
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
a proposed 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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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.

When modeling synchronous generators, it is
common to treat the field winding voltage as a
constant source; however, for analyses of stability,
generator response, and reactive power behavior,

it is essential to consider the generator ́s excitation
system. References [1, 2, 3] are the best-known and
most common in the modeling of the synchronous
generator and its excitation system.

Research papers on excitation systems are cited
below. Optimal values for the parameters of
a synchronous generator, used to determine the
mathematical model of the excitation system, are
proposed in [4]. The analysis of two modern static
excitation systems ST1A and ST7B is developed in
[5].The effects of bridge diode switching processes
are commonly disregarded, but sometimes this
transition can lead to problems in the terminal voltage,
which is analyzed in [6]. An excitation with

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
of synchronous generator is described in [10]. A
method for external disturbance rejection control in
a synchronous generator excitation system for a ship
is proposed in [11]. The stability of multimachine
power systems using decentralized excitation control
with adaptive sliding modes is improved by [12]. A
robust control for the excitation system in the speed
stabilization of a synchronous generator is designed in
[13]. Excitation control for synchronous generators
in multimachine power systems using an adaptive
backstepping approach to improve transient stability
under parametric uncertainties is presented in [14].

Modeling a synchronous generator with its
excitation system represents the coupling of a
mechanical subsystem, a three phase AC electrical
subsystem, and a DC electrical subsystem; using the
bond graph methodology allows these subsystems
to be unified within a single reference framework.
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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 graphmodeling
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+ − ATPase 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

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 (T,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
Rl

abc and inductance L
l
abc, and the electrical grid has

a voltage v∞abc [1, 2].

av1
aaL1

aR

1
bbL

1
bR

1
ccL

1
cR ,T 

bv cv

1
abL

1
bcL

1
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Fig. 1: An electric power system.

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

vGabc = Rl
abciabc + Ll

abc

diabc
dt

+ v∞abc (1)

where v∞abc = [ v∞a v∞b v∞c ]
T
and vGabc =[︁

vGa vGb vGc
]︁T
are the three-phase voltages of

the infinite bus and the generator, respectively; Rl
abc

and Ll
abc are the resistance and inductance of the

transmission line connecting the generator to the
bus and iabc is the generated three-phase current.
For a simple transmission line model Rl

abc =
diag

{︁
Rl

a, R
l
b, R

l
c

}︁
and Ll

abc = diag
{︁
Ll
a, L

l
b, L

l
c

}︁
.

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

P =

√︃
2

3

⎡⎣ cos θ cos
(︁
θ − 2π

3

)︁
cos

(︁
θ + 2π

3

)︁
sin θ sin

(︁
θ − 2π

3

)︁
sin

(︁
θ + 2π

3

)︁
1√
2

1√
2

1√
2

⎤⎦
(2)

where θ = wt + δ + π
2 being w = 2πF . This

transformation for voltages and currents is given by

Source: created by the authors.
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vdq0 = Pvabc and idq0 = Pvabc then (1) in
coordinates (d, q, 0) is transformed to

PvGabc = PRl
abcP

−1Piabc

+ PLl
abcP

−1P
diabc
dt

+ Pv∞abc.

(3)

rewriting

vGdq0 = Rl
dq0idq0 + Ll

dq0

didq0
dt

− Ll
dq0X(w)idq0 + v∞dq0.

(4)

where Rl
dq0 = PRl

abcP
−1; Ll

dq0 = PLl
abcP

−1 and

X (w) = dP
dt P

−1.

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

Fig. 3. Circuitos equivalentes del generador sincrono.
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Fig. 2: Synchronous generator in (a, b, c)
coordinates.

The general equation for this generator is[︃
vGabc
vF

]︃
=

−
[︃
RG

abc 0
0 RF

]︃ [︃
iabc
iF

]︃
−

[︃
λ̇G
abc

λ̇F

]︃
.

(5)

where vGabc, iabc and λ
G
abc are stator voltages, currents

and flux linkages, respectively; vF , iF and λF are the
voltage, current and flux linkage, respectively; and
RG

abc andRF are the resistances of the stator and field
winding, respectively.

