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Abstract: Hybrid Electric Vehicle (HEV) is considered as thest promising solution to overcome
energy crisis and air pollution. To insure an inyaenment of the vehicle performance and a decrease of
pollutant emissions, the design of its powertraimmponents is necessary. In a project of a hybrid
locomotive, the studied railway powertrain admitdi@sel engine as a primary source. In this pager,
dynamic model of a Naturally-Aspirated Engine uskmgergetic Macroscopic Representation (EMR) is
presented. To deliver the produced mechanical ptavarcentral Direct Current (DC) bus, a saliedepo
synchronous machine EMR model is also present@an BEMR models, the Maximum Control Structure
(MCS) and then a Practical Control Structure (Pt@Spcally control the diesel driven generator et
implemented. In addition to control the power deted by the system, consumption and,Gfas
emissions estimations are obtained from these raodel

Keywords: Energetic Macroscopic Representation, Maximum f@dnStructure, naturally-aspired
engine, synchronous machine, hybrid locomotivergnesnvironment.

1. INTRODUCTION

Due to the inevitable drying up of petroleum resstvthe
growing concerns on fuel efficiency and global “niag”

(i.e. increase of pollutant emissions and potemtiedease of
global temperature), the use of hybrid systemsehicular
technologies is constantly increasing. Indeed, idybehicles
are an essential bridge between oil-based vehieled
electric vehicles (Cousineau 2006). Even if it ismere
ecological mean of transport than the air, roadnaritime
transport, the railway transport is also concerméth its

diesel locomotives used for specific tasks (agstgtanission,
maintenance on catenaries...) (Akli 2007). The éhmelocal
freight, which represents 40% of the global freitthhsport,
is realized by private operators. They often lewe a non-
electrified junction and need to be energeticalljoaomous.
The existing shunting activities are usually perfed by
locomotives powered by a noisy diesel engine and
stopping when the locomotive is idling. In its &ites of
locomotives innovation, Alstom Transportation i®posing
an advanced solution by adding to the traditionasel
electric propulsion, a battery/ultra capacitors puision
system, more respectful of the environment. Onp efethe
project is to propose a Matlab/Simulink model o tjobal
system architecture using EMR (Bouscayrol 2005p|&i$0
2011).

The first studies about Internal Combustion Engii€Es)
were realised in 1898 with (Meier 1898). Since thmstable
improvements were realised. Engines present
efficiencies with specific power output and haveréspect
the imposed emissions regulations (Rakopoulos 20Di&
use of exhaust gas recirculation, exhaust gas afiatment

higher

and other achievements has contributed to the dereint
of cleaner diesel engines (Heywood 1998). The dgwveént
of engine models on simulation proposed in (Lipk&84),
(Rakopoulos 1995) and (Rakopoulos 1998) permit ¢al d
with the prediction of the engine exhaust emissiteads,
with the analysis of gas reactions and formatiomsthe
engine and with the improvement of the efficiendyttoe
used engine models in a cycle simulation. However,
considering the EMR literature, most of the ICEsdels are
static ones and do not provide information aboattipe of
fuel injected in. For instance, in (Lhomme 2004)si@ple
model is used for the ICE and is presented figuria bther
words, to implement the mechanical behaviour ofl@k
(mechanical torque depending on speed velocith@khaft),
cartographies are used. Thus, dynamics are nedlaatéthis
kind of model is generally associated with dynamic
components such as electric filters, power eleatson This
npaper presents a dynamic EMR of a Naturally-Aspitat
Engine coupled to a salient pole synchronous machihe
proposed model aims to include dynamics and to geem
speed control of the engine.
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Fig. 1. EMR model of an ICE proposed in (Lhomme£00
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Fig. 2. General structure of a gasoline atmosplearggne
(Verdonck 2010)

The atmospheric engine (Fig. 2) proposed in [Vetd2ds
the adopted structure for this study. The nextiee@ states
about equations and EMR/MCS of the atmosphericnengi
The section 3 describes the developed model os#tient
pole synchronous machine to convert the mechapicaer
to electric power. Section 4 consists of mergingtisas 2
and 3 models with simulation results and their espntation
section 5.

