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Power systems are categorized as nonlinear dynamical systems, and the importance and complexity associated with their
stability have dramatically increasedccordingly, the behavior of power systems can be characterized by interactions
B [ between continuousnd discreteevent dynamics. This paper proposes a systematic approach to the design and analysis of
a supervisory control scheme for power systems using the hybrid automata (HA) model. The proposed model for optimal
S | controller application is derived, anthe power system's overall behavior is modeled using HA to enhance its stability.
Hybrid systems' formulation incorporates continuous dynamics as well as discrete switching behavior into a modeling and
control framework, thus allowing a complete systencrieson while crystallizing the concepts of safety into system
R | design criteria.This study uses a power syst@ti#) model as a discrete event system (DES) plant and controller. In the
proposed method, to present the hybrid model, the discrete eventmelsdd the presence and absence of disturbances
A | and voltage control elements, fault, sudden load increase, capacitor bank, andeamiéap changer (ULTC) transformer.
Vol tage stability and control ar e iltage,esigenvalges,taeddhe stgbility h e
theory of the switched linear systendgoplications in voltage control, stabilittand dynamic service restoration are
T presented on two benchmark power systems with 12 discrete states. The simulation results rffectitbeperformance
of the proposed supervisory controller model to enhance voltage stability in power systems
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behavior, hybrid modeling can be employed to design
supervisorycontrollers.Power systemsan be modeled with

To maintain the operating range of the equipment, stabilitya hybrid automatic modd&lecause their behavior is described
and voltagecontrol in power systems are inevitable and have by interactions between continuous dynamics distrete
been a major topic in this domaiin electrical distribution  event2]. HA modeling is suitable for simple power systems
systems, for voltage stability, reactive power generation [2], [3]. Considering the disete conduction mode of most
devices (e.g., static reactive power compensators), as well aslectrical power system equipment used for switching,
underload tap changetJLTC), are utilized.In these cases, voltage regulation, etc., such as switches, which are discrete
the ULTC transports the voltage within the acceptable rangeon or off [2], different methods of descriptive language (e.g.
and, then, the static reactive power compensator isfuzzy logic, Petri net, automata) are applied to represent a
responsible for its precise control [1]. DES system. Ref4] deals with the fault diagnosis of a linear

Various methods are adopted for voltage control and poweicontinuousvariable dynamical system represented &y
system stability. Due to the power system's nonlinear discrete statspace model. The proposed fault diagnoser is
*Corresponding Author : m.eslami@iauk.ac.ir basgd on a special Petri Net callgq c_ontinbtdme delay

Tel: +98-3431321029Islamic Azad University Kerman, Iran Petri net (CTDPN).In general, stability is a feature of the

Department of Electrical Engineering, Kerman Branch, Islamic power system that allowi to remain in the equilibrium
University, Kerman, Iran
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mode under normatonditions and/or allows the system to based on power flow Jacobian matrix as the minimum
reacquire an admissible mode under disturb@bceStability eigenvalue [13], test function [14], tangent vector[15],
is frequently discussed in terms of maintaining the Markov chain's probability[16], indices determined by
performance of synchronous generafdis Lagrange multiplier§17], Jacobian matrix singuliy, small
Since power generation in gower system is based on disturbance voltage stability (SDV$)8], and bus voltge
synchronous generators, all machines must be operated imnking index19], [20].
synchronous mode or in harmony with one another to achieverherefore, for an easieanalysis of stability and voltage
satisfactory system performancehis aspect of stability is  regulation, followed by the supervisory controller design, the
influenced by the dynamjges afohmatid Hyfid rBoBelng FonulibnOiss empldYed An' this a
equation[1]. Moreover, rotor angle stability and shtetm  paper In this way, the space state and transfer function are
voltage stability are closely linked to each other. In somegptained. After this step, system stability can be easily
cases, the loss of synchronism of any generator in the powegyajuatedin the proposed method, to present the hybrid
system may lead to shaerm voltage instability ocollapse  model, discrete events, including the presence and absence
[5]. Therefore, the rotor angle must be checked via a certairyt gisturbances and voltagentrol elements, fault, sudden
threshold to ensure rotor angle stabiliy. _ load increase, capacitor bank, and ULTC transformer, are
When evaluating stability, it is essential to consider theused.

system's behavior when it is operatedder a transient Herein,voltage stability is examined for five system modes.

