Ui) (5)

With the positive constants:

wWo

Dmi
D; = i v P =diPy; , Gy = diGry , di =

M oM

1 1

4=z (1 = (xai = %4)Bmic), bi = ;i(xai - Xy)

Similarly, observe that;, b; > 0 a;; = a;; , and thatfM; = M;,Y;; =Y}; .

The paper assumes that the model wjth- 0 has stable equilibrium poin(ﬁl*. 0, E'l*) , and they find the
control lawu; such that in closed-loop.

Find the equilibrium point during the steady-state
Constraints stability

Closed-loop

Decentralized control

3. Stabilization with state constraints
Let us consider a continuous-time Linear Time-Invariant system:

x = Ax(t) + Bu(t) (6)

x € R",u € R™, (4, B) is controllable pair and symmetric constraint state and control sets [35] [35] [20

Sy ={x ER™ —w, < G,x < Wy} @

Sy ={x ER™ —w, < Gex < wy} (8)

G, € RSY*" E, € R™" are both full row rankit considers the problem of designing a state feedback controller.
u=—Kx(t) 9)

K is gain

Such that the closed-loop system

x =Ax(t) (20)

Whered, = A — BK is asymptotically stable, and both the state and control constraini®)(@e satisfied. This
implies that the state,$ Ac invariant.

o
Whered = o (1)
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fi
f=1r (12)
f
i 04 9A
6 dw OE
of _ |92 02 3f2
ax |98 9w oE (13)
s 0fs s
36 ow OE
G=[1 1 1]
0
B =10
1
1 0 O
1= [0 1 Ol
0 0 1

G assumed as C and the system become:

{x ; ixG-; B (14)
-1<6+w+E<1
During equilibrium pointw,=0
It means the constraints become
—-1<eS+E<1
The gain K
K=Wy W, W)WV Vi Vi)t (15)

4. Design Controller

The proposed controllés based on the algebraic Riccati equation for a stable regulator. Assuniés Bigis
fully controllable and that B of full rank, the necessary and sufficemditions for,R = R” > 0 and
P=PT =0 are:

e Aclosed-loop systemd — BK is stable
e RBK isasymmetric matrix
e The matrixKB is positive definite

5. Simulation Results

The motion equation of thearhine’s rotor can be described by:

S=w

& =—-Dw + P, — GE?> — EY sin(§ + ) (16)
E =—aE +bcos(6 +a) + E; +u

During the steady-state, all these parameters become as mentioned below & étereguilibrium pointss =
0; 6=6, ; E=E;;u=0 ;6G=0;a=0; B,=P; §, sothatand, to be known and thef(x,) =0 <
=> f(6,,0, Ey) ; the equation (23) becomes:

{ P—EyYsind, =0

—aEy+bcosdy+Ef =0 17
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Ey = %+§cos 6o (18)
P - (YEa—f + Yscos 80) sin &, (19)
cos, = m ;and sindy, = X

P—(rZL+y2vi—x7)x @0)
P-yILX=yixVI-X2 (29
(p- Y%X)2 = (YZXW)Z 2)
Y22—2X4+X2(%2Y2—Z—2Y2>—2¥X+P2=0 29)

Considering a power system network represented by two machimescted ta transmission line is lossy as
Shown below:

8, = w,

&, = —Dyw, + P, — G,E{ — YE,E, sin(6, — 6, + @)

Ey = —a,E; + byE; cos(8y — 8, + a) + Epy +uy

5, =, (24)
Wy = —Dywy + P, — GyoEZ — YE E, sin(6; — 8, + @)

E, = —a;E; + by Ey cos(8; — 8, + @) + Ep, + 1

It determiresthe equilibrium pointdy assumingv; = O;w, =0;u; =0;u, =0

The computation of the paramet&ss,, ; 659 :Eio | Ezo-

Py — Gy1 Efy — YE gEg sin(8y9 — 659 + @) = 0
_a1E10 + blEZO COS(510 - 620 + 0() + Efl =0

25

Py — Gy2EZy + YE gEyosin(8;0 — 8,0 — @) = 0 (23)
L_azEZO + b2E10 COS(520 - 610 + 0() + Efz =0

. _ _ Pi—G11E%
sin(§19 — &30 + @) = i (26)
cos(819 — 020 + @) = &f107En (27)

b1Ezq
__ P1—Py+G22E3,

Ero = G11E10 (28)
Eyo = —2—[ay * Eyo — Epy] + L2 129

20 = p, 181 ¥ E1o 1 a
From (28) and (29) they obtain:
Eig = x(1) ; Eyg = x(2)
F(l)=P1_P2+Gzzx2(2)_611x2(1)=0 3Q

__b Ef _

F(2) = aszl [a,x(1) — Epy | + a—; -x(2)=0 3]

These equations solved by iteration to get equilibrium points of each raatdncontrol all the subsystems are
achieved in the above order.
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Fig. 1. Two machine systems [32]

6. Results and discussion

These results are compared and discussesiniamerical procedure for the multimachine power systeins.
decentralized systeimone of the most convenient designations for this contlaofje-scale systerihe results
concerning the linear or nonlinear system have successfilidssuch complex problems. The present numerical
simulation of the Single Machine Infinite Bus System (SMIB) andwleerhachine systems are presented.

