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Abstract: The synchronous generator is the essential element is high-power electric energy generation, and its
excitation system is vital for understanding its behavior. Thus, a synchronous generator connected to an infinite
bus, with its excitation modeled using bond graphs, is proposed. Given the size of these systems which entails
certain disadvantages the model is presented in two interconnected stages, with their junction structure defined in
aproposed lemma. The mathematical model of the complete system is obtained, and simulation results are shown.
Additionally, an external disturbance is applied to the mechanical coupling between the synchronous generator
speed and the speed input to the direct current generator, demonstrating that a condition of instability can arise in
the excitation and the system as a whole.
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optimal control applied to a synchronous generator
is proposed in [7]. The characterization of various
types of synchronous generator excitation systems
regarding the transient stability of power systems
is analyzed in [8]. A simulation of a synchronous
generator with mechanical coupling and an excitation
system is developed in [9]. Hardware-In-the-Loop
technology for examining static excitation systems

When modeling synchronous generators, it is of synchronous generator is described in [10].
common to treat the field winding voltage as a method for external disturbance rejection control in
constant source; however, for analyses of stability, a synchronous generator excitation system for a ship
generator response, and reactive power behavior, is proposed in [11]. The stability of multimachine
it is essential to consider the generator s excitation power systems using decentralized excitation control
system. References [1, 2, 3] are the best-known and with adaptive sliding modes is improved by [12]. A
most common in the modeling of the synchronous robust control for the excitation system in the speed
generator and its excitation system. stabilization of a synchronous generator is designed in

Research papers on excitation systems are cited [13]. Excitation control for synchronous generators
below.  Optimal values for the parameters of in multimachine power systems using an adaptive
a synchronous generator, used to determine the backstepping approach to improve transient stability
mathematical model of the excitation system, are under parametric uncertainties is presented in [14].
proposed in [4]. The analysis of two modern static Modeling a synchronous generator with its
excitation systems ST1A and ST7B is developed in excitation system represents the coupling of a
[5].-The effects of bridge diode switching processes mechanical subsystem, a three phase AC electrical
are commonly disregarded, but sometimes this subsystem, and a DC electrical subsystem; using the
transition can lead to problems in the terminal voltage, bond graph methodology allows these subsystems
which is analyzed in [6]. An excitation with to be unified within a single reference framework.

1 Introduction

The generation and consumption of electrical energy,
which is indispensable for all activities today, take
place within an electric power energy. Likewise,
the fundamental element of an electrical system is
the generator, which is synchronous for high power
supply capacities.
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Thus, a bond graph is way of graphically representing
systems that may consist of multiple energy domains
[15]. Furthermore, mathematical models can be
derived from a bond graph, and structural properties
of the system, such as controllability, observability,
decoupling, linearization, steady-state behavior and
controller design can be determined [16, 17]. The
analysis of structural properties of systems in bond
graph can be found in [18, 19].

Likewise, recent advances in bond graph modeling
have occurred in various areas, including the
behavior of an integrated trigeneration system is
simulated and analyzed using bond graph models in
[20]. The dynamic bond graph model of a twin
rotor system, which is similar to a helicopter, is
developed and simulated in [21]. Biomolecular
system models are introduced in [22], a bond graph
based energy analysis of Na* /K™ — AT Pase is
proposed in [23], a bond graph energy analysis of
biochemical oscillators is presented in [24], and
the implementation of Julia in systems biology is
developed in [25]. Likewise, bond graph model of
gear systems are developed in [26, 27].

In this paper, a bond graph model of the
system -comprising a synchronous generator, a
short transmission line, and an excitation system
is proposed. Given the extensive nature of these
types of systems, bond graph junction structures for
two interconnected subsystems are introduced. In
this way, each interconnected bond graph can be
modeled independently and analyzed either jointly
or separately whether graphically or in terms of
its space state mathematical model. To verify the
effectiveness of the developed model, simulation
results are presented.

