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Abstract

Two problems related with hybrid electric vehicles haverbaesalyzed in this dissertation.
The first one consists in proposing a propulsion system setfemthe vehicle and the
second one consist in modeling it.

In order to set a propulsion system scheme, the standardyacaions for the hybrid
electric vehicles are presented as well as some variatiotne geries topologies. Then,
a novel configuration which is composed by a synchronous meamnd an induction
machine is also presented.

As said before, the second problem consist in modeling tbiglnconfiguration.
The reduced model of each machine of the dynamical modelsisritbed using thelg-
transformation. Bond Graph and Port-Controlled Hamiltorapproaches are also used
to describe the WRSM, the DFIM and the whole system models.

Finally, the analysis of the power flowing through the sys&md the regenerative
braking possibilities are done.
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Chapter 1

Introduction

ResumeThis Chapter briefly describes the motivation of the Thesgetan the evolu-
tion of hybrid vehicles since the beginning until now. Theapter ends with the Thesis
objectives and the outline of the Thesis.

1.1 Motivation

The electric vehicle (EV) development began between 18821889, when Robert An-
derson invented the first electric car. Practical and mooeessful electric road vehi-
cles were invented by both American Thomas Davenport ants®em Robert Davidson
around 1842. Both inventors were the first to use non-rechatgeslectric cells. The
improvement in storage batteries invented in 1865 by FreechGaston Plante and im-
proved in 1881 by Camille Faure paved the way for developmieBvJ1].

The attention in these vehicles began in the United Stat#894 when Riker built an
electric trycicle, and simultaneously Morrison built a-passenger wagon. Shortly there-
after, in 1897, in New York, began the first commercial aggilan of electric vehicles by
a taxi company [1].

The first hybrid electric vehicle (HEV) was invented by Woadsl916. The label

1



2 1.1. Motivation

“hybrid” comes from the internal combustion engine (ICE) émelelectric motor Woods
vehicle had. [1].

The EV, had many advantages over its 1900’s competitorshakttime “the EV did
not have the vibration, smell, and noise associated withlgeescars. Changing gears on
gasoline cars was the most difficult part of driving, whilecgtic vehicles did not require
gear changes. While steam-powered cars also had no geangshifiey suffered from
long start-up times of up to 45 minutes on cold mornings. Ttkarma cars had less range
before needing water than an electric’s range on a singlgehdhe only good roads of
the period were in town, causing most travel to be local cotimgua perfect situation
for electric vehicles, since their range was limited. Trexlic vehicle was the preferred
choice of many because it did not require the manual effastad, as with the hand crank
on gasoline vehicles, and there was no wrestling with a deties’ [1].

The development of EV declined in 1920; United States hadt&rmad system,
bringing the need for longer range vehicles. Henry Fordatetl a mass production of
internal combustion engine vehicles, which made thesecleshavailable and affordable.
The invention of the electric starter by Kettering in 191i2nghated the need for the hand
crank.

The period compress between 1935 and 1960 was bad yearefdewelopment of
EV. However, at the sixties a new interest based on the needltirnative vehicles to
reduce exhausted emissions of ICE as well as oil dependegeas b&ince then, there
have been a lot of attempts to build a practical EV. Additlynaeveral legislative and
regulatory actions around the world have renewed electtocle development efforts.

In the nowadays automotive world, the electric traction estigg back to take the
importance used in HEV, combining the advantages of conthugngine (especially
its autonomy), those of the electric motor (mainly the piisy of using regenerative
braking). Therefore, the use of HEV gives the option to neimthe momentum of the
market in the use of fossil fuels, while improving performamwith respect to traditional
internal combustion vehicles.

Due to the high interest in the HEV, several companies hateresh in this business
using series and parallel configurations. The vehicles kvare currently on the market
include: Honda (Civic Hybrid and Insight), Lexus RX 400h, Tty®rius, GM Hx, Audi
(Q7 hybrid and Duo), BMW Concept X3 Efficient Dynamics, Merce(@lueTec Hybrid
S-Class, Direct Hybrid S-Class and F 600 Hygenius), Mercurgihddéa Hybrid, Chevrolet
Tahoe Hybrid, Peugeot (307 CC Hybride and 405), Citroen C4 tdyl$aab BioPower
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Concept Hybrid, Nissan Altima Hybrid, Opel Corsa Hybrid capicd/olkswagen Golf,
LA 301, IAD, Iveco Bus, Conceptor, Magnetmotor [35], [13], [15

1.2 Thesis Objectives

e General Objective

To propose, model and simulate a propulsion system for asénbrid electric
vehicle.

e Specific Objectives

— To propose a series hybrid electric vehicle propulsionesyst

— To model the system using dynamic analysis of electricalhimas.
— To model the system using Bond-Graph techniques.

— To evaluate the proposed system using a steady state poalgsian

— To analyze the capacity of the new system for regenerataeiry.

1.3 Main contributions of the Thesis

The main contributions of the Thesis are:

e A novel proposal for a series hybrid electric vehicle preput system.

e The Bond Graph model of the wound rotor synchronous machnekits.intercon-
nection with a doubly-fed induction machine.

e The Port Controlled Hamiltonian model of the whole system.

e The power analysis for the system.

The principal results of the Thesis were presented in [27].



4 1.4. Thesis organization

1.4 Thesis organization

In Chapter 2 the standard configurations for the hybrid eteg&hicle are presented as
well as some variations on series one, based on this a nowgfjacation which is com-
posed by a synchronous machine and an induction machineseiued.

The full system dynamics is modelled in Chapter 3. It contdives equations of
the three-phase synchronous and induction machines amichttsformation that reduces
them intodg-models.

In Chapter 4 the Bond Graph model of the DFIM, the WRSM and the whatem is
obtained. Then, the Port-Controlled Hamiltonian modelsamhemachine and the whole
system are presented. Finally, simulation results of thelekystem are depicted.

System balance energy, in particular the possibility oéregative braking is analyzed
in Chapter 5.



Chapter 2
Hybrid Electric Vehicles

Resume
In this Chapter standard hybrid electric vehicle configoraiare presented emphasiz-
ing series designs. Based on these, a novel configuratiomsdayed. It consists of a
synchronous and an induction machine.

2.1 HEV Configurations

Hybrid electrical vehicles (HEV) are the focus of many resbkanterests because they
provide good performance and long operating time [16]. BEdisiche HEV is composed
of an internal combustion engine, an electrical machinezabaittery pack.