2. EMR AND MCS OF THE ATMOSPHERIC

ENGINE

This section is dedicated to the EMR study of thesented
atmospheric engine (Fig. 2). Thus, every part ef ¢éngine
(ambient air, throttle valve, intake manifold andirders) is
detailed.

2.1 Ambient air (intake part)

Ambient air is considered as a hydraulic source and

characterised by a volume flow raté{.) and a pressure
(Pim)-

2.2 Throttle valve

The throttle valve is not directly represented hdrethat
case, this element will be taken into account enghbsection
2.8 using MCS.

2.3 Intake manifold

The simulation models the intake manifold as aedéhtial
equation for the pressure. The difference in tlo@rimng and
outgoing mass flow rates represents the net ratharfige of
air mass with respect to time. This quantity, adowy to the
ideal gas law, is proportional to the time derivatiof the
manifold pressure. Thus, it corresponds to an ehénoé
accumulation using the EMR formalism. With this egaxch
the differential equation for the pressutg in the volume
Vim is:

dR, (t) _ RT,
dt V,

im

(m, ©-m,®) @

with R, the ideal gas constanh,;, andm,, represent the
inlet and outlet mass flows respectively. In thisdel, the
temperature is assumed as constant. As descri{&hisnko
2008), a gas flow presents at the same time theemdl

cannot be done. A change in the gas compositioanfatal
reaction consequence) changes the internal en€hyg, the
temperature is influenced too. If the choice of Hagiables
does not comply with the general EMR approach @igao
variables), its application might be called pse&déR and
would need more than two variables.

2.4 Fuel tank

The fuel is considered as a hydraulic source tomrtler to
characterise the nature of fuel which is injecteaylinders,
its heating value and more specifically its Loweedting
Value (LHV) in J/kg is coupled with a mass flowedthg,).
The heating value or energy value of a substarseally a
fuel, is the amount of heat released during thelamtion of
a specified amount of it. The energy value is arattaristic
for each substance. It is measured in units ofggnper unit
of the substance.

2.5 Cylinders

Cylinders mix the intake manifold aiP,{,andr,,, variables)
and the fuel g, and LHV variables) provided by a tank.
The reaction of combustion produces exhaust gases, (
and P,;, variables) and a mechanical powgf,{ and Qgp,f
variables). Because a hydraulic power is conveitec
mechanical power, cylinders are represented by #i-mu
physics element of conversion. Equation (2) givée t
mathematical expressions of the mechanical torauk the
intake volume flow rate.

Q
Tcyl = i(nind I'-hfuel LHV - ﬂved (Pair - I:)im )j
4
shaft (2)
. _ Pim Qshaft
mcyl - R-Em v AT ed

with V.4 the engine displacementy,q the global (fuel-
torque) efficiency andn, the volumetric efficiency. The
volume flow rate of exhaust gases,(;) is considered as the
sum of the intake volume flow raten(,) with the fuel
volume flow rate (initial fuel mass flow ratag, converted
in volume flow rate using the density of the coesatl fuel).

2.6 Ambient air (exhaust part)
Ambient air is also considered as a hydraulic saurc
2.7 Mechanical shaft

A mechanical shaft is required to transmit the raeatel
power to the synchronous salient pole machine.EM4R
modelling is represented by an element of accurnoumaind
takes into account: the inertia of the shdjt the friction
forces (share) (€quation (3)).

dQ shaft(t)
dt

‘] = Tcyl (t) _Tload (t) - fshaftQ shaft(t) (3)

pneumatic energies. A separation between these idema
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Fig. 3. EMR of the atmospheric engine
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2.8 MCS of the atmospheric engine

The MCS' aim of the atmospheric engine is to cdritne
rotational speed of the mechanical shaft. Thus,use of a
first PI controller permits to control the torqueoguced by
the cylinders from the shaft speed reference. Tifieudty of

this tuning chain lies in the reversal of the cgéns'
equations. A downstream coupling block must be neaak
This kind of block combines at least two inputsairsingle
output. In terms of control, a single reference tainduce
two output references. In such a case, a distdhutactor

3. EMR AND MCS OF THE ALTERNATOR

3.1 The d-qg synchronous reference frame
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Fig. 5. Model of the synchronous machine in theehphase
frame (left side) and Park frame (right side)

Equations which govern a three phase alternativehina
depend on resistances, inductances and mutualtarthes of
its rotor and its stator. Those mutual inductararedinked to

kep Shares out the input referencg,( ) between the two the relative position of the rotor with the statdhus, to

output referencedy, . andmgg)-

= Pair +4_]T (1_ k
Ved

1

I"nfuel,ef = LHV ”ind QShaﬂTCy|ref krep

im rep )Tcylref

ref

(4)

The repartition factor value is set to 1. Because studied
engine is an atmospheric engine, it means thapihesure in
the intake manifold is equal to the air pressuetig ki,
equal to one, equation (4) impli€g, .. = P, and equation
5).