Work has been carried out on bond graph
modeling of the synchronous generator [28, 29, 30,
31] but without considering the transmission line and
the excitation system. The modeling and simulation
of a synchronous generator connected to an infinite
bus in a bond graph approach is developed in [32].
Another interesting reference related to this paper
is the modeling of a balanced system consisting of
a synchronous generator and an infinite bus in a
multibond graphs approach that is proposed in [33].

Furthermore, to demonstrate the advantages of
bond graph system modeling, the behavior of
the mechanical coupling speeds, specifically the
relationship between the synchronous generator
speed and the input speed to the direct current
generator is analyzed when the system is subjected to
an external disturbance.

Section 2 describes the problem statement
regarding the modeling of the generation system
including excitation within the traditional differential
equation approach. The basic principles of bond
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graph modeling are defined in Section 3. The
synchronous generator connected to the infinite bus
- excitation system is proposed in Section 4. The
simulation results are presented in Section 5. Finally,
the conclusions are given in Section 6.

2 Problem Statement

Consider an electric power generation system
connected to the electrical grid via a short
transmission line, as shown in Figure 1. The

transduction of input mechanical energy (7', w)
to three phase electrical energy (a,b,c) is carried
out by a synchronous generator (SG), where the

transmission line has is characterized by resistance
!

abe?

RL »e and inductance L

a voltage vy [1, 2].

and the electrical grid has

Fig. 1: An electric power system.
Source: created by the authors.

The equations for the electrical system in Figure 1
in (a, b, ¢) coordinates are defined by

di
G _ pl l abc )
Vabe = Rabczabc + Labc dt + Vabe (1)
T
where v, = [v3° v° v ] and v§, =
T
[v¢ vf v& | are the three-phase voltages of

the infinite bus and the generator, respectively; R!,

and Llabc are the resistance and inductance of the
transmission line connecting the generator to the
bus and .. is the generated three-phase current.
For a simple transmission line model R!, =
diag {R., R}, R.} and L', = diag {L', L} L.}

The system of equations given in (1) is a
time-varying model; to remove the time dependence,
the Park transformation can be applied and is defined
by

cosf cos (9 — 2—“) cos (0 + 2—“)
P= \/g sinf  sin ( —2?”) sin (04—%)
1 1 1

V2

w

V2

V2

(2)
where § = wt + 6 + 5 being w 2rF. This
transformation for voltages and currents is given by
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Vaqo = Puvgpe and ige0 = Pugpe then (1) in
coordinates (d, ¢, 0) is transformed to

Pugy,. = PRy P™ Pigy.
+ PLfleP‘lPdZItbc 3)
+ Pugg,.
rewriting
Ug;o = Rizqoidqo + leqO di;lf ° )
— Lo X (w)iaqo + v35o-
where R, = PR, .P~'; Ly, = PL., P~" and

X (w) =42p-1,

Now, the next step to determine the synchronous
generator model in (d,q0) coordinates, which is
obtained starting from Figure 2 [1, 2].

a—>
T a
7, |
|
aq L, I -
bb 7}, :lh
A\/V\,_bo_rvv\Al +—> b
Do
[
[
[
[
Dol
ik,
R
- vet A% : :V
. b
L} RJ v “ﬁ v ?? n
Fig. 2:  Synchronous generator in (a,b,c)
coordinates.

Source: created by the authors.

The general equation for this generator is
G
Uabe —
o

—_ thz;bc 0 i?bc _ }\aGbc
0 RF (3 /\F .

G G
where vy} ., ia5c and A} are stator voltages, currents

and flux linkages, respectively; vp, i and Ay are the
voltage, current and flux linkage, respectively; and
RS and Ry are the resistances of the stator and field
winding, respectively.

)

By applying Park's transformation to the
generator s stator variables and parameters, the
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model in (d, ¢, 0) coordinates is given by

”gqo —
VR
— RccliJO 0 iqlqO _ }‘.dqu
0 RF iF )\F

+ [X (ngdqo] .