In this work we focus on the advanced topologies of series.HlE¥ use of wound-
rotor machines (as doubly-fed induction machines) wasiatlch [9] and [28]. These
systems had some performance limitations because theynaf@euto control interme-
diate variables between both machines. More control inptgsnecessary in order to
achieve a good control for HEV purposes. The propulsionesysive present consists
of a wound-rotor synchronous generator (WRSM) and a doulayiffduction machine
(DFIM). The main advantage of this system is the ability tonange the energy without

5



6 2.1. HEV Configurations

a power converter between both machines. In this case therpmanagement is done
through the rotor voltages of the DFIM and the field voltagéhef WRSM.

The main goal of the HEV is to reduce th&), emissions by means of the regenera-
tive braking, using the electrical machine both as a motiwedsr as a generator, which
charges or discharges the batteries. It is also desiredeio tke drivability performance
of the vehicle [26]. Then, the key goals for HEV'’s are [13]:

e Maximize fuel economy.
e Minimize exhaust emission€'(,).

e Guarantee good driving performance.

500 0

(a) series hybrid (b) parallel hybrid

(c) series-parallel hybrid (d) complex hybrid

Figure 2.1: HEV topologies.

Figure 2.1 shows some HEV topologies. B represents therpaiehe internal com-
bustion engine (ICE), F the fuel tank, G the electrical getoerd the electrical motor, P
the power converter and T the vehicle transmission.

Depending on the interconnection between the differerisdrthe HEV, this classi-
fication can be summarized as:
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e Series Hybrid Electric Vehicle (SHEV): In a SHEV the ICE mechanical output
drives an electric machine, which generates electricaiggnd his energy supplies
another electric machine, which acts as a motor coupledeadrémsmission line
[13]. The main advantages of this configuration are: on theet@and, the ICE can
work at an optimal configuration point finding a compromisensen fuel economy
and exhaust emissions reduction and, on the other hand,etiresyifting is not
necessary. The SHEV is suitable for city cars [17][2][19].

e Parallel Hybrid Electric Vehicle (PHEV): The mechanical power is provided si-
multaneously by the ICE and the electric motor. In this wayl@te can be used for
driving while the electric motor for acceleration [13]. Thare less energy conver-
sion stages compared to the SHEV, and therefore, the systerare efficient than
SHEYV, which is the main advantage[17].

e Series-Parallel Hybrid Electric Vehicle (SPHEV) and ComplexHybrid Elec-
tric Vehicle (CHEV): These configurations combine the features and advantages
of a SHEV and a PHEV. The main problem of them is that they arg ¥emplex
and expensive. The CHEV has bidirectional power flow of thetatemotor, that
can allow three propulsion power, in this way it is used foaleaxle propulsion
[13][17].

2.2 Alternative SHEV'’s configurations

At the previous Section four generic configurations of HEWsre presented. In this
Section we are going to talk about an especial case of SHEVenthe stators of the
electrical generator and the electrical motor are directlgnected. With this, we have
found in literature the following schemes: Joint Systen) @Il Variable Voltage Variable
Frequency (VVVF).

e Joint System:

The Joint System, see Figure 2.2, was introduced by Cardteral. in [9]. The
main feature is the use of a doubly-fed induction machinelfDFThen the JS
is composed by a DFIM and a squirrel cage induction machik. (The induc-
tion motor is fed by the DFIM, that has like primary motor ateimal combustion
engine; the vehicle output torque is provided by the IM.



2.2. Alternative SHEV'’s configurations

Figure 2.2: The joint system scheme

In this case the DFIM manages all the power flowing througtsgistem (ICE, IM,
battery). This power flow is controlled by the rotor voltagdéshe DFIM using a
bidirectional inverter, which connects the DFIM to the baftpack.

The JS has only two degrees of freedom (DFIM rotor voltagegyefore it could
not control efficiently the power flux between machine s&#ord the output torque
at the same time.

Some works in control and energy management analysis ofytera were pre-
sented in [10], [8], [11], [12] and [6].

VVVF system:

A Variable Voltage Variable Frequency scheme ( Figure 2:&)s introduced by
Ortmeyer in [29], [30], [31], it was previously minded to nre applications, but
can be used as a particular SHEV. The VVVF use a permanentehagmchronous
machine (PMSM) as a generator, while the mechanical tosyoeduced by an IM.
The stator frequency of both machines is imposed by the nrmécdiaspeed of the
ICE. In this configuration, the only control input is the toeqoroduced by the ICE.

This system was improved in [28], where the IM was replacec RFIM (Fig-
ure 2.4). The DFIM allows to store energy into the batteriédl. the system is
controlled through the DFIM rotor voltages with a bi-dinecial inverter.
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M@

Figure 2.3: VVVF scheme

Figure 2.4: VVVF modified scheme

2.3 Direct Synchronous-Asynchronous Conversion Sys-
tem

Is well known that a permanent magnet synchronous machM&KR is more efficient

that a wound rotor synchronous machine (WRSM) [34], but thers@one has the abi-
lity to control the stator voltage through the rotor voltagdn this work a new SHEV
scheme is proposed, where the generator is a WRSM which fixedator voltage am-
plitude to a DFIM that acts as motor. This system is calledA@{Direct Synchronous-
Asynchronous Conversion). An electrical scheme of the DiSp&lem is shown in Figure
2.5.

This scheme has four available control inputs:
e DFIM rotor voltagesy,, vyq.

¢ WRSM field voltageyp .

e |CE torque,rg.

To control the system efficiently we must fulfill four specé#imns namely:



10

2.3. Direct Synchronous-Asynchronous Conversion System

Figure 2.5: Electrical scheme of the DiISAC scheme.

To regulate the DFIM torque..
To keep an unitary stator power factor.
To regulate the stator voltage amplitude

To manage the system power.



Chapter 3
DISAC System Model

ResumeThe full system dynamics is modelled in this Chapter. It dbssrthe dynam-

ics of the three-phase synchronous and induction machimeéshe transformation that
reduces them intdg-model. Finally, the rules that describes the interconoedre also

described.