By applying Park ́s transformation to the

generator ́s stator variables and parameters, the

model in (d, q, 0) coordinates is given by[︃
vGdq0
vF

]︃
=

−
[︃
RG

dq0 0
0 RF

]︃ [︃
idq0
iF

]︃
−

[︃
λ̇G
dq0

λ̇F

]︃

+

[︃
X(w)λdq0

0

]︃
.

(6)

where RG
dq0 = PRG

abcP
−1 = diag

{︁
RG

d , R
G
q , R

G
0

}︁
.

Flow links are defined by[︃
λG
dq0

λF

]︃
=

[︃
LG
dq0 Lm

LT
m LF

]︃ [︃
idq0
iF

]︃
(7)

where LG
dq0 = diag

{︁
LG
d , L

G
q , L

G
0

}︁
and LT

m =

[ MdF 0 0 ].
The generator model is defined by[︃

vGdq0
vF

]︃
=

−

⎡⎢⎢⎣
RG

d wLG
q 0 0

−wLG
d RG

q 0 −wMdF

0 0 RG
0 0

0 0 0 RF

⎤⎥⎥⎦[︃
idq0
iF

]︃

−

⎡⎢⎢⎣
LG
d 0 0 MdF

0 LG
q 0 0

0 0 LG
0 0

MdF 0 0 LF

⎤⎥⎥⎦ d

dt

[︃
idq0
iF

]︃
.

(8)

However, it is necessary to take the swing equation

into account in order to consider the generator ́s
mechanical subsystem, which is

TJ
dw

dt
= Tm −Dw (9)

where w is the rotor speed, Tm is the input torque to
the generator, and D is the friction coefficient.
The following section summarizes the

fundamentals of bond graphs.

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 = e • f (10)

Source: created by the authors.
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Fig. 3: Causal bond.

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
(MSe,MSf ) are active 1-port elements, which are
illustrated in Figure 4.
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Fig. 4: Power sources.

The passive elements are defined by the resistors
(R), inertias (I) and capacitances (C) shown in
Figure 5.
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Fig. 5: Passive elements.

The constitutive relationships of the passive
elements are defined by

e = R1 • f ; f =
1

R2
• e (11)

f =
1

L1

∫︂
edt; e = L2

df

dt
(12)

e =
1

C1

∫︂
fdt; f = C2

de

dt
(13)

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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;Fig. 6: Transformer and gyrator.

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

e

f

MSe:V MSf:I
e

f

e

f
;

1:R R
e

f

e

f
2:R R

1:I L

e

f

e

f

1:C C

2:I L
e

f

e

f
2:C C

;

;

;

MTF
1e

1f

2e

2f

( )K t

MTF
1e

1f

2e

2f

( )K t

1
1e

1f

2e

2f

3e
3f

0
1e

1f

2e

2f

3f
3e

;

;

Fig. 7: 0 and 1 junctions.

According to Figure 7 in a 1-junction it is true that
f1 = f2 = f3 and e1 = e2 + e3 and for 0-junction:
e1 = e2 = e3 and f2 = f1 + f3.
The elements that make up a system can be

classified according to how they process power;
thus, there are: sources (MSe,MSf ); energy-storing
elements (C, I); dissipative elements (R) ; sensing
elements (De.Df ); 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.

Fig. 8: Subdivided junction structure.

The junction structure proposed in Figure 8
indicates two subsystems, (i) 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.

Source: created by the authors.

Source: created by the authors.

Source: created by the authors.

Source: created by the authors.

Source: created by the authors.

Source: created by the authors.
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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

⎡⎢⎣ ẋi

Di
in

yi

zid

⎤⎥⎦ =

⎡⎢⎢⎣
Si
11 Si

12 Si
13 Si−1

13 Si
14

Si
21 Si

22 Si
23 Si−1

23 0
Si
31 Si

32 Si
33 Si−1

33 0
Si
41 0 Si

43 Si−1
43 0

⎤⎥⎥⎦
⎡⎢⎢⎢⎣

zi

Di
out

ui

ui−1

ẋi
d

⎤⎥⎥⎥⎦
(14)

⎡⎢⎢⎣
ẋi+1

Di+1
in

yi+1

zi+1
d

⎤⎥⎥⎦ =

⎡⎢⎢⎣
Si+1
11 Si+1

12 Si+1
13 Si

13 Si+1
14

Si+1
21 Si+1

22 Si+1
23 Si

23 0
Si+1
31 Si+1

32 Si+1
33 Si

33 0
Si+1
41 0 Si+1

43 0 0

⎤⎥⎥⎦
⎡⎢⎢⎢⎢⎣
zi+1

Di+1
out

ui+1

ui
y

ẋi+1
d

⎤⎥⎥⎥⎥⎦ .

