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Urgency of the research. The bond graphs theory aim for to formulate general class physical systems over power inte-
ractions. The factors of power are effort and flow. They have different interpretations in different physical domains. Yet,
power can always be used as a generalized resource to model coupled systems residing in several energy domains.

Target setting. Formalism of power graphs enables to describe different physical systems and their interactions in a uniform,
algorithmizable way and transform them into state space description. This is useful when analyzing mechatronic systems transfor-
ming various forms of energy (electrical, fluid, mechanical) by means of information signals to the resulting mechanical energy.

Actual scientific researches and issues analysis. Over the past two decades the theory of Bond Graphs has been paying atten-
tion to universities around the world, and bond graphs have been part of study programs at an ever-increasing number of universi-
ties. In the last decade, their industrial use is becoming increasingly important. The Bond Graphs method was introduced by Henry
M. Paynter (1923-2002), a professor at MIT & UT Austin, who started publishing his works since 1959 and gradually worked out
the terminology and formalism known today as Bond Graphs translated as binding graphs or performance graphs.

Uninvestigated parts of general matters defining. The electrical system model is solved with the help of the above men-
tioned bond graphs formalism. Gradually, the theory of power graphs in the above example is explained up to the construc-
tion of state equations of the electrical system. The state equations are then solved in Matlab / Simulink.

The statement of basic materials. Using bond graphs theory to simulate electrical system and verify its suitability for simu-
lating electrical models. In various versions of the parameters of model we can monitor its behavior under different operating
conditions. The language of bond graphs aspires to express general class physical systems through power interactions. The fac-
tors of power i.e., effort and flow, have different interpretations in different physical domains. Yet, power can always be used as
a generalized coordinate to model coupled systems residing in several energy domains.

Conclusions. We introduced a method of systematically constructing a bond graph of an electrical system model using Bond
graphs. A practical example of an electrical model is given as an application of this methodology. Causal analysis also provides
information about the correctness of the model. Differential equations describing the dynamics of the system in terms of system
states were derived from a simple electrical system coupling graph. The results correspond to the equations obtained by the classical
manual method, where first the equations for individual components are created and then a simulation scheme is derived based on
them. The presented methodology uses the reverse procedure. However, manually deriving equations for more complex systems is
not so simple. Bond charts prove to be a suitable means of analysis, among other systems and electrical systems.

Keywords: mechatronics; energy modeling;, Bond Graphs; modeling of dynamic system; source of an effort; source of
an flow; capacitor, inductor; resistor.
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Introduction. The aim of this paper is the interest of the use of bond graphs as modeling
tool. Bond graph is an explicit graphical tool for capturing the common energy structure of
systems. The work shows the use of Bond Graph formalism for modeling dynamic systems.
In contrast with the classical method, where the equations for individual components are cre-
ated first and then the simulation scheme is derived on their basis, the described method uses
the reverse procedure. As an example an electrical RLC circuit system is solved by this ap-
proach at the level of its physical behavior. In this paper the method of generation of system
equations is discussed. From a bond graph diagram of the system, using a step-by-step proce-
dure, system equations may be generated. The differential equations describing the dynamics
of the system are obtained in terms of the states of the system.

The concept of bond graphs was originated by Paynter (1961). The idea was further de-
veloped by Karnopp and Rosenberg in their textbooks (1968, 1975, 1983, 1990), such that it
could be used in practice (Thoma, 1975; Van Dixhoorn, 1982). By means of the formulation
by Breedveld (1984, 1985) of a framework based on thermodynamics, bond-graph model de-
scription evolved to a systems theory. The language of bond graphs aspires to express general
class physical systems through power interactions. The factors of power i.e., effort and flow,
have different interpretations in different physical domains. Yet, power can always be used as
a generalized co-ordinate to model coupled systems residing in several energy domains [1-4].

Bond graphs theory. A subsystem is represented by a closed line with a name. This line
represents the frontiers of the subsystem. For each energy interchange of the system with its
environment we associate to it an energetic port of a defined type (mechanical energy, electri-
cal energy, etc.). A unidirectional semi headed arrow shows the energy interchange throw this
port and carries the data relative to the power transported (e: effort and f: flow). These two
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variables are necessary and sufficient to describe the energetic transfers inside the system.
They correspond to a couple of variables in each energetic domain. The elementary compo-
nents/subsystems are classified by their energetic behaviour (energy dissipation, energy stor-
age, etc.), by their function inside the system (flows sensor, etc.).

