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Outline

e Main characteristics of the Power-Oriented Graphs
(POG) modelling technique

e POG modelling examples:
1. DC motor connected to an hydraulic pump
2. Three-phase brushless motor
3. Three-phase asynchronous motor
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POG Dynamic Modeling: Physical sections

The physical elements (F.E.) interact with the 9
external world through sections. Each section is @

characterized by two power variables v; e V..

In POG a section is denoted by using a dashed line.

Each power variable has its own positive direction.

The power flowing through a section can be positive
or negative. An arrow over the dashed line is used L_
for denoting the positive direction of the power P.
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POG Dynamic Modeling: Connections

Example: connection of two electrical o < > o
elements Z,, Z, A A

If the powers P4, P, enter into the two

electrical elements, the varlable_s_ 1., Vi, Ly, Z, V, V, Z,
V, cannot have all the same positive

direction.

In this case a “connection block” is used for
converting the power variables.
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Dynamic Modeling: Electrical examples

Kirchhoff’'s
voltage law
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Introduction
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

—_ —_ —_ —_—

X xX X - xX
3-Port Junctions: 1 I,é %i 9 2 1 K i 2
- i 2-Port Elements :

|
= 0-Junction; I \
I I e Transformers TR;
|
I

e 1-Junction;

' * Girators GY;

e Modulated TR;

i
/ I,, 1 '
1-Port Elements: ! ! « Modulated GY;
y —-fl y Y1 K' = Y2

e Capacitor C;

e |Inertia I;

= Resistor R; Elaboration block Connection block

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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Dynamic Modeling of Physical Systems

Different Energy domains:
1) Electrical; 2) Mechanical (tras./rot.); 3) Hydraulic; etc.

The same dynamic structure:

- 2 “dynamic” elements D,, D, that store energy;

e 1 “static” element R that dissipates (or generates) energy;

e 2 “energy variables” q,(t), g,(t) used for describing the stored energy;
- 2 “power variables” v,(t), v,(t) used for moving the energy;

Electrical Mechanical Hydraulic

Dy | C Capacitor | M Mass C7 Hyd. Capacitor

g1 | @ Charge p Momentum V' Volume
Across-variables | v1 | V' Voltage v Velocity P Pressure

Dy | L Inductor E  Spring L; Hyd. Inductor

go | ¢ Flux x Displacement | ¢; Hyd. Flux
Through-variables| v2 | I Current F' Force () Flow

R | R Resistor b Friction R; Hyd. Resistor

In POG the new symbols and the new definitions are “minimal”
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Example of POG modeling:
an electro-hydraulic clutch

The electro-hydraulic clutch:

Strongly nonlinear elements

"é‘_‘i‘d Control input

i
A..Jg,*.J.
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Example of POG modeling: DC electric

motor with an hydraulic pump posuas
A DC motor connected to an hydraulic pump: @ : O

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

The POG model: '
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Introduction
Power-Oriented Graphs - LTI Systems

e Direct correspondence between POG and state space descriptions:

l—b— . <

Lx = Ax+Bu urB e
y B'x

1

Stored Energy: E, = EXTLX

Dissipating Power: P; =x"Ax

&
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A “power” state space description of the DC motor with hydraulic pump:
L

« 0 0|1 ~-R, -K,, 0 I, L 0] rpq
0 % 0 Wm — Km _bm _Kp W + O O |:Qa:| : y = [1 0 Oi| X
0 0 +=| | P 0 K, -a, B, 0 —1| £ 22 ! 001

~ v J\V/ . (- / N " u | \—v—/

T X A X B C
Two possible solutions:

1) graphically inverting a path ...;
2) using a congruent transformation

Which is the “reduced
model” when J,,->0 ?
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POG modeling reduction:

graphically inverting a path

POG reduced
model !
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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:

T'LTz = T"ATz+T"Bu Lz = Az+Bu S =0
=4
y =BTz y=B'z ~>

. T T T T -c— e - /77777 | KmIa_bmwm_KpPUZO

I @ | - | K..K, | S |
1 Lo v T g | b [T ™ T > Fo >
E 1 : , : : * : : ' di Ky
ol ' ' 1L I Rl e e

| a | | 2| | | | |
: NETEL Ra+% | | 2|V v : L

I | ol | 2o |y |
I s [y | | sl s | I o | Km K I,
I | | | | | I m b bm Py
I | | | | I Py 0 1 . ,

| | 4N g | -~ 4 \, J

: | ~ | T L : x Z
I I

Dissipation | (L. O I, ] —Rq — 3= KbLfE I, n 1 0 Va
2D element | |0 | | By | KoK, _O_,p_i_fi_ Py 0 —1|| Qg
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POG modeling of Electrical Motors