(15)
with the constitute relations

zi = F ixi (16)

zid = F i
dx

i
d (17)

Di
out = LiDi

in (18)

zi+1 = F i+1xi+1 (19)

zi+1
d = F i+1

d xi+1
d (20)

Di+1
out = Li+1Di+1

in (21)

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

żi = Ai(z)zi +Bi(z)ui

+Bi
i−1(z)u

i−1 +Hi(z)u̇i

+Hi
i−1(z)u̇

i−1.

(22)

where

Ai (z) =
[︁
Ei

]︁−1 (︁
Si
11 + Si

12M
iSi

21

)︁
(23)

Bi (z) =
[︁
Ei

]︁−1 (︁
Si
13 + Si

12M
iSi

23

)︁
(24)

Bi
i−1 (z) =

[︁
Ei

]︁−1 (︁
Si−1
13 + Si

12M
iSi−1

23

)︁
(25)

Hi (z) =
[︁
Ei

]︁−1
Si
14

(︁
F i
d

)︁−1
Si
43 (26)

Hi
i−1 (z) =

[︁
Ei

]︁−1
Si
14

(︁
F i
d

)︁−1
Si−1
43 (27)

Ei =
(︁
F i

)︁−1 − Si
14

(︁
F i
d

)︁−1
Si
41 (28)

with the output

yi = Ci (z) zi +Di (z)ui +Di
i−1 (z)u

i−1 (29)

where

Ci (z) = Si
31 + Si

32M
iSi

21 (30)

Di (z) = Si
33 + Si

32M
iSi

23 (31)

Di
i−1 (z) = Si−1

33 + Si
32M

iSi−1
23 (32)

with

M i = Li
(︁
I − Si

22L
i
)︁−1

(33)

the state equation for stage i+ 1 is given by

żi+1 = Ai+1(z)zi+1 +Ai+1
i (z)zi

+Bi+1
i−1(z)u

i−1 +Bi+1
i (z)ui

+Bi+1(z)ui+1 +Hi+1(z)u̇i+1

+Hi+1
i (z)u̇i.

(34)
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where

Ai+1(z) =
[︁
Ei+1

]︁−1(︁
Si+1
11 + Si+1

12 M i+1Si+1
21

)︁
(35)

Bi+1(z) =
[︁
Ei+1

]︁−1(︁
Si+1
13 + Si+1

12 M i+1Si+1
23

)︁
(36)

Bi
i+1(z) =

[︁
Ei+1

]︁−1(︁
Si
13 + Si+1

12 M i+1Si
23

)︁
(37)

Hi+1(z) =
[︁
Ei+1

]︁−1
Si+1
14(︁

F i+1
d

)︁−1
Si+1
43 (38)

Hi+1
i (z) =

[︁
Ei+1

]︁−1
Si+1
14(︁

F i+1
d

)︁−1
Si
43 (39)

Ai+1
i (z) = Bi(z)GiCi(z) (40)

Bi+1
i−1(z) = Bi(z)GiDi−1(z) (41)

Bi+1
i (z) = Bi(z)GiDi(z) (42)

Ei+1 =
(︁
F i+1

)︁−1

− Si+1
14

(︁
F i+1
d

)︁−1
Si+1
41 (43)

with the output

yi+1 = Ci+1(z)zi+1 + Ci+1
i (z)zi

+Di+1(z)ui+1 +Di+1
i (z)ui

+Di+1
i−1(z)u

i−1.