Bond Graph Standard Elements. In bond graphs, one needs to recognize only four
groups of basic symbols, i.e., three basic one port passive elements, two basic active elements,
two basic two port elements and two basic junctions. The basic variables are effort (e), flow
(f), time integral of effort (h) and time integral of flow (q). Examples of mechanical and elec-
trical systems in bond graphs methodology are shown in Fig. 1.
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Fig. 1. Physical system:

a —electrical system RLC circuit; b — mechanical system mass-spring-damper
Source: [6; 7].

Effort and flow sources. The active ports are those, which give reaction to the source.
For, example if we step on a rigid body, our feet reacts with a force or source. For this reason,
sources are called active ports. Force is considered as an effort source and the surface of a rig-
id body gives a velocity source. They are represented as a half arrow pointing away from the
source symbol. In electrical domain, an ideal shell would be represented as an effort source.
Similarities can be drawn for source representations in other domains [5-7].

Description of the model. To demonstrate the bond graph methodology as an example an
electrical model of RLC system is analyzed Fig. 2. An RLC circuit (or LCR circuit) is an
electrical circuit consisting of a resistor, an inductor, and a capacitor. The RLC part of the
name is due to those letters being the usual electrical symbols for resistance, inductance and
capacitance respectively [8-12].

1

— Uper =0

Fig. 2. Electrical system RLC circuit with reference voltage uyer,
voltages ui, uz, us of the element ports
Source: [6; 7].
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Systematic procedure to derive a bond graph. We have discussed the basic bond-graph
elements and the bond, so we can transform a domain-dependent ideal-physical model, writ-
ten in domain-dependent symbols, into a bond graph. For this transformation, there is a sys-
tematic procedure, which is presented here [6, 7, 12]. First we determine which physical do-
mains exist in the system and identify all basic elements like C (capacitor), I (inductor), R
(rezistor), SE (source of the effort), SF (source of the flow), TF (transformer) and GY (gyra-
tor). This system contains a electrical domain part with the inductance L of the inductor (I:L),
the resistance R of the resistor (R:R) and a capacity of the condensator C (C:C). Voltage u; is
considered as an effort source (SE: u;). Indicate in the ideal-physical model per domain a re-
ference source — effort voltage urer (reference voltage with positive direction), Fig. 2. The re-
ferences are indicated in the ideal physical model: the ideal velocity urer = 0. Identify all other
efforts (voltages) and give them unique names ui, uz, us, Fig. 2. Draw these efforts (electrical:
voltages), graphically by 0-junctions in Fig. 3.
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Fig. 3. Voltages as O-junctions and connecting 0-junctions with I-junctions
Source: [6; 7].
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Fig. 4. Connecting elements R, I, C, SE with 0-junctions

Source: [6; 7].

Identify all effort differences (electrical: voltage = effort) needed to connect the ports of
all elements enumerated in Fig. 3 to the junction structure. When checking all ports of the ele-
ments found the linear voltage differences, ui2 and u3 are identified. Construct the voltages
differences using a 1-junction and draw them as such in the graph Fig. 3. The junction struc-
ture is now ready and the elements can be connected. Connect the port of all elements found
at step 1 with the 1-junction of the corresponding efforts or efforts differences Fig. 4. Simpli-
fy the resulting graph by applying the simplification rules in Fig. 5 and Fig. 6 [7].
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Fig. 5. Simplify the resulting graph by applying the simplification rules
Source: [6; 7].
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Fig. 6. Simplify the resulting graph by applying the simplification rules,
the 0-junctions with voltages u> and us3

SE:u,

pd

Source: [6; 7].

A junction between two bonds can be left out, if the bonds have a through power direction
(one bond incoming, the other outgoing). A bond between two the same junctions can be left out
and the junctions can join into one junction. Two separately constructed identical effort or flow
differences can join into one effort or flow difference. Determine the signal direction and causality
in Fig. 7. Causality establishes the cause and effect relationships between the factors of power.

