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This paper presents a proposal for a series hybrid electric vehicle propulsion system. This new configu-
ration is based on a wound-rotor synchronous generator (WRSM) and a doubly-fed induction machine
(DFIM). The energy-based model of the whole system is obtained taking advantage of the capabilities
of the port-based modeling techniques. From the dq port-controlled Hamiltonian description of the
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System (DiSAC) is developed. Subsequently, the bond graph models of the DiSAC and associate systems
are also provided. Numerical simulations are also presented in order to validate the proposed system.
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1. Introduction

Hybrid electrical vehicles (HEV) are the focus of many research
interests because they are able to provide good performance and
long operating time [1,2]. Basically, the HEV is composed of an
internal combustion engine, an electrical machine and a battery
pack or ultracapacitor storage system [3]. The main goal of this
structure is to reduce the CO, emissions by means of the regener-
ative breaking using the electrical machine, both as a motor drive
or as a generator, which charges or discharges the batteries. It is
also desired to keep the drivability performance of the vehicle
[4]. Depending on the topology, HEV can be divided into two basic
configurations: parallel and series.

In this work we focus on the advanced topologies of series HEV.
Wound-rotor electrical machines have the ability to control them
trough the rotor windings. It offers several advantages as the size
of the power converter could be smaller than a direct connection
to the stator side.

The use of wound-rotor machines (as doubly-fed induction ma-
chines) has been studied as a part of a power train [5,6]. However,
examples in [5,6] had some performance limitations because they
are unable to control intermediate variables between both
machines (power factor, reactive power or stator voltage). More
control inputs are necessary in order to achieve a good control
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for the HEV purposes (for instance, the stator reactive power be-
tween both machines cannot be controlled with the previous
schemes). The propulsion system we propose consists of a
wound-rotor synchronous generator (WRSM) and a doubly-fed
induction machine (DFIM), and it is an improved version of the
topology proposed in [7]. The main advantage of this configuration
is the ability to manage the energy without a full power converter
between both machines. In this case the power management is
done through the stator and rotor voltages of the DFIM and the
field voltage of the WRSM. This configuration of two machines
with wounded rotor allows to use smaller power converters than
the conventional topology [4], also increasing the number of con-
trol actions and, consequently, a better power management can
be done.

Several modeling and simulation tools have been employed in
this field [8,9]. In particular, a powerful modeling approach poten-
tially suitable to deal with the inherent features of the proposed
HEV system is the one provided by network modeling. Network
modeling is a prevailing trend in the description of physical sys-
tems for analysis, control applications and simulation. The system
is split into open subsystems (tearing), the subsystems are mod-
eled (zooming), and the model of the overall system is obtained
by interconnecting the models of the subsystems (linking) [10].
The main advantage of such approach is that the models of the
physical subsystems can be stored in libraries. The modeling pro-
cess can be performed in an iterative manner and the model of
the overall system is simply constructed by interconnecting the li-
brary sub-models.
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Specifically, Energy-based modeling (EBM) is a network
modeling technique which describes dynamical systems from a
physical point of view, representing the power flowing between
the different elements and where the energy is stored and
dissipated. A recent implementation of this idea is known as port
Hamiltonian systems or port-controlled Hamiltonian systems
(PCHS), see [11,12]. One of the strong aspects of the PCHS is that
a power-preserving interconnection between port-Hamiltonian
systems results in another port-Hamiltonian system with compos-
ite energy, dissipation, and interconnection structure. Based on this
principle, complex, multidomain systems can be modeled by inter-
connecting port-Hamiltonian descriptions of its subsystems.

PCHS theory provides the mathematical foundation of the bond
graph approach, which allows to model dynamical systems graph-
ically, describing the energy flowing through different elements,
which represents source, storage, dissipative and transmission ele-
ments [13]. The bond graph description easily permits the integra-
tion of submodels and, by means of a simple computer algorithm,
the simulation-ready equations of a complex model can be derived.

In this paper, a new configuration for a HEV propulsion system
is presented and the dynamical model of the power train is ob-
tained in the port-controlled Hamiltonian and bond graph descrip-
tions. Finally, some simulations are performed to evaluate the
propulsion system under a standard driving test profile.

2. System description
2.1. State of the art

Fig. 1a shows the classic configuration of a series HEV [4,14]. It
contains an internal combustion engine (E), two electrical ma-
chines (G and M) connected by a power converter (P) which also
is connected to the batteries (B). Series HEV offers several advanta-
ges; the internal combustion engine (ICE) is mechanically decou-
pled from the transmission, the final torque is given by an
electrical machine and also simple management strategies can be
adopted [15,16]. One of the disadvantages of this topology is that
all the power flows through the power converter and, conse-
quently, the losses could be important.