(44)

where

Ci+1 (z) = Si+1
31 + Si+1

32 M i+1Si+1
21 (45)

Di+1 (z) = Si+1
33 + Si+1

32 M i+1Si+1
23 (46)

Di
i (z) = Si+1

33 + Si+1
32 M i+1Si+1

23 (47)

and

Ci+1
i (z) = Di

i (z)G
iCi (z) (48)

Di+1
i (z) = Di

i (z)G
iDi (z) (49)

Di+1
i−1 (z) = Di

i (z)G
iDi

i−1 (z) (50)

with

M i+1 = Li+1
(︁
I − Si+1

22 Li+1
)︁−1

(51)

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

ui
y = Giyi (52)

Proof. Starting from the second line of (14) with
(16)

Di
in =

(︁
I − Si

22L
i
)︁−1(︁

Si
21z

i + Si
23u

i + Si−1
23 ui−1

)︁ (53)

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

Di+1
in =

(︁
I − Si+1

22 Li+1
)︁−1(︂

Si+1
21 zi+1 + Si+1

23 ui+1

+ Si
23u

i
y

)︂
.

(54)

the relationship between xi with xi
d is obtained from

the fourth line (14) with (16) and (17)

xi
d =

(︁
F i
d

)︁−1
Si
41F

ixi

+
(︁
F i
d

)︁−1
Si
43u

i

+
(︁
F i
d

)︁−1
Si−1
43 ui−1.

(55)

considering that Si
41 does not depend on time and

differentiating (55)

ẋi
d =

(︁
F i
d

)︁−1
Si
41F

iẋi

+
(︁
F i
d

)︁−1
Si
43u̇

i

+
(︁
F i
d

)︁−1
Si−1
43 u̇i−1.

(56)

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

ẋi+1
d =

(︁
F i+1
d

)︁−1
Si+1
41 F i+1ẋi+1

+
(︁
F i+1
d

)︁−1
Si+1
43 u̇i+1

+
(︁
F i+1
d

)︁−1
Si
43u̇

i.

(57)

Replacing (53) and (56) in the first line of (14)
with (33) [︂

I − Si
14

(︁
F i
d

)︁−1
Si
41F

i
]︂
ẋi

= Si
11z

i

+ Si
12M

i
(︂
Si
21z

i + Si
23u

i

+ Si−1
23 ui−1

)︂
+ Si−1

13 ui−1 + Si
13u

i

+ Si
14

(︁
F i
d

)︁−1
Si
43u̇

i

+ Si
14

(︁
F i
d

)︁−1
Si−1
43 u̇i−1.
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reducing with (16)

żi =
[︂(︁
F i

)︁−1 − Si
14

(︁
F i
d

)︁−1
Si
41

]︂−1

[︂(︁
Si
11 + Si

12M
iSi

21

)︁
zi

+
(︁
Si
13 + Si

12M
iSi

23

)︁
ui

+
(︁
Si−1
13 + Si

12M
iSi−1

23

)︁
ui−1

+ Si
14

(︁
F i
d

)︁−1
Si
43u̇

i

+ Si
14

(︁
F i
d

)︁−1
Si−1
43 u̇i−1

]︂
.

(58)

by means of equations (28), (23) , (24) , (25) , (26)
and (27) combined with (58), state equation (22) is
verified.
The output equation for i is obtained from the third

line of (14) using (53) and (33)

yi =
(︁
Si
31 + Si

32M
iSi

21

)︁
zi

+
(︁
Si
33 + Si

32M
iSi

23

)︁
ui

+
(︁
Si−1
33 + Si

32M
iSi−1

21

)︁
ui−1.

(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)

ẋi+1 = Si+1
11 zi+1

+ Si+1
12 M i+1

(︂
Si+1
21 zi+1

+ Si+1
23 ui+1 + Si

23u
i
y

)︂
+ Si+1

13 ui+1 + Si
13u

i
y

+ Si+1
14

(︁
F i+1
d

)︁−1
Si+1
41 F i+1ẋi+1

+ Si+1
14

(︁
F i+1
d

)︁−1
Si+1
43 F i+1u̇i+1

+ Si+1
14

(︁
F i+1
d

)︁−1
Si
43F

i+1u̇i.

