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Abstract—The paper proposes a decentralized excitation con-
troller to improve the stability of large power systems. Exended
Lyapunov-like energy function and equivalent expressionsof
stator transient voltages are utilized to design a nonlineaadap-
tive excitation controller. The proposed controller only requires

local machine measures and parameters. The performance of

the designed excitation control system is evaluated on theeN-
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known IEEE 118-bus 54-unit power system and compared with E, E’

conventional exciter controls.

Index Terms—Multi-machine power systems, automatic volt-

age control, structure preserving model, transient stabity anal-

ysis, decentralized control, Lyapunov function.
NOMENCLATURE

SPM Structure preserving model.

RNM Reduced-network model.

AEC Adaptive excitation controller.

RNC RNM-based excitation controller.

m Number of machines.

b Number of buses.

Lk, (4) Index of (machine) bus.

Q Index set of buses which connect to bus

Q Index set of brancheg, € ; = [k € Q.

b, (m) Index set of (machine) buses, < b.

Zo Equilibrium value of any variable’.

Z Time derivative of any variable.

Hess(+) Hessian matrix of a function.

Vi, Voltage magnitude of bug in pu.

1% \oltage magnitude vector.

0, \oltage angle of bug, in rad.

6 \oltage angle vector.

d; Power angle ofith machine, in rad.

o Power angle vector.

55, Ok Relative angles; = §; — 6;, 61, = 6, — 6.

Va,, V. Va, = =Vi, sind;, Vg, = Vi, cosd;.

Vijs Ve Vsj = Vo = Vi, Vej = Vg = Vo

wj Relative speed ofjth machine, in rad/s.

w Relative speed vector.
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System frequency.

Synchronous speed, = 27y, in rad/s.
Relative speed,,, = w;/ws, in pu.

d- andg-axis stator transient voltages gth
machine, in pu.

Eqy=E) —Ej ,E;=E, —E .
d- andg-axis stator transient voltages vector.
Excitation voltage ofjth machine, in pu.
Vector [VT 0T 67 ™ E," E,"|"

Inertia constant ofith machine, in s.
Damping coefficient ofith machine, in pu.
Mechanical power ofith machine, in pu.
Active and reactive powers generated;ily
machine, in pu.

Active power vector.

Active and reactive powers transmitted on
the line between busand busk, in pu.
Active and reactive powers consumed by the
load at bud, in pu.

Conductance of the line between buand
busk, in pu.

(shunt) susceptance of the line between bus
[ and busk, in pu.

Bj;, = By — B

d- and g-axis open circuit transient time
constants ofjith machine, in s.

d- andg-axis synchronous reactances;tf
machine, in pu.

d- and g-axis transient reactances gth
machine, in pu.

xgj =zq, — x&j, x;’] =24 — I/,

q; :x:ij 7I£1j'p.7 Ld; /(dexd d; )
Unknown bounds OthLVIdL and|91|/a:dl.
Positive constants to be tuned.

Posmve smaII constants<(1) to be tuned.

Paj = qu VSJ + (wj — 0. i)V, +Vt 51115

bqj = Téjmfzj ‘703 + (w; — O.j)Vdj +V}j €08 d;.
ij = P(ij/‘/tj'

Yaj = er/th + th/xiij'
Ygj = er/th + th/x;j'

Saj = 4/ ,33- +1/’3j'
qu =4/ 2- +¢2-.

g = § — arctan (V¥p;/Ya;)-
dj — arctan (¥p;/1g;)-
1 = Cos 53' + sin 5j tan agjo.
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j = sind; — cosd; tan agjo. 1 m+1
¥2j 25 j j djo P, Qe, P ..
V35 3 = Vdj + V:Zj t~an Qdjo- ) o._'_,Q (m+1)
P4 Y45 = P15 tanh(quiolj/ulj). PLl, QL1 Lim+1)
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|. INTRODUCTION Fig. 1: An m-machineb-bus structure preserving power system with nonlineardoad

