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Abstract. Dynamical model of the hybrid electrical vehiclartsmission with internal combustion engine andtetal

motor driving the rear and the front wheels acawlyi is developed. Particular elements in it arecdbed using
classical transmission elements. The model is @methe analysis of acceleration process when tiggnhe and motor
operate in non stationary regimes and transmissiements are in transition regimes of motion. Noadr models for
clutch and wheel-road interaction description aedu The gear box control algorithm was developetithe vehicle
prototype was constructed and tested. The expetanessults proved the model validity. The diffezerin numerical
and experimental results for the acceleration @ 40 distance does not exceed 10 %. The model coaldhe
background for the simplified control algorithm é&pment with no mechanical link between the traasions.
Numerical modeling and experimental research shwavftinctionality of the algorithm. The performednrerical

modeling revealed that different from commonly usdtkria for velocity ratios selection in the géax are necessary
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Introduction their structure (power ratio of internal combustemgine
and electric motor, battery type and capacity, gEo€'s

The tendency of expanding hybrid drives applicatiorfPower) and optimal control algorithms are properly
in automotive engineering is observed. Though rifie  selected. These problems are mutually related.
technologies exist in the majority of hybrid vekiglthe The configuration of hybrid drives is not jet sedt
combination of internal combustion engine and elect the following four types [3, 4] can be distinguighen
motor is used. Started to be used for small cipetgars series, parallel, series-parallel, combined. Inalpeir
as a means of fuel economy and eco|ogica| requ'mtnmeconﬁguration hybrld drives it is necessary to e$sctric
assurance later this technology was begun to be fase Motors generators, because common electric motors
minivans, high-class sedans, off-road and spotityuti usually are used for energy regeneration at brakihg
vehicles [1-5]. The spread of hybrid drives applmais  9reatest possibilities to conduct experimentalasdecan
preconditioned by the possibility to reduce the powf be when developing combined configuration systems a
internal combustion engine because only in resesits the advantages of separate systems can be uséie (at
full power operation is necessary at common regiofes expense of the system complexity). Such system was
the vehicle exploitation. Thus at additional pafall Selected as an object for the investigation.
operation of electric motor the internal combusgmgine After the analysis of possible configuration scheme
for a longer period operates at a more efficiertt aith of the transmission the decision was made to uge 4x
lower emissions regime what is useful for all typéshe transmission scheme with mechanically non linked
vehicles. Nevertheless the application of hybriivesy is ~ internal  combustion engine and electric motor
inevitably related to the increase of the vehiclssnwhat ~transmissions. This makes it possible in the expental
in turn increases fuel consumption and lowers th&ehicle-prototype to change its units in a simpley and
efficiency of internal combustion engine when iecgtes 0 use different combinations of them. The reseavah
alone. The experience of batch production hybriticles ~ @imed at a single vehicle performance regime - its
shows that these vehicles can have advantagesvbely acceleration. The aim of this research is to constr
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dynamical model for experimental hybrid electrioodp electric one on one of the axles. After the analgdithe
utility vehicle as closely as possible representtmgreal possible power train configurations, the following
vehicle and enable both optimal combining of thikiegle  configuration was chosen: internal combustion emgih
units and construction of simple control algorithfos  front of the vehicle, and electric motor at therr@ag.1.).

internal combustion engine and electrical motor. The main characteristics of the vehicle are preskent
in Table 1. Though the electrical motor operates at
Vehicle Characteristics characteristic short period regime the additiortaidic

cooling system for it and its controller had toibstalled
4x4 type vehicle configuration when the engine andvhat led to the increase of the total vehicle mass.
the motor drive separate wheels allows simplifythg
transmission when changing the mechanical drive tim
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Fig. 1. Configuration of hybrid electric sport utility veihe prototype: 1 — radiator, 2 — internal combus&ngine, 3 — front gear
box, 4 — front wheels, 5 — pedal unit, 6 — steenreghanism, 7 — front part of the vehicle body, é&khkaust system, 9 —
seats, 10 — driver, 11 — electrical motor, 12 + gear box, 13 — rear wheels, 14 —inverter, 15ttebas, 16 — fuel tank,
17 — rear part of the vehicle body, 18 — central pathe vehicle body

0 200 400 60Q

Dynamical model of the vehicle consists of the desion of internal combustion engine and elecirimator output
characteristics, transmission dynamical model, typavement interaction model.