_dlsturt_)ance[l]. The_sysjem must re3|s_t §ever.e dlsturbancesm Sections IIl and IVfirst, two scenarios om(F,T,C) and
including a short circuit on a transmission line, loss of a

... Sm(L,T,C)are defined in which defitions are presented for
generator or a large load, and/or loss of Commumcatlonvariouss stem modes (SmJThe controller is designed b
between two subsystenj$], [6]. The system's performance y y

, ) e hybrid aut ta (HA deling i t d
under disturbances is mainly influendgglthe performance of y fd automata .( ) modeling in power sys ems un eT
. disturbance resulting from fault (F) and a sudden increase in
its component§l], [6].

. . load (L). The supervisory controller is designed using ULTC
In [7], a controller design method has been developed using . .
. . (T) and a capacitor bank (C). The discrete events system (DES)

the hybrid automaton approach for a thpb@ase switch shunt . .

. . . . is presented, and then the overall HA modeling déach
active power filter (SAPF) supplied by a photovoltaic system L .

. . . . system consisting of 12 modes is performed.

and associated with the nonlinear lodd. [8], besides The simulati its sh that thelt trol
designing a controller to coordinate the performance of two € S|_mu_a I(I)n resuds sdow a_ q bage c<|)n_ o h
VSEs, including a ULT&quipped transformer arstatic VAR z_rotcezs IS 1mp e(;nsntef in dexam(;rée ) y app y_lngl td?
compensator (SVC), problems related to the practical |?Alljsrcacr:1c;ebcaused éSEa;ggan astu en !ncreillsebs n (?a or
implementation of the controller are presented, and? -ous an us system usingfatiab an

. Digsilent; a supervisory controller is also designed in the
recommendations are made on transformer and compensatorg P y 9

controller settings andsynchronization between control presence fodisturbance resulting from a thrpease faulto

systems; however, in this study, we used the hybrid modelingearth and a sudden increase in load. Finally, the voltage

method to control and maintailtage stability. The theory of stability in the controller is examined using four approaches of

discrete event systems (DES) monitoring is proposed to buses voltageo, hgeneratorso

tthe systiem@&, samdi |l ity theory o
address power system problems such as challenges of ¢ esimslt s d trate that th q
controlling the voltage of ULT@quipped transformers, which S y S s .lon .resu s emonstrate that he propose

. . o psing HA modeling is easier and more accurate for power
are extensively used in transmission systems to protec

. system voltage stability
instantaneous load changes. ) ) ) )

In [9], an innovative supervisor localization technique hasThe r_est of this paper IS organlzeq as followsction I
been utilized to solve the voltage control problem in adesc_rlbes thenybrid systgmapd hyb”q automatg (HA)n
distributed method that has a simpler and more transparen?eCtIon “I'_V oltage stability is examined for flvg system
structure than the superery control method utilized in the modes.Section IV presents the proposeéih modelingfor

. two scenarios ofSm(F,T,C) and Sm(L,T,C). A supervisory
present study. Moreover, the voltage decay in power systems Rontroller for twoscenarioss alsodesignedIn Sections Vnd

examined to study the voltage decay, and techniques related \9I, simulation results are discussé&ghally, in Section VII, the

voltage stability are summariz¢tD]. conclusions derived from this work are presented.
In [11], the role of distribution grid control against a steady

voltage has been examined in a case stBdythermore,n
[12], a robust PI controller is designed to reach the desired The introduction of the supervisory control theory (SCT)
control objective. The robustness of Pl is guarantaged provided the necessargackground for applying discrete
the Lyapunov stability theory event models (DEMSs) to therocesses of the physical world;

Methods available to analyze voltage stability include thoseconsequently, a wide range of industrial systeimsluding

[I. HYBRID SYSTEMS
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traffic control systems, manufacturing line systems in |||. EXAMINING VOLTAGE STA BILITY OF POWER

industrial plants, telecommunication systems,tallase SYSTEMSWITHOUT A CONTROLLER

systemsandelectrical power systems halieenstudied[21]. . S . .

y S . P . y [ ]_ . When evaluating stabilityit is essential to consider system

A hybrid dynamic system is a system whose behavior is . . .
behavior whentiis operated under a small or large transient

influenced by continuous and discrete dynamics. As an . . . L X
. y . Y . disturbance. Disturbances applied to tméd in this study
important feature of hybrid systems, some dynamics are

