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Power-Oriented Graphs (POG)

The Power-Oriented Graphs are "block diagrams" obtained by using a "modular"
structure essentially based on the following two blocks:

Positive power flows
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e POG maintains a direct correspondence between pairs of system variables and
real power flows: the product of the two variables involved in each dashed line
of the graph has the physical meaning of ~ “power flowing through that section".

e The Elaboration block can store and dissipate/generate energy.

e The Connection block can only "transform' the energy.
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POG dynamic modeling: electrical example

Across and through variables: ||

The system
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The POG model
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Example of POG modeling: DC electric
motor with an hydraulic pump posuas

A DC motor connected to an
- : @
hydraulic pump: ,

There Is a direct correspondence
between the POG blocks and the
physical elements ...

The POG model:
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POG models can be
Simulink.
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DC electric motor with an hydraulic pump:

comparison with the BG model e

A DC motor connected to an ®

hydraulic pump: , e
+ The graphical representation is L

more flexible and more compact.

- Not easy for the beginners.

- Not direct use in Simulink. !

Serbatoio

The Bond Graph model:
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Introduction

Power-Oriented Graphs - LTl Systems

The POG state space description

of the DC motor with hydraulic pump:

L, 0 01, R, -K,, 0 I, 1 0] rprq !
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 Direct correspondence between POG and state space descriptions:

Energy ‘/"\ \‘/

I 9

Power u Ilv-b- B -+4~(%=
matrix
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Lt

I I
I |
| I |
I I I
I I I
| I |
I I I A
I I I
| I |
| I |
I I
I |

qu—BT -

P ] o [~ ]

e With POG it easy to obtain reduced models of the system

Which is the “reduced
model” when J_->0 ?

Two possible solutions:
1) graphically inverting a path ...;
2) using a congruent transformation
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POG modeling reduction:

graphically inverting a path
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POG modeling reduction:
using a “congruent” transformation

When an eigenvalue of matrix L goes to zero (or to infinity), the system degenerates

towards a lower dynamic dimension system. The “reduced system” can be obtained
by using a congruent transformation x=Tz where T is a rectangular matrix:

AT P T T T — A B
congruent {I: _]_:_"r;I}Z o T ATZ+T Bu LZ o AZ—I_BU Transformed
transformation T ~ —T system
Y = BTz Yy = Bz

When a parameter goes to zero a static relation between state variable arises:

K., K
Jm:[] $ Kmfa—bmwm—KpPU:U $ wm:b—fa—b—pp[]

A rectangular state space transformation can be easily obtained:

Rectangular
I, 1 0 matrix
| Kn K La
Old state Wm - b bm P,
vector \ ' ! ! —— New state
S~ = 7 () e— vector
.9 T N
Applying the congruent transformation one directly obtains the reduced system:
. K2 KmK
L, O I, |  |—Ra—35™ 5 1, +1 0 V.,
: — 2
0 = | K KoKy _o K2 || Ry 0 —1|| 0,

R. Zanasi, F. Grossi The POG Technique for Modeling Hybrid Automotive Systems



Modeling a

Planetary s
Gear Ring

The POG blocks have a
direct correspondence
with the physical
elements.

The POG model:
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Planetary Gear: state space model

From the POG block scheme

directly follows the dynamic SAte Energy Input
state space model of the MR matrix: matrix:
system (n=6): "W, J,0 00 0 07 1 00]
Fse 0100 0 0 000
; W, 00 0J.0 O 010
—BX 1 000
y=BX F.. 00 00%-0 o
W 00 00 O J. _ |
L r - — -
_—bs—rfdsc —T, 5T rfdsc 0 0 i
s 0 Tfp g 0 0
Power A —TaldseTp —Tp —bp—dscrg—dcrrg TslseTp—derTpTr —Tp  derTpTy
matrIXZ ngsc Ts Is dsc'rp T dchpTr _bc T ng.sc T dc:r‘r?- —Tr dc:r"r?-
0 0 Tp T 0 —7r
B 0 0 dcr'rpr'r dcr TE Ty _b'r _ dcr TE_

Is this model :> POG technique provides the reduced models when the
too complex? stiffness tend to infinity or the inertias tend to zero.
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Planetary gear: reduced inertial model

When the stiffness coefficients tend to infinity K., —oo K,.— 00 a
static relation between the state variables appears:

w — L= L w
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T

Matrices L, = T,LTy , A, =T,A T, and
B, = T, B have the following structure:
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Reduced inertial model: simulation results

Comparison between the extended and reduced models:

0.1 ! _ + ! ! _ ! i i
: : : : : : : s cxtended model
,,,,,,,,,,,,,,, e e e = = = reduced model ||
0.08 Extended model - :
—_
)
= 0.08}
3]
=
wn 0.07
3
0.06
0.05
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Parameters used in simulation (SI): [Js, bs, 7] = [0.049, 4.946, 0.102]
[J, b, 7] = [2.180, 218.02, 0.248] [, by, 7] = [0.081, 8.123, 0.073]

[J., b] = [0.929,92.89] [K.., dse| = [Ker, der] = [107,10]  [Ts, Tes 7] = [0,
[ws(0), we(0), w,(0)] = [0.1, —0.2, —0.323]

4, 0]

Note: the use of a “rectangular” matrix for transforming and reducing a
dynamical system is a “specific characteristics” of the POG technique.
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Planetary gear: reduced elastic model

When the inertias coefficients tend to zero J; = J. = J,. = 0 a static
relation between the state and input variables appears in the system:
B ; Fae Ws 100]
Zo = —A5A 2z — AyBou where 71 =| wp Zo = | we B,=|010
Fe, wr 001]
bs — Tsdsc Tg dsc O g —Tsdsc?np 0 -
A22 ngsc —be — ngsc - TEdcr TEdcr A21 — Ts Tsdsc'f‘p — Tp'rr,ndc«r —Tr
0 'r,?dm« —by — T?dcr 0 TpTrder Tr
Appl_ying a congruent transformati(_)n S I 0
and inverting the system one obtains 2= A0 A | ™ + ALp |
the POG reduced elastic model: | 22 -*21 2272]
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EL 0 Fsc 0 Tp Fec Ts —Ts 0 II Ws \‘
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R. Zanasi, F. Grossi

The POG Technique for Modeling Hybrid Automotive Systems



Reduced and inverted elastic model

The POG block scheme:
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A dissipative reduced system is obtained when J, = J. = J,. = 0 and
Ksc — Ksc — 6O
rsws — (rr+7s)we + rrw, =0
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POG model of Hybrid Automotive Systems

A parallel Hybrid The system:
Automotive System: R

!
i
- ICE ®

- vehicle

ICE

Control

il 1_:he POG The POG model:
technique it is T we @

easy to connect

e
L

- -4
L -

[ I
j i

the subsystems V. : :
because it is , ,
based on the use Control : PMSM :
| i

I |

T I

Plan.
Gear

A

of the “dashed” ]

power sections!

-
-

————————

]
T

i
Synchronous Planetary Gear Vehicle ir Resistance
@ machine @ @

R. Zanasi, F. Grossi The POG Technique for Modeling Hybrid Automotive Systems



Hybrid Automotive Systems: POG model
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The Simulink
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Hybrid Automotive Systems: POG model

POG model of the vehicle:

-- Tire-road contact:

I
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Hybrid Automotive Systems: simulations

Veloceity of the vehicle &,

“Start and stop”
simulation results
obtained with the ICE
switched off:

Vehicle
velocity

wc:O

Planetary gear
velocities

The small tracking
delay is due to the
elastic horizontal
slipping of the tires
on the ground.

Planetary gear
torques

Time [s]
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Hybrid Automotive Systems: simulations

Voltages V. of the multi-phase electric motor

A PMSM multiphase § : zz ___________ T (P S ]
electric motor has g O oo oMM 1 S
A VAR o AN -'|.:-|||=i=||;n|n1u|H|'|Tﬂ;a;&;o;_.;.;,_
Hsea: —— i.c,li:ilglg|l|||m|||nn;;;. L
m = 5 i)) > 1] AT ______ L ............ ............ ...........
L ~300 1 2 3 4 5 6 7 8
It can be UserI Currents I. of the multi-phase electric motor
o I 5 o WS W NN O B
robustness and o v ST - - )
11—
safety of the SIS it T e
- m|||‘ill\ﬂﬂ\\|::|-:- M
system [HE ol VAR 0 B 111111 00 |
O O ““mllNIIIIHHLi.-' :
@ ; . i i | | |
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With POG models
clearly shows the
“power flows”

within the system: 3 2 o
- motor % o %
o=

- generator }

Time [s]
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Conclusions

1) POG modeling technique:
= a planetary gear has been modeled with different
level of details (reduction rules),
= an hybrid automotive power system (endothermic
engine, multi-phase synchronous motor, planetary
gear and vehicle dynamics) has been modeled.

2) The POG technique is easy to use, easy to understand
and suitable for modeling complex dynamic systems
such as Hybrid Autmotive Systems
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