IGH-VOLTAGE transmission systems are complex, in-
terconnected systems, whose dynamic response, stabililyrk neglected the reactive power balance and the considere

analysis and control have been object of intense study nmodel was not correct. Besides, there are also other beadefici
the last century. Due to the large number of equations arekults with the key idea of constructiegergy functionsFor
constraints that describe real-world power systems, aed @xample, in 26]-[28], Lyapunov-like energy functions have
resulting high complexity, most techniques aimed at definirbeen constructed to perform transient stability analysised
and improving transient stability following large distarices, on the traditional swing equation dynamic model which is
are generally based dimited simplified model$1]-[4]. By a simplified SPM and in R9], energy-shaping technologies
utilizing such simplified models, a number of control techhave been used to design decentralized excitation cogtroll
nologies are presented to design effective excitationrobets However, the existing workseglect the transient effects of
[5]. In fact, in the realistic applications, the more accutthie the damper winding and the transient salienaich are
model is, the better performance the designed control systsignificant factors, due to the intrinsic difficulties enotered
has, but also the more challenges one needs to addBessip constructing Lyapunov functions and the controller sing
RNM and SPM are two types of power system models for tharity problem (see SectioHI-B for further explanation). In
excitation control problem. We will, respectively, dissubeir addition, the fact thathe dynamic models of bus voltage mag-
properties and relative merits in the following part. nitudes and angles and the exact values of SPM parameters

In the existing literature, various RNMs were presentedhile they also play an important role in transient stapilit
through eliminating the network topology and the loadg studies, are generally unknown, and this should be coresider
utilizing the integral manifold method], [8] or the singular in the excitation controller design.
perturbation approach9]-[12], or by explicitly solving the In summary, for transient stability problem, it is necegsar
power flow constraints under the constant impedance loaddscomprehensively consider the aforementioned factors on
assumption I3]. The RNMs are a set ofionlinear ordinary the SPM, and then to tackle the corresponding challenges.
differential equationsso the conventional control methoclsn Therefore, this paper proposas extendedLyapunowvlike en
be appliedto obtain many interesting results with the helgrgyfunction andanorinearadaive decertralized excitation
of Lyapunov functions, for instance, adaptive backstegpincortrol straegy to improve trarsient stebility of a strudure
L, disturbance attenuation, dynamic surface, neural netwgrkesening power sygem with norinear loads. Compared
and high-order sliding-mode methods have been utilized wath the previous works, the main features of the proposed
design robust nonlinear excitation controlledf]-[20], and controller are threefold: (i) the design of the controlebased
a centralized excitation control law has been designed bw relatively accurate power system model; (i) only local
using the Hamiltonian function metho®1]. Nevertheless, machine quantities are needed to design the controller{ignd
RNMs only include the limited terms related to generat@daptive scheme is given to maintain robustness of eanitati
buses rather than the whole network buses, i.e., the losgtem even though there are unknown or varying in the SPM
bus voltages are neglected in RNMs. Thus, as pointed garameters involved by sudden and severe disturbances.
in our aforementioned discussion, the performances of theThe remainder of the paper is organized as follows: Sec-
corresponding designed excitation control systems mayobe tion Il describes a high-order SPM. Sectitih proposes an
satisfactory in the realistic applications. extended Lyapunov-like energy function. In Sectitw, a

Differing from these, the SPM was firstly proposed &2 nonlinear adaptive decentralized excitation controlkerde-
and it naturally preserves the physical meanings of powsigned based on the proposed energy function. The controlle
network component8ut since the SPM is a set abnlinear evaluation results are presented in SectibrConclusions are
differential-algebraic equationsmany classical control tech-drawn in SectiorvI.
niques, e.g., backsteppingannot be applied directlyOnly
a few works investigated how to overcome the limit of the Il. STRUCTUREPRESERVINGMODEL
SPM-basedransient stability assessment and control.2§,[ We consider am-machineb-bus structure preserving power
[24], the immersion and invariance method has been applisgstem shown in Figurd. Without loss of generality, the
to a differential algebraic single-machine power system two-axis model is utilized for alln machines. The following
design an excitation controller. But as stated #9]|[ this notation is adopted in the remainder of the paper:




1. Ifl¢ m, thenP, = Q. =0. to be limited to small examples (see, for exampla3]).

2. If k¢, thenBy, = Bfkh = 0. We will, hence, assume a lossless transmission system, Note
The following models are assumed for the generatof¥wever, that this assumption does not affect the resulting
transmission lines and loads. control scheme, as discussed in the case study.