(60)

with (19) and (43), expression (60) can be reduced to

żi+1 =
[︁
Ei+1

]︁−1[︂(︁
Si+1
11 + Si+1

12 M i+1Si+1
21

)︁
zi+1

+
(︁
Si+1
13 + Si+1

12 M i+1Si+1
23

)︁
ui+1

+
(︁
Si
13 + Si+1

12 M i+1Si
23

)︁
ui
y

+ Si+1
14

(︁
F i+1
d

)︁−1
Si+1
43 F i+1u̇i+1

+ Si+1
14

(︁
F i+1
d

)︁−1
Si
43F

i+1u̇i
]︂
.

(61)

based on (61) with (34), expressions (35), (36) ,
(37) , (38) , (39) and (43) are proven. Thus, (61) can

be rewritten as

żi+1 = Ai+1(z)zi+1 +Bi+1(z)ui+1

+Bi
i+1(z)u

i
y

+Hi+1(z)u̇i+1 +Hi
i−1(z)u̇

i−1.

(62)

applying (52) to (62) with (29)

żi+1 = Ai+1(z)zi+1 +Bi+1(z)ui+1

+Hi+1(z)u̇i+1 +Hi
i−1(z)u̇

i−1

+Bi
i+1(z)G

i
[︂
Ci(z)zi

+Di(z)ui +Di
i−1(z)u

i−1
]︂
.

(63)

from (63) with (40), (41) and (42), (34) is verified.
Starting from (54), and the third line of (15) with

(33)

yi+1 = Si+1
31 zi+1

+ Si+1
32 M i+1

(︂
Si+1
21 zi+1

+ Si+1
23 ui+1 + Si

23u
i
y

)︂
+ Si+1

33 ui+1 + Si
33u

i
y.

(64)

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

yi+1 = Ci+1(z)zi+1 +Di+1(z)ui+1

+Di
i(z)G

i
(︂
Ci(z)zi

+Di
i(z)G

iCi(z)zi

+Di
i(z)u

i +Di
i−1(z)u

i−1
)︂
.

(65)

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 basic 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, q, 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.

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

excitation system is contained within the green dotted
line.
The main component of an electric power system

is the synchronous generator, which in (d, q, 0)
coordinates, is defined by the resistancesRG

d , R
G
q and

RG
0 and the inductances L

G
df , L

G
q and L

G
0 . The field

winding resistance is RG
f . The input sources are the

field winding voltage Vf and the mechanical torque
input Tm. The mechanical subsystem contains the
inertia of the generator rotor JG and the friction with
the air RG

J . The mechanical to electrical conversion

is performed by gyrators modulated by λG
d and λ

G
q .

The transmission line in (d, q, 0) coordinates
is composed of the resistances

(︁
Rl

d, R
l
q, R

l
0

)︁
and

inductances
(︁
Ll
d, L

l
q, L

l
0

)︁
along each of the axes,

respectively. The supply voltages to the system are
Vd, Vq and V0.
The excitation subsystem is defined by a DC

generator with inertia JCD and air friction bCD;
the armature resistance and inductance RCD

a and
LCD
a , 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 TF with gain G. A capacitor
CCD 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:

xi =

⎡⎢⎢⎢⎣
p22
p24
p23
p56
p34

⎤⎥⎥⎥⎦ ;
•
x
i
=

⎡⎢⎢⎢⎣
e22
e24
e23
e56
e34

⎤⎥⎥⎥⎦ ; zi =

⎡⎢⎢⎢⎣
f22
f24
f23
f56
f34

⎤⎥⎥⎥⎦
xi
d =

[︄
p5
p6
p7

]︄
;
•
x
i

d =

[︄
e5
e6
e7

]︄
; zid =

[︄
f5
f6
f7

]︄

Di
in = [ f20 f25 f21 f57 f35 f8 f9 f10 ]

T

Di
out = [ e20 e25 e21 e57 e35 e8 e9 e10 ]

T

ui = [ e1 e2 e3 e19 ] ;ui−1 = e26; y
i = f33

with constitutive relations defined by(︁
F i

)︁−1
= diag

{︁
LG
df , L

G
q , J, L

G
0

}︁
(66)(︁

F i
d

)︁−1
= diag

{︁
Ll
d, L

l
q, L

l
0

}︁
(67)

Li = diag
{︂
RG

d , R
G
f , R

G
q , RJ ,

RG
0 , R

l
d, R

l
q, R

l
0

}︂ (68)

Source: created by the authors.