. . . . . . include:
time-driven while some are evesdriven. In timedriven -

. . 1) Threephase fault to Earth on the most sensitive bus of the
systems, the mechanism of the system mode chiangesed grid

on differential equations where the modesy over time. In . . .
. . The most sensitive bus is sensitive to sudden voltage changes
eventdriven and DES systems, changes in the system mode

depend ortheevents that occunot the timg21], [22]. andmakesthe network/gridnstable,

. . . III) A sudden increase in load
The continuous system is usually a physical and natura . . . . .
. ; i L In this section, voltage staltil is examined for five system
system with a continuous behavior. The communication

: . . modes:
between two continuous and DES systems is facilitated by an

. . . . 9 Under normal circumstances

interface andhe use ofcommunication signalsSome major n th ¢ a fault in the arid

types of hybrid dynamic systems include the HA machine, n the presence of a fault in the gri )
timed Petri netsand switchecsystemg22]. 1 In the presence and absenceadéult and change in the
A. Hybrid Automata(HA) tap changer

Hybrid automata (HA) machines provide a general modeling® N the presence and absence eofault and a sudden
formulation for the analysis of hybrid systems. HA is utilized ~ Increase in load _

to model dynamic systems which include both continuous andl In the presence and absenceaofault and a capacitor

discrete componenfg2]. bank
HA can be expressed as an eigatameter relation as follows ~ The methods used to monitor system stability include:
[22]: a) The voltage of the bussgq, [23] and[24].
b) The wotor angle of generatof$], [23].
H =@Q,v,f,nit,Inv,q,G,R) c) The eigenvalues of a systdft], [23] and[25].

d) The stability theory of the switadd linear systemf26],

[27] if the controller is present
the system;Q ={q1,...,q} , gl Q; According to previous studies, in the absence of a controller,
system stabilitise x ami ned i nao thdhhfi @ ed way s
while in the presence of a controller, system stabili
examined ia&,dfogcomadddy &

- Q is alimited set of discrete modes (control locations) of

-V refers to a limited set otontinuousstates ofthe
systemand X is the continuous state space;

- X =f (g, x) is the continues dynamicand f denotes
the functions related to the continues dynamics of the [\/. HYBRID AUTOMATA CONTR OLLER DESIGN

system (g, x)I Q 3v; AND MODELING
-t Q3R" is a set of the sysipgmMds,d & igdsigihl a Thfofiet fortd did is to
conditions provide stability and voltage control. Controller inputs

f include the voltage of the most sensitive lbfishe grid and
LTC.
i) The voltage of the most sensitive bus of the grid; the
passinghe continuous modes of the system. As long as thecontrol of the ULTC T tap changer status is adjusted to the
prerequisiteelated to each location is mandatory, there is ayvoltage of the most sensitive bu$he standard voltage

- Inv:Q- ' s the description of the characteristics o

locations; it is, in fact, aprerequisitefor staying in or

continuous dynamic for thadcation and it can operate. deviation of busesis 5%, i.e. A bus voltage of
-gEQs3Q is the interface of 1tobo, sopwsisstandaréind permitteds]i[28]i o n s

graphically depicted as arcs between discrete modes. i) TheULTCt ap changer has state A3
-G:g- 2Rn is the system guard prerequisitet the tap changer, a 3% increase\violtage is applied to the

grid.

A bus voltage <0.95 indicates a voltage drop on the bus.
Some important controller functions include:

A After applying the fault to the most sensitive bus, the
system becomes unstable and a voltage drop occurs in the
continuous state in theubset of the continuous state space thatgird [23]. As a result, the tap changer first shifts from state 1

is not used in the power syst¢22]. to state 2and then (if the drop in valye occurs again in the

constrains the continuous dynamicsfunction The
prerequisités applied to the arcs of the HA model

- Rie- 2732 resets thenap to its initial mode.
Based on this mappingne can find the location of the
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system or under instability) shifts to state 3.
Alf the tap changer is in state 3 and there is also a drop imormal condition (initial state of the system S1) under a
voltage or when the system is unstable, then the tap changeconstant voltage and the desired amplitude (voltages of all
buses are 0.95). The system remainstime S1 state until the

remains in state 3.

