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Abstract

This report details the port interconnection of two subsystems: a power electron-
ics subsystem (a back-to-back AC/AC converter (B2B), coupled to a phase of the
power grid), and an electromechanical subsystem (a doubly-fed induction machine
(DFIM), coupled mechanically to a flywheel and electrically to the power grid and
to a local varying load). Both subsystems have been essentially described in previ-
ous reports (deliverables D 0.5 and D 4.3.1), although some previously unpublished
details are presented here. The B2B is a variable structure system (VSS), due to the
presence of control-actuated switches; however, from a modelling and simulation,
as well as a control-design, point of view, it is sensible to consider modulated trans-
formers (MTF in the bond-graph language) instead of the pairs of complementary
switches. The port-Hamiltonian models of both subsystems are presented and cou-
pled through a power-preserving interconnection, and the Hamiltonian description
of the whole system is obtained; detailed bond-graphs of all the subsystems and the
complete system are provided.

1 Introduction

Doubly-fed induction machines (DFIM) have been proposed in the literature, among other
applications, for high performance storage systems [1], wind-turbine generators [9][11] or
hybrid engines [3]. The attractiveness of the DFIM stems primarily from its ability to
handle large speed variations around the synchronous speed (see [10] for an extended
literature survey and discussion). In this wotk we are interested in the application of
DFIM as part of an autonomous energy—switching system that regulates the energy flow
between a local prime mover (a flywheel) and the electrical power network, in order to
satisfy the demand of a time—varying electrical load, see Figure 1.

The Back-to-back (B2B) converter, connected to and auxiliar single-phase grid, pro-
vides the desired PWM rotor voltages to the DFIM. The B2B has the nice feature that
power can flow to any direction. In particular for this application, the rotor energy of the
DFIM may come back to the converter in some operation ranges [2].

The final goal is to supply the required power to the load with a high network power
factor, i.e., @, ~ 0, where @), is the network reactive power. On the other hand, we
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Figure 1: The system: A DFIM coupled to a flywheel connected between a local load and
a power grid, controlled by a B2B converter.

require a unity power factor for the single-phase auxiliary grid and a constant value of
the DC capacitor link of the B2B.

This report addresses only the modelling aspects of the problem, and in particular the
ones related to the interconnection of the two subsystems.

2 Bond Graph and Port-controlled Hamiltonian mod-
els

Bond graph theory is a powerful technique to model physical systems [7]. This technique
is graphically oriented and represents the power flow between the different elements of a
system.

Mathematical equations suitable for simulation can be easily deduced, either manually
or using specialized software, from the bond graph representation . This represents a big
advantage for complex and/or large systems made of smaller subsystems, since the bond
graph description has a “built-in” port description.

Port-controlled Hamiltonian systems (PCHS) can be seen as a mathematical descrip-
tion of bond graphs [6]. An explicit PCHS has the form [4]

{ &= (J(z) — R(z))VH(z) + g(z)u (1)
y=g" (x)(VH(z))"

where x € R” are the energy variables, H(z) : R” — R is the energy (or Hamiltonian)
function!, u,y € R™ are the port variables, J (z) = —J7 (z) € R™" is the intraconnection
structure matrix, describing how the energy flows inside the system, 0 < R =RT >0 ¢
R™™ is the dissipation matrix, and g(x) € R™*™ is the interconnection matrix, describing
the port connection of the system.

Port variables are conjugated, so that [u][y] has units of power.

1V operator represents the gradient of the function, and for simplicity is taken as a column vector



Figure 2: Basic scheme of the doubly-fed induction machine

2.1 The Doubly-fed Induction Machine coupled to a flywheel

Figure 2 shows a scheme of a doubly-fed three-phase induction machine. It contains 6
energy storage elements, with their associated dissipations, and 6 ports (the 3 stator and
the 3 rotor voltages and currents).