3.1 Three-phase dynamical model
The electrical machines modeling has been widely studiedeheral, the dynamic equa-

tions that govern the electrical machine behavior are goxetwo differential equations,
one electrical and one mechanical. The first one is given by [2

v(t) = Ri(t) + At), (3.1)
whereu(t), i(t) and\(t) are the voltages, currents and flux&ss the machine dissipative
matrix. Neglecting saturation effects, the flux&sare related with the currents through
the inductances matrix; (),

A= L(0)i, (3.2)

11



12 3.1. Three-phase dynamical model

whered is the rotor position. The inductance matrix shape depende@machine phy-
sical structure. The mechanical equation is describedd\gwton’s second law,
dw,

J prai —Bw, + 1.+ T, (3.3)

where/J is the inertia,B is the damping coefficient; is the external torque provided to
the machine and., is the electromechanical torque generated by the machimehwan
be written as,

1 .,0L(0) .
Te =51 —pg b (3.4

As usual, studying electrical machines the following agstioms are considered:

e Symmetrical phases with uniform air-gap and sinusoidaityritbuted phase win-
dings.

Infinite permeability of the fully laminated cores.

Saturation iron losses, end winding and slot effects aréenty.

Only linear magnetic materials are considered.

All parameters are constant.

3.1.1 Wound rotor synchronous machine

Figure 3.1: Three-phase synchronous machine scheme

A three-phase wound rotor synchronous machine is compgsadhree-phase stator
winding and a field winding feed with DC voltage at rotor sidegre 3.1). In syn-
chronous machines, the stator frequency is directly giwethb mechanical speed,
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(ws = nyw, Wherew is the electrical speed,, is the number of pole pairs). At the sta-
tor side, the voltages, currents and fluxes are three-plaaibies, while rotor variables,
indicated with theF' subindex, are one dimensional [25].

v(t>T = [ Usay Usb; Uscy UF ] = [UZ,UF] € R4,
Z(t)T = [ isaaisbaismiF } = [ZZ,ZF] S R47

)‘<t)T = [ >‘sa7)\sba)\sca)\F :| = [A?,AF] € R4.

The three-phase variables are usually considered balaineed

2 2
'Us(t)T = [UsayvsIn’USC] = VS |:COS(9 + ¢v)v COS (9 + va - %) , COS (9 + ¢v + ?ﬂ-):| )

sz<t)T — [isa,isb7i80] = Is |:COS(0 + ¢i),COS (9 + ¢@ - 2?71-) , COS (9 + ¢z + 2?71-)‘| )

2 2
)\s(t)T = [Nsa, Asbr Ase] = Ay {cos(@ + ¢y), cos (9 + oy — %) , COS (0 + o + g)] ,

whereV,, Z, and A, are the amplitudes of the stator voltages, currents anddjurs-
pectively, andy,, ¢; and ¢, are their phase respect to the rotor position. The electric
dissipation is represented by

Raw 0 0 0
0 Rw O 0
0 0 Rw 0 |’
0 0 0 Rp

R:

whereR,, and Ry are the stator and field resistances, respectively.

The inductance matrix;(0), is defined as,

Lsw Lisw Lisw L, cos 0
[ — Lisw Loy Lisw Ly, cos ( - 27”)
- *ClsW *ClsW »CSW ,Cm COS (9 + 2%) ’
L,,cosl L, cos ( — %’T) L, cos (9 + %’T) Lrp

whereLy, L,, andLr are the stator, magnetization and field inductances, régplyc

7. IS the electrical torque which can be computed from 3.4,

2 2
Te = —Lpip (ia sin 0 + i, sin (9 — %) + 1. 8in (9 + %)) . (3.5
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Figure 3.2: Three-phase induction machine scheme.

3.1.2 Doubly-fed induction machine

The DFIM is composed by two three-phase systems, on the statbon the rotor sides,
see Figure 3.2. The voltages, currents and fluxes can be written as,

U(t> - [ VUsay Usbs Uscs Uray Urby Urc ] - [UT UT] S Rﬁ,

s Ur

i(t) = [ sar isbs e Tras irbs ire | = [id,4) ] € R,

)‘(t) = |: >\sa7 )\Sb7 )\sca )\rav )\rba )\rc ] = [/\3, Ag] S R6.
The three-phase variables, considering a balanced syatem,

05 ()T = [Usa, Vs, Vse] = Vs {cos(& + ¢,), cos (9 + ¢, — 2%) , COS (0 + ¢u + Qg)} )

2 2
U ()" = [Vras Vry Vre) = Vs [COS(Q + ¢ur), COS <9 + Qur — ?ﬂ) , COS («9 + Gy + g)] 7

2 2
is(t)T = [isas s, se) = Ls [COS(@ + ¢;), cos (9 + ¢ — g) , COS (8 + ¢; + g)} ,

2 2
ir<t>T - [irm iT‘b; i'rc] - Is [COS(Q + (rbi'r)u COos (0 + gbir - ?ﬂ-) , COS (‘9 + ¢i'r + ?ﬂ-)] )

2 2
AT = [Nsa, Aty Ase) = A [cos(@ + ¢y), cos (9 + ¢y — g) , COS (8 + oy + g)] ,

2 2
/\r(t)T - [/\ra, /\rba /\rc] = As [COS(Q + ¢Ar)7 COs <0 + ¢>\r - g) , COS (‘9 + ¢Ar + ?ﬂ-):| )

1The s andr subscripts represent the stator and rotor variables, césply
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whereV,, V., Z,, ., A; and A, are the amplitudes of the stator and rotor voltages,
currents and fluxes, respectively, and ¢, ¢;, ¢ir, ¢ ando,, are their phases respect
to the rotor position. The electric dissipation is représdrby the following matrix

Rp 0O 0 0 0 0]

0 Rp O 0 0 0

r_| 0 0 Rp 0 0 0
o 0 0 R 0 0|

0 0 0 0 R, 0
0 0 0 0 0 R, |

whereR,p and R, are the stator and rotor resistances, respectively.

The inductances matrix;(0), is defined as,
ESD £s7‘<9r)

= 6x6
£(9T) - £sr(9r)T /Cr € R y
where the stator, rotor and magnetization inductancesrsatbix are,
12 cos(3r) COS(?>
Lsp = Lsp COS(f) 12 cos(%) |,
cos(%3 ) cos(F) 1
12 cos(3F) cos(z?”)
L, =1L, | cos(F) 1 cos(%) |,
cos(3) cos(3) 1
and
cos(0y) cos(f, + &) cos(f, — 2F)
Lsr(0,) = Lg | cos(f, — 2?”) cos(6,.) cos(0, + 2?“)
cos(f, + ) cos(, — 3F) cos(0,.)

Lsp, L, and L, are the stator, rotor and magnetization inductances, ctgpl.
It is important to emphasize that tl#e dependence occurs only in the magnetization
inductance sub-matrix.

