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System Theoretic Approach

e Complex Dynamics Systems

Problem formulation

— Global scale socio-natural processes

Dr. Rodrigo Castro

Universe

Linear System

X =AX4+BU
Y =CX+ DU

Complex System
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System Theoretic Approach

e Complex Dynamics Systems

Problem formulation

— Global scale socio-natural processes

 We live in a nonlinear world, mostly away from equilibrium
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System Theoretic Approach

e Complex Dynamics Systems

Problem formulation

— Global scale socio-natural processes

 We live in a nonlinear world, mostly away from equilibrium
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System Theoretic Approach

e Complex Dynamics Systems

Problem formulation

— Global scale socio-natural processes
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Storages and Processes Problem formulation

* Flows of Mass and Energy

PR PR PR
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Storages and Processes Problem formulation

 Flows of Mass and Energy

PR PR PR

}“Grey Energy”

— We want to model systematically this type of systems

— Structural approach B Sustainability properties
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Considering energy losses Possible approaches

e Sankey Diagrams

— Static (snapshot-like) World Energy Flow. @ o

o]

____________________________________
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Considering energy losses Possible approaches

-----------------------------------

* Sankey Diagrams > -
— Static (snapshot-like) World Energy Flow. ° @ 0
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Considering energy losses Possible approaches

 Energy System Language (H.T. Odum) ) L
— Account for dynamics ® Differential Eqns. °O @ o
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Considering energy losses Possible approaches

* Energy System Language (H.T. Odum) y -
— Account for dynamics B Differential Egns. °0 @ 0
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Considering energy losses Possible approaches

"""""""""""""""""""""

e Energy System Language (H.T. Odum) id :@0
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Considering energy losses Possible approaches

-----------------------------------

* Energy System Language (H.T. Odum) -
— Account for dynamics ® Differential Eqns ) @ O

.7 H"u'ﬂﬂE'Ibh!' Energ].- H*, - .l.:"ll:'l = Hﬂ*.ﬁ."’hlg]

Rz = J/(1 + K *N) Tide
| Available Nutrient: No = (Nr + NgJ/(1 + Ly*Ry*A} N
| Avallable Mutrient: N = (Mg + Lg*CiA(1 + Lg™Ra)
| Mangroves M: DM = LRy *A*Ng - L3 vield®

| Detritus D: DD = Kg*M + K2*Ro™N = K3*D - Ks*C'D - Lg*D
| Small Consumers C: DC = Kg*D*C + Lg™D - K77C - Kg*C*5

| Shrimp §: DS = Lg*C*S - Kg'S - Lp*S + L'Td
e
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Networked processes Our approach

e Multi Input/Multi Output Processes

— Including recycling paths
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Networked processes Our approach

"""""""""""""""""""""

e Multi Input/Multi Output Processes

8 Including recycling paths - @ N
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Focus on mass flows Our approach

e 3-Faceted representation

) -
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Focus on mass flows Our approach

e 3-Faceted representation
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Focus on mass flows Our approach

e 3-Faceted representation
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Focus on mass flows Our approach

e 3-Faceted representation
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Basic formulation Our approach

e Minimum required formulation

— To achieve the modeling
goal systematically

Souree
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EM put EM i, = EM gy,

e How do we formalize and generalize this structure ?
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Bondgraphic approach The Bond Graph Formalism

 Bondgraph is a graphical modeling technique
— Rooted in the tracking of power [Joules/sec=Watt]
— Represented by effort variables (e) and flow variables (f)

: Effort
A = o e
r Power=e - f £ Flow
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Bondgraphic approach The Bond Graph Formalism

 Bondgraph is a graphical modeling technique
— Rooted in the tracking of power [Joules/sec=Watt]
— Represented by effort variables (e) and flow variables (f)

: Effort
A = o e
r Power=e - f f: Flow

e Goal:
— Sound physical modeling of generalized flows of energy
— Self checking capabilities for thermodynamic feasibility

e Strategy:
— Bondgraphic modeling of phenomenological processes
— Including emergy tracking capabilities
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Energy domains The Bond Graph Formalism

 Bondgraph is €~
multi-energy domain f
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Energy domains The Bond Graph Formalism

e Bondgraph is €~
multi-energy domain f

e f

Energy Domain Effort variable Flow variable

Mechanical, , .
: Force Linear velocity
translation
Mechanical, rotation Torque Angular velocity

Electrical Electromotive force Current
Magnetic Magnetomotive force Flux rate
Hydraulic Pressure Volumetric flow rate
Thermal temperature entropy flow rate
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Causal Bonds The Bond Graph Formalism

* As every bond defines two separate variables
— The effort e and the flow f

— We need two equations to compute values for these two
variables

e |t is always possible to compute one of the two
variables at each side of the bond.