A Port-controlled Hamiltonian model of a DFIM coupled to a flywheel is given in [2].
This model is described in dg-coordinates [8], which reduces the three-phase variables
(abc) to the two-phase variables (dg). The variables are

vh =\ JLw,) € R,

or
ah = (xl, m) = (AT, Jw,)

where AT = (AT AT) € RY, X, A\, € R? are the inductor fluxes in dg-coordinates (sta-
tor and rotor respectively), w, the angular speed of the rotor, and .J,, is the inertia
(DFIM+flywheel). The structure and damping matrices are

—wsLgJo —wsLgJo O2x1 Ryl Oz Oz
jD - _wsLer2 _(ws - wT>LTJ2 LerQis S R5X5 RD - O2><2 RTIQ O2><1
OIXQ LsriZJQ O Ol><2 Ol><2 Br

where L are inductances, R are resistances, lower indices s and r refer to stator and rotor
respectively, B, is the mechanical damping and i, and 4, € R? are the stator and rotor
currents. Currents i’ = (:1,il) € R* and fluxes \ are related with

AN=Li

where the inductance matrix £ is

E _ ( LSIQ Ler2 ) c R4X4,

Lsr[2 Lr[2
and
J2—<(1) _01>€]R2X2 12_((1) ?)eRM. (2)
The interconnection matrix is
I, Oy
gp = Oy Iy € R>
Ol><2 Ol><2
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with the port variables
u’ = (v v]) e RY,

where v, v, € R? are the stator and rotor voltages. Finally, the Hamiltonian (or energy)
function is

1 1
Hp=-ATL'A+ —22 .
D 5 L + 2JmLL‘m

The Bond Graph of the DFIM is depicted in Figure 3.
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Figure 3: Bond Graph of the DFIM.

2.2 The back-to-back converter

Figure 4 shows athe back-to-back converter. It is made of a a full bridge AC/DC single-
phase boost-like rectifier and a 3-phase DC/AC inverter. The whole converter has an AC
single-phase voltage input and its output are 3-phase PWM voltages which feed the rotor
windings of the electrical machine. This system can be split into two parts: a dynam-
ical subsystem (the full bridge rectifier, containing the storage elements), and an static
subsystem (the inverter, which, from the energy point of view, acts like a transformer).

v;(t) = E'sin(wst) is a single-phase AC voltage source, L is the inductance (including
the effect of any transformer in the source), C' is the capacitor of the DC part, r takes into
account all the resistance losses (inductor, source and switches), s, and tx, k = 1,2,4,5, 6.
Switch states take values in {(—1,1} and t-switches are complementary to s-switches:
tr = § = —si. Additionally, s = 57 = —s3.

The PCHS averaged model of the full-bridge rectifier is as follows. The Hamiltonian
variables are

rp = (Ar,q) € R?,
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Figure 4: Back-to-back converter.

where \;, € R? is the inductor flux and ¢ is the DC charge in the capacitor. The Hamil-
tonian function is

while the structure and damping matrices are

. 0 —s5 2x2 _ r 0 2%2
jB—(Sl 0 )ER Ry = 00 e R .

The interconnection matrix is
. 1 Ol><3 2x4
gB = ( 0 fT S R )

where
1 S — S4
f = 5 S5 — Sg € R37
S4 — Sp
and

U.
u= ( ! ) e R,
—labe

where il . = (iq,1p,1.) € R® are the three-phase currents in the inverter part. Notice that
the inverter subsystem can be seen as a Dirac structure with

Vabe = fUDC
ipc = [Tiabe
where vgbc = (iq, 1, 7.) € R? are the three-phase voltages and vpc,ipc € mathbbR are the

DC voltage in C' and the DC current supplied by the rectifier subsystem.

The Bond Graph model of the B2B converter is depicted in Figure 5. The switch
model has been taken as a transformer, which has the same behavior than an ideal switch
for an averaged model [5].
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Figure 5: Bond Graph of the B2B converter.

2.3 The dg-transformation

From an analysis point of view it is convenient to express the three-phase inverter voltages
of the DFIM in dq components.

We can summarize the dg-transformation as follows. First, from the original three
phase electrical variables (voltages, currents, fluxes...) Y. we compute transformed vari-
ables y,3, by means of

Yapy = Tyabc (3)

with
t11 ti2 ti3
T=| tar toa to3

t31 132 133

with T7 = T, so that this is a power-preserving transformation:
<i7 U> = <iab07 'Uabc>~

For instance,

V21 1
T=1 0 L -1
P
V3 V3 3

For a three-phase equilibrated system, one has y, + ¥, + y. = 0; the dg-transformation
allows then working with only the two first components (the o« — § components) and
neglect the third one, the v, or homopolar, component, which is zero for any balanced set
and which, in any case, is dynamically decoupled from the other components.