AThe voltage of the most sensitive biss> 1.05 Vy,. >1.05

and a stable system puts the capacitor bank out of the circuit.
AWnhen the tap changer is in state 3 and the bus voltage is
0.95, v, >0.95 this indicates that there is no voltage drop

in thesystem. Therefore, the tap changer returns to stdfe 2
there is no voltage drop again, the tap changer will return t
state 1 (initial mode).

According to Fig. 1, the systemnitially operates inthe

fault is applied to the system (i.e. F = 0); when the fault is

applied tothe most sensitive bus of the system (i.e. F = 1)
systemtends to becomenstable and shifts from S1 to S2.

improve the voltage of buses and the grid stability, thap
changer increases again and shifts from status 1 to state
It shifts b state S3. In the event of instability, the T

0changer increasexgain and shifts from status 2 to state 3,
It shifts to state S4. Constant system instability puts

, the
To

2,i.e.
tap

i.e.

the

A. Modeling of HA and the performance of & SUPEIVISOrY ¢oh4citor bank o the circuit, i.e. The system shifts to state
a 57, After remeing the fault (i.e. F = 0), the system shifts to

controller

under

the disturbance caused by

threephase falt to Earth

For HA modeling, discrete states of the system are first
introduced these are a combination of discrete events
including disturbanceesulting from fault, in the presence
and absence @ffault, in the presence and absence of voltage
control elements such ascapacitive bankand anincrease
and decrease dLTC tap changer with three stat@ablel).

DESs wWITH THE SCENARIOCOF SM (F, T, C)

TABLE |

Explanation of arevent

Event Name Value

F 1 Presence of a fault
0 Lack of a fault
1 State of tap trans 1

T 2 State of tap trans 2
3 State of tap trans 3

c 1 Presence of a capacitor
0 Lack of a capacitor

The power system is represented by the symbol S and the
mode number m. Ithe combined modes of thgstem are
defined as Sm(F,C) scenario, then all the combined states
occurringfor the systeminclude 12 modesas presented in

Tablell.
TABLE 1l
SYSTEM MODES WITH SCEIARIO SM (F,T,C)
Sm F T C
S1 0 1 0
S2 0 1 1
S3 0 2 1
S4 0 3 1
S5 1 1 1
S6 1 2 1
S7 1 3 1
S8 0 2 0
S9 0 3 0
S10 1 1 0
S11 1 2 0
S12 1 3 0

mode fAS30
with the presence of faultdjetap changein status 2, anéh

represents

the absence afapacitors in the grid.

t he

state S12and thenit reaches its initial state; it first puts the
capacitor bank out dhecircuit, and the system shifts to state
S9; thenthe T tap changer shifts from state 3 to state 2 while
the sytem shifts to state S8; finally, the tap changer shifts to
state 1, the system returns to its initial stated the voltage

of all buses reaches0.95.Fig. 1 displaysthe HA model of

the closedoop system

s12 (S7

Fig. 1 HA model of the Sm(F,T,C) scenario
The HA model of the system is an eigbdrameter[22]
relation Equ. (1).
H=@Q,v,f,Init,Inv,g,G,R) Q)

Q is a set of discrete states of the system as presented in

Table Il and in Equ. (2):

Qi{SL2,8,94, %5, 6, 3% 8 8 ® B @

v is a set of continuous variables of the system as shown in
Each mode has a specific continuous dynamic. For exampleEqu. (3) and defined in the DIgSILENT softwd29].

¢ o nvil { phi/speedl psley gsippsix% spgeo £t h e

Descriptions of continuous variables are provided able
.

syste
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TABLE 11l TABLE IV
CONTINUOUSVARIABLES [29] DESs wWITH THE SCENARIOSM(L, T, C)
Name of variables ~ Name of Unit Explanation Eventname Value Explanation of an event
Sgﬁéd p.l(; R _:,peed | L 1 sudden increase of load
_' ra _o O_r angie 0 Lack of a sudden increaseload
Psie p.u Exitation Flux
PsiD Flux in D - Windi 1 State of tap trans 1
PSI' pu Flux fn X W!nd!ng T 2 State of tap trans 2
SIx p-u FIUX n -W.Ind.lng 3 State of tap trans 3
psiQ pu uxinQ- Winding 1 Presence of a capacitor
Speed p.u speed C