I;A
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Causal Bonds The Bond Graph Formalism

* As every bond defines two separate variables

— The effort e and the flow f
— We need two equations to compute values for these two

variables

e |t is always possible to compute one of the two
variables at each side of the bond.

A vertical bar symbolizes the side where the flow is

being computed.
IEA
f
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Junctions The Bond Graph Formalism

e Local balances of energy

eZ ez - e1
o
€3

<~ e;=e,

e, O
.f1 \| N f1 :f2+f3

ezf fz=f1

e, 2

- ~ 1 e f:=1;

1 f N €;=¢eté;
3
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Junctions The Bond Graph Formalism

e Local balances of energy

e, e,=e
2 1
o
€
3

€1 0 e e;=e,
.f1 \| N f1 :f2+f3

Junctions of type 0 have only one flow equation, and therefore,

they must have exactly one causality bar.

] ezfz f2=f1
T~ 1 e f:=1;
e,=e,te,
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Junctions The Bond Graph Formalism

e Local balances of energy

eZ eZ - el
>
€3

€1 0 e e;=e,
£ \I N fi=f+1;

Junctions of type 0 have only one flow equation, and therefore,

they must have exactly one causality bar.

e c fz fz =f1
T~ 1 e f:=1;
. e,=e,te,

Junctions of type 1 have only one effort equation, and therefore,

they must have exactly (n-1) causality bars.
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Example | The Bond Graph Formalism

e An electrical energy domain model

Electrical Circuit

Ao R l M | l Uy
.---t_ _ Ry |
Cf\,/' ic —
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Example | The Bond Graph Formalism

* An electrical energy domain model

Electrical Circuit
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Source
Cap cnor
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Example | The Bond Graph Formalism

* An electrical energy domain model

Bondgraphic equivalent - Electrical Circuit
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e \ 1 € N\ e \ R /1&\\
L/ Resistor |
o R1.f R1.f R2.f
R=20 1]
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2 1® g
[ - O
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Example | The Bond Graph Formalism

Bondgraphic model -

o
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Example | The Bond Graph Formalism

Svystematic derivation

Bondgraphic model - of equations
e

V|
o | el
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Example | The Bond Graph Formalism

Svystematic derivation

Bondgraphic model - of equations
5 s U0.e = f(t)
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Example | The Bond Graph Formalism

Svystematic derivation

Bondgraphic model - of equations
5 5 U0.e = f(t)
" 0 UO.f=L1.f+R1.f
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Example | The Bond Graph Formalism

Svystematic derivation

Bondgraphic model - of equations
5 5 U0.e = f(t)
0 UO.f=L1.f+R1.f
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o |
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Example | The Bond Graph Formalism

Svystematic derivation

. of equations
Bondgraphic model - d
0 o Uo.e = f(t)

o & Y5 UO.f=L1.f+R1.f
_o_ e d/dt L1.f=U0.e /L1
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Example | The Bond Graph Formalism

Svystematic derivation

. of equations
Bondgraphic model - d
0 o Uo.e = f(t)

o & Y5 UO.f=L1.f+R1.f
_o_ o d/dtL1.f=U0.e /L1
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Example | The Bond Graph Formalism

Svystematic derivation

. of equations
Bondgraphic model - d
0 o Uo.e = f(t)

o £ Y5 UO.f=L1.f+R1.f
_o_ o d/dtL1.f=U0.e /L1
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Example | The Bond Graph Formalism

Svystematic derivation

. of equations
Bondgraphic model - d
0 o Uo0.e =_f(t)

o £ Y5 UO.f=L1.f+R1.f
_o_ o d/dtL1.f=U0.e /L1
g/‘: @l% R1.e=U0.e-Cl.e
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Example |

Bondgraphic model

=
1l

o

Dr. Rodrigo Castro

I3M-SESDE 2013. Athens, Greece . September 27, 2013.