Table 1. Main technical characteristics of the veltie

Internal combustion engine Generator G290B 24V 150A
Hondal.6 L, 16 valve Voltage, V 24
Fuel Gasoline Current, A 150
Power, kW / rpm 77 1 6500 Power, kW 3.6
Torque, Nm/ rpm 133 /4500
Gearbox 5 speed manual
Electric motor Siemend PV5105 WS12
Type AC induction motor
Power (peak / rated), kW 78.41/18
Peak torque, Nm / rpm 125/1000
Time sustaining max ratings, min 15
Transmission 2 speed reduction gear, based on Honda Civic firne¢ d
Vehicle mass, kg 1140
Load distribution between axles (front / rear), % 1/%9
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Descriptions of Internal Combustion Engine and characteristics of the engine and the motor powérare
Electrical Motor presented in Fig. 2.
The case of synchronous operation of both ttggnen

Making analysis of control algorithms effectiess, i.e. and the motor is presented in Fig. 2. At synchranou
taking into account that control system will seelatljust operation of both the engine and the motor the wutp
the operation of internal combustion engine andtdgéal torque characteristics is strongly distorted anc th
motor one to another the output characteristicrijgsan  problem of optimal selection of velocity ratios ftire
of the engine and motor at full power operation @o¢ transmissions appears. The problem was more phgcise
enough. [6]. The full internal combustion engineanalysed after construction of the dynamical mdoiethe
characteristics was modeled using the method ofehicle transmission.
analogies [7]. The characteristics of electricattonare
described using the manufacturer data [8]. The

250 Fig. 2. Torque generated by the

power unit under investigation
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Dynamical Model of the Vehicle Transmission electromagnetic clutch is incorporated into theictire

of generator’'s drive and with its help the genaraso

Dynamics of this type transmission is already asedy disconnected at the acceleration phase. Numerical
[9, 10] using typical drive elements (Fig.3). Rséd modeling revealed that there is no sense to connect
characteristics the drives are given in the pubbeg11].  generator at the periods when the internal comtusti
Using the constructed numerical model operatiothef engine is unloaded (e.g. during gear shift) becdbse
transmissions of the motor and the engine wereysedl will cause additional dynamical loads but has reeetal
at typical acceleration regimes — start up mothoowing  influence on energy consumption.
in the clutch (for electrical motor the case wheén i  The constructed dynamical model of the hybrid
operates with no clutch was analysed), acceleratitm  electric vehicle transmission is presented in Figr3it
fully thrown in clutch, gear shift process whichetsts of  the following designations are usdg: 15, I3, 14, Is, g, 17,
three stages — gear switching of by throwing ow thlg, I3 Ig andl;; are accordingly moments of inertia of
clutch, synchronization of primary and secondargftsh internal combustion engine with a flywheel, the garor,
in the gear box, gear change and the clutch thgwin the clutch driven disk of the engine, componentshef
The analysis of these regimes is already perforamtl engine transmission, stocks of the rear axle wheels
presented in publications [9, 10] when the postigdlto  external rubber rings of the rear axle tires, elechotor
use the motor and engine for synchronization speedith a clutch drive disk, the clutch driven disk,
increase of the primary and secondary shafts wereomponents of the motor transmission, stocks ofribrat
researched. That's why the algorithms obtained weesl axle wheels, external rubber rings of the froneaxles;
for further research. There was the need to moi€/ c;,, Ci3, Cs4 Css, Cse, C7s, Cgo, Co10 @NACio1; are accordingly
model not taking into account the influence of gatm.  torsional stiffness coefficients of the belt dritlee engine
In general the model allows the analysis of internaclutch, components of the engine transmission, sixégts

combustion engine — generator interaction but thefthe rear axles, rear tyres, the motor clutcimponents
generator applied was of comparatively low powen. A of the motor transmission, axle shafts of the fraxies
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and the front tyreskiy, Kis, kea, Kas, ks, krs, keo, kero@and electric motor; my is the vehicle mass) R, is total
kio11 @re accordingly viscous damping coefficients @& th

belt drive, the engine clutch, components of thgiren traction force;) Fy is total resistance force.
transmission, axle shafts of the rear axles, rgast the The goal of this research is, in accordance with
motor clutch, components of the motor transmissiotte  dynamical model of the hybrid electric vehicle
shafts of the front axles and the front tyMélspy, Mey are  transmission, to calculate dynamical charactessticthe
torques of internal combustion engine and electrtor,  vehicle acceleration when driving conditions antk ty
Megen is the generator torquélis and M= are frictional  road contact models are different.