We consider the following energy function:
A. Generator Model

m
H; Tq =
. . _ . 7y, 2 qj 2
In this paper, we consider a fourth-order synchronous ma-£(x) = 2 (_ Prn; 05 + 2w, i + 20! ol Eg
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Note that: The excitation voltagg,, is equivalently trans-  Proposition1. The operating pointzo is the unique mini-
formed intoEyq, = Eyq,, +uj, u; is excitation control input. mum of the energy functio’ in (6) based on the facts:

oK =
B. Lossy Network Model %2 le==0 =0, (7)
The transmission lines are modeled with the standard Hess(E) |z=ao > 0. ®)
lumpedII circuit [1] Proof. See the Appendix. O

Py, = GV + Vi, Vi, (Bu sin Oy, — G cos 0yy,), 3) According 1o th iion above(a) is a L
. ccording to the proposition abov is a Lyapunov-
Qo = Bl/kvt? ~ ViV (B cos Oux + G sin b ). like enerfjlygfunctionp P @) e
C. Load Model It is |mpo_rtant to note thatd] is not unique. As_a matter of
fact, in the literature, several other energy functionsehasen
The loads at each bus are represented by the fO||OWIBEbposed 4]. For example, the following energy function is

arbitrary functions of the voltage and the angle at the bus often employed to analyze the stability of thpen-loopgpower
Pr, = ), Qrn = fa(Vi). (4) System (i.e. foru; = 0):
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Note that, for the definition of the proposed control scheme,
the expression off,; and f,; do not need to be known

explicitly. Finally, load power consumptions are linkedtte ) j:l 1% ] 4 (9)
grid through well-known power flow equations: + xTE‘lif Vij — xTE‘;J' ch),
P i=—-PFP,+ P, + 22:1 Py, =0, 5) N qj. _ _dj N
Qui= (—Qe, + Qu, + X_1 Qu)/Vi, = 0. Proposition2. E’ in (9) satisfies the conditions:
I11. LYAPUNOV-LIKE ENERGY FUNCTION aa% |m:m.o =0, (10)
In this subsection, we definelajapunov-like energy func- E'<0 (11)
tion that has a unique minimum on the operating point q;roof. See referenced]. 0

structure preserving power system model consisting19f (

(2). (3. (4), and 6). The method proposed irB4] to justify the positive defi-

. . niteness of the Hessian matrix dd)(is computationally very

A. Structure Preserving Energy Function demanding and, for large systems, it is actually not possibl

In [30], the nonexistence of an energy function of a lossip decide whetheE’ is a Lyapunov function. This is the main
power system has been shown. Thus, a necessary conditi@akness of the “open-loop” analysis framework and several
for the success of the energy function method is that tle¢her energy functions considered in the literature andrtaim
network is assumed to be lossless, i@ = 0. This is motivation for proposing®&). In the remainder of the paper,
a general assumption which has been widely used in powee will study the nonlinear excitation control synthesiglan
systems analysis and contrdld], [21], [27]-[29], [31], [32]. analyze the stability of the closed-loop power system based
The few attempts to remove the constraifng = 0, appears on the Lyapunov-like energy functioR given in ©).



B. Problem Statement Lemmal. The following inequality holds for any > 0

Based on SPM, ie.1f, (2), (3), (4), (5) and @9 as andforanyCeR
described in Sectioll and in Appendix, respectively, the time 0 < [¢] = ¢ tanh((/e) < ke, (15)
derivative of E(x) along the system trajectory is
K is a constant that satisfies= e~ (**1), i.e. k = 0.2785.

; m q] EdJ
B=Yal-5+3 (%J * T' T uj) B ¢dj] (12)  proof. see reference3f). O

Through the observatlon oiD), the fpllowmg rema_irks_ consti- |n the following, Lemmal will be utilized to process the
tute relevant challenges for the design of the excitatiortredt  yncertainties resulting from unknown boundlg and Ay in
1. 1t is difficult to cancel the nonlinear function termthe proposed adaptive control design and analysis.
Eqj¢qj/x;, through the control inputu;, because of
Contr0||erh5|n.9U|fli_“_W-f f 4o the d ~ B. Excitation Controller Design
2. Due to the implicit form ofV;, and ,, the dynamics AEC, for which only local information is needed, is pro-
Vi, == fu,(t) andé; == f,(t) in eq. G) are unknown.
evosed as follows.
3. The exact values of power system parameters are kno L
irst, letdy; (k = 1,...,5) denote the parametric estimates
with a certain degree of uncertainty. " 20, Tyl
J i