(6)

where R§, = PR, P~ = diag { R, RS, Rf'}.

abc
Flow links are defined by
AGio _ L%O Lo, idq0 e
AR Lm Lgp iF
where Ldqu = diag{Lg,Lf,Lg} and LT =
[ Magr 0 0O ].
The generator model is defined by
v5o
vp
RY wLf 0 0
_ | —wL§ Rqu 0 —wMgr| |idq0
0 0 RS 0 Ja )
0 0 0 Rp
LY 0 0 Myr
1 0 Lf 0 0 | d [igqo
0 0 LY 0 |dt]|ir]’
Mgrp 0 0 Lp

However, it is necessary to take the swing equation
into account in order to consider the generator s
mechanical subsystem, which is

dw
Ty— =1, — Dw
J dt m
where w is the rotor speed, T, is the input torque to
the generator, and D is the friction coefficient.
The following section summarizes
fundamentals of bond graphs.

)

the

3 Elements in Bond Graph Modeling

Bond graph is a system modeling methodology
that graphically represents the direction of power
flow among its elements; through the application
of causality, the direction of the generalized power
variables is determined, as shown in Figure 3.

The generalized power variables are effort e and
flow f, and their characteristic is that their product
determines power

P=cef (10)
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e

=

Fig. 3: Causal bond.

Source: created by the authors.

For an electrical system, effort is voltage and flow
is current. For the rotational mechanical case, effort
is torque and flow is velocity.

The bond graph modeling elements are as
follows: The power supply sources designated as
(MS., MSy) are active 1-port elements, which are
illustrated in Figure 4.

e [
MSe:V—== MSf:II?;
f

Fig. 4: Power sources.
Source: created by the authors.

The passive elements are defined by the resistors
(R), inertias (/) and capacitances (C') shown in
Figure 5.

Fig. 5: Passive elements.
Source: created by the authors.

The constitutive relationships of the passive
elements are defined by

1

e = Rl.f;f:E.e (11)

1 df
= — e = Lo— 12
f Ll edt7 € Zdt ( )

1 de
e = o [fasr=al a3
There are distributed elements that modulate

the variables of a model, known as modulated
transformers (MTF) and gyrators (MGY') which
are shown in Figure 6.
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e e, e e,
FSMTF=S— ¢ —=AMTF—>
/ I i f; 1 i
K(1) K(7)

Fig. 6: Transformer and gyrator.
Source: created by the authors.

The connection elements are represented by 0 and
1 junctions shown in Figure 7.

e e, e e,
<< €< << [ T
— — = =
: A

Fig. 7: 0 and 1 junctions.

Source: created by the authors.

According to Figure 7 in a 1-junction it is true that
fi = fo = fzand e; = ey + e3 and for O-junction:
e1 =ez =ezand fo = f1 + fs.

The elements that make up a system can be
classified according to how they process power;
thus, there are: sources (M .S., M Sf); energy-storing
elements (C,I); dissipative elements (R); sensing
elements (D..Dy); and junction structure elements
(0,1, MTF, MGY).

Given that a grid connected synchronous generator
with an excitation supply is a complex system, this
paper proposes a junction structure to subdivide the
bond graph modeling of the system, as shown in
Figure 8.

MSe, MST MSe, MST
5'(; i i1
| . ¥ A 4 i
, xi . Din
c,1 | . 0,1, MTF,MGY | pis R
— . 5 =
L4
De, Df MSe, MST
;[i+1 i+1
d i ut
. v %
L xit1 . Din
c,1 | .+ 0,1, MTF,MGY | pi R
zi+1
A 2y ] yit1
De, Df

Fig. 8: Subdivided junction structure.
Source: created by the authors.