6.1 Single M achine Infinite Bus

The simulations carried out for the SMIB with lossy transmission limee @nstrained witla decentralized
controller is solved. A three-phase fault introduced at 1 second the igaimsmine assumed lossy. Clearing time
after 1.5 secondsf opening the circuit breakers at both ends of the line. The fig. 2 gliotrttor angle of the
machine and also shown the fig. 3 rotor speed of the machihalso plotted the fig. 4 excitation system of the
machine. As a show, thehould plot the dynamic equation of the third model rotor angle ¥éireg, rotor speed
versus time, and excitation system versus time as output results ofplosgaalecentralized control design. The
table. 1 [32], as the data used for computing a single machine infigitarttligetting result® an equilibrium
point in the table2 [32] as shown and compared for different cases of conductance.

The analysis assumes that when there are no losses, the conductatic&hie rquilibrium points at the steady-
state after the fault i&5,., 0, E,.) = (0.9211,0,0.888) , which verifies the conditions of the Single Machine Infinite
Bus in dynamical model.

Horad)

e (esch

Fig.2. Rotor angle of the single machine
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Fig.3. Excitation system of the single machine
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Fig.4. The rotor speed of the single machine
6. 2 Two machines System

In this subsection, the present simulation results of the two masystems in figl. [32]. Here, the disturbance
is a three-phase fault in the transmission line that connects buse3dedred by isolating the faulty cirtui
simultaneously at both ends. This changes the topology of thenketvhich is a consequeainduced by changes
in the equilibrium points. This equilibrium got after solving the lim@ar equation iterately presented as
in: (81.,0, Ey.; 85.,0, E5.) = (0.6105,0,1.0397; 0.8039,0,1.16), which verifies the conditions of the two machine
power systems connected. It presents numerical results of the paranidteesnmdel(24) as the equation
presentedd;, w,, E;; 85, w4, E;). The rotor angle of the machine number one in the fig. 5; the spaad of the
machine number one in the fig. 6 and the excitation system of themmaaualinber one in the fig. 7. They pldit a
versus times.

The rotor angle of machine number two in Fig. 8. Similarly, therrspeed of machine number two in the fig. 9
and the excitation system of the machine number two in a fig.HEOpIBt all those parameters versus times. They
show it that the decentralized control system is appreciably more robosthi centralized control system, the
deviation of the decentralized nearest to the optimal performance index. The3tf@2¢.used as data for the
generators of two machine power systems.
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Fig.5. Rotor angle of machine #1
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Fig.7. The rotor speed of machine #1
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Fig.8. Rotor angle of machine #2
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Fig.10. The rotor speed of machine #2
7. Analysis of the Results
This section analyzes the performance of the closed-loop systeiub,isvh three phase-fault considered on the

line between bus 5 and 3 nearest bus 5. This is a great location ailthia the transmission line system.
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The fault is assumed to occur and cleared after 0.2 seconds, asecOrls it is known to be a conventional
control system withu, = 0; u; = 0; u, = 0, which cannot maintain the system stability if it clears the fault in
0.27 seconds after fault occurrence.

The optimal control decentralized feedback gain matrik is given time response
ofdy; 81; 85, wo; w1; wy; Ey; Eq; E,. Are llustrated in the fig.2 in the fig. 10 show the responses of the
multimachine power systernThe response curves in these figures show the advantage of the proposed
scheme. The simulation of the proposed control structure of the systden identical conditions leads to the
following observations. The resulting rotor angles versus time, angltaity versus time, and excitation system
versus time are shown in fig .2 in Fig. 10. This control techniguelves several independent local controllers
decentralized through subsystem coordination. A local feedback conisotlensidered communicating among
subsystems with constraint bounded. The advantage of a decentralizedlezastreliable and expandable for
each subsystem seems to achieve its objective. The decision is takgn whlhegotiation can take place in
different actuators. They usually have different goals that are agpligbde Single Machine System and Two
Machine System.

8. Conclusion

This paper presents the improvement of the rotor angle stabilitydantitimachine power system. The main
contribution and simulation results are based on the algebraic Riccati equatisesitte decentralized constraint
optimal control to improve the stability of the multimachine power systeagaRling the different approaches,
exploits, and computationthe following conclusion can be made

First, the stability of multimachine power systems for state constraititdaiinded and closed-loop systems are
in the open left-half plane pole.

Second, the feedback state of each machine proposed the decentralized optioikdrdo control itself. Keeping
stability of the multimachine power systems considered lossy tranemisg to measure and estimate its rotor
angle. The stability of the overall closed-loop systems and the subsystéeh results in local feedback matrices
are determined only for subsystems. They have also shown tipabpused results yield necessary and sufficient
conditions applied to constrain optimal control for a single and two magiower system and validating the
results. It has not only stabilized the power system but also achievegbth@isal control guaranteed, cost
performance index for all parameters of generators.
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Appendix.
Table. 1 [32].

SMIB Parameters

P Y a b E;
28.22 34.29 0.3341 0.1490 0.2405
Table. 2 [32]
System parameters for different values of G
G Y a b o, E,
0.01771 34.3046 0.02915 0.1490 0.9122 0.9824
0.0885 34.6526 0.1448 0.1506 0.4946 1.0815
0.1771 ‘ 35.7184 0.2838 0.1552 0.0870 1.1528
Table. 3 [32]
Parameters of the post fault system
Parameter Genl Gen 2
a 16.7255 14.2937
b 11.1059 9.4147
Y 51.2579 36.6127
28.9008 20.3936
G,
o 0.5430 0.5430
5.8103 7.9279
Ef
P 52.2556 48.4902
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