These challenges are addressed in the following section. and definedy; = ¥, — ’,’ ’923 - 192J za, Ty ) U35 =

ai%a;
! "
~ demd

Daj — =2, gy = aj — 3, U5 = s — /;2]] as the

IV. EXCITATION CONTROL BASED ONENERGY FUNCTION d;
parameter estimation errors

From Propositiorl given in Sectiorlll-A, a natural idea to  Then, consider the augmented Lyapunov functidn= E +
ensure post-fault transient stability is to impose thattthree 25 Zk D 192 Invoking (12) and (L3), we obtain:
derivative of the energy functio@(x) is non-positive. This
condition is direct consequence of Lyapunov second stabili i/ = ZJ L (_ g + ijqjuj
method. With this aim, in this section, an adaptive decen-

tralized control scheme is proposed to solve the difficsitie +pj[(1§1g — D) Egj Ve + 191319“]
discussed in SectioHl-B. 3
+pj [(1923 - ﬁQJ)EQJV + 192319%]
A. Preliminaries + 03[ (35 — J3) Eqjwjepa; + 193319&]
We first introduce the following two standard assumptions + pj[(1§4j — V4;)Eqjpaj + 194J194J] (16)
to make the control synthesis tractable. -
1 3 [(Ds; — F5) Eyyios; + D055
Assumptionl. The following approximate expressions of v
E,; and E4; are used for the control synthesis: + (#qugplj - Aleqj<p4j)
Idj
E . - ,E t . . )~ ~
/%, o tan o/, 13) + (f’; EqjVijpaj — Aszqusj))'
J

Assumption2. There exist unknown positive constants ) o )
i, Az such that| £, (£)|/2, < Ay and | fa, (£)|/27, < Aar. Finally, the control signat:;, which incorporates adaptive

Remark 1. Note that, based on2], and using triangle updating laws of unknown parameters, is designed as follows

function identities, one can get the following expressions 19 = Ey; Ve 192] — E,;V! 193] = Eyjw;ps;
I 377 I
E/ [ . “ .
E?j/xt/ij Sd;’COb.Oédjv (14) 1943 = qu<p4j,195j = qutp@,
4,/%q, = ~ S sinag. ;= D15 Vej + D Vi + Dajwjps;, (17)
Thus, one can conclude that the valuesrgf (E;j) depend Xj = Dajpa; + D555,

much more onS; (qu) than Oonag; (ags). Moreover, since o _ =
xd =z, thenSy; = S;; anday; = ay;. Hence, Assumption Uy = =05+ x5+ 13F).

1is reasonable In order to clearly show the above controller, block diagram
is given in Figure2. Substituting 17) into (16) and applying

Remark2. As stated in Remarlt, Assumption 1 is a con- )
LEMMA 1, we obtain:

ventional hypothesis for establishing a relationship leetw
Ey; and Ey; to avoid the singularity problem. In addition, W < Y7 | [ — =/ + A; (|Egionj| — Eqjpas)

based on power flow equatio®)(and the implicit function n /\ (|E Vi | — )] (18)
theorem, the time derivatives of implicit algebraic vatésh . jﬂ wVis 02l = Buyosy
(Vi,,0;) can be deduced as nonlinear functions of system < 2o (= B+ /0;).

variablesxz which are known to be bounded (se®d)) by The inequality £8) indicates that the proposed control scheme
means of various protectlon schemes such as Operatlngtyecqg stable in the Lyapunov sense.

limits. Therefore, the dynamch’tl and 6, are also bounded

Remark3. In the post-fault transient, system trajectories
and Assumption 2 with unknown bounds is reasonable. P y J

can deviate from their equilibrium points and lead the term
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(ﬂv] =sin S]— cosz?j tanq, iz 04j = 1) tanh Equ’:” LPai)s g J
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Input Variables Designed P = G \—Ei

Fig. 2: Block diagram of AEC modell{).

IEEE Excitation System Model

% { jth Machine H Power Grid

Fig. 3: Schematic view of implementation of AEC mod&r), Fig. 4: IEEE 118-bus system.

'™ E to be large compared with Y, ©,. Therefore, AEC model is proposed based on the energy function with
thje_desjigned AEC as shown in7 provji(_jes decreasing of & conventional lossless approximation as described in Sec-
Lyapunov functioniV along the post-fault system trajectorytion Ill-A, the simulations are performed using the lossy

such that the power system will asymptotically converge ftwork model as shown in SectidhB.

the region|z — @o| < » ST 0, with arbitrarily small The foIIowm.g mean errors are d_eflned as the simulation
J outputs to achieve a holistic evaluation.
constantg;; and po;.