Let us consider Electric Motors “energetically” characterized by:
1) the magnetic flux “LI” generated by the stator and/or rotor currents I, and I ;

2) the magnetic flux “@ (6,)” of the permanent magnets (if present);
3) the momentum “J, w,” generated by rotor velocity w,;

The Energy K stored in the system can be expressed as follows:

L., .
K =5a"L(0:)a+q"¢(0) L(6,) =L(6,)" > 0

where q = [ I. 1. w, } and w, is the rotor angular position.

The dynamic equations of the system are:

‘ 1 - T T 1 .

0za"L+¢")  OGLa+ ) i
oq” 0q

M &
S

W

Where R is a symmetric matrix (energy “dissipation/aeneration”) and W is a
skew-symmetric matrix (energy “redistribution”): R=R*, W = - W~

1.
Li+-La=V-Rq+
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POG modeling of Electrical Motors

Two different but equivalent POG graphical representations:

V: N : 4 : Vl *
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The dynamic equations can be easily interpreted from a “power” point of view.

Multiplying q" on the left of the first equation one obtains:
1

LG _.TL.:.TV_.TR. 2T W ¢
fl Q+2q (1 9 q g+q 9

~ P. P, 0 ~— | Redistributed power
/K / d\

Stored energy variation Entering power Dissipated power
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Brushless motor: the three-phase stator circuit

rrr=—=-tr=—="===T ===l m=====-= 1
The constraint: I The circuit: Lo i R !
1 53 I
_ ! L ¢
Isl + Is? + IS3 =0 : Rs Isl s0) 152 :
. . ) :
The dynamic eqguations: : y y L. R, y VP
tr £ to ¢ t S 2 :
LS IS = — RS IS _I_ VS - VO I sl :LS — LSO . Ms: 0 5 :
P | e T s T s
that is, expanded: I * * * * :
Lo M, M, [ L R, 0 0 I Vi — Vo
Ms LSO Ms Ig2 - - 0 Rs 0 I32 + I/E;Q - I/0
MS Ms LSO j33 0 0 Rs 133 ‘{93_1/0 I'__________';
N ~ 7 N—— ~ —— N ~ - 1 Static “dq”
'L, T, ‘R, T, V-V, —---------- .
By using a congruent transformation t_IS_f iT_b_bI_s one obtains the “reduced system”: "
r-—-—=-=7=7=7=7=7=- ] m- - - - -TT-T-T-T-TT-TTTTTsTmTmTmmTmTTT T |
: 2 11 \9§ I I Ls 0 I_Fsd - Rs 0 Isd + Vsd :
: T, = 3 —? 73 : : 0 L I, 0 R Isq Vig | 1
L1 _v3 ~ ~ ~ ~— |
I 2 2 | | .
______________ 4 | bLS bIS bRS bIS sz :
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Brushless motor: the rotating frame

By using a orthonormal transformation T, = ’T,“I, ..

[ e s s I
. | C .
:bT _ | cos 0, —sinf, |, : L, 0 “Io| “Rs + jwrLs | “KT | | “I YV :
w sinf, cos6, | Lol : - WK b + _ I
: I | ‘ r Wr T ‘ r Wy Te :
... One obtains the i R ol I“pq | -
“two-phase rotating” : r; o071 [« S TS I oy
dynamic model of orlolls S T 7 wISd wvfd
the SyStem. s . Isq — Wy Lig s 89?1 sq + sq
0 0[J, Wy < B Wy —Te
Expanded form el
magnetic flux § T | “V, | “B, e
generated by the 1"V, ox "T7 e "T7 *|—*<?= ~ ~ “Kifee—p— |
| | | | | | | .
permanent magnets ! | | | | | | B
e | N e
POG dynamic model 1 | | Rt o L N
; | | | Y | | OS] .
of the brushless T | | ! | | | L
motor o T 1 o
| tIer" T, :.::. b :.::. o ;: > =:= “K., :Tm * Te :
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Brushless motor: sinusoidal magnetic flux

If the magnetic flux of the permanent magnets is sinusoidal ...