Wound-rotor electrical machines offer the main advantage that
the rotor voltages can be used for control purposes. Based on this,
some previous works proposed DFIM as electrical machines for
HEV applications [5,6], see Fig. 1b and c. The advantage of this kind
of topologies is that a fractional power converter can be used in-
stead of a full power one. Effectively, the stator power converter
is replaced by a rotor power converter and, consequently, losses
can be reduced. The so-called Joint System [5] used a DFIM as gen-
erator, with an induction machine as a motor. In [6], the Variable
Voltage Variable Frequency scheme was introduced, with the DFIM
as a motor with a permanent magnet synchronous machine
(PMSM) for the generating part.

2.2. The DiSAC propulsion system

However, the topologies presented in Refs. [5,6] are not able to
control efficiently the system reactive power and stator voltage
amplitudes simultaneously. To overcome this drawback, a new
topology for a series HEV called Direct Synchronous-Asynchronous
Conversion System (DiSAC) is introduced in this paper.

Fig. 2 shows the electrical connection of the DiSAC system. The
WRSM is mechanically connected with the ICE, and operates as a
generator. The WRSM and DFIM stators are directly connected
one to the other and the shaft of the DFIM is coupled to the HEV
transmission. Notice that the DFIM can operate either in generator
or motor mode. Both machines (WRSM and DFIM) are rotor con-
nected to the batteries by means of DC/DC and AC/DC converters,
respectively, and batteries are also connected to the stator side
by means of a power converter.

This new scheme defines six control inputs: the field (or rotor)
voltage of the WRSM, u, the two rotor dg-voltage components of
the DFIM, v, € R?, the two dg-voltages generated by the power con-
verter, v; € R?* and the mechanical torque produced by the ICE, Ty.
These six control variables are able to control the electrical torque
produced by the DFIM, to manage the power flow, to keep a stator
voltage to its nominal value (together with a stator power factor close
to one) and allows to extract or inject power to the machines stator.

In order to simplify the problem, the controllers can be designed
independently for each machine and the stator power converter.
With this premise, the stator voltage amplitude can be controlled
by the field rotor of the WRSM. Using the DFIM rotor voltage, the
output torque can be regulated, and an unitary power factor in
the stator side can be obtained. The ICE torque can regulate the
WRSM speed to work in an optimal operation zone and, finally,
the stator power converter can be in charge of inject or extract ac-
tive power into the machines stator, and to regulate the power
management of the system.

With respect to the classical series topology, the presented con-
figuration has the advantage that the power converters required to
control both machines are considerably smaller than the classic
back-to-back converter. Furthermore, this topology offers enough
control inputs for an appropriate power management which in-
cludes the regenerative breaking.

2.3. Power flow operation

The power flow operation is illustrated in Fig. 3. Thanks to the
use of wounded electrical machines, the power is mainly flowing
through the WRSM, the DFIM and the power inverter, and the
energy required by the fractional DC/DC and AC/DC converters is
relatively small, see simulation results in Section 6.

The WRSM only acts as a generator with a mechanical incoming
power, P,w, and provides an electrical power, P,y. Both are related
by

(a) Classic Series HEV
scheme.

(b) Joint System

(¢) Variable Voltage
Variable Frequency

Fig. 1. Classic and advanced series HEV schemes.
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Fig. 2. Electrical scheme of the DiSAC system.

Fig. 3. Power flow diagram of the DiSAC propulsion system.

Pnw = Pow — st\isw|2 - BWCU\Z/\/ (1)

where the terms R5W|isw|2 and Byw?, represents the ohmic and
mechanical losses. The field power required is

P = Ryiz. (2)

Similarly to the WRSM, the DFIM stator power flows are given
by

Psp = Pmp — RsD\isD|2 - BDCUZD (3)

where Pyp is the power flowing through the stator side, P,p is the
delivered mechanical power, and RsD\isD|2, Bpw} represents the oh-
mic and mechanical losses. The DFIM rotor power is

P, = (ws — wp)Tp — Relir [, (4)

where the R,|i/? term are the ohmic losses. Notice that P, strongly
depend on the slip. So, to reduce it, it would be desirable to regulate
the WRSM speed, w; close to wp keeping the ICE within the range
allowing to have the higher efficiency. See further details of the
power analysis in [17].