The electromagnetic torque can be expressed as follows
Te = izﬁsr(gr)ira (36)

where
A 6

L(0,.) = Lg | —cos(f,+%) —sin(6,) sin(f, + =

6 3
cos(f, — %) sin(f, — %) — sin(6,)

—sin(6,) cos(6, =) — cos(fr — )%)
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3.2 Thedg-transformation

Thedg-transformation allows to simplify the study of power syss&25] [34]. Under the
standard assumptions listed previously, this transfdona&iiminates thé-depending co-
efficients of the inductance matrix, reduces a three-phagers into a two-phase system
and allows us to describe a tracking problem as a regulatien o

Let us to define a three-phase variables vector as

L =F {Cos(wt), cos (wt — 2%) , COS (wt + 2%)} , (3.7)

whereF' is the amplitude of the sinusoidal waves and its frequency.

The dg-transformation can be split in two parts. Firstly, the dyghase system is
reduced to a two-phase systémf.s, = [fa, f5, f-]7 € R?, through a static reference
frame, by means of

faﬁv = Tfabc (3-8)
and

V2o 1 1

Vi V3 B

The second part transforms the sinusoidal functions intestamts. To this end, a
rotatingdg-referencek’ is defined. The new variables, = [f4, f,]* € R? are given by

fag =K " fap: (3.10)

where
cos(d) —sin(d)
sin(d) cos(0) |’

4 is an arbitrary function of time anff; = [f., /3.

K=¢" = (3.11)

The proposed scheme is composed by a DFIM and a SM. In the eetoss, the
dissipative and inductance matrices of each machine asepied. Then, thes and
dg-models are obtained.

2This reduction is due to the balance of the three-phasersyate the third component of the resulting
vector (so-called homopolar term) is zero.
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3.3 Theaps model

A two-phase model can be obtained using the transformatiesepted in (3.11). Then
equation (3.1) can be rewritten ir3y coordinates as

Vapy = }‘aﬁv + Raﬁ'yiozﬁ'ya (312)

with
Rugy =TRT' =R

and the fluxes and currents are now related by
Aapy = Lagyiapy, (3.13)
whereL,g, = TLT .

Assuming a three-phase equilibrated syst¢mH f, + f. = 0), the three-phase varia-
bles in then Gy coordinates yields,

T
Yapy

= [Va, Vg, U] = V [cos(0 + ¢,),sin(8 + ¢,,), 0],
igﬁ = [ta, i3 i’y] = I'[cos(0 + ¢;),sin(0 + ¢;), 0],
= [Aas Ag, Ay] = Afcos(0 + ¢y ), sin(0 + ¢, ), 0],

whereV = fv [ =Y3T andA = fA Note that the third component, is zero and,
under the equmbratec(hree phase varlables assumpiesystem dimension is reduced.

A\

afy —

Finally, the two-phase system can be rewritten in onlydfiecoordinates as
Vapg = }\aﬁ -+ Ragiag (314)
with
Ao = Logios- (3.15)

3.3.1 Wound rotor synchronous machine

For the WRSM, the dissipation and inductance matricegdfcoordinates, are

Raw 0 0
Raﬁ = 0 RSW 0 )
0 0 Rp
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Low 0 L,, cos0
Laﬂ’y = 0 LsW Lm sin 6
L,,cos@ L, sinf Lp

The electrical torquey,, from (3.5) and (3.9)

Te = Lyip(igsingd —igcosf) . (3.16)

3.3.2 Doubly-fed induction machine

As for the DFIM, the dissipation and inductance matrices/idcoordinates, are

Rp 0 0 0
0 Rsp O

RBas=1 o 0 B 0o |
0 0 0 R,
L.p 0 L,.cosf, —L,.sinf,
[ 0 Lip L, sinf, L cosb,
= | [L,cosh, L, sind, L, 0
—Lg.sinf, L. sin6, 0 L,

The electrical torquer, is derived from (3.6) and (3.9)

Te = Lo (isalra SN0, 4 5405 O8O, — is50r6 COS O, + igpipsing,). (3.17)

3.4 Thedq model

The dg-model is obtained rotating thef reduced model with (3.11). Then, the relation-
ship between fluxes and currents can be rewritten as

J6 7o
€ Nag = Lape”"i4q
or
~J6 7o .
Adg = € ""Lage”"i4q = Lagidg-

From thea/3-electrical model (3.14), with (3.11),

Jo

d
Jo Jo
e"vgg = Rape’igq (€7 Adg)

T
. d -
= RaBeJG,qu -+ &<6J0)/\dq + €J0>\dq.
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Then,

d .
‘midq + G_JG&(QM))\dq + )\dq, (3.18)

vag = ¢ 7 Ryge
where, usingg = w,
d —sinf —cos® 0 -1
—Jo g0\ _ —J6 _ _
e _dt(e )=¢""w o 0 —sinQ] —w[l 0 } wJs,

and
e "’ Rope’’ = Rop = Ry,

Finally, the dg-model is described by
Viq = quidq + Jw/\dq + ).\dq~ (319)

The mechanical dynamics also follows (3.3), and the elewdahanical torque is de-
rived from (3.4), and it depends on the topology of the eleatmachine.

Notice that, assuming an equilibrated system, the thresekariables are, in thi
coordinates

qu = [vg, Uq] =V [cos ¢y, sin ¢, ],
@'§q = [i4, iq] = I [cOS ¢, sin ¢;]

Aqu = [Ad, Ag] = Afcos ¢y, sin¢,] .

3.4.1 Wound rotor synchronous machine

As explained above, a generalized dg model of an electrieghine follows equations
(3.3) and (3.19). For the WRSM, and after some algebralth@nd.J,, matrices are,

L, 0 L, |
L= 0 Ly 0 |,

L, 0 Lp |

0 —Ww 0 ]
Jw = ww 0 0

0 0 0

Note that the inductance matrik,;,, does not depend ah
The electromechanical torque can be derived from (3.5),

Te = _LmZFZq (320)
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3.4.2 Doubly-fed induction machine

For the DFIM, the generalized dq model of an electrical maetollowing equations
(3.3) and (3.19) can also be applied. After some algebral ghand.J,, matrices are,

. LsDI2 LST‘[2 4x4 _ Lo
ﬁdq_{Ls,JQ LTIQ}ER k=101

_ | wsd2 Oax2 100
Jw_|:02><2 (wS—WD)J2:|7 02_|:O 0:|

Note that the inductance matrix neither depends.on
The generated torque is reduced to,

Te = LmZT JZirdq- (321)

sdq

3.5 System interconnection

The DiSAC model can be obtained interconnecting the WRSM am®#IM through the
stator side of both machines. The interconnection rules are

Usw = UsD, (322)
TsW —isD, (3.23)
Ws = Wy (3.24)



Chapter 4

Energy-Based Models

Resume
In this Chapter, energy-based modelling techniques araeabpial the DISAC propulsion
system. Bond Graph and Port-Controlled Hamiltonian appremetie used to describe
the WRSM and the DFIM dynamics. Thanks to its ability to obtarmeplex system
from the physical interconnection rules, the DiISAC systsiffimially presented using both
modelling methodologies.