Remark4. For practical implementation of the proposedSn _ l254 IS0 |, Vi = LZus Vi, — Vi, |
adaptive excitation system model, a conventional appragch™® =~ 54 <=1 17wl 7t 118 ~ui=1 1Pt = Thob
shown in Figure3 (see B6] for reference) is to add the AEC Q7 = = Z?il Qe; — Qesols By = 25 224:1 |Era; — Efdjl-
output signalu; to the voltage reference set poifitizr,  The performance evaluation of the designed AEC is
see B7] for details) to produce an error voltage for thgychieved by comparing with the RNC it and the standard
exciter which is equipped oyjth generator. In other words, |EEE Type DC1C/ACAC excitation system37]. Moreover,
the proposed AEC is actually implemented as an additiongloughout the simulation, all 54 machines are assumed to be
signal added to the voltage error calculation, i.e., aut@magriven by turbines with constant mechanical output power an
voltage regulator (AVR) summing inpuBY]. In steady state, gre represented by the fourth order model that includes the
this signalu; is zero. As such, the main structure of thgansient effects of damper winding and transient saliency
existing excitation system (AVR) is not altered. There are three points to be explained: (i) the AEC requires
Remark5. There are three parametess;, ;1; and po; the measurable relative anglé;), not each quantityd; or
to be tuned for the AEC ofth generator. First, choose anyf;) independently; (ii) (extended) Kalman-filter based dyiam
initial values0 < ¢}, 0 < uf; < 1 and0 < py; < 1. estimators 40], [41] can be employed to estimate the
Then, under large disturbance test mode, if large oversheois stator transient voItageEgj) which cannot be measured
of voltage happens, sef; = c}j > c(le, pij = ML— > M?j directly; and (iii) the AEC does not need prior knowledge of
and pp; = py; > py;. However, larger values of designedexact values of power system parameters.
parameters may cause larger oscillation of relative spbed,

. TABLE I: COMPARISONSCHEME
a trade-off between voltage and relative speed may have to be

made heuristically. Generator ES| Condenser ES Sl S? S3
AEC AEC
V. CONTROLLER PERFORMANCEEVALUATION RNC RNC TLO | TPSC| MF
The IEEE 118-bus 54-unit interconnected power system AC4C DC1C

L ES, TLO, TPSC, and MF mean Excitation System, Transmission

shown in Figured is utilized to evaluate the performance of Line Outage, Three-Phase Short-Circuit, and Multiple &aul

the proposed AEC. The on-line capacity A5 = 9966 MW,
Q = —7345 ~ 11777 MVAr. The total load isP;, = 4242 The simulation output variables are chosen as relative roto
MW, Qr = 1438 MVAr. Due to space limitation, systemspeed §.,), bus voltage magnitudeVy;), machine reactive
data (such as power flow solution, generator parametess, lpower Q.,), excitation voItageEfdj) and their mean errors
conductance and susceptance, etc.) is omitted but thesteer (S, V", Q¢, £7,) defined above, for all 54 machinegj(e
reader can find more details id][ m) and 118 busesY( € b). In addition, Tablel provides the

All simulations are carried out using MDyN [38 and simulation comparison scheme which is implemented through
MATPOWER [39]. It is important to note that, although thethe following 3 scenarios (S1, S2, S3).
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Fig. 8: Scenario 1: Excitation voltages of 54 synchronoushires.(a) Proposed AEC(b) RNC; (c) Standard IEEE controller§d) Comparison of mean errdE?d.

1) Scenario 1. Transmission line outage faulkk small- the comparison results with 3 indexes): (i) AEC has the best
disturbance test, in which outage occurs on branch betwesitage regulation performance with the highest accurady a
buses 30 and 38 @t2 s, is performed to simulate a transienthe lowest cost of control; and (ii) for the rotor speed, AEC
reduction of the power transfer capability that can lead snd RNC yield similar performances which are better than
power oscillations. those of standard IEEE controllers.

From figs.5 to 8 which are the response trajectories of Thus, a small fault case depicted above verifies the effec-
all output variables in this case, we find that all the thre@/eness and the superiority of our AEC, but since theretgxis
excitation models are effective to recover stable steaalys possibility of more serious faults in practice and it is resagy
condition but, compared comprehensively (see Tdbléor to further evaluate and compare the regulation performahce
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AEC, we consider a three-phase fault in the next scenario. As shown in figs.9 to 12, the response curves of the