R:R I:L C:.C

u,=u, u, u, u
s, =1 1 571057115+ 0,

Fig. 7. Determine the causality
Source: [6; 7].
R:R I:L

u 12fl u23-F1
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Fig. 8. Simplify the resulting graph, the O-junctions reduction and causality
Source: [6; 7].
I:L
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u,=u, u3
SE:u, ——1 1 —1 C:C
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u12Li

R:R
Fig. 9. The final bond graph with signal direction and causality
Source: [6; 7].
In bond graphs, the inputs and the outputs are characterized by the causal stroke. The
causal stroke indicates the direction in which the effort signal is directed (by implication, the
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end of the bond that does not have a causal stroke is the end towards which the flow signal is
directed). There are two ways of describing an element's behavior (e.g. effort in, flow out vs.
flow in, effort out) as different causal forms. Note that the two alternative causal forms may,
in general, require quite different mathematical operations. The causal form we use, i.e. which
variable we select as input and which we select as output, can make a lot of difference. For
example, the required mathematical operations may be well defined in one causal form, but
not defined at all in the other. The causal bond graph of this system can be derived, in which
the inputs and the outputs are characterized by the causal stroke. This is the starting point,
from which we continue toward the differential equations describing the dynamics of the sys-
tem. A causal bond graph (Fig. 9) can be expanded into a block diagram (Fig. 10).

D(t)

Fig. 10. Bond graph expanded to a block diagram with source effort voltage u.
Source: [6; 7].
The equations derived from a bond graph diagram (Fig. 10) are:

290, (1)

dolr) _.
e @
Up3=—uz—uptuy (3)

where state variables @(t) and Q(t) are magnetic flux and electric charge respectively and next
equations:

1
u3=- o) 4
Uiy = R.i (5)
1
j=—.® 6
l I (t) (6)
State equation in matrix form are:
dOW] [ 1 1] e N
de | | "L C
dQ(t) = 1 . + .Uy (7)
LA = 0
o ; o] [0

After substitution:;
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duy 1 0 0

dt C “3

The state equation can be solved in Matlab/Simulink [13-18].

Conclusions. The differential equations describing the dynamics of the system in terms of
the states of the system were derived from a bond graph diagram of a RLC circuit of electrical
system. Model of a simple electrical RLC circuit consisting of a resistor, an inductor, and a
capacitor is taken. The results correspond with equations obtained using traditional method,
where the equations for individual components are created first and then the simulation
scheme is derived on their basis, although the described method uses the reverse procedure.
However, manual derivation of equations for larger systems is not all that simple. For in-
stance, in some cases the derivation may lead to formation of so called algebraic loops. Simi-
larly, complexities and errors of various types, like causal loops, power loops and differential
causalities may exist in the model of a system.
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Hapuna I ponyosa
METOAOJIOI'TA MOB’A3AHUX I'PA®IB Y JIAHIHIOI'OBOMY AHAJII3I «RLC»

Axkmyanvhicmbs memu docnioxcenna. Teopis 36 a3Hux epadie cnpamMoBaHa Ha BUPANCEHHS (DIZUYHUX CUCEM 3A2ANbHO-
20 Kuacy uepe3 eHepeemuuui @3acmooii. Paxmopamu nomysicHocmi € 3ycunis i nomix. Bonu marome pisni maymavenus 6
PisHUX Qisuunux oonacmsax. Tum He MeHW, NOMYIHCHICHIb 3A8HCOU MOJICE BUKOPUCINOBYBAMUCS 5K Y3a2aNbHEHUIl pecypc Onis
MOOENIOBAHHS 36 A3HUX CUCTHEM, WO 3HAXOOAMbCS 8 OEKIIbKOX eHEPLeMUYHUX 0DNACAX.

ITocmanoexa npoonemu. Qopmanizm cunogux zpagie 003601s€ onucamu pizHi Qisuyni cucmemu ma ix 83aemooii 00-
HAKOBUM, AI20PUMMIZ08AHUM CROCODOM MA NEPEMBOPUMU X Y ORUC NPOCMOPY cMaHig. Le kopucho Ons ananizy mexampor-
HUX CUCMeM, WO Nnepemeopioomy pisHi (opmu eHepeii (elekmpuuHy, mexyyy, Mexaniuny) 3a 00NOMO20i0 IHQOPMAYItHUX
CUCHANIE Y MEXAHIYHY eHep2ilo, WO OMPUMYEMbCAL.