The junction structure proposed in Figure 8
indicates two subsystems, (¢) and (i + 1), connected
via the output of subsystem (i), and the following
lemma determines the mathematical model of a
system represented by a bond graph with subsystems.
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Lemma

Consider a bond graph modeled system connected
via subsystems as shown in Figure 8; the sub-bond
graphs are assigned integral causality, and the
MTF and MGY elements can be modulated by
the co-energy variables z, thereby defining a class

of nonlinear systems whose junction structures are
defined by

, —— , i (14)
Sn Siy Sis Sizt Siy) |

i i is1
S31 Szp Siz Szﬁl 0| |, i1
Si 0 Siz Sy 0 i
gitl
Dyt
szrl -
1
2
i+1 i+1 i+1 i i+1 Zit1
S]Z}i*l Szil Sﬁl 51'3 514 DH_tl
521 522 523 553 0 zofl
Sitt Syt St Siz 0 i
Si+1 0 Sl"rl 0 0 uy
41 43 ¥l
* T as)
with the constitute relations
2 = Figt (16)
zg = Fyry (17)
Dy, = L'Di, (18)
zi+1 — F’i+1xi+1 (19)
i+1 — Fé+1x3+1 (20)
Dzﬁ;é = LD 21)

then the state equation in terms of co-energy for stage
1 is described by

= A'(2)2" + B'(2)u’
+ B (' Hi(2)a (22)
4 Hz ( ) i— 1
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(511 + S{,M'S5)
(S + S, M Sy,)
(

S () Sk

i
i
i
i]*lsm (F3) ™" Sis
1
) St (ED Sk

with the output

y'=C"(2) 2" + D' (2)u' + Dj_y () u'™"

Cct(
D (

S51 + S M* S,
S35 + S35 M" S5
Siz' + SiM* Syt

N
~—
Il

N
~—
|

M =L (T - Si L))

the state equation for stage i + 1 is given by

= AT ()2 4 AT ()2
+ Bt (2)u"t 4+ B (2)u
+ B"H(z) g g () ettt
+H P ()

Volume 21, 2026

(23)
24

Szt + Slelssg X25)

(26)
27
(28)

29)

(30

€2))
(32)

(33)

(34



WSEAS TRANSACTIONS on POWER SYSTEMS
DOI: 10.37394/232016.2026.21.33

where
A7) = [
(S sEars)  69
B (z) = [B]
(Sgl +Sz+1Mz+1Sz+1) (36)
i i+11 71
Bii(2) = [E H]
(i3 + Sig ' M*F1S5;) (7
H7,+1 [E'L+1] 'L+1
(F)” 1sz+l (38)
HH—l [E“Ll] Sz+1
(Fi+1) ™ st (39)
AT (z) = B(2)G'C(z) (40)
Bi*i(z) = B'(2)G'D""'(2) (41)
Bit'(2) = B'(2)G'D'(2) (42)
g+l — (Fi+1)_1
i i+1\ 1 i
s E TS @)
with the output
Yyt = 0 (2) 2 4 CZH(Z)Zi
+ DHl(z)qu + Df""l(z)ui (44)
+ D;"_’}(z)ul_l
where
CHl(z) = S+ S MG (45)
D) = S+ SHIMITISE (d6)
Di(z) = Sij'+ Sy MTIS (47)
and
Cit'(z) = Di()GCH(:) (@)
D) = DIHGD() (@)
D} (z) = Dj()G'Di_(z)  (50)
with
A A . oy —1
Mt — i (I _ 55;1[/“) (51)

and the connection between stages i and 1+ 1 is given
by

ul, = G'y’ (52)
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Proof. Starting from the second line of (14) with
(16)

Dy = (I = SL')” 53)
(5’212 +523u —i—SZ L= 1)

for the 7 + 1 component, from the second line of (15)
with (19)

% ; -1
(I S2+1Lz+1)
(S;—ll-lzz+1 4 S;’él-lui+1

+ Siauy ).