In a regenerative breaking mode, the kinetic energy recovered
flows from the DFIM to the batteries through the power converter.

3. Port controlled Hamiltonian model

In this section, the port-controlled Hamiltonian model of the
proposed series HEV DiSAC configuration is derived interconnect-

ing the standard dq models of the DFIM, WRSM and the inverter
with a battery model by means of power converters.

Hamiltonian modeling uses state dependent energy functions to
characterize the dynamics of the different subsystems, and con-
nects them using a Dirac structure, which embodies the power pre-
serving network of relationships established by the corresponding
physical laws. The result is a mathematical model with a specific
structure, called port-controlled Hamiltonian system (PCHS) [11],
which lends itself to a natural, physics-based analysis and control
design.

An explicit PCHS has the form

{k = (J(x) — R(x))OH + G(x)u
y =" (x)oH

where x € R" are the energy variables (or state vector), u,y € R™ are
the port variables, and H(x) : R" — R is the Hamiltonian function,
representing the energy function of the system. The 9, (or 4, if no
confusion arises) operator defines the gradient of a function of x
and, in the sequel, we will take it as a column vector. [J(x) € R™"
is the interconnection matrix, which is skew-symmetric
(J(x) = —J(x)"), representing the internal energy flow in the sys-
tem, and R(x) € R™" is the dissipation matrix, symmetric and, in
physical systems, positive semidefinite (R(x) = R(x)" > 0), which
accounts for the internal losses of the system. Finally, G(x) € R™"
is an interconnection matrix describing the port connection of the
system to the outside world. It yields the flow of energy to/from
the system through the port variables, u and y, which are conju-
gated, i.e. their dot product has units of power.

Usually, three-phase electrical machine modeling uses the so-
called Park (or dq) transformation. This mathematical transforma-
tion allows to decouple variables and to facilitate the solution of
difficult equations which depends on the rotor position [18]. With
the dq transformation the abc three-phase variables (voltages and
currents) are reduced to a two-phase dq variables (assuming that
the homopolar component is equal to zero due to the existence
of a balanced system). The reference frame for the Park transfor-
mation depends on the application.

In this case, the selected reference is the mechanical angle of
the WRSM. In the sequel, machines of one pair of poles are consid-
ered. Note that in such case the mechanical speed of the synchro-
nous machine, wy, matches the stator frequency, ws.

)

3.1. PCHS of a doubly-fed induction machine

The PCHS of a doubly-fed induction machine has been pre-
sented in [19]. The dynamics is given by

Xp = (Jp(X) — Rp)OHp + Gplp. (6)

The Hamiltonian variables are
T T 1T
Xp = P“st’“npDL

where Asp = [Aspa, 2spg]” and A, =[1rg,Arg]" are the stator and rotor
fluxes in dg-coordinates, respectively, pp = Jpwp is the mechanical
momentum, wp is the mechanical speed and Jp is the inertia of
the rotating parts. The D subindex has been included to refer to
the DFIM.

The interconnection and damping matrices are, respectively,

—wsLsp), —sLy), 0
JD(X) = _wsLsrjz _(ws - wD)Lrjz Lsr]zisD
0 Ly, 0
Rpl, 0 O
Rp=| 0 RIL O
0 0 Bp
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where igp, i, € R? are the stator and rotor currents, R and L are resis-
tance and inductances,! w; is the stator electric frequency, B, is the
mechanical damping, and

0 -1 10

= I = .
J2 {1 0}’ g {0 1}

To simplify the notation, O represents a zero matrix with the
appropriate dimension.

Considering that all the elements are linear, Hamiltonian vari-
ables (fluxes and momentum) are related with currents and
mechanical speed by

isD
Xp = Lp i, (7)
Wp

where

LSDI 2 Ler 2 0
Lp=|L4, LI, O
0 0 Jp

The port connection, Gp, is 5 x 5 identity matrix, with the port
variables uf, = [v],, o], 7p], where vy, v, € R? are the stator and

rotor voltages and 7p is an external torque. The Hamiltonian model
is completed with the energy function

1 _
HD(XD) = EXB[:DIXD.
Notice that the variables obtained operating 0Hp is a vector
with the stator and rotor currents and the mechanical speed.