- - 0 Lack of a capacitor
In steadystate systems, the eigenvalues are obtained byCombined moes of the system are defined as the(ST, C)
Modal Analysisin Digsilent After that, the transfer function scenario.Overall all the combinedmodesoccurringfor the

will be obtgmed. . (s]ystem:onstitutelz separate modé¢$ableV).
The continuous dynamics of the system can be represente

as x =A (x), including the continuous equations of each of TABLE V
the 12 states of the system. To obta@q in Equ. (4), given SYSTEM MODES WITH SCRIARIO SM(L,T.C)
) . ) Sm L T Cc
the eigenvalues corresponding to each state, the denominator si 0 i 0
of the transfer function for the systefR (S)is obtained by S2 0 2 0
Equ. 6). Then, the matrices A of each state of the system are 22 8 i 2
obtained by the canonical realization of its controller S5 0 2 1
(explained in Appendix A). S6 0 3 1
A { A , A, i=12..1: andistands for gg i ; 8
the number of these states 4) S9 1 3 0
S10 1 1 1
S11 1 2 1
60 1 0 » 0 S12 1 3 1
g0 0 1 0
A =g5 S The controller consists of 12 discrete modes, each with a
g0 0 0 » 1 special continuous dynamic. The system first operatdisein
ga, a4 a >3, normal condition (initial state of the system; S1) under
P.(S) :Sn +q1-lsn—1 + as a (5) constant voltage and optmal 'amplltude (all bus vokagyes
. . 1 > 0.95). After asuddenrise in load at one of the most
nis tr"e number of eigenvalues sensitive loads of the grid, the system shiftshi®S7 mode.
Invl { F=0, F=1} (6) To improve bus voltage and grid stability, the T tap changer

Inv is expressed according #qu. @); for example, the increases and shifts from state 1 to state 2,The.system
system first operates thenormal condition (initial state; S1) shifts to state S8. If the busltage does not improve, the T
under constant voltage and optimal amplitudée initial tap changer wiltiseagain and shift to state 3, i;Bhe system

state of the system is expressed as Init = S1. shifts to state S9. Constant voltage drop puts the capacitor
System guards, under the same prerequisite intended fdpank in the circuit, i.e.The system shifts to state S12.
theHA arcs, are expressed Bgu. (7). Improving the bus voltage puts the caipar bank out ofthe
Gi {F=0,F=1,C=0,C=1,T=1,T=2 8} @) circuit (C = 0); this causes the system to first shift to state S9

B. Modeling of HA and the supervisory controller and then (if necessary) state S8; and finally, the T tap changer

performance under disturbance caused by a sudderf€aches status 1, i.&he system shifts to state S7. HA
increase in load modeling is performed for a scenario conagtof 12 system

For HA modeling, discrete states of the system are firstmodes. The HA graph for the SifL,T,C) scenario is
introduced these are a combination of discrete events presented irfFg. 2.
including disturbances caused by a sudden increassath
and without a sudden increaseldad (normal condition for
load), the presence and absence of voltage control elements
such asa capacitive bank, and the increase and decrease of
the ULTC tap changer with the three sta(@ablelV).
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SALACKBUS

Gl
Fig. 3. standard WSCGBus, threemachine systerf28]
A. Maintaining the 9bus system's voltage without a
controller
The stabilityof the system is investigated for five modes,
according toSectiors Il andB. According to[23], the faut
was applied to bus 7 because it is the most sensitive bus to
sudden voltage changes and can cause grid instafility.
Fig. 2.HA model of the Sni(,T,C) scenario fault was applied to bus 7 at ts = 0.1 sec. It has been
The continuous dynamics of the system can be representedemonstratedhat a sudden increase in load A will drive a
as x = p (x) - including the continuous equations of each voltage drop in thegrid buses[24]. The stability of the
' system was investigated in the foomannerspresented in
of the 12 system states. To obtaA, in Equ. (4), the Sectionlll. It was found thatin the stable mode, the system
is unstable in all cases in the presence of a fallus7 and
will no longerbe stable even in the presence of a capacitor