D’L+1
(54)

the relationship between 2 with z, is obtained from

the fourth line (14) with (16) and (17)
i Nl Qi i
+ (Fi) " Sigu’ (55)
+ (F5) " Sigtuih

considering that S}, does not depend on time and
differentiating (55)

iy = (F) ' Sy Fli

+ (Fé)*1
+(F)

St (56)

Szlzl

in a similar way for the ¢ + 1 component of the fourth
line of (15) with (19) and (20)

7,+1 (FH-I)
+(F)
+ (F)

SﬁlFiﬂj:iH
1 Sigrlui—s—l (57)
St
Replacing (53) and (56) in the first line of (14)
with (33)
[I — St (F)7 Sile} &
= 51,
+ SipM (842" + Shyu'
+ Sg5tu' )

+ Sig eyt

+ 514 ( d)i

+ 5L, (F) ™

+ 513@
543u

i—1 i1
Syz u" .
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reducing with (16)

= [(F) " = 81 (FD) sy B

[( i1+ SipM'85,) 2
+ ( 1'3 + SizMiS§3) u
+ (Si5 " + S1M S5 ) u'™
+ 5% (F;)‘1
+ 81 () st

(58)

Sist

by means of equations (28), (23), (24), (25), (26)
and (27) combined with (58), state equation (22) is
verified.

The output equation for ¢ is obtained from the third
line of (14) using (53) and (33)

= (8%, + S5, M Sh) 2
+ (S35 + S32M" S33) u’
+ (Si31 4+ SLL,MISET ) uit

(59)

with (30), (31), (32) and (59), the output provided by
(29) is verified.
Substituting (54) and (57) in the first line of (15)
with (51)
Gl = gitl it
+ S (S;‘Jlrlziﬂ

+ SiHqu + 5§3ui>

+ Siftytt 4 Sl3u (60)
+ S (R SﬂrlFiJrljcz‘H

+ S (R SglFHluiH
TS (R T S, F

with (19) and (43), expression (60) can be reduced to
S = [T
[(Sﬁ—l n Sz+1Mz+1sz+1) it+1
+ (Sig—l + Sz+1Mz+157,+1) +1
4 ( % 4 Si MH—IS23) U
+ Sz—f—l (Fz—i-l) SH—IFH—l i+1
+ ST (FiY) SZSFi—‘rlui]'

(61)

based on (61) with (34
(37),(38), (39) and (43

), expressions (35), (36),
) are proven. Thus, (61) can
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be rewritten as

+1 — Ai+1(Z)Zi+1 +Bi+1(2)ui+1

+ BfH(z)u; (62)
+ H T () + HE(2)a
applying (52) to (62) with (29)
+1 :AH_I(Z) i+1+Bi+1( ) i+1
+Hi+1()l+1+H1 ()zl
(63)

+ B!, (2)G"|C'(2)2"
+ D' (z)u’ + Di_y (2)u' .
from (63) with (40), (41) and (42), (34) is verified.
Starting from (54), and the third line of (15) with
(33)
+1 o g
+ S (S;‘jltlzm-l
+ Syttt 4 S&ué)
S S

with (64), expressions (45), (46) and (47) are proven.
The expression (64) with (29) can be written as

yi

(64)

+1 — Ci+1(z)zz+1 DH—I( ) 1+1
+ Di()G (C(2)#
(65)
+ Di(2)G'C(2) 2
+ Di(2)ul + Di_ | (2)u i—l).
by substituting (48), (49) and (50), (44) is proven.

A bond graph model of a generation system is
proposed in the next section.

4 Synchronous Generator with
Excitation Connected to the Infinite
Bus: A Bond Graph Approach

A Dbasic electric power system consisting of a
short transmission line connected to a synchronous
generator, with a field winding excited by a DC
generator is shown in Figure 7.

A bond graph model of a system in Figure 9
is shown in Figure 10. The synchronous generator
and the transmission line are in (d, ¢, 0) coordinates.
In Figure 10, the blue dotted line encloses the
synchronous generator components, the red dotted
line represents the transmission line, the yellow box
represents the zero elements coordinate, and the
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Fig. 9: Synchronous generator with an excitation
system.
Source: created by the authors.