The Bond Graph Formalism

Systematic derivation
of equations

—)

Uo .e = f(t)
UO.f=L1.f+R1.f
d/dt L1.f= U0 .e /L1
R1.e=U0.e—-Cl.e
R1.f =R1.e/R1
Cl.f=R1.f-R2.f
d/dtCl.e =C1.f/C1
R2.f =C1.e/R2
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Example |

Bondgraphic model

=
1l
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The Bond Graph Formalism

Systematic derivation
of equations

—)

Uo .e = f(t)
UO.f=L1.f+R1.f
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Example |

Bondgraphic model

=
1l

o
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The Bond Graph Formalism

Systematic derivation
of equations

—)

Uo .e = f(t)
UO.f=L1.f+R1.f
d/dtL1.f=U0.e/L1
R1.e=U0.e—-Cl.e
R1.f =R1.e/R1
Cl.f=R1.f-R2.f
d/dtCl.e =C1.f/C1
R2.f =C1.e/R2
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Example Il The Bond Graph Formalism

A multi-energy domain model

— Electricity ]

— Mechanical rotational 7 )

— Mechanical translation ,. .
Special elements such as ZB; | #

Gyrator and Transformer
convert energy flows across diff. physical domains ‘
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Example Il The Bond Graph Formalism

A multi-energy domain model

— Electricity ]
— Mechanical rotational 2 =
— Mechanical translation =
= "['X T
Special elements such as : Ll ». #
Gyrator and Transformer
convert energy flows across diff. physical domains ‘
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Example Il

A multi-energy domain model

The Bond Graph Formalism

— Electricity
ky
— Mechanical rotational 2 .
— Mechanical translation =
= "['X T
Special elements such as 1 = ==
Gyrator and Transformer
convert energy flows across diff. physical domains
= § o 2T 503 e
U, ':1 ____ g (f)l Tg1 w12 T d’z ___Fe v
Lz u — rG'I I B r TH1 F : _LFk C2
Se 2y 1 .54:vaﬁ1 s 0 DETFP1
a a i i C1.l'k2
iy Yia b W; g, W, T, oo
4 4 ER
[ — L — o — 5 . %mgg
F@ 0
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Facets and Bonds Eco Bond Graphs

 Bond Graph variables for Complex Systems
— Facets 1 and 2

e Power variables:
— Specific Enthalpy [J/kg] (an effort variable)

— Mass Flow [kg/sec] (a flow variable). EcoBG
[J/sec] = [J/kg] - [kg/sec] represents power h e '.'l"T:.!_.
——
* Information variable .f’w- Y,

[Kg] (a state variable)
— Facet 3 (the emergy facet)

e Information variable
[J/kg] (a structural variable)
— [J/sec] = [J/kg] - [kg/sec] also denotes power
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Facets and Bonds Eco Bond Graphs

 Bond Graph variables for Complex Systems
— Facets 1 and 2

e Power variables:
— — Specific Enthalpy [J/kg] (an effort variable)

— Mass Flow [kg/sec] (a flow variable). EcoBG
[J/sec] = [J/kg] - [kg/sec] represents power ih: e '.'l"'a'”:.!..
* Information variable .f’w- Y,

[Kg] (a state variable)
— Facet 3 (the emergy facet)

e Information variable
[J/kg] (a structural variable)
— [J/sec] = [J/kg] - [kg/sec] also denotes power
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Facets and Bonds Eco Bond Graphs

 Bond Graph variables for Complex Systems
— Facets 1 and 2

e Power variables:

— — Specific Enthalpy [J/kg] (an effort variable)
— — Mass Flow [kg/sec] (a flow variable). EcoBG
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Facets and Bonds Eco Bond Graphs

 Bond Graph variables for Complex Systems
— Facets 1 and 2

e Power variables:

— — Specific Enthalpy [J/kg] (an effort variable)
— — Mass Flow [kg/sec] (a flow variable). EcoBG
/7\ -
[J/sec] = [J/kg] - [kg/sec] represents power \\h{/ em
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Facets and Bonds Eco Bond Graphs

 Bond Graph variables for Complex Systems
— Facets 1 and 2

e Power variables:

— — Specific Enthalpy [J/kg] (an effort variable)
— — Mass Flow [kg/sec] (a flow variable). EcoBG
[J/sec] = [J/kg] - [kg/sec] represents power ih: (;TEE
e Information variable /ﬂi\- f;i;}j
— [Kg] (a state variable) -

— Facet 3 (the emergy facet)

e Information variable
— [J/kg] (a structural variable)
— [J/sec] = [J/kg] - [kg/sec] also denotes power
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Accumulators Eco Bond Graphs

 The EcoBG Storage element

— A Capacitive Field (CF) accumulates more than one
quantity: Enthalpy, Mass and Emergy

~ C 0= } BG
[ C
\__/

H(t)=  h.[ M(t).dt
M(t) = H(t)/h } EcoBG
EM(t) = [em(t).M(t).dt

The specific enthalpy is
a property of the accumulated mass
Known in advance -> A parameter
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Junctions Eco Bond Graphs

e The EcoBG 0-Junction

€1 =€y =€3 = € } BG

fi=fa=fs = 0

1 Y

1| f] h + ’f}* &, h‘l — h‘ﬂ — h,‘ﬁ — h,

RN : : . EcoBG
111-1 - :'urg - ﬂf;; —
€EMin =— €Y EMeoyt = EMao = €My
ZPUU,H = ZH {Z M — \ } Power
Z EmPower = z EM; = § :rn; j\j _ Balances
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Reusable structures Eco Bond Graphs

e Basic unit based on EcoBG elements
— An important “building block”

e Storage of mass and energy adhering to

the proposed —
)
3-Faceted approach: CF »
| {z:s::;zzs
Sources
Sinks
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Modeling processes Eco Bond Graphs

e EcoBG Process elements

CF . CF .
hg .”:-; hﬂ ‘”rﬂ
‘emga | Ms, PR(@) ‘emg | Ms,
i h.n] f‘."].'-'l ~ h? E'”.I;Jr_“___‘ I'” - f‘u[t.'ﬂlh' IL,‘}E}] h"l 'r‘”:"l ~, h'2 {-”.I:Jr'--.__ [—1
7 O e H = fy(Hy, Hy,0) v O 1
My M Mz My EM = fpy(EM,,EMy,0) | 71 M, Mz M,
__ L
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Modeling processes Eco Bond Graphs

e EcoBG Process elements

CF . CF .
hg .”:-; hﬂ ‘”rﬂ
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Modeling processes Eco Bond Graphs

e EcoBG Process elements

) -
|
CF:. | | CFn
|
/ l /
hg Jf.'r;; | I hﬂ “}rﬂ
ems| My, | PR(®) : ‘emgs | M,
! -
h’,l ._c‘n.‘-'l _ ; h2 f'rl"l':_’.-..___ M = fM[l'l-'\h.ﬂ'f;g,E}:l hl '-‘J,:"l - hz Ems ~
VD 0 v, M A = Ju(th, 12,0) [0 T 0 VM M
" M WX B = oy Ean0) [ Y e
e S et |
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Example

Eco Bond Graphs

e Extraction of renewable resources for consumption

Renewable———,
-

/  Sustainability

(' Indesx: SI{t)
|

[

[

i

\

AN
CF \"\\

/ \

'h i1 51'-!# )

!

—

!
Other inputs

Dr. Rodrigo Castro

. [
"'\..H-H. _.'J
/

1y
-

\?%_1 I: !
— 0 # . -

JrJ' il
H.'\'\.
R

PROC(©)|

CF Consumption

,,f'

a g
imposed by

Other outputs

f" Reservolr
he | M.
hl' " | P "-\
Q8=
M, h“‘x J Dﬂmzmdf,

\‘{mcessg@.
/ /
:: y,
. -

—
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Example

Eco Bond Graphs

e Extraction of renewable resources for consumption

Natural Renewable —

: N Consumption
Primary CF \ CF Secondary
Reservolr . Supply A | Reservoir

/  Sustainability h, | M, ' Process h.| M.
(' Indesx: SI{t) ) —
f \ iﬁ \

' ha T ha v h, . ™,
| S0 -8 ={|PROC(O) |0 — =\
L M, / 'f -U;: ._ My ~._ / Demand
\\ A AN @ Process

e imposed by SN
. . J \ . 7
Other inputs Other outputs -
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Software tools Eco Bond Graphs

e EcoBG library implemented in the Dymola® tool.