) ) - bank. In steadgtate, each system mode has its continuous
stqte of the system gre obtained py the canonical atiahe equations and is considered asliscrete state for a hybrid
of its cqntroller (Sectior\, andexplainedin APPENDIX A). system. The resultef examining the stability ofte 9bus
Invl {L=0, L=1} ®) sysem are presentdd TableVI.
Inv is expressetly Equ. @). First, the system operates in a TABLE VI
normalcondition (initial state; S1). The system remains in the = RESULTS OF EXAMININGTHE STABILITY OF THE 9-BUS SYSTEM
S1 state until a sudden rise in load is applied (i.e. L # 0). WITHOUT A CONTROLLER
there is a sudden increase in load in the system (L = 1) and Stability of
when the tap changer is in status 3 and there is a capacitor (CStates of system L’S';Z‘gep‘.’j, steady and  Explanations

=1) i.e.in state S12, then the unstable system will remain in transient state

denominator of the transfer functiop (S)for the systenis
obtained byEqu. 6). Subsequentlythe matrices A ofeach

. . .o Normal system 5 No voltage
instability because the tap changer is in status 3 and the y Vius >0.95 Stable drop 9
capaqtor is available. Nevertheless, if a sgdden increase . —— @p A V5095 No voltage
load is removed (L = 0), then the system shifts to state S6 and s Stable drop
becomes stabldhe initial state of the system is expressed as— Activity of L05<V,, 09 No voltage
Init = S1. System guards are expresasfqu. ©). capacitor table drop
Gl {L=0,L=1,C=0,C=1,T=1,T=2,T=3 9) Sudden increase of A few buses Stable Small voltage
The hybrid modeling method applies to all power systems; _ L0ads less than 0.95 drop in buses
for example, in this study, we implemented and simulated the Five mentioned Severe
method for the Sus power system. states with presence v/ <0,95 Instable voltage
of fault drop in the
V.SIMULATION RESULTS FOR FK R SGASE : : — busses
STUDY B. Simulation results and examining voltage control

under a disturbanceaused by a threphase fault to

The power system studied is a stand&¥&CC Sbus, i
Earth from the SrfF,T,C) scenario

threemachine systentig. 3illustrates the status of machines

and buses and all impedances and admittances (if28L) Responses were evaluated by simulatiorDIgSILENT.
The data of the system are givenARPENDIX A, TABLE Under normal circumstances, the system maintains its steady
Xl state because no faults are applied to the system. The

following eventsare appliedo the system to monitor how the
voltage is controlled. ThELTC tap controller is intended for



International Journal of Industrial Electronics, Control and Optimization

transformer T2.

© 2021

IECO

423

Transformer T2 has a threeode tap with a 3% rise in 180
Voltage

voltage at each phase of tap change. In t=3 sec, aphese (v

1.40|

fault-to-Earthfault is applied to the'Tbus for 1 second.

Capacitor placement is fulfilledia the genetic algorithm to
minimize total lossLoad A is the optimal place to install the
capacitor, where the grid has the least losses.

At t=4 se¢ a 100M\ar capacitor bank is applied to the
grid in two 50MVar capacitace steps in theSbusbar and
close to Load A.Grid stability is now examined using a
capacitor and a thrgghase tap changer controller in the grid.

System stabilityis evaluated by four approachescluding 0.20
ibuved t ageo, figenefitath®reidgen
of a systemo, and fithe stabi
systemso.

I) Bus Voltage

Fig.4Vol t age

H H
19.9 39.9
Bus 5: Voltage, Magnitude in p.u.
Bus 6: Voltage, Magnitude in p.u.
Eus 7: Voltage, Magnitude in pu.

of

60.0

t he

80.0

[s]

100.

time(sec)

ched |

systembdés buse.
the fault, with a controller

When the fault is applied, the bus voltage drops; the bustnalf
voltage improves and the system reaches a stable mode aft "o

putting the capacitor in the gri@att=4 seg), applying 10717 \__

0.75

MV ar of reactive power into the grid and controlling voltage

by changing the T2 tap chand€ig. 4). mkh
After applyingthe fault, the busésvoltageis improved by ﬂ

the ULTC supervisory closédop controller systenTable 029
Vi)

0.00
In [30], an energy margin constrained online coordinated

voltage control (CVC) algorithm was defined. The energy %3
function model vas established based on the detailed device
models that included the effects of shunt capacitor banks

20.
—— Bus 1: Voltage, Magnitude in p.u.

40.