1o—ﬁvuo¢1’—1%MSekJE|
25 10 w

G 1
R:Rg R:Rg

Fig. 10: Bond graph model of the complete system.

Source: created by the authors.
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excitation system is contained within the green dotted
line.

The main component of an electric power system
is the synchronous generator, which in (d,g,0)
coordinates, is defined by the resistances RS, R? and

R§ and the inductances Lgf, ch; and LS. The field
winding resistance is R]Cf. The input sources are the
field winding voltage V; and the mechanical torque
input 7;,,. The mechanical subsystem contains the
inertia of the generator rotor J< and the friction with
the air RF,’. The mechanical to electrical conversion
is performed by gyrators modulated by )\dG and )\qG.
The transmission line in (d,q,0) coordinates
is composed of the resistances (Rl , Rfl, Rf)) and

inductances (Lfi,qu,Lf)) along each of the axes,
respectively. The supply voltages to the system are
Va, Vg and Vg.

The excitation subsystem is defined by a DC
generator with inertia JYP and air friction b“P;
the armature resistance and inductance RSP and
LEP, respectively. In the generator, mechanical
to electrical conversion takes place in GY with a
constant module n, and the mechanical connection
of the DC generator shaft is established via a
transmission factor T'F with gain G. A capacitor
CYP is connected to the output of the DC generator.

The mathematical model of the system is obtained
by applying the proposed lemma. The first stage
of the model consists of the synchronous generator
connected to the infinite bus, the key vectors of which
are as follows:

D22 €22 fa2

) D24 oi €94 . Jou
' = | pe3 |;x = | e |;2"=| fo3
P56 €56 I56

P34 €34 f34

NHESHERH

T . _ [P

rg=|Dps |;Tq= | € |;259= | Jo
D7 er J7

; T
D;, = [ Joo fos for fst f3s fs fo Jfio ]
D! . = [exn €5 e esr ez €3 ey e

b= eag; 9" = fas
with constitutive relations defined by

ui:[el ey €3 619];ui7

(F)" = diag {L§.LS,J.L§}  (66)
(F))™" = diag {L%, L}, L}} (67)

Li— diag{Rff,RG,RqG,RJ,
(68)

R, Rh, Rl Rp |
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The ¢ submatrices of the junction structure are and the junction structure is described by
given by S
€43
J15
0 0 0 - 0 | _
‘ 0 0 O 0 0 fao| —
=10 0 0 A§+N, 0 eas
A0 =AG 0 0 | fas ]
0 0 0 0 0 - T - (72)
0 -1 0 -1 nG O f43
1 0 0 0 0 O0f |ess
0 0 0 0 G 0 €39
-1 0 00 1 0 0 0 0 O0f |ew
. 0O 0 0 0 0 1 0 0 0 0]]fs
Siz=10 -1 0 0}, 0 0 0 0 G 0] [ess
0 0 o0 1 T ST
0O 0 -1 0 Applying the lemma, the mathematical model for

(69) stage 7 is described by

EiY = Al (2) 2+ B (2)u' + Bi_, (2)ui™t (73)