3.2. PCHS of a wound-rotor synchronous machine

A Port-controlled Hamiltonian model of a synchronous machine
with permanent magnets, can be found in [20]. However, the
wound rotor synchronous machine includes a rotor winding which
has to be considered. Then, the PCHS is

Xw = (Jw(X) — Rw)OHw + Gwllw, (8)
with

X&/ = [j'ZW’ iFvPW]?

where Ay = [ZsWd,/lqu]T is the stator inductor flux in dg-coordi-
nates, Jr is the rotor (or field) inductor flux, pyw =Jwww is the
mechanical momentum, wy, is the mechanical speed, and Jy is
the inertia of the rotating parts. In this case, the W subindex has
been included to refer to the WRSM.

The interconnection and damping matrices are, respectively,

[—wwLlsw), 0 —Mir

Jw = 0 0 0

MTig 0 0
Rwl, 0 0
RW: O RF 0
0 0 By

where iy € R? are the stator currents, ir is the rotor (or field) cur-
rent, R and L are resistance and inductances,? By is the mechanical
damping and

M= {Lom]

1 Subscripts s and r refer to stator and rotor respectively.
2 Subscripts s and F refer to stator and field respectively.

with L, being the mutual inductance.
Similarly to the DFIM, for a linear case the WRSM fluxes and
momentum are related with currents and mechanical speed by
isW
/lw = [/W i[: (9)
Ww

and the inductance matrix, Ly, is

Lwh M 0
Lw=| M L O
0 0 Ju

The port connection, Gy, is represented by an identity 4 x 4 ma-
trix, with the port variables ul, = [2],, vr, Tw], where vy € R? is
the stator voltages, r is the rotor (or field) voltage, and 7,y is the
applied external torque. Finally, the Hamiltonian function is

1
Hw(Xw) = EXTWEJVIXw.

3.3. PCHS of a three-phase DC/AC inverter

As a first approximation, and neglecting the effect of switches,
the three-phase DC/AC inverter can be modeled as a couple of volt-
age sources in series with an RL element. Then, the PCHS takes the
form

X = (J1 — Ri)oH, + Gy, (10)

where the state are the inductor fluxes X} = [/, 1] € R%. The inter-
connection matrix reflects the effect of the rotation in the Park
coordinates

JI = _wILLIZ',

where j is the frequency of the generated AC voltage, L; is the
inductance parameter, and the losses corresponds to the parasitic
resistive effects contained in the dissipation matrix

RI = R,Iz.
The port variables, uf = [e], v]], comprise the generated volt-
ages by the switching policy, e} = [eq, ej] € R?, and the inverter

voltages, vI = (v, vig] € R?, which are connected to the dynamics
with

G=[L LI (11)

415
410} ]
405 ]
400 | ]

2 395 ]
390 ]
385 | ]

380 1

375 L L L L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4

SOC

Fig. 4. The SOC versus battery voltage.
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Fluxes are defined as
X, = Ly,

where i,T = [ijg,i1g] € R? are the inductor currents. The Hamiltonian
function is

H’(X’) :1

T p—1
2% Ly X

3.4. PCHS of a battery

A battery (lead-acid or lithium-ion, among others) is an energy
storage device which involves electrochemical reactions and com-
plex dynamics [4]. In this paper, a simplified model of a battery is
adopted which, thanks to the network modeling basis of the PCHS,
can be easily replaced by a complex model if necessary.

The battery model consists of a nonlinear capacitor in parallel
with a resistance, yielding a first order nonlinear system, which
can be represented in a PCHS form with

XB = —RgOHp + Gpugp (12)

where xg = g3 is the state of charge (SOC), Rz models the self-dis-
charge, Gg = by scales the charge to p.u. (or percent units, depending
on the used model), and the input corresponds to the incoming cur-
rent, ug = ig. Note that, as the battery is a one-dimensional system,
the interconnection matrix is null, Jz = 0. The Hamiltonian function,

1
HB:sz(XB—b3)4+b4XB (13)
where xp > 0, contains the nonlinear relationship between the SOC
and the battery voltage, v5, by means of the output equation
¥ = GgOHp (14)

where yp = 5. From the latter, the SOC and the voltage battery are
related by

VUp = bz(XB — b3)3 + b4. (15)

Fig. 4 shows the battery voltage versus the SOC (15), with the
following parameters b, =100, b3 =0.7 and b, =400. Realistic
approximations to an industrial battery can be obtained modifying
the Hamiltonian function (13), or interconnecting several cell
models.