torques of the clutches of internal combustion eagind

Fig. 3. Transmission model

Tyre road interaction sliding factor, X, - vehicle velocity, ¢; - angular

As it can be seen from dynamical model presented iHEIOCIY Of @ tyrérg; — dynamical radius of the wheel.
Fig. 3 traction effort of the vehicle is caused figtion _ The dependency of friction coefficient on relative
forces appearing at the interaction places of ttee rand sliding factor is presented in Fig. 4. Here lingslthe
both front and rear wheels: graph of 1, obtained according “magic formula”. It is
For the description of friction phenomena at tyre —used for the evaluation of tyre road interactiontfie

road contact the model — “magic formula” - giver{12]  transmission control algorithm.

was used: For the control of output torques developed by
internal combustion engine and electrical motor the
Ry =R, t0 simplified friction coefficient dependency on rélat
_ . _ _ (1) sliding is useq (Fig. 4, line 2). The essentlgk.ajdrﬁ.such
Hxo DSII‘][CarCtar{B;( E(BZ arctarB;()}] dependency is that when tyre — road sliding is Wwelo
Xa = Pily critical value the friction coefficient is taken e to its
x= X critical value and when the sliding exceeds critiGlue
a ) ) the friction coefficient is taken equal to the \alof non
Here R; — traction force,R; — pavement reaction gigple sliding.
force (see Fig. 3)4,, - friction coefficient, y - relative The block diagram of the algorithm for tyre road
interaction evaluation is presented in Fig. 5.
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Fig. 4. Dependency of friction coefficiept, on relative sliding factoy,

X, =0 Rﬂ=ma((b_rd fa)g—kahc), Fig. 5. Block diagram for tyre road
0 =0 L ' interaction evaluationx, — vehicle
) ' . displacement, - rotation

i=1 R, = ma((a+ Ty fa)g+xahc); angle(angular c@oordinate) of the
L rubber ring of the tyrgj=1,2 — front
=i+l and rear wheels accordingl;; and

R,, — vertical reactions of the front

and rear wheels accordinglyn, -

vehicle massa, b andh — mass center
position parameters distances from
the front and rear axles and the height
R4 = f(:utr ’RZi ,)'(a); with respect to the _roadL - v_ehicle
base, f, — rolling resistance
coefficient, g — acceleration of
gravity, rq;, rg, — dynamical radii of
the front and rear wheels accordingly,
R4 — vehicle traction forceus —
friction coefficient at road tyre
contact.

Xop =AY < Xuja <21 A7
Xoi =AY < Xoja < Xoi +AX

A
g?<:

P

Yes

Vehicle mode

(acceleration, velocity, displacement) are equaké¢oo
Results and then it moves with maximal possible accelenatio
operating only internal combustion engine, onhctleal
The vehicle acceleration regime was simulated bynotor or both the motor and the engine.
numerical methods and investigated experiment&oy. For experimental research the vehicle prototype
the simulation the dynamical model presented in Fig presented in Fig. 1 was used. It was tested orzdmmtal
was used assuming that at initial instant of tirhe t straight track with concrete pavement. The testedvwas
vehicle was stationary — all its motion parameterperformed in the following way: from initial statiary
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position (acceleration, velocity, displacementeseal to motor and the engine. Its motion parameters were
zero) the vehicle with maximal possible acceleratiate  registered.

was driven 400 m. distance operating only internal The obtained experimental and theoretical resubts a
combustion engine, only electrical motor or botte th presented in Fig. 6, Fig. 7.
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Fig. 6. Dependency of vehicle velocity on time operatimiyanternal combustion engine: 1-4 — test drivies, mean velocity of
test drives, 6 — simulation results
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Fig. 7. Dependency of vehicle velocity on time operatioghbinternal combustion engine and electrical metith the third
gear of electrical motor transmission: 1-2 — teste$, 3 — mean velocity of test drives, 4 — sirtialaresults

Conclusions system control strategies and control algorithms
development.

1. The constructed dynamical model of the hybretlc 2. The constructed vehicle prototype with identical

vehicle transmission with no mechanical link betwee compartments for internal combustion engine and

internal combustion engine and electric motorelectrical motor drives in the front and the reértiee

transmissions allows simulating the behavior of itsvehicle enables experimental testing of severdemiht

elements and the vehicle motion under differenprototype configurations.

conditions. This model serves as a background Her t
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3. The obtained simulation and experimental regutise
the validity of simple structure algorithm for intal
combustion engine and electrical motor control when
driving the hybrid electric sport utility vehiclenodry
concrete pavement or the pavement with similar
characteristics.
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