2) Scenario 2. Three-phase short-circuit faul& large outputs of AEC, RNC, and IEEE standard controllers, which
disturbance namely three-phase fault that occurs on bus laa# obtained by considering this large fault, are compased (
0.2 s and then is cleared aft@s0 ms, is utilized to further Table Il for further results). Following this: (i) the proposed
evaluate our AEC. During the fault, the synchronous machiméEC is able to get the smoothest and the most stable responses
at the faulted bus cannot generate active and reactive powat to regulate the voltages to their desired values in the
normally, and the voltage at this short-circuit bus will dromost accurate way by the lowest costs of reactive power
to zero. As such, in the post-fault period, if there is nodaliinjection and field voltage control; (i) the RNC exhibits
excitation control, the fault may trigger critical osciltZns and smaller overshoot and steady-state error on the rotor speed
may eventually lead to the whole system instability.
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responses of only a few machines than the AEC, but the RMEC under a relatively complex situation, multiple faulte a

cannot eliminate high-frequency oscillation and ovetagé; utilized in the next scenario.

and (iii) the system controlled by IEEE AC4C/DC1C, instead, 3) Scenario 3. Multiple faults:In this case, we consider

is unstable. multiple faults on bus 33. A0.2 s, three-phase short-circuit
happens, after that, it is clearedlat5 s, and in the meanwhile,

Consequently, in comparison with RNC and IEEE corlead shedding occurs. Besides the influences of three-phase

trollers, the proposed AEC displays its ability to mitigéite fault discussed in the last scenario, the imbalance betloeen

large fault effects and to recover system steady-state e s demand and generation may resultfiequency deviatian

time. In addition, only a single fault is included in eachloét  In figs. 13 to 16, we find that all the three excitation

above scenarios, in order to assess the performance of miredels can ensure the stability under this multiple faults



TABLE II: COMPARISONRESULTS

APPENDIX
Best Output PROOF OFPROPOSITION1
Sw. | Vi | Erg. . .
Index i | Vi | Qe | By, Proof. Differentiating £ leads to:
S1 * | RNC | AEC | AEC 98 _p _p 4+ Lp.y __Lp.yv
- = . . 7 d 7 d .
os [ =2 * | AEC | AEC | AEC 00 e Tl TG T
0E _ H; OE Ta; OE Ta;
S3 RNC| AEC| AEC| AEC S = wWinae = mem Ba 3 = war Bajs
S1 RNC * * * 93 37 dj j 575
OF S2 | AEC| AEC| AEC| AEC or Qi1 V,0), lem, (19)
) - —
S3 AEC | AEC| AEC| AEC Wy Qi(V,0), l¢m,
S1 RNC| AEC| AEC| AEC , B
SSE|[ S2 | RNC| AEC| AEC| AEC oe _ | FI0,V,0), lem,
S3 AEC | AEC| AEC| AEC % P(V,0), l¢m,
1 0S, OF and SSE mean Overshoot, Oscillation Frequency ~ ~
and Steady-State Error respectively. where Pl/ = P+ Edlvzn/x/ql — qule/x:iz’ Q; = Ql +

2  represents both AEC and RNC. ~ ~ . .
P EaVa, /(x5 Vi,) + EqVy, [ (25, Vi,). The expressions shown in

(19 lead to ).
The Hessian matrix of?, calculated at the operating point,

condition, furthermore, as depicted in Table (i) for both is as follows:

the transient process and the steady-state, the AEC exhibit 051:’; %I‘D/e 051}

the most excellent post-fault voltage regulation by speadi H

least costs for reactive power and excitation voltage; aipd (  Hess(E)|,_,, = '";;'Q'J;"'}‘"":P'f"'gé'];";j@}"' ,
for the transient process, although AEC has slightly bigger % 5—}% P,

amplitude of the rotor speed responses than RNC, all the o8 [ oV o8 w—z0
gﬁ;p?éggji?s{rlﬁﬁe?gAEc are more stable than those of RNV\CIi1ere Py = col(ﬁ), Q; - collQ) Hy -

diag{diag{ 52}, ding{ %}, diag{ 5%} }.

To sum up the above three scenarios, the AEC has adaptab”From positive definité Jacobian ofjngjfmal power flow which

ity to different fault conditions and has an outstandingutag corresponds to local regularit], Lemma 1 in P9 and
tion performance beyond conventional excitation modelgs T Proposition 2 in 81], one can proved). Since both conditions

is mainly due to the fact that our AEC is derived based o P
and @) are satisfied, the energy functidn is Lyapunov-
the relatively accurate SPM and the proposed extended;en;(;:ge func%)on. o yap =

function which possesses both Lyapunov characteristic and
physical interpretation. Additionally, the comparisorsuks
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