n

—

|

—

I
OSO—R O oo

where
L§+14, M 0 0 0
M L§ 0 0 0
; E' = 0 0 LE+LL 0 0
=10 0 0 1 0 q q
531 [ ] 0 0 0 JG 0
0 0 0 0 LS+ Lk
(74)
1 00 100
' 0 00 0 00 T G I
s, = lo1o|: =010 Bg 00 A7HXA 0
0 R 0 0 0
0 00 0 0O P f T o .
00 1 00 1 E'A' (2) = — 0. 0 B _>‘d5>‘d 0
; - 0 A R 0
ty = [ =I5 T q d J
5o [ =15 T'] 0 0 0 0 R
(75)
Sy = — (512) ;S5 = — (514) ;5950 = S33 =0 o 0 0 0 O
0 0 -1 0
The k t fthe 7 + 1 subsyst o
e key vectors of the 7 4 1 subsystem are FB () = [0 1000 ]T 77
. [ paz | et { €43 } it [ fas ] Hi(z) = Hi,(z)=0 (78)
| 445 ] fas €5 | where RT = R§ + Rl; RY = RS + RL; R} =
) oi+1 ) ) G l
962“ = P38;Ty = €38; ZZIH = fasiuy = fa6 Ry + Ro. .
o ] For stage i + 1
pDitl — 39 | . pitl _ €39 oD .
mn Jag | 770Ut €42 c g faz| _
- - 0 LaD €45
ith th ituti lati (79)
with the constitutive relations _p¢D 1 fas3 N nG it
1 } . . 1 0 €45 0
i+
(Fd ) = diag {Ld’ Ly LO} (70) The behavior of the generation system is analyzed
L' = diag {J°P, RSP} (71 through simulations.
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5 Simulation Results

The numerical parameters of the system
for determining its behavior are as follows:
v = 220sin(wt) V, v, = 220sin (wt — 27/3)
V, v, = 220sin(wt + 27/3); T, = 300 N - m;
RG = 0.5Q, RS = 0.50, R§ = 0.5Q, R}, = 2.5Q,
Rl =250, Ry = 2.5Q, RY = 0.95Q, R§ = 14,

RS = 059, RSP = 0.01Q, RSP = 1.5Q,
LY = 1.64H, L, = 0.001H, L, = 0.001H,
LY = 0.001H, L¢P = 0.01H, C°P = 0.9F,
J% = 237N -m-s% J°P = 14N - m - s% and
16 { 1.7 1.55 ] ‘

df 1.55 1.65

With the given parameters, the behavior of the
state variables in terms of co-energy for stage ¢, that

. T

isz" =[ foo foa foz fse faa | where fao =
i§, foa = i?; foz = iS; fs6 = wand fsq = if
representing the synchronous generator variables are
shown in Figure 11.

g;: L | o Pt 3
" an
gmz = R e e
" 200
W00
2z ~
B o e — =
i~
o
#
o
|
§oa
o 2 4 [3 8 10 12 12

tirre {s)

Fig. 11: Response of the variables 2°.
Source: created by the authors.

The steady state values of 2’ denoted by (2*) _are
given by

(fo2) 44 88.9665A
, (foa).os 100.6741A
(2') .= | (fas)ss | = 1.3571A (80)
(f56) 5 95.6081rad/s
(f34) s 0A

The behavior of the co-energy variables of stage

. Ny T .
i+1,thatis 2t = [ fa3 ess |, where fy3 = i¢P
and ey5 = Vg D the significance of the excitation
system variables is shown in Figure 12.

The steady state values of z'*! denoted by
(2'*1),, are given by
|-t ] o

(f43) o
Note that the synchronous generator variables will

B [ —0.9251A
(e4s) ss
only begin to stabilize once the excitation system

+1
(=) 95.6430V

SS
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Fig. 12: Response of the variables 2**1,
Source: created by the authors.

voltage has settled at its steady-state value. The
system currents (iq,1p,%.) generated and sent from
the generator to the transmission line, reaching the
infinite bus, are shown in Figure 13 and Figure 14.

[} 2 4 © ] 10 12 14
tire {=}

Fig. 13: Response of the generated currents.
Source: created by the authors.

Figure 13 illustrates the full simulation range,
while a reduced time interval is shown in Figure 14.

14.07

14.08 1400 144 1411 1492 1413 1414 1415

tire {s}

Fig. 14: Response of the currents over a short
interval.
Source: created by the authors.

Power is supplied to the generator's excitation
system via a mechanical coupling, providing the DC
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generator with the mechanical energy that will be
converted into direct current electrical energy. This
mechanical coupling in the bond graph is a T'F
element with bonds 36 and 37; the velocities or flow
variables on both bonds, with a constant modulus of
0.1, are shown in Figure 15.