4.1 Bond Graph model

“Bond-Graph” (BG) is a graphic language to describe the dynamic behaviphgsi-
cal systems regardless of the work domain. Therefore, isagegol tool for analyzing
complex dynamical systems [7], [23], [32]. This approachased on the power flow be-
tween the different elements of the system. The choice ofl lgnaph allows to describe
the systems keeping the information of energy generattorage, dissipation, and trans-
fer, which can help to design, in a future, a low-level andesuigory control algorithm
[23].

The bond graph description permits the integration of suteteoeasily and, by means
of a simple computer algorithm, the simulation-ready elguatof a complex model can

21
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be derived. Thus, the physical concepts are similar in thé&rent domains (Table 4.1).

Effort Flow
Mechanical Force ) Speed V)
Mechanical Rotative | Torque ¢) | Angular speedy)
Electrical \Voltage @) Current ()
Hydraulic Pressurelf) Flow (Q)

Table 4.1: Equivalences between different domains

In BG (Figure 4.1) the vertexes represent the sub-modelsatkadescribing the phy-
sical phenomenon, and the axis, called “bonds”, representieal point to point energy
connection between the ports of the different sub-modéi& Bond consists of two sig-
nals, or power variableswith opposite directions, which are called effartt)) and flow

(f(2))-

The power flow direction in the bond is determined by the armhich assign only a
sign agreement for further analysis.

The causality determines which power variable is the caagefinto its equivalent
in block diagram) and which is the result (output). The cétysa represented by a
orthogonal line to the power bond in the element where themad forced. For example,
in Figure 4.1 the causality states that the element A fixegtioet in B; and B returns a
flow as result.

@ nC
. B 07”&
R Causality

Figure 4.1: Bond Graph

The relationship between flow and effort in a subsystem desits own behavior.
Roughly speaking, the bond graph elements can be classifia@sistors, storage ele-
ments, sources, transformers, gyrators and unions.
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¢ Resistors (R):These elements dissipate energy. The power flowing throvgis
tor is always positive and does not assign causality préfdf¢he resistance value
can be controlled externally is called a modulated res{®fiR). Examples are the
frictions, electrical resistors and dampers. The equatianrelates the effort and
the flow is algebraic and is given by,

e = Rf.

e Storage elements (C, I)Storage elements store all kinds of energy. There are two
kinds of storage elements; C-elements and I-elements. Herarape found in ca-
pacitors, inductors, masses and springs. In the C-elenmentponserved quantity,
(which is a state variable called generalized displacemneasults from the net flow
accumulation f, therefore the causality is flow prefered. The differendigiiation
that represents the C-element is,

1
6:6(]
qz/fw+q®)

For an I-element, the conserved quantjycalled momentum), results from the
net effort accumulation, therefore the causality is effssigned. The element
constitutive equation is,

fZ%p
p= /edt + p(0).

e Sources (Se, Sf)Sources represent the system interaction with the envieohm
Examples are voltage sources, current sources (for elacsystems) and external
forces and torques (for the mechanical systems). Souroeeeaks can impose effort
or flow, and, consequently they have the causality allocd¢gending on the nature
of the source.

€ =€
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e Transformers (TF) and Gyrators (GY)Transformers and Gyrators are neither sto-
ring nor dissipating power and therefore preserving pouements. An ideal e-
nergy transformer traduces the effort to effort and the floWaw, through a trans-
formation relationship:. If n is not a constant, the transformer is a modulated
transformer (MTF).

€1 = Ney

fa=nfi.

An ideal gyrator represents a domain transformation witragy ratior. If r is
not a constant, the gyrator is a modulated gyrator (MGY).npias are electric
motors, pumps and turbines. In the gyrator the effort besdiloer and viceversa.

61:7”f2

es =1f1.

e Unions (1,0): These elements join two or more elements preserving poteani
done keeping the effort or the flow. They are represented &yd 1 respectively,
i.e., a0 union represents a node in which all connected efforts etwdr,cand the
addition of the connected flows is equal to zero. Thenion is the dual of thé
union and represent a node in which all flows that are condexte equal and the
efforts addition is equal to zero. In electrical terms, wmsi0 and1 are equivalent
to the voltage and current Kirchhoff laws.

Many electrical machines are described using the bond grppfoach. From the DC
machine [23] or a simple AC generator [5], to three-phas@dtidn machines [4][24].
HEV are also modeled using this graphical tool. In [22], a ptate bond graph model
for a long urban transit bus is obtained and simulated. A lgragh model of a parallel
HEV system is presented in [18], where the electrical mazhind internal combustion
engine were modeled as an ideal torque souseeglement), while the main contribution
was focused in the transmission, aerodynamics and wheetlsiod

The bond graph models of the electrical machines are olatdmen the dynamical
equations presented in the previous Chapter. Figures 4.2.8ndpresent the developed
models for the DFIM and the WRSM, respectively. For this modgthel-elementd.;p,
Ly, Lisw, Lip are defined as
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1= Se:1p

\ v

Lisp: 1 Lg: 1 Ly ¢

Figure 4.2: Bond Graph model of a doubly-fed induction maehin

Lisp = Lsp — L,
Ly, = L,— Ly,
Lisw = Lsw — L,
Lir = Lp—L,,.

Notice that, from the WRSM model, the Bond Graph of a permanemnetasyn-
chronous machine (PMSM) can be easily obtained by replatiadield dynamics by a
constant fluxg. It implies to eliminate all elements around the up-rigitunction, and
then theMGY becomes a standafaly-element, with a)-depending gyrator modulus.

The DiISAC system model can be obtained interconnecting the W&8%! the DFIM
through the stator side of both machines. The interconmectiles are described in the
previous Chapter, equations (3.22), (3.23) and (3.24).