M, o=— S o T (5)

fuelqr LHV ”ind shaft’ cyl

Finally, a second PI controller controls the adwflto impose
(mairref)-
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Fig. 4. MCS of the atmospheric engine

simplify differential equations, it is easier to tkdn the d-q
frame than in the three phase one. To obtain ata@ons
mutual inductance, Concordia and Park transformatiare
used. It permits to express the three currentsages and
flux of the stator 4, b, c; frame) and of the roton(, b, c,
frame) in a frame linked to the rotary field (d-carhe).
Considering voltages, currents and flux three phase
components aX,, Xp, X. and asXq, Xq in the d-q frame,
Park (equation 1) and Concordia transformationsnjieto
work in the two frames.

{Xd}:\F cod6) 00{9—22j co{6+22j ia
X, 3| sin(o) -sin(e—zg'j —sin(9+2'3_'] x:
(6)

3.2 Equations and EMR of the salient pole synchronous
machine

The machine corresponds to the figure 5 in theethplease
frame (left side) and in the Park frame (right sidequations
7, 8 and 9 are the electromechanical tordygg, the
magnetic flows ¢4, 4 andd¢) and the voltages/g, V, and
V) equations of the electric machine depending enstiaft
rotational speedly,.r, armatures resistanceR (and Ry)

inductances Iy, Ly andL¢), mutual inductanceM) and the
number of pole pairR).

Toas = P(® 4l — P4l )
d, =L,l,+MI,
D, =L, 8)
de =Lflf +MId
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Fig. 6. EMR of the alternator
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do
Vd = Rsld + dtd _Qshaftcbq
dCDq
Vo =R+ dt + QP ()]
V, =R + 3%
f il dt

From equations (7) and (8), electromotive foregsdnde,)
are expressed (equation (10)).

dl,
€ = _Qshaﬂqu q +M E (10)

€ = Qshaft(LdId +Mi f)

Interdependence between d and q axis variablesriclea lg,o; = Iref cOSE

appears. Thus, using temporary variablé @nd V'), Vq
(Vy) voltage can be defined as the sumvf (V') andey

3.3 MCS of the salient pole synchronous machine

The goal of the alternator MCS is to control thejt@ ([},.4)
using the two available degrees of freed@n(and [a,¢f]).
The control chain is deduced from the setting ch@imus,
MCS presents an element of repartition to sharecouents'
references. The problem of this bloc is to obtdined
references (currents) from one reference (torquejeality,
the torque is not the only reference to be impobéahnetic
flux (¢4 and ¢4) are also imposed and coupled with the
torque to deduce the three currents' references pfihciple
is to take the defluxing characteristic of the nmaehand to
work on its maximum fluxd,.¢, equation 12).

f— -I-Ioadref

Yy

The real flux ¢, equation 13) is a combination of the
magnetic flux along d-q axis.

Taking into account the load angbe windings' currents
along d and q axis and inductor's current referenmee
deduced thanks to equation 14.

| (12)

ref

(13)

Idref = —L¢fsing

(14)

2
LI _ \]¢ref2_(Lq1qref) _qudref

fref - M

(eq) voltages. From this operation, currents’ dynamaee Three PI controllers permit to control three votiadVy, V,

modelled under a transfer function form (equatigh 1

la(s) _ 1 1
V() Ry, bog
RS
(6 1 1 -
Vi@ R, Lo

The same work is realised to solve the d-q coupimd
frame.
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Fig. 7. MCS of the alternator

and Vg) from three currentsif, I, and I¢ ). Finally, the

inversion of rectifiers result in the control oatrsformation
ratios, degrees of freedom of the system.