LMP o1

Ly : T Ly :

\ \

3.5. The overall system

The whole system is obtained linking the aforementioned sub-
systems. Fig. 2 shows how they are interconnected. The machines
are connected through the stator windings together with the
power converter. Then, the link of the DC/AC power converter
and the electrical machines subsystems is achieved by setting
the Kirchhoff voltage law

Usp = Usw = Uy, (16)

and the Kirchhoff current law,

isp + isw + 1 = 0. (17)

Also, the interconnection implies a common frequency,

W5 = Wy = . (18)

Also, the rotor windings of both WRSG and DFIM, and the inver-
ter, are connected to the battery by means of power converters that
manage the power flowing through the system. Power converters
are modeled as ideal switches that relate the voltages and currents
as follows

Up = [y Us (19)
Ipw = Uyir (20)
Uy = Uy Vs (21)
ipp = ,“Eir (22)
el = W s (23)
ig = ,u,Ti, (24)

where puy is the switch position of the DC-DC power converter,
Up, l; € R? are the switching policy of the DC-AC inverters in the
dq-coordinates (see examples in [21]), and iy, ipp, i are the cur-
rents in the battery side of the power converters that are related
with the battery current by

ip = —(igp + igw + i) (25)

Using (20), (22) and (24) in (25) and the Hamiltonan functions
Hw, HD and Hl

iy = —I'N0Hp — I'l,0Hw — il 0H,, (26)

ZBL)

T Se: D

\ \

Lisp i I Lo 1 Ly

Fig. 5. Bond graph model of a doubly-fed induction machine.
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Lls‘:vif Lm .1 L[F:I
\
R: RSLV R: RF
S(3 : Vﬁdw/ — 1t 0 11+ SG : VF R: Bw’
1\
MGY : wysLgy 1=S,: 1w
Ss : ‘/;qn/i k MGY : Lm’I:F I: JVV
R: Rw
v
Lew : 1

Fig. 6. Bond graph model of a wound-rotor synchronous machine.

Se Lerd
\
Lp: 1= 1t R: Ry
/ \

Se Vi MGY : oL Se 1 vig
Ly: 1= :f/R TRy
\

Se telg

Fig. 7. Bond graph model of the stator inverter.

RZRB

[

Spiip——0

1

C:BHB

Fig. 8. Bond graph model of the battery.

where I') = [0, 4}, 0] € R and I, = [0, 1,,,0] € R*. Similarly with
(19), (21), (23) and Hp

VUrp = ,ch’)HB (27)
vy = UpOHp (28)
e = ,u,aHB. (29)
This leads to the PCHS
Xp Jp(Xp) —Rp 0 0 I'p OHp
XW - 0 jW(XW)_RW 0 FW 8HW
% = 0 0 Ti—Ri H oH, +Bvi+Gcu
Xp -Ip -ry, —uI —Rg] LoHs
(30)

Se : tw —= WRSGlf=—— 0 ——=] [DEIMl=— 5. : 1

MTF :pw  [INVERTER| MTF :pup

BATERIES)

Fig. 9. Bond graph model of the complete system.

Fig. 10. Vehicle simplified model.

1:M
Se:tp—=ATF :riyqns =ATF : r ——=t1=——8§,: Mgsin®

R:CMg

Fig. 11. Bond graph model of the vehicle dynamics.

with the external connection matrix,

r [00 1 00O0O0O

_ RZX]Z 31
%=l0o0o0o0100 %" (31)

the input port variables u” = [tp, Ty] € R?, and the interconnection
voltage constrain (16) is denoted in

B'=[I, 00 L 0 0 I, 0]eR¥*»? (32)
Note that the constraint on the currents (17), is represented by
OHp
OHy
0=n" 33
oH, (33)
OHjp

The internal constraint voltage can be eliminated as follows. Let
B* denote a full-rank left annihilator® of 5,

3 In general, a full-rank left annihilator of B R™™, B*, implies: B'5=0 and
rank(B*) =n-m.
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b, 00 O0O0O0 -I, 0
0L O0OOOO 0 0
001000 0 0

B =0 0 0L 00 -, O (34)
000010 0 0
000001 0 0
000000 0 1)

Hence, premultiplying (30) with B*, and taking into account
that the first and last dynamics are the same, the whole dynamics
take the PCHS form

x=(J(x)—R)OH + Gu
with the new state defined by

(35)

T 4T 2T
XT = [)VDU /“r’pD', Aw s )“F7pW) qB] 5
where /p; = Asp — /45 and JAy; = Asw — A1 The interconnection and dis-
sipation matrices are (39) and (40), respectively, the energy func-
tion is the sum of Hp, Hy, H;, and Hp, that can be written as