Finally, the Bond Graph scheme for the DISAC system is showigare 4.4. Notice
that, besides the differential causality assignmentsnatdo the two machines, there are
extra ones (one for eacty coordinate) due to the way the machines are connected (see
the L;;p elements).

In order to obtain a three-phase system description, theadgformation can be also
represented under the BG formalism. Figures 4.5 and 4.6 diewd to dg, and thexbc
to a3 transformations, respectively.
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\
R: Rsw R: Rp
Se : Viaw —1 1 | 0 11 \'ZStz :Vrp R: By

R

MGY : wsst 1= SC LTW

Se H Vsqux { 1t MGY : Lmip I: .]u,'
R: Raw

v

Lew : 1

Figure 4.3: Bond Graph model of a wound-rotor synchronoushmac

4.2 Port controlled Hamiltonian model

Port-Controlled Hamiltonian Systems (PCHS) theory provitiesmathematical founda-
tion of the Bond Graph approach [20]. Hamiltonian modelingauthe state dependent
energy functions to characterize the dynamics of the diffesubsystems, and connect
them using a Dirac structure, which embodies the power pregenetwork of relations
established by the corresponding physical laws. The resalmathematical model with
an specific structure, called port-controlled Hamiltorsgstem (PCHS) [33], which lends
itself to a natural, physics-based analysis and contragdes

An explicit PCHS has the form [14]
& = (J(&) = R(x))0H + g(x)u
{ y = g'(2)0H #4)

wherex € R" are the energy variables (or state vectar), € R™ are the port variables,
andH(x) : R — R is the Hamiltonian function, representing the energy fiomcof the
system. The), (or 0, if no confusion arises) operator defines the gradient ohatfan
of z and, in the sequel, we will take it as a column vect@(x) € R"*" is the interco-
nnection matrix, which is skew-symmetrig (z) = —J(x)?), representing the internal
energy flow in the system, afd(z) € R"*" is the dissipation matrix, symmetric and,
in physical systems, positive semidefini(z) = R(x)? > 0), which accounts for the
internal losses of the system. Finalfyf,z) € R™*™ is an interconnection matrix descri-
bing the port connection of the system to the outside wotlgields the flow of energy
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TF
fa)=0— iy —=11 = f(a)

NE)

TF

"1

V©

/1

fO)=0—= i [—=1=f(5)

NG
TF

V)

/i

f((;)7’07‘ !

V@

Figure 4.5: Bond Graph of the T matrix df-transformation

MTF

f) =0 - 5

— 1= f(d)

MTF

sin(6)

MTF
— sin(d)

/ MTF

f(B)=10—

cos(9) 1=/

Figure 4.6: Bond Graph of the K matrix af-transformation
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to/from the system through the port variablesandy, which are conjugated,e. their
dot product has units of power.

In this Section, from the standarty models of the DFIM and WRSM, the PCHS
for each machine is derived and the whole interconnectedilktenian system is also
obtained.

4.2.1 PCHS of a doubly-fed induction machine

The PCHS of a doubly-fed induction machine has been presenfg8 The Hamiltonian
variables are
zh = [Ap.po] = Xip, A7, pp] € R,

whereX\sp = [Aspa, Aspg)” @and . = [\.4, \g]" are the stator and rotor fluxes dfy-
coordinates, respectivelyp, = Jpwp is the mechanical momentumy, is the mechani-
cal speed andj is the inertia of the rotating parts. Note that thesubindex has been
included to refer to the DFIM.

The interconnection and damping matrix are, respectively,

_wsLsDJQ _wsLerQ O2><1
jD - _wsLerQ _(ws - WD)LTJ2 LerQisD S R5X57
O1x2 LaitpJa 0

RsDIQ 02><2 02><1
RD = 02><2 RTIQ 02><1 € RSXS?
01><2 Ol><2 BD

wherei,p, i, € R? are the stator and rotor currenfs,and L are resistance and induc-
tance$, w, is the stator electric frequenck,, is the mechanical damping,

0 —1 10
JZ‘L 0 ] 12_{0 1]

andO,, represents zero matrix.
Fluxes,\p, and currents;h, = [i1,,,i’] € R*, are related by

Ap = Lpip, (4.2)

1Subscriptss andr refers to the stator and rotor, respectively.
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where the inductance matriX,p, is

o LsDIQ LSTIZ 4x4
£n = { Loy Lyl } SR

The port connection is represented by

]2 O2><2 02><1
gp=| Ozxa Ir Oz €R5X57
Ol><2 Ol><2 1

with the port variables’t, = [v1,, v, 7p], wherev,p, v, € R? are the stator and rotor
voltages andp is an external torque. The Hamiltonian model is completeith whe
energy function

1 1

4.2.2 PCHS of a wound-rotor synchronous machine

A Port-Controlled Hamiltonian model of a synchronous maehimith permanent mag-
net, can be found in [21]. The wound rotor synchronous macimcudes a rotor winding
which has to be considered. In this case, the Hamiltonialabies are

‘TIV;/ = [)\IV;hpW] = I:)\ZW7)\FJPW] S R47

wherelgy = [Aswa, Aswq)” IS the stator inductor flux idg-coordinates is the rotor
(or field) inductor fluxpy = Jywyy is the mechanical momentumy;, is the mechanical

speed, andy is the inertia of the rotating parts. THE subindex has been included to
refer to the WRSM.

The interconnection and damping matrix are, respectively,

—wwLswJa Oax1 —Mip
Jw = O1x2 0 0 e RV
M7Tip 0 0

Rawly Oaxi Oayxy
RW = Ol><2 RF 0 € R4X4,
O1x2 0 By
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wherei,y € R? are the stator currents is the rotor (or field) current and L are
resistance and inductanée®y; is the mechanical damping and

M:{ }GRZ“

Ly,
with L,, being the mutual inductance.
The WRSM fluxes)y, and currentsi;, = [ily,,ir] € R3, are related by
Aw = Lyiw (4.3)
and the inductance matriXyy, is

The port connectioryyy, is represented by an identidyx 4 matrix,

qw = I47

with the port variables;, = [v1,,, vr, 7], Wherev,r € R? is the stator voltageyr is
the rotor (or field) voltage, andy is the applied external torque. Finally, the Hamiltonian
function is

1 1

4.2.3 PCHS of the DISAC system

As it is shown in Figure 2.5, both machines are interconmkttieough their stator win-
dings. This implies that