Source: created by the authors.
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The i submatrices of the junction structure are
given by

Si
11 =

⎡⎢⎢⎢⎣
0 0 0 −λG

q − λl
q 0

0 0 0 0 0
0 0 0 λG

d + λl
d 0

λG
q 0 −λG

d 0 0
0 0 0 0 0

⎤⎥⎥⎥⎦

Si
13 =

⎡⎢⎢⎢⎣
−1 0 0 0
0 0 0 0
0 −1 0 0
0 0 0 1
0 0 −1 0

⎤⎥⎥⎥⎦ ,

Si−1
13 =

⎡⎢⎢⎢⎣
0
0
0
1
0

⎤⎥⎥⎥⎦ .

(69)

Si
31 = [0 0 0 1 0]

Si
14 =

⎡⎢⎢⎢⎣
1 0 0
0 0 0
0 1 0
0 0 0
0 0 1

⎤⎥⎥⎥⎦ ;T =

⎡⎢⎢⎢⎣
1 0 0
0 0 0
0 1 0
0 0 0
0 0 1

⎤⎥⎥⎥⎦
Si
12 = [ −I5 T ]

Si
21 = −

(︁
Si
12

)︁T
;Si

41 = −
(︁
Si
14

)︁T
;Si

32 = Si
33 = 0

Si
22 = Si

23 = Si−1
23 = 0

The key vectors of the i+ 1 subsystem are

xi+1 =

[︃
p43
q45

]︃
;
•
x
i+1

=

[︃
e43
f45

]︃
; zi+1 =

[︃
f43
e45

]︃
xi+1
d = p38;

•
x
i+1

d = e38; z
i+1
d = f38;u

i
y = f36

Di+1
in =

[︃
f39
f42

]︃
;Di+1

out =

[︃
e39
e42

]︃
with the constitutive relations(︁

F i+1
d

)︁−1
= diag

{︁
Ll
d, L

l
q, L

l
0

}︁
(70)

Li+1 = diag
{︁
JCD, RCD

a

}︁
(71)

and the junction structure is described by⎡⎢⎢⎢⎢⎢⎣
e43
f45
f39
f42
e45
f38

⎤⎥⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎢⎣
0 −1 0 −1 nG 0
1 0 0 0 0 0
0 0 0 0 G 0
1 0 0 0 0 0
0 1 0 0 0 0
0 0 0 0 G 0

⎤⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎣
f43
e45
e39
e42
f36
e38

⎤⎥⎥⎥⎥⎥⎦ .

(72)

Applying the lemma, the mathematical model for
stage i is described by

Ei•z
i
= Ai (z) zi +Bi (z)ui +Bi

i−1 (z)u
i−1 (73)

where

Ei =

⎡⎢⎢⎢⎢⎣
LG
d + Ll

d M 0 0 0
M LG

f 0 0 0

0 0 LG
q + Ll

q 0 0
0 0 0 JG 0
0 0 0 0 LG

0 + Ll
0

⎤⎥⎥⎥⎥⎦
(74)

EiAi (z) = −

⎡⎢⎢⎢⎢⎣
RT

d 0 0 λG
q + λl

q 0
0 RG

f 0 0 0

0 0 RT
q −λG

d − λl
d 0

−λG
q 0 λG

d RG
J 0

0 0 0 0 RT
0

⎤⎥⎥⎥⎥⎦
(75)

EiBi (z) =

⎡⎢⎢⎢⎣
−1 0 0 0
0 0 0 0
0 −1 0 0
0 0 0 1
0 0 −1 0

⎤⎥⎥⎥⎦ (76)

EiBi
i−1 (z) = [ 0 1 0 0 0 ]

T
(77)

Hi (z) = Hi
i−1 (z) = 0 (78)

where RT
d = RG

d + Rl
d; R

T
q = RG

q + Rl
q; R

T
0 =

RG
0 +Rl

0.
For stage i+ 1[︃

CCD 0
0 LCD

a

]︃ [︃
ḟ43
ė45

]︃
=[︃

−bCD −1
1 0

]︃ [︃
f43
e45

]︃
+

[︃
nG
0

]︃
ui+1

(79)