Ananiz ocmannix 0ocnioxncens i nyonikayiii. Ilpomsecom 060x ocmanHix decsamunime meopii epagie npudinsinacs yeaza
VHigepcumemia i3 yco02o c8imy, a 36 'aA3Hi epagu 6ynu 4acCmuHO HABYATLHUX NPOSPAM Y 8ce Oilbulill KilbKoCmi YHigepcu-
memie. B ocmanne decsimunimms ix npOMUCIO8e BUKOPUCMAHHS HAOYs8aE 6ce binbuioeo sHavenus. Memood bonozpagie 6ye
ssedenuti I'enpi M. Ieiinmepom (1923-2002), npogpecopom MIT & UT Austin, axuii nowas nyoaikyeamu ceoi pooomu 3 1959
POKY i HOCIYNO0BO HANPAYbOBYEA8 MEPMIHONOZIO MA POPMANbHI MEMOOU, 8i00MI Cb020OHI AK 36 A3HI epaghu, wo nepexia-
0arombcsi sIK cnojiyyeni epagu abo epagu egpexmusHocmi.

Buoinenns nedocnioycenux yacmun 3a2anvHoi npoonemu. Moodenv enekmpuunoi cucmemu opmyemucs 3¢ OONOMo-
2010 BUWE3AZHAYEHUX POPMATLHUX MemOodie 38 sisHux epaghie. Tlocnynoeo meopia cunosux epagie y HagedeHOMy ulye npu-
KAl NOSCHIOEMbCS AxC 00 NOOYO0SU PIBHAHbL CIMAHY elekmpuynoi cucmemu. Tlomim piHAHHA CMAHY PO38 A3VIOMbCA 30
donomoeoro Matlab / Simulink.

Buxnao ocnoenozo mamepiany. Bukopucmarnts meopii 36 a3Hux epaie 0is MOOeN08AHHS eeKMPUUHOT cucmemu ma
nepegipku ii npudamuocmi 015 IMIMayitino20 MOOENI08ANHS eleKMpudHUX Mooenell. ¥ pi3nux eapiayiax napamempis mooeni
MU Modcemo sidcmedcysamu it noediHKy 3a pisHUX ymoe excnayamayii. Moea 36 sisHux epaghie npazne supasumu QisuyHi
cUCmeMU 3a2anbHO20 KIacy yepes cunosi 3aemodii. @axmopu cun, moomo 3ycuiis i ROMOKY, Marms pisHi inmepnpemayii
6 pisHux isuunux obnacmax. OOHAK NOMYIHCHICHb 3A8HCOU MONCHA BUKOPUCIIOBYBAMIU 5K V3ALATbHEHY KOOPOUHAMY OISl
MOOENIOBAHHS 36 A3AHUX CUCHIEM, WO 3HAXOOAMbCS 8 OEKIILKOX eHEePeemUuyHUX 0ON1ACTAX.

Bucnosku 6ionogiono 0o cmammi. My npedcmasuiu Memoo cucmemamudHoi nobyoosu zpagy 36 si3kie mooeni enexmpu-
yHoi' cucmemu 3a donomoeoro bonoepaghis. Ilpakmuunuil npukiad eneKmpuiHoi MoOeni HABeOeHO K NPUKIAO 3ACMOCYEaHH
yiei memooonoeii. IIpuuurHutl ananiz makodc Haoae iHgopmayito npo npasguibHicms mooeni. Jughepenyianvri pieHAHHSA, WO
ONUCYIOMb OUHAMIKY CUCTHEMU Y MEPMIHAX CIAHI6 cucmeMu, 6Yiu OMPUMAHI i3 NPOCMO20 38 A3HO20 2pagha eneKmpudHol cuc-
memu. Pe3ynemamu 8ionogioaioms pigHAHHAM, OMPUMAHUM KIACUYHUM DYUHUM MEMOOOM, 0e CHOYAMKY CMEOPIOIOMbCs Pig-
HAHMA ONSl OKpeMUX KOMNOHEHMIB, a NOMiM HA iX OCHOB8I CKIA0AEMbCs cXxema IMImayitinoco MOOemno8ants. 3anponoHoeana
Memooon02isn UKOPUCMOBYE 360poniHy npoyedypy. OOHak usecmu pieHaHHs 015 Oiblt CKIAOHUX CUCIEM 8PYYHY He MAK Npo-
cmo. 38 ’a3Hi epagdu UABTAIOMBCI NPUOATHUM 3ACOO0M Ol MAKO20 AHAIZY, Ceped eleKMPUYHUX abO0 THUUX CUCTEM.

Knrouosi cnosa: mexamporika, enepeemuure mooenosanHs, Bornoepagu, mooenrosanus OuHamiunol cucmemu,; ddxcepe-
J10 3YCUNLb; 0icepeo NOMOKY,; KOHOEHCAMOop, iHOYKMOp, pe3UCmop.
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