300

gg'm /\ \/\/“—"—“—‘_— S

d .,r-—-"‘-g-»-\»-ﬂib—f‘/

o 2 4 6 8 a0 2 "
trres =}

Fig. 15: Mechanical coupling speeds with G =
0.1.

Source: created by the authors.

Note that the synchronous generator speed is
w® = 95.8314rad/s and the input speed to the
DC generator is wP = 9.5831rad/s; after the
transient period, the system stabilizes, resulting in a
stable power supply from the excitation system to the
synchronous generator.

Subsequently, the mechanical coupling is
subjected to an external disturbance initiated at
15s and ending at 18s generated by a cycloidal signal
with a maximum magnitude of G¢** = 0.1075, while
the original ratio of G = 0.1, Figure 16 shows the
behavior of the speeds within the coupling.

300

f.'1lf'-ﬂ.'\J'-¢.n,! I,",“r.rbr‘n;|
|
nw’\f“-— e — — -\l? le

Jym M’t Iﬁ!w\f

'/V /'.nw— s

E —id
g R
g

o 10 20 ﬁ:ﬁ}
Fig. 16: Coupling speeds with G¢** = 0.1075.

Source: created by the authors.

The behavior of the currents (iq, iy, iq) under this
instability condition of G¢** = 0.1075 is illustrated in
Figure 17.

It is clearly evident that, although the external
disturbance ended at 18s and is increasing G = G +
Ge*t = (.2, the velocities were altered in a way that
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Fig. 17: Currents i4, iy and 7, with Gt = 0.1075.

Source: created by the authors.

generated an unstable condition throughout the entire
system. The disturbance decreased to G¢** = 0.107
and the system maintains a condition of instability,as
shown in Figure 18.

00
f |
b } ‘ (\/\/"""‘—\ -
o
?? OW/“/‘—* =

o 10 2 '_":J(') -0 50 L)
Fig. 18: Coupling speeds with G** = 0.107.

Source: created by the authors.

The performance of the ig4, iy and i, currents
is shown in Figure 19, where it can be seen the
stability is maintained from 20s onwards, but the
system becomes unstable shortly before 50s.

It is interesting to note that, with this perturbation,
instability appears at 50s, even though stability
seemed to be maintained. By applying the
perturbation at G¢** = (.1, the system returns to the
stable condition, as illustrated in Figure 20.

The behavior of the currents i4, iy and i, is
illustrated in Figure 21 which shows that the system
is stable.

Through this system stability analysis applying
external perturbations of varying magnitudes to the
mechanical coupling it is determined that this element
is highly sensitive and critical to the stability of the
entire system, for if excitation stability is lost, the
synchronous generator will also become unstable,
and the current supplied to the infinite bus via the
transmission line will become unstable potentially,
in an extreme case, destabilizing other components
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Fig. 19: Currents 44, i ¢ and i, with G*** = 0.107.

Source: created by the authors.
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Fig. 20: Coupling speeds with G¢** = (.1.

Source: created by the authors.
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Fig. 21: Currents 74, i s and i, with G*** = 0.1.

Source: created by the authors.
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connected to that infinite bus.

This paper does not extend to determining the
value of the mechanical coupling between the speeds
of the synchronous generator and the direct current
generator required to maintain system stability. This
could be a subject for future work on maintaining
stability across a range of values for this coupling.

6 Conclusions

A synchronous generator connected to an infinite
bus via a short transmission line, with an excitation
system modeled using bond graphs, has been
presented.  Given that such systems consist of
interconnected subsystems, a lemma is proposed to
establish junction structures for subsystems in bond
graphs. In this way, the mathematical models of the
subsystems are obtained. The simulation results using
the 20-Sim software are shown. The mechanical
coupling between the synchronous generator and
the direct current generator is subject to external
disturbances, which can lead to instability in the
excitation system and the system as a whole.

Declaration of Generative AI and Al-assisted
Technologies in the Writing Process
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utilized artificial intelligence (AI) technologies
solely for the purpose of linguistic refinement and
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