The second part of the transformation relies on the assumption that the induction
machine is symmetric, with a sinusoidal distribution of magnetic fluxes in the air gap. It
eliminates the dependence of the equations on # (mechanical position of the rotor), and
consists in defining new variables yq, via

yoeﬁs — K 0 5 ( ydqs ) 4
( yaﬁr ) ( ’ ) ydqr ( )
6J25 02

K(ea 5) = |: 02 €J2(5—9)

:| c R6><6



where ¢ is an arbitrary function of time, and

7 (S ) ex

If § is the stator frequency ws, this has the nice additional property of converting the sinu-
soidal time-dependent stator variables into constant values, which is useful for controlling
purposes [2].

Notice that this transformation can be seen as a Dirac structure [4],

Vabe = K(e,(;)Tqu (5)
Z‘dq = _(K<075)T)Tiabc- (6)

For the rotor part, one has K,.(6,5) = e”20=9),
The dg-transformation can be seen, in bond graph terms, as a modulated transforma-
tion in two steps, figure (6). First the T transformation reduces, in an equilibrated case,

from a 3-phase (abc) to a 2-phase (af3). Then K (4,0) simplifies the dynamical equations
of the DFIM.

Yabe Yapy Ydq
T MTF
T K(9,9)

Figure 6: Bond graph of the dg-transfromation.

Fig.(7) shows a completed bond graph of the first step of the dg-transformation. In-
deed, we write the output equations for efforts

o = t11€q + t12€p + tize,
€z = tglea + t226b + t23€C (7)
ey = t3164 t+ t32€p + t33€c.

which implement (3). For the flows we have (10)

1 1 1
fa_tllfal_tlgfbl_tlgfd
1 1 1
= fry = —f, 8
fo= -t =l =t (5)
1 1 1
f'y t31f3 t32 be tggf

fa = fal + fa2 + fa3
Jo=Tor + foo + fos (9)
fc = fcl + ch + fc37

and finally
fabc - TTfa,B'ya (10)
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Figure 7: Completed bond graph of the dg-transfromation.

which, expressed in a/f3y-components, is

Jasy = (T7) " fate: (11)
Since TT = T~! we recover expression (3) for flows. Note that for an equilibrated 3-phase
system the bond graph takes a form where the v-port disappears, Fig.(8). For the second
part of the transformation, the bond graph is shown in Fig.(9). Following the same steps
as for the first part of the transformation, we recover (4), since e~ /2¢ = (e/29)T.
Finally the complete dg-transformation is depicted in Fig.(10), with a 3-input port
(abc) and a 2-output port(dq).

2.4 PCH model of the whole system

Figure 11 shows the interconnection scheme of the whole system (B2B+DFIM). The dg-
transformation connects the B2B converter with the DFIM as a Dirac structure.
The interconnection relations are

Up = Vqq

ir = Z.dq
VABC = Vabe
tABC = labe-

We use equation (12) and introduce a new K matrix

K=T'K ¢ R¥3,

frk = %fa,l = %fbl =

fﬁ = %fa? = %flﬂ =

fv = %fas = %fbs =

€a = t11€4 + 126y + t13€c

t%fcl

13

e = ta1€4 + tagep + faze.

%fc?

23

= t31€4 + t32€p + t33€c

il

t33
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Figure 8: Reduced bond graph of the dg-transformation for an equilibrated system.
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Figure 9: Bond graph of the dg-transfromation.

with T, defined so as to remove the homopolar component:

V2o
L=y e R¥,

The PCHS of the whole system has the following variables

Si-
|
S-sl-

V2

i (AT, Imwr, A, q) € R”

with energy function

1 1 1 1
H=Hp+Hp=-AN"L'AN+ —22 + =N+ —¢
o Hp = oA LAF Gt T op A T 5
The structure and dissipation matrices are
02><1 O2><1
J—-R= 0 0 e R™7
OIX2 01X2 O jB _ RB

le? _fTICT 0
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Figure 11: Interconnection scheme.

and the interconnection matrix and port variables are

IQ 02><1
02 02><1
g = 01><2 0 - R7X3 UT = (UZ,’UZ) € R3.
Ol><2 1
01><2 0

The bond graph of the whole system is shown in Figure 12.
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