The behavior of the generation system is analyzed
through simulations.
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5 Simulation Results
The numerical parameters of the system
for determining its behavior are as follows:
va = 220 sin (wt) V , vb = 220 sin (wt− 2π/3)
V , vc = 220 sin (wt+ 2π/3) ; Tm = 300 N · m;
RG

d = 0.5Ω, RG
q = 0.5Ω, RG

0 = 0.5Ω, Rl
d = 2.5Ω,

Rl
q = 2.5Ω, Rl

0 = 2.5Ω, RG
f = 0.95Ω, RG

J = 1Ω,

RG
d = 0.5Ω, RCD

a = 0.01Ω, RCD
b = 1.5Ω,

LG
q = 1.64H, Ll

d = 0.001H, Ll
q = 0.001H,

Ll
0 = 0.001H, LCD

a = 0.01H, CCD = 0.9F,
JG = 2.37N · m · s2, JCD = 1.4N · m · s2 and

LG
df =

[︃
1.7 1.55
1.55 1.65

]︃
.

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

is zi = [ f22 f24 f23 f56 f34 ]
T
where f22 =

iGd , f24 = iGf ; f23 = iGQ; f56 = w and f34 = iG0
representing the synchronous generator variables are
shown in Figure 11.

Fig. 11: Response of the variables zi.

The steady state values of zi denoted by
(︁
zi
)︁
ss
are

given by

(︁
zi
)︁
ss

=

⎡⎢⎢⎢⎣
(f22)ss
(f24)ss
(f23)ss
(f56)ss
(f34)ss

⎤⎥⎥⎥⎦ =

⎡⎢⎢⎢⎣
88.9665A
100.6741A
1.3571A

95.6081rad/s
0A

⎤⎥⎥⎥⎦ (80)

The behavior of the co-energy variables of stage

i+1, that is zi+1 = [ f43 e45 ]
T
, where f43 = iCD

a

and e45 = V CD
C ,the significance of the excitation

system variables is shown in Figure 12.
The steady state values of zi+1 denoted by(︁

zi+1
)︁
ss
are given by(︁

zi+1
)︁
ss

=

[︃
(f43)ss
(e45)ss

]︃
=

[︃
−0.9251A
95.6430V

]︃
(81)

Note that the synchronous generator variables will
only begin to stabilize once the excitation system

Fig. 12: Response of the variables zi+1.

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

Fig. 13: Response of the generated currents.

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

Fig. 14: Response of the currents over a short
interval.

Power is supplied to the generator ́s excitation
system via a mechanical coupling, providing the DC

Source: created by the authors.

Source: created by the authors.

Source: created by the authors.

Source: created by the authors.
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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 TF
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.

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

Note that the synchronous generator speed is
wG = 95.8314rad/s and the input speed to the
DC generator is wCD = 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 ofGext = 0.1075, while
the original ratio of G = 0.1, Figure 16 shows the
behavior of the speeds within the coupling.

Fig. 16: Coupling speeds with Gext = 0.1075.

The behavior of the currents (id, if , iq) under this
instability condition ofGext = 0.1075 is illustrated in
Figure 17.
It is clearly evident that, although the external

disturbance ended at 18s and is increasingGT = G+
Gext = 0.2, the velocities were altered in a way that

Fig. 17: Currents id, if and iq withG
ext = 0.1075.

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

Fig. 18: Coupling speeds with Gext = 0.107.

The performance of the id, if and iq 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 Gext = 0.1, the system returns to the
stable condition, as illustrated in Figure 20.
The behavior of the currents id, if and iq 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

Source: created by the authors.

Source: created by the authors.

Source: created by the authors.

Source: created by the authors.
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Fig. 19: Currents id, if and iq with G
ext = 0.107.

Fig. 20: Coupling speeds with Gext = 0.1.

Fig. 21: Currents id, if and iq with G
ext = 0.1.

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.

Source: created by the authors.

Source: created by the authors.

Source: created by the authors.
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