R.S. Muiioz-Aguilar et al. /Electrical Power and Energy Systems 47 (2013) 264-279

—os(lp+L)f,  —osLal, 0 0 0 0 -y
—sLg],  —(ws—p)Ly Lafyisp 0 0 0
0 Ly, 0 0 0 0 o0
J(x)= 0 0 0 -—os(Lw+L), 0 —Mi —p
0 0 0 0 0 0 u,
0 0 0 Mg 0 0 o0
u ~Up 0 u ~My 0 0
39)
-(RSD +Rl)12 O O Rllz 0 0 O T
0 RI, O 0 0 0 O
0 0 Bp 0 0O 0 O
R= Ri, 0 0 Rw+R)L, 0 0 O (40)
0 0 o0 0 Re 0 O
0 0 O 0 0 Bw O
L 0 0 o0 0 0 0 Rs]

As expected when modeling power converters in the port-con-
trolled Hamiltonian framework, the switching control actions (up,
Uw and py;) appear in the interconnection matrix (39), see [22] for
further details.

1.7 1. 1._
H(x) =572+ 5]5'Ph +5)w Ply + Ha(ap). (36)
4. Bond graph model
where 2T = [20, A%, Ay, F],
(Lp + L) Lyl L, 0 Many electrical machines are described using the bond graph
LI LI 0 0 approach. From the DC machine [13] or AC generator [23], to
L= s 2 (37) three-phase induction machines [21,24]. HEV are also modeled
Lil 0 (Lw+L)h M using this graphic tool. In [25] a complete bond graph model for
0 0 M’ Ly a long urban transit bus is obtained and simulated. A bond graph
and the external connection matrix is model ofg parallel.HEV sy§tem is presenteq in [26']. In that case,
the electrical machine and internal combustion engine were mod-
G = 0010000 (38) eled as an ideal torque sources (Se-element), while the main con-
/o000 01 0] tribution was focused in the transmission, aerodynamics and
wheel models.
60
@ —
E 40 (Dref
K
3—" 20 q
&
0 1 1 1 1 1 I e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time [s]
450
= 400
>
350 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time [s]
1 T
. 05f .
£
(7] 0 7
Q
© -05F i
-1 T T T T I L 1 1 =
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time [s]

Fig. 12. Simulation results: DFIM mechanical speed and its reference, Stator voltage amplitude (V) and Stator Power Factor.
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Exploiting the network based modeling of the bond graph ap- Liip = Lp — Loy
proach, the whole model of the proposed series HEV DiSAC config-
o . - . Ly =L — Ly
uration is obtained by linking the different subsystems.
The bond graph models of the DFIM, the WRSM and the power Liw — L L
. . . . Isw = Lsw — Lm
converter are depicted in Figs. 5-7, respectively. For these models
the following |-elements L;sp, Ly, Lisw, Lir are defined as L =L — Ly.
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Fig. 13. Simulation results: WRSM (Py), DFIM (Pp) and stator converter (P;,,) electrical powers.
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Fig. 14. Simulation results: DFIM mechanical speed and its reference, Stator voltage amplitude (V) and Stator Power Factor.
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The battery is modeled as a nonlinear capacitor with a resis-
tance emulating the self-discharge property, see in Fig. 8 the corre-
sponding bond graph. A complex models of batteries can be found
in the literature, see examples in [27] and [28] for lead-acid and
lithium-ion batteries, respectively. Both can be used, directly
replacing the bong graph of Fig. 8.

Linking the WRSM, the DFIM and the DC-AC inverter through
the stator side of both machines, and connecting the battery by
means of the DC-DC and DC-AC power converters, the whole

model is obtained, see Fig. 9. In this case, power converters
are modeled as a modulated transformer, MTF, which represents
de averaged duty-cycle of the switches, [29]. Also, multi-bonds
are used for the dqg-coordinates in order to simplify the bond
graph.