[0

BondLib. Examples. # i pStorage : Diagra 0
&) File Edit Smulation Flot Animation Cormands Window  Help (=&

BHQAEG RN VOOGARZL - -4y Z- B¢ ) BOHE Eowm v

Package Browser X

Packages

# ) Modslica Reference
(JModelica
Unnamed

= (] EcoBondlib

(T Interfaces
¥ [JDebughlodeks Environmental Sevice
[Junctions
(] Bonds ' C F ’ C F
(] Passive

(] Functions

| (] Evamples
OneStorage_EMTANEK

ﬂ.ﬁ.u:-:iliary
(T Equatioriodsls

g:zzﬂes Sf. -M- : 0 . -ul.l.u*- (GenericPracess -+|.|.|.|). " O " -u.l.lq-- SinkProcess --I-I-I-IA--Se

—— ——

ESL Z5torages_Equations
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Software tools Eco Bond Graphs

e EcoBG library implemented in the Dymola® tool.

TwoStorages_Scen? - EcoBondLib. Examples. Auxiliary. TwoStorages Scen? - [Diagram]

&) File Edit Smulation Flot Animation Cormands Window  Help (=&

BEHQE N NYOOPARL - BN Z- % ¢ 9 BEAE & cwon v

Package Browser X

Packages
# ) Modslica Reference
(JModelica

IJnnamed

| [TJEcaBondLib
=] @ Irterfaces

:gfem:grﬂm Natural Renewable | Sefvice Consumption

& Joont Primary .CF .CE Secondary
[JPassive ReSe I'VOI I / Rese rvoir

@ Functions

= (] Examples _ :
OreStorage_EMTANK, Su pp Iy
Process

ﬂ.ﬁ.u:-:iliary
(T Equatioriodsls

g:zises Sf, ,',.,.,.A. . O . ......ul%. GenericProcess -+|.|.|.|). . O \ .“q._ SlBroses Demand

S N Process
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The Mass Layer Eco Bond Graphs

Accumulated Consumption
Deposit (M,) Reservoir (M,)
“nvir | Servi |
nvironmenta betwci \L s [ |
-CF .CF

! 1

Ra|n ;f. .'.u.ul. . 0 . -u.nu* GenencPracess -'.u.ul. . 0 . -uuq-- SinkProcess --'-I-I-IA--S Demand

B ——
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The Mass Layer

Eco Bond Graphs

M,=M, -K_.M_ .M,

M, = K.M,.M_-K"M_-M,
Accumulated Consumption
Deposit (M,) Reservoir (M,)
-nvironmental Servici l [
ESL_2Storages_Equations
-CF CF

{

|

Human

Ra”"] ;f. -l.u.ul. . 0 . -u.u* ||Gener|an3ce'ss ..'.u.ul. . O . -u.uq-- SmkaOCe‘fS 'IF‘A"S Demand
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The Mass Layer

Eco Bond Graphs

M,=M, -K_.M_ .M,

M, = K.M,.M_-K"M_-M,
Accumulated Consumption
Deposit (M,) Reservoir (M,)

-nvironmental Sel'vici l
-CF .CF
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=+M

a r

“

Rain >

o

Dr. Rodrigo Castro
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The Mass Layer

Eco Bond Graphs
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The Mass Layer Eco Bond Graphs

M,=M, -K.M_ .M,

M, = K.M,.M_-K"M_-M,
Accumulated Consumption
Mo =150Kg Deposit (M,) Reservoir (M,) Mo =1Kg
_nvironmental Sewici i/ ' l
ESL_2Storages_Equations
-CF .CF
Ma=+Mr1 1

_ J ; F.| : Human
Ra”"] )f. -l-u.ul. . O . -uu.*ll.enertprc '.u.ul. . O . -u.uq-- SmkProceis --'-I-I-IA--S Demand

Mrzz% Ma:KS.MiMC Mcz—KE”MC—Md i _005ng
M,=K.M_M_—KI"M,_ KS =0
K, =0.001
KI"=0.1
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Energy and Emergy Layers Eco Bond Graphs