Bus 4: Voltage, Magnitude in p.u.

——— Bus 6: Voltage, Magnitude in p.u.

Bus 7: Voltage, Magnitude in p.u.

60.

reactive power output of generators, and Fig. 5. Voltage

underloadtap-changers (ULTCs). To control the voltage, the

of
applying the fault, without a controller

80.

time(sec)

[s]

t he

100

systembd

control equipment was checked separatdlye simuhtion At t=3 sec, when the fault is applied to tHebus, the bus

results for the threemachine system showed that in CVC Vvoltage drops, and the tap changer first shifts to status 2 and
method, by applying the fault to bus 3, voltage controls werethen status 3 (its highest level). From tfesgc to about 40

performed using each of tlapacitor bankand ULTC[30]. sec, when the capacitor is also applied to the grid, the bus

The average voltage of bus 3 was 1.012 p.u and 0.82 p.u iNoltage oscillates and the tap changer shifts fetatus 2 to

vol tage of t
the HA method, the voltage of all buses was in the steadymproves and the tap changer returns to status 1, i.e. The
state and above 1p.usp comparing the HA and CVC Vvoltage is controlled by the ULTC (Figs. 4 and 6).

the presence of capacitive banks and ULTC, respectively. Irstatus 3. After the 40s e ¢ ,

methods showed that the HA method was more effective in

t he

. 4.00
voltage improvement. T
TABLE VII position
BUSES VOLTAGE OF SYSTEMS AD ITS SCENARIOSM(F,T,C) 500
without within ULTC
Name of normal .
bus svstem. b.u controller, fault andcapacitor,
Y P inBus7 pu  Sm(FT,.C), p.u 200
Bus 1 1.04 0.717 1.04
Bus 2 1.025 0.194 1.025 1.00
Bus 3 1.025 0.202 1.025
Bus 4 1.063 0.595 1.043
Bus 5 0.996 0.565 1.044 0.00
Bus 6 1.013 0.417 1.042 O cunent rapposion
Bus 7 1.026 0 1.04
Bus 8 1.016 0.063 1.035

Bus9 1.032 0.153 1.043

60.0

80.0
time(sec)

[s]

100.

Fig. 6. Tap changer TC changes (T2), with a controller
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Fig. 7.Rotor angle of generator G3,G&ith a controller
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Fig. 8.Rotor angle of generator G3,(3&ithout a controller

Between t=3se¢ when the fault is applied to th& Bus, to

aboutthe 40" sec, the rotor angle of tlymnerators oscillase

time(sec)

voltage somewhat drops in the @nT,C) scenario due to

over time, indicating the stability of the system (Fig. 7).
[l) The eigenvalues of a system

indicate thestability of the system at a steady state.
TABLE VIII
THE EIGENVALUES OF THE SYSTEM

Row Eigenvalue Row Eigenvalue
1 0 10 -13.006
2 -55.519 11 -13.206
3 -37.196 12 -4.110
4 -0.744+i13.852 13 -2.805
5 -0.744j13.852 14 -0.099+j0.049
6 -0.015+i9.409 15 -0.099+j0.049
7 -0.015{9.409 16 -0.172
8 -15.217 17 -0.140
9 -11.704

The results of controller simulation using the HA model,

examining the voltage response of the buaed considering
the rotor angle of the generators show that the systetso
stable in a transient state.
IV) The stability theory of the switched linear systems
According to theory 1 provided {26] about the stability of

a switched linear system, if some subsystems are stélille w
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duration of operation in unstable modes; this depends on the

systen's working growth and decline rate in unstable and
stable mdes[26], [27]. According to the above theory and

given that the system has a longer operating tinteestable
mode, it can be conservatively concluded that ¢méire
system is stable.

C. Simulation results and examining voltage control

under disturbance caused by a sudden increase in load

from the Sm (L,T,C) scenario
Responses were evaluated by simulation igSILENT. A

9-bus power system was considered with a tiplegse T2 tap

changer and a 3% increase in voltage at each step of tap

change.

A 100MVar reactive power compensation capacitor bank

is applied to the grid in two 50MAf capacitance steps the
5" busbar and close to Load A. After simulatiaig=100sec,

at the0.013" sec, the active power of load A increases by 25%
while the reactive power of load A suddenly increases by 5%;

the situation puts the capacitor bank into the circuit for

reactive power compensation.