Usp = Usw = Vs, (44)
lsp = —law = isa (45)
Ws = Ww. (4.6)

This particular way of interconnecting the electric maelsimplies the series connec-
tion of two inductors, therefore we define a new variablec R?, such that

)\s = >\SD - )\SW' (47)

2Subscriptss and F refers to stator and field respectively.
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Using (4.2) and (4.3), (4.7) can be written as
As = (LSD + L3W>Ig’i5 + Lgdo + Mip, (48)

or, differentiating, . _ _
As = Asp — Asw- (4.9)
Notice that defining the new state variable as

[AT /\ )\FapDapW] € R7

S T

and using (4.8) and (4.9), a new Hamiltonian system (4.1)kawobtained. The new
Hamiltonian function is

1 1
H AT 1)\ —p 2
() = LA+ 57,7 2J Pw
where fluxes\T = [\, AT \p] € R5 and currents” = ;7T iz] € R are related by,

A = Li. Lis the new inductance matrix
(LsD + L3W>[2 LSTIQ M

L= LSTIQ LTIQ O2><1
MT Oix2  Lr
Finally, the interconnection and dissipation matricegshefDiSAC system become
—ww (Lsp + Lsw)Jo —ww LgrJ2 Ozx1 O9x1 —Mip
—ww LgrJ2 —(ww —wp)LyJy Ooxi Ly Jois  Ogia
J = O1x2 O1x2 0 0 0 ,
O1x2 LgiT Jy 0 0 0
M7Tip O1x2 0 0 0
(Rsp + Raw)Iz Osxa Ozx1 Oaxq Oai
O2><2 RrI2 02><1 O2><1 02><1
R = Ol><2 Ol><2 RF 0 0
O1x2 Oi1x2 O Bp 0
O1x2 Oi1x2 0 0 Bw

and
02><2 02><1 O2><1 02><1

[2 02><1 O2><1 02><1
g=| Oix2 1 0 0
Oi1x2 0 1 0
O1x2 O 0 1

where the input variables” = [v], vp, 7p, Tw] € R5.
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4.3 Simulation results

In this Section numerical simulations of the DiISAC system aresented in order to va-
lidate the obtained models. The WRSM was controlled via a Ptrotber. The DFIM
uses a nested control system. An outer Pl controller gezeethé speed reference for an
inner current controller, designed accordingly to [4]. Slations were performed using
the20si msoftware which contains a Bond Graph editor.

The DFIM and WRSM parameters are, respectivély;, = 0.0823(2, R, = 0.0503¢2,
L, = 27.834mH, L, = 27.834mH, L,, = 27.11mH, By, = 0.02791Nmrad s, J, =
0.37Kgm?, and Ly = 26.25mH, Ry = 0.1819), L,, = 25.29mH, Ly = 27.19mH,
Rr = 0.1002Q and the WRSM mechanical speed is fixedvat= 314radst. The ma-
chines rated power aré?;, = 37.5kVA and Pp = 37kVA. The controllers parameters
are for the WRSM:Kp = 30, Ki = 3; for the DFIM inner current loop:Kp = 0.4,
Ki = 0.009, for the outer loopKp = 0.1, Ki = 0.01.

The control objectives are: to regulate the stator voltdge<{ 400V), to regulate
the DFIM mechanical speed( = 200rads~!) and to regulate the stator reactive power
(Qs = OVAR).

The DFIM load torques starts aty = 10Nm and changes to, = —10Nm att = 2s.
With these values two modes can be observed. Firstly, thersyis storing energy into
the batteries. Secondly, power is provided by the batteries

Figure 4.7 shows the mechanical power flow (computed fidm= 7w), the rotor
active powerP,, and the stator reactive powee€),. As explained before, the rotor active
power is bidirectional and allows to store energy into thiedvees.

Figure 4.8 shows the DFIM mechanical speed and its referdfigare 4.9 shows the
rotor amplitude, the stator amplitude and the field voltagspectively.

3In the dg coordinates, the instantaneous active and reactive paveb& computed aB,. = v, and
Qs = UZJ2Z.5-
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Mechanical, active and Reactive Power
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Figure 4.7: Simulation results: WRSM mechanical powgy ( dashed-doted black line),

DFIM mechanical power®,, dashed red line), rotor active powet,( continuous blue
line), and stator reactive powep(, below).

DFIM mechanical speed
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Figure 4.8: DFIM mechanical speed and its reference.



4. Energy-Based Models 35

Rotor, stator amplitude and field voltage
450 T T T
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Figure 4.9: Simulation results: Rotov,(, continuous blue liney,,, dashed red line),
stator amplitudel(, dashed-doted black line) and field voltage,(doted magenta line).
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4 .3. Simulation results




Chapter 5

Power Analysis for the DISAC System

Resume

This chapter is devoted to the analysis of the system powanba. We wonder to what
extend the regenerative braking is worth. We conclude tiesystem must be modified
as a future work in order to be used in a HEV.

5.1 Power analysis of a wound-rotor synchronous ma-
chine

In this Section, a steady-state analysis of the energy fipwthnough a WRSM is done.
From thedg-dynamical model, and using the active and reactive pownitiens, the
energy balance equations are obtained. Finally, apprdgoinexpressions for the stator
and field power are depicted.

As we have presented in Chapter 3, the WRSM equatiomg-coordinates can be
written as,

Vgq = quidq + Jw>\dq —+ }\dqa (51)

37
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where
Rw 0 0
qu — 0 RSW 0 )
0 0 Rp
[ L, 0 L,
Lyy=1 0 Ly 0 |,
| L, 0 Lp
[0 —w, O
Jo=1ws 0 0
0 0 0
The mechanical torque is,
Te = —Lmipiq. (52)

From (5.1) the field and stator voltages in steady staté,are
Vp = RFZF
and

Vg = stis + wngLsis -+ wSLm |: ZO :| .
F

The active power can be expressedras= v7i, and taking into account that/’ =
—Jo, the stator voltage transpose vector is,

vl =il Raw —wLsil Jo + w,Ly, [ 0 ip |-
Then, the field and stator active power are,
Pp = Rpi, (5.3)
Pay =il Rawis — wsLgil Jyis + wsLn [ 0 ip | is.
Finally, using (5.2) and substituting .J,i = 0, the stator active power results in
Py = Rsii — WyTe.
Neglecting the dissipative losses,

PF%O

PsW N —WsTe-

1For simplicity, thedq subscripts are avoided



5. Power Analysis for the DISAC System 39

5.2 Power analysis of a doubly-fed induction machine

In this Section, an analysis similar to the presented in tlegipus section is applied to
the DFIM. This is also a steady-state analysis of the eneayyirig through the DFIM.
Expressions for the stator and rotor power of the machintenggg the dissipative terms
are obtained in order to do in the next section a power arsabfghe whole system.