Two-phase rotating

{ cos 0, ] -
) . 3 o,z >
tcp(ﬁ’r) = g | cos( r ZE) | 595(9?) — \/;900 Z?;g?"] C[O(QT) = [\/%]900]
Three-phase cos(fr + ?)J T '

Two-phase static

... the dynamic L, 010 “ T R, —wrle ) 0 “Isq “Visd
equations of 0 L. 0 “f | =—|wls R, %900 Lo | + | “Va,
brushless motor 00 ‘J 5 . 5 -
strongly simplify " " 0 —yawo) b | L ¢
e - = It =
I ‘ld” I I “q11 I I I
I Dynamics | DyHdgpics!  Rotor 1
w L L. |« i A 3 | T
sd | Wrlig [* r { " " 5{100 i €
| ' | ' | '
h ' ] ' | '
... as well as the I . ! I ) ! | . !
POG graphical ! RALs| | ! R.ALss| | f bJrs | |
representation. F | ] I I
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w Jl, r ol I 3 b E, ) o
I L VT £
I I ! |
I
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Asyncronous three-phase motor:
the stator and rotor circuits

The variables. Stator and
rotor currents and voltages:

tIS ; tIr, IL'\Is ,tVfr

The constraints:

131"—]32_'_[33 =0
IT1+IT2+IT3 =0

The dynamic equations:

d L__§ ,\tMT i:IS tRS 0 i:IS i:VS
B t n “t t - = t t + |
dt MS_’;‘, L IT‘ 0 RT IT‘ VT‘

where ‘R, = R.I;, ‘R, = R,I; and

Lo M. M. Lo M. M Pl cos(6,) cos(0, — %) cos(f, + )
g, - :

Ms LSO Ms MT L?‘O M?.
M, M, Ly M, M, L.

Stator and Rotor Self-Inductances Stator/Rotor Mutual-Inductances
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Asyncronous motor: dynamic model

Applying the two-phase “static” transformation (6->4):

T, | _ T, 0 T where Ty, = 2[
T.| | 0o "I, | | 'I,

... and then the two-phase “rotating” transformation (§; = 6, — 6,.):

bIS el’s 0 “I 0 —1 4 cos) —sind
{bl?l — { 0 ejgd} [""‘IJ where jll ) ] eaﬂ_[ ]

| sinf cos®

| =
5 ©
_—

w2
—
|
D= b
|
)
el
|

... one obtains the following “full” dynamic model:

-Ls LS'?‘ 0 wis | Rs + jwsLs j(ws_ %)Lsr ij-r%Ls-r | -wIs- -wvs-
Lsr L?‘ 0 wi?‘ — j(ws o %)LST R-‘r + jde?' _j wIS%LST‘ wI-'r + 0
0 0|J||w, “IT jiL,, —“IT jiL,, b, Wy —T,

where R, =R,1, R,=R, I, L,=L,1, L, =L 1, L, =0L,I
Ls :Lsﬂ_ﬂf’:{s , L'r :Lrﬂ_ﬂ’fr, Lsr — %ﬂ’fsr
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Asyncronous motor: dynamic model

Dynamic model in a compact form:

“L.| 0 ][“L.] “R, — Q. ‘ KT 1 [“L . “wV,
0 [/ || —“K, | b Wr —Te
CD CR+éW) 1 “V
The energy matrix The symmetric part of the The skew symmetric part of
represents the system matrix represents the system matrix represents
stored energy: the energy dissipations: the energy redistribution:
1 ‘:‘:RE 0 _Qs «wKT
E, = —“T"“L*“I “R, = ww_l e | ]
2 0 |b, —“K, | 0

The active torque applied to the rotor:

T = G, = [ -“I7 jiL, “I7jiL, | “I. = “K,“I,
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Asyncronous motor: POG model

The POG graphical representation:
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I ~ ||| I wVE II \I wEE| |I Wy I|
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| | 'l L. |[¢ j! | | I
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: ! :: Y ! k Connecton ! |
l " Niccimatind] : I ]
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, 3P_>.2P I 2P_>_2P:' eslteorggr?t i element ! energy Is :' dynamics |
) static :: ratanngy X I redistributed 1! l
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| 1 h I I I
R Nk :- : : :
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R. Zanasi Modeling Electrical Systems Using POG



Conclusions

e Power-Oriented Graphs (POG) are a simple
and powerful graphical technique that can be
used for modeling all types of physical
systems involving power flows.

e POG are easily understandable, simple to use
and suitable both for teaching and for
research.
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