When the loadisessuddenly, the busegoltage first drops
and the tap changer shifts to status 3; afterimtthe
capacitor bank into the circuit, the busesltage improves

(reaches> 0.95p.u) and the tap changer returns to status 1

(TablelX).

The system stability is measured by four approaches
fgeneratorsd

i ncl udi hwo lftbaugseeds,

eigenvalues of a systemo,

switched | inear systemso.
I) Buses Voltage

and

disturbances; it is possible to address the problem using
The eigenvalues of the system having a negative true rooféactive power control equipmeftablelX).

TABLE IX
BUSES VOLTAGE OF NORMAL SYSTEMS AND ITSSCENARIOSM-
(L, T,C)

Name of Voltage of Voltage of Voltage bus
bus bus, normal bus,without within

system, p.u controller p.u  Sm(,T,C), p.u
Bus 1 1.04 1.006 1.008
Bus 2 1.025 0.92 0.957
Bus 3 1.025 0.91 0.973
Bus 4 1.063 0.98 0.999
Bus 5 0.996 0.933 0.983
Bus 6 1.013 0.91 0.979
Bus 7 1.026 0.964 0.983
Bus 8 1.016 0.90 0.972
Bus9 1.032 0.95 0.985

At t=0.013 sec, load A suddenly increases by 25%, the

busesvoltage drops first ah att=0.2 sec, the capacitor bank

enters the circuit and leads tioe application 0f38.6MVar
reactive power into the grid; thimprovesthe busesvoltage

othess are rot, then to achieve overall stability, the duration (Fig. 9).
of system operation in stable modes must be longer than the
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Fig. 9. Voltage of Bus 5, Bus 6, and Bus7 of the system, with a

-0.84
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COﬂtI‘O”EI’(Zoom-Ol tO 1S€COﬂ()i ——— G2: Rotor Angle in rad &
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U Fig. 12.Rotor angle of generators G23Gwith a controller
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Bus 1: Voltage, Magnitude in p.u.
Bus 2: Voltage, Magnitude in p.u. . 0.76
Bus 3: Voltage, Magnitude in p.u. time(sec)
Bus 4: Voltage, Magnitude in p.u.
Bus 5: Voltage, Magnitude in p.u.
Bus 6: Voltage, Magnitude in p.u. 0.81
Bus 7: Voltage, Magnitude in p.u.
Bus 8: Voltage, Magnitude in p.u.
Bus 9: Voltage, Magnitude in p.u. 087
i "-0.10 19.9 39.9 60.0 80.0 100.(
Fig. 10. Voltage of the syst 62: Rotor e inrad “me(se[j troll e
As the buses' voltage drops, the tap charglefts from G Rotor Angle in rad

status 1 to status 2 and then status 3. As the bus voltage Fig. 13.Rotor angle of generators G2, G3, without a controller
improves while the capacitor is present, the tap changer

remains in status Fig. 11). Ill) The eigenvalues of a system
4.0

Considering the rotor angle of the generators as state
pabtion variables, after calculations, 17 eigenvalues are obtained
34 (Table X). The eigenvalues of the system having a negative
true root indicate the stability of the system at a stastatg.
238 TABLE X
THE EIGENVALUES OFTHE SYSTEM
va Row Eigenvalue Row Eigenvalue
' 1 0 10 -12.98
2 -54.92 11 -13.2
16 3 -36.84 12 -3.92
4 -0.85+j13.81 13 -2.81
5 -0.85j13.81 14 -0.2
185 _ 6.0 12, 18. 24. sl 30 6 -0.05+j9.29 15 -0.149
———— T2: Current Tap-Position time(sec) 7 _005_1929 16 -0108+JOO42
Fig. 11. Tap changer changes (T2), with a controller 8 -15.20 17 -0.108j0.042
9 -11.62 - -

') Generatorsod rotor angl e

At t=0.013sec, the busesoltage drops first and the rotor ~ 1V) The stability theory of the switched linear systems
angle of the generators increases; thia rotor angle of the ~ As With paragraplV of the controller, sectioB, according
generators dampens and converges while oscillating !0 Prerequisitel in[26], and given that the duration of system

indicating that the system is stalflgg. 12). operation m the stable mode is higher, it can be
conservatively concluded that tbatiresystem is stable