3.4 Estimation of the load torque and the electromotive
forces

Because electromotive forces cannot be directly soneal
and because of the torque sensors’ cost, a bloektohation
(figure 8) is used to estimafeqq ], e; andT,,q. Concerned
equations are equations 7 and 10.

Qshaft

Fig. 8. Estimation of the load torque and the eteobtive
forces
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The diesel driven generator EMR is made up of the t 0s
previous presented models developed on figuresi4/aihe
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Fig. 9. EMR and PCS of the ICE

EMR AND MCS OF THE ICE

il
control of the mechanical power at the output af Hhaft gﬁ: m
permits to control the electrical power delivereg the £os i
synchronous machine, depending on its losses. Ny
5. RESULTS |
Time (h)
. Fig. 16. Evolution of the power mission referenagar (red)
R | | and the electric power ratio (blue) according hoeti
i |
E | Presented results on figures 10 to 16 were obtaised the
i l | most restricting mission as an input. The resuithe figure
L H u M ‘i M 10 permit to confirm that the pressure of the atoithe
’ Al ‘ ‘\"‘ \ bl intake manifold is equal to 1 bar like in a reahaspheric
b e ' T T engine. Figures 11, 14 and 15 give an approximatfon
Fig. 10. Evolution of the intake Fig. 11. Evolution of the fuel * the volume flow of the fuel at the intake,
air pressure according to time volume flow ratio according » the corresponding volume of fuel used,
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Fig. 12. Evolution of the
mechanical torque of the shaft rotational speed of the shaft
according to a reference
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Fig. 14. Evolution of the fuel
consumption according to time
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to time

» the mass of exhaust carbon dioxide gas during the
mission.
The volume of fuel is obtained thanks to an intégraof the

2000

@
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8

volume flow at the intake. From this volume (aroufl),
the CO, mass product is deduced. Indeed, one litre of fuel

produces around 2.662 kg 60,. Thus, around 250 kg of

Shaft speed (pm)

500)

CO0, are emitted for the considered power mission. \deee,
the figure 16 informs that the mechanical powersinis of

(] 5

Fig. 13. Evolution of the

according to a reference

10
Time (s)

o reference is converted into an electric power mledito the
central DC bus thanks to the synchronous machioehgck
the good efficiency of the control of the ICE, aahnanical
torque and a rotational speed references wereeapii the
shaft. On figures 12 and 13, references and madglonses
are represented in accordance with the key.

CO2mass (g)

1

Fig. 15. Evolution of the
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6. CONCLUSIONS

In this paper, a novel EMR/MCS/PCS modelling ofiasdl
driven generator set has been proposed. Implemembelels
using Matlab/Simulink take into account:

7

» the dynamics of a naturally aspired engine and of a
salient pole synchronous machine,

CO, mass productaccording . the nature of the used fuel using its LHV,

to time



« estimations of theCO, mass product and the Rakopoulos, C.D., Antonopoulos, K.A., RakopoulosCD

consumption of fuel of the atmospheric engine,

« a control of the mechanical power and indirectly th

electrical power delivered depending on
alternator losses.

Presented simulation results and their interp@tatnh the
results section prove the good effectiveness ofréadised
work. The model will be integrated in the globattitecture
of the hybrid locomotive as a primary source wigmamical
batteries and ultra-capacitors EMR models. A futemergy

and Hountalas, D.T. (Rakopoulos 2008). Multi-zone
modeling of combustion and emissions formation irdi@sel
engine operating on ethanol-diesel fuel blendsergy

th& onversion and Managementolume 49, Issue 4, Pages

625-643.

Solano-Martinez, J., Hissel, D., Pera, M.C., Ami#,
(Solano 2011). Practical Control Structure and Byer
Management of a Test Bed Hybrid Electric VehidleEE
Transactions on Vehicular Technologyol. PP, no. 99, pp.
1,0.

management strategy of the system to share out rpowerdonck, N., Chasse, A., Pognant-Gros, P. andritia,

demand of the vehicle between sources has to belaped.
Contrary to actual energy management strategiesdbais a
static model of the ICE, this one will have to takeo
account dynamical behaviours of the ICE.

A. (Verdonck 2010). Automated Model Generation for
Hybrid Vehicles Optimization and ControDil Gas Sci
Technol. Rev. IFP, Vol. 65, No. 1, pp. 115-132.

Appendix A. EMR SYNOPTIC
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