As a consequence of linking the power converter with the
WRSM and the DFIM the I-elements of the stator inverter, in
Fig. 7, are now with a non-preferred causality. This corresponds
to the current constraint given by (33).
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Fig. 16. Simulation results: DFIM mechanical speed and its reference, Stator voltage amplitude (V) and Stator Power Factor.
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5. Vehicle model The vehicle dynamics is modeled as a mass, M, subjected to dif-
ferent forces, see Fig. 10. As a first approach there are considered
The DiSAC power train system is tested as a propulsion system the propulsion force, Fp, the effects associated with the rolling
for an HEV. To this end, the bond graph model of the DiSAC system resistance,
can be connected to the vehicle dynamics through the mechanical F o — M a1
port of the DFIM. As mentioned above, the bond graph technique is it = CMEY, (41)
specially attractive for linking easily different subsystems. and with the slope of the road,
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Fig. 17. Simulation results: WRSM (Py), DFIM (Pp) and stator converter (P;,,) electrical powers.
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Fig. 18. Simulation results: DFIM mechanical speed and its reference, Stator voltage amplitude (V) and Stator Power Factor.
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Fgo = Mgsin @, (42)

where C is the coefficient of the rolling resistance, g is the gravita-
tional acceleration, v is the vehicle speed and @ is the road angle
measured with respect to the horizontal. This model can be im-
proved considering the aerodynamic drag and the wheel bearing
losses [30].

Furthermore, there are considered the transformation from the
angular dynamics to the translational one (which depends on the
radius of the wheels, r) and the vehicle transmission, r'¢q,s, Which

4

scales the torque and speed through the differential and the trans-
mission ratio and is considered lossless.

The bond graph of the vehicle dynamics is depicted in Fig. 11. It
consists in a I-element (with the mass of the vehicle), a dissipative
R-element, which models the rolling resistance, and an external Se-
source with the gravitational effect in case of certain slope of the road.
The two TF-elements model the transformation from the angular
dynamics (the wheels) and the transmission and differential ratio.

The complete system for simulation purposes, which includes
the DiSAC power train with the vehicle dynamics is obtained by
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Fig. 19. Simulation results: WRSM (Py), DFIM (Pp) and stator converter (P;,,) electrical powers.
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linking the bond graph in Figs. 9 and 11 trough the bonds corre-
sponding to the torque of the DFIM and the vehicle, tp and tp,
respectively.

6. Simulation results

In this Section numerical simulations are presented in order to
test the proposed power train. The WRSM was controlled via a PI

275

controller. The DFIM uses a current PI controller, designed accord-
ingly to [31]. A PI control outer loop emulates the driver action and
provides the torque reference to track the desired speed. The stator
inverter is also controlled via a PI loop. Simulations were per-
formed using the 20sim software which contains a bond graph
editor.

The machines rated power are Py = 8.1 kVA and Pp=15 kVA.
The DFIM and WRSM parameters are Ryp=0.2147Q,
R,=02205Q, L,=65181mH, L,=65.181mH, Ly =64.19 mH,
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Fig. 21. Simulation results: WRSM (Py), DFIM (Pp) and stator converter (P;,,) electrical powers.
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Fig. 22. Simulation results: DFIM mechanical speed and its reference, Stator voltage amplitude (V) and Stator Power Factor.
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Jp=0.102 Kg m?, Bp=0.009541 Nmrad~'s!, and Lgy=113.127 -
mH, Ryw=1.62Q, L,=108.6mH, Lr=109.92mH, Rr=1.208 H
and the WRSM mechanical speed is fixed at w=314rads '. The
stator inverter inductance is set to L; =4 mH with a parasitic resis-
tor of R;=0.1 Q. The transmission and differential ratio are set to 1
and 4, respectively. The battery parameters are: b;=0.1,
b,=1x107% b3=0.9, and b4 =700. The control parameters are
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K, =20, K;=3 (for the WRSM) and K, =1, K;=0.01 (DFIM). The
speed control parameters are K, = 10 and K; = 0.05. Finally, the sta-
tor power converter control gain parameters are K, =0.1, K;= 1.
The control objectives are to regulate the stator voltage
(V=400V), the WRSM output power (Ps=3kW), the DFIM
mechanical speed (w,), and to keep an unitary DFIM stator power
factor. Several reference speed changes, namely, increase and
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Fig. 23. Simulation results: WRSM (Py), DFIM (Pp) and stator converter (P;,,) electrical powers.

380
@ —
8 360 1 (")ref:
©
g 340} |
o
320 1 1 1 1 1 1 1 1 1
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time [s]
450
2. 400
>
350 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time [s]
1
05} .
£
P oF |
o
© -05} i
-1 I [ I I I I I 1 1 =
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time [s]

Fig. 24. Simulation results: DFIM mechanical speed and its reference, Stator voltage amplitude (V) and Stator Power Factor.
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Fig. 26. Simulation results: DFIM mechanical speed and its reference, Stator voltage amplitude (V) and Stator Power Factor.

decrease reference speed at low, medium and high speed, have
been set in order to show the different power flow conditions.
Figs. 12, 14, 16, 18, 20, 22, 24 and 26 show in the upper the
DFIM mechanical speed and its reference (both were referenced
to machine speed, for this reason the unities are rad s~!); in the

the inverter, P.% As explained before, the rotor active power changes
is bidirectional and allows to store energy into the batteries. In this
case the battery state of charge (SOC) is not taken into account. For
further development when the battery reaches to the maximum al-
lowed SOC, either, an electrical or mechanical brake must exist.

middle the stator voltage amplitude and in the bottom the DFIM

stator power factor (PF).