Accumulated Consumption
Deposit (M,) Reservoir (M,)
-nvironmental b‘erwci l e U
-CF CF

! !

| \ ! : j Human
Rain )f. -'-u.lA. . 0 . niﬂi* Gene;itProcejsl-’-l-lA. . 0 . .u.u.q-- SinkProceis --F‘A--S Demand

]
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Energy and Emergy Layers Eco Bond Graphs

EM, =Tr.h.(M,)-Tr_h_.(K.M_.M)

a
EM, = Tr.h. (K M, M )-Tr.h.(M,)
Accumulated Consumption
Deposit (M,) Reservoir (M,)
-nvironmental Bervici i/ ' e U

.CF CF

! !

. == : Human
Ra”"] ;f. .l-u.ul. . 0 . -l.u.u* Gene”cF‘roce_i n’.u.ul. . 0 . -u.uq.- ISI['lkPI‘OCQSTi Demand
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Energy and Emergy Layers Eco Bond Graphs

EM, =Tr.h.(M,)-Tr_h_.(K.M_.M,)

EI\/IC - Tra'hc'(KS'Ma'MC)_TrC'hC'(Md)
Accumulated Consumption
Deposit (M,) Reservoir (M,)
-nvironmental ;5er'-v-|'c$ i/ e U
-CF CF

! !

Ra|n ;f- -l-l-l-l-l;- . 0 . -I.uu)f GenencF‘rocess|n’.|.|.|.|l. . 0 . ""“‘)|" SinkProcess

ot S

Human
Demand
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Energy and Emergy Layers Eco Bond Graphs

EM, =Tr.h.(M,)-Tr_h_.(K.M_.M)
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Energy and Emergy Layers Eco Bond Graphs

EM, =Tr.h.(M,)-Tr_h_.(K.M_.M)
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Energy and Emergy Layers Eco Bond Graphs

EM, =Tr.h.(M,)-Tr_h_.(K.M_.M)

a
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h, = 1i Accumulated Consumption h, = 1i
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| 1
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Rain  Sfe usd - 0+ e Demand
h, =1 . ! . .
" kg EM, =-Tr,.h.(K.M_M_)| |[EM_=-Tr.h.(M,)
em, = i EMC :+Tra'hc'(Ks'Ma'Mc)
kg
K, =0.001
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Simulation results Eco Bond Graphs

e Accumulated quantities (Deposit and Reservaoir)
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— Cloragea2 Tt — Slorage Tr
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Simulation results Eco Bond Graphs

 Experiment: Rain flow reduced 4x. Results for Reservoir.

o M Mass
| M
04
0 2I0 4ID SJD SIU 1 OIO I 1 210 1 4IU 1 SIO 1 éﬂ 2L':CI
[ Storage2 H Storage2 EM I
40
1Energy
20 4
0
0 ' 26 T 4:3 l STG ' BID ' 1 CIIO l 1 2IU l 1 4]0 ‘ 1 (;0 i 1 810 2Il:0
| —— sunction2 Sustnex Sustainable Unsustainable
. SI Phase Phase

1Sustainability Index

5100 IS DRSNS WSS e o NN (IO Y [ S —— . "I R S

w4 SI(t) = Power;., (t)/Power - 1¢o+———""—~——-~— . - - -

( ( ) ln( )/ Out( ) 120 140 160 180 200
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Conclusions

Eco Bond Graphs
— A new “Plumbing Technology” for modeling Complex Dynamics Systems

— A low-level tool to equip other higher-level modeling formalisms
e with the ability to track emergy flows

Hierarchical interconnection of EcoBG subsystems

— Automatic and systematic evaluation of sustainability:
e global tracking of emergy and
* |ocal checking of energy balances

M&S practice

— The laws of thermodynamics are not an opinable subject
* Every sustainability-oriented effort should -at some point- consider emergy

We should become able to inform both:
e decision makers (experts, politicians, corporations) and
e people who express their wishes (democratic societies)
— about which are the feasible physical boundaries

» within which their -largely opinable- desires and/or plans can
be possibly implemented in a sustainable fashion.
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Q&A

Thanks for your attention !

rodrigo.castro@usys.ethz.ch
rodrigo.castro@cifasis-conicet.gov.ar
rcastro@dc.uba.ar
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