As we have presented in Chapter 3, the DFIM equationggisoordinates can be
written as,

Vdg = quidq + Jw>\dq + }\dqa (5-4)
where
Rip O 0 O
0 R, 0
Fu=1 9 "o R ’

_ LSD]2 LSTIZ 4x4 _ 10
Edq“{Lsrb L&]ER B |

wsJo Oaxs 0 0
J, = , Oy = )
{ Oaxs  (ws —wp) 2 } ’ { }

The electromechanical torque is,
Te = LinilyyJ2ivdg- (5.5)
From (5.4) the stator and rotor voltages in steady staté, are
vy = Rypis + wsJoLspis + wsJoLg iy,
and

v, = Ryip + (ws — wp)JoLgis + (ws — wp)Jo Ly,

The active power can be expressedas v7i. The stator and rotor voltages transpose
vector are,
T T T T
v, =1, Rsp — wsLspiy Jo — wsLgpi, Jo
and
T T T T
v, =i, R, — (ws — wp)Lgiy Jo — (ws — wp) Lyt Jo.

2For simplicity, thedq subscripts are avoided.
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Then, the stator and rotor active power results in
PSD = istDis - wsLsDiZJQis - wsLsri$J2is
and
P, = i’ Ryi, — (ws — wp) Lgpit Joiy — (ws — wp) Lyil Ji,..
Using (5.5) and” .J,i = 0,
PsD = RsDiz + WsTe, (56)
and
P, = R.i? — (ws — wp)Te. (5.7)
Finally, neglecting dissipative losseB (D = 0,R, = 0), simpler expressions for the
stator and rotor active power are obtained. Namely,
PSD N WsTe

P~ —(ws — wp)Te.

5.3 Power analysis applied to the DiSAC system

In this Section, the steady-state power expressions fostdter and rotor power of both
machines are used in order to analyze the power flowing ttrtugDiSAC system. Due
the WRSM field power can be neglected and the WRSM stator powaspegronal to the

ICE applied torque, the HEV power can be analyzed using thé&/Ddeiwer expressions.

As a result of the DFIM design, the DFIM speed is bounded by z&d two times
the stator frequency)(< wp < 2w,). We will analyze the following four cases in order
to take an idea of the system behavioy, = 0, wp = w;, wp = 2w, andwp = nws,.

5.3.1 Vehicle stopped

When the vehicle is stopped the DFIM speed is equal to zepo=€ 0), the stator and
rotor power are
PsD N WsTe
and
P~ —w,T,.
The machine is working as a transformer, all the power is figiirom the stator to
the rotor or viceversa, depending on the torque sign.
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5.3.2 Vehicle running at the synchronous speed

At synchronous speed,, = w,, then, the stator and rotor power are
Pip =~ wpTe,

and
P. = 0.

The rotor neither absorbs nor provides power. The statoep@mapproximately equal
to the mechanical powel”(, = wpT.), then, all the power is flowing from the stator to
the mechanical axis or viceversa, depending on the torgue si

5.3.3 Vehicle running at twice the synchronous speed

This speed means,, = 2w;, then, the stator and rotor power are

WpTe
PSD N WsTe = )
2
and T
Dle
P~ w, T, = 5

The stator and the rotor power are equal each other and iiscedid the mechanical
power. In motor moder{ > 0), the mechanical power comes, in equal parts, from the
stator and the rotor. In regenerative braking< 0), half of the power is absorbed by the
stator and half of the power is absorbed by the rotor.

5.3.4 General analysis

A general analysis is done withy, = nw,, n € R

WpTe
PsD N WsTe = )
n

and .
P~ (n — 1w,r, = = DenTe
n
The stator power plus the rotor power is the mechanical polmenotor mode £, >

0), the mechanical power is provided for the stator and therrdn regenerative braking
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(. < 0), a part of the power is absorbed by the stator and anotheop#re power is
absorbed by the rotor.

Although, the stator is always absorbing or providing powlee unique exception is
whenn >> 1. This operation point is not desired, because it incremtém@seactive
power losses. Then, in regenerative braking the statomays absorbing power that
can not be controlled with the proposed system. We concloaethe system must be
modified in order to control this power.



Chapter 6

Conclusions and future work

A novel series hybrid electric vehicle propulsion systeit ttan be controlled through
the rotor voltages of every machine was proposed. This syktes the advantage in our
knowledge that the rotor converters could be smaller thatoistonverters in traditional
machines. The proposed system defines a novel architeciuted study of isolated
generation or a series HEV propulsion system.

This system composed by several subsystems was modeledvanidted in the elec-
trical and mechanical domains. Additionally, two energas&d models were presented
following the Hamiltonian formalism and the Bond Graph agmio. Simulations results
have also been presented. The use of the Bond Graph techiigués to easy sub-
models integration, allows to complement the presentedeimwith other mechanical
(transmission, wheels, aerodynamics...) and electriaesgpower converters, batter-
ies,...).

There is just one operating point where the stator does rsmrlpower in regenera-
tive braking and, this condition occurs when the ICE is stdpfe = 0). The maximum
power that can be absorbed through the rotor wheet 0 is the half of the mechanical
power in a standard designs. Hence, the proposed configuratist be modified.

As we conclude, the DiISAC system must be modified in order sova@jutee a complete
controlled regenerative braking. To this end, an invertara be included between the
stator of both machines and the battery pack. This convemertd permit to store the
energy absorbed by the stator of the DFIM while the regeiverditraking occurs and
apply extra power to the stator at another operation poistselectrical scheme of the
proposed modified DISAC system is shown in figure 6.1.
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WRSM

Usyls

TE,

11%5 Upyly

Figure 6.1: Electrical scheme of the modified DiISAC system.

In future works, the modified DiISAC system must be analyzeraeoto show its
behavior. Then, a robust controller and an energy manageimethe modified DISAC
system must be designed and implemented at laboratory amdeatual vehicle.

Also, a model of the HEV mechanical parts must be includedotoplete the sys-
tem. The complete model behavior with the designed coetithust be simulated using
standard profiles for vehicles.
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