Figs. 13, 15, 17, 19, 21, 23, 25 and 27 show the electrical power
flow trough the DFIM stator side, Psp, SM stator windings, Py, and

4 In the dq coordinates, the instantaneous active and reactive power can be
computed as P; = v[i; and Qg = 2], is.
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Fig. 27. Simulation results: WRSM (Py), DFIM (Pp) and stator converter (P;,,) electrical powers.

From Figs. 12-19 represent the system behavior at low speed,
while Figures from Figs. 20-23 and from Figs. 24-27 represent
them for medium and high speed, respectively. The speed refer-
ence changes were extracted from the NEDC (New European Driv-
ing Cycle) profile.

As a result, note how the control objectives are reached and the
power flow through the proposed DiSAC system can be controlled.
In this work a power limit was not imposed to the stator converter,
neither absorbing nor providing power. In future works this power
limitations will be studied, together with the power ratio of each
converter The control design is also a future study case.

Note that the DFIM stator PF remains close to +1 when the sta-
tor power of the DFIM is positive or negative, respectively (i.e.,
when the machine is providing power to the wheels or it is in
regenerative braking). When the vehicle is stopped PF =0 due to
the magnetization losses.

In Fig. 13 the DFIM accelerates from zero to low speed. The in-
verter starts absorbing approximately the amount of power gener-
ated by WRSM, while the power consumed by the DFIM is close to
zero. Subsequently, after the transient, the DFIM absorbs the power
provided by both the inverter and the WRSM. Fig. 19 corresponds
to the case in which the machine decelerates from low speed to
zero.

The result of the DFIM accelerating at low speed is presented in
Fig. 15. The inverter starts providing electrical power from the bat-
teries, while the DFIM absorbs such power together with the one
generated by the WRSM. After the transient, at constant speed,
the power consumed by the DFIM is lower than the power gener-
ated by the WRSM. Note that the extra amount of power is ab-
sorbed by batteries trough the inverter. Fig. 17 corresponds to
the case in which the machine decelerates at low speed.

Figs. 21 and 23 present the acceleration and deceleration of
DFIM at medium speed, respectively. During the acceleration, the
batteries provides the extra power consumption of the DFIM,
whereas at constant speed the batteries stores the extra power
generated by the WRSM, the deceleration process is
complementary.

Finally, Figs. 25 and 27 present the acceleration and decelera-
tion of DFIM at high speed, respectively. At this speed, the power
consumption of the DFIM is very high either at constant speed or
accelerating, then, both the WRSM and the batteries provide all
the energy. On the other hand, during the decelerating part, the en-
ergy is stored into the batteries.

In optimal conditions, the SOC can be regulated by adjusting the
WRSM generated power, but it is out of the scope of this paper and
it will be studied in future works.

7. Conclusions

An alternative architecture for a series HEV propulsion system
has been proposed. It is composed by two wounded rotor machines
(WRSM and DFIM) directly connected through the stator, with a
DC/AC converter. The advantage of this topology is that the
required power converters are smaller than other series configura-
tions [4].

The complex system under study has been divided into several
subsystems; the WRSM, the DFIM the power inverter, the batteries
and the required DC-DC and DC-AC power converters. Two
energy-based models have been presented, following the Hamilto-
nian formalism and the bond graph approach, and the whole sys-
tem is obtained by linking the submodels. As additional feature,
the submodel integration capability, inherent to bond graph
technique, allows to easily expand the proposed model, by inter-
connection with other mechanical (transmission, wheels, aerody-
namics, etc.) and electrical parts (discrete power converters,
complex battery models, etc.), in future works. Moreover, from a
control viewpoint, the presented PCH model will be of great help
to design passivity-based controllers.

The proposed models of the novel series HEV topology has been
comprehensively assessed through simulations, showing satisfac-
tory results. The proposed DiSAC system can be fully controlled.

Future works include the control design for the different system
stages and the energy management policy of the whole system.
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