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Pospooneno enepeemuunuii nioxio 0o
ouinku Ounamiunocmi i exonomiunocmi

02151 0cHOBHUX T 000amKosux (1enpooyxmue-
Hux) eumpam emepeii. Jlocaioceno eudip
i 00TpyHmyeanns noxasnukie ewepeemun-
HOi ouinKxu ounamivnocmi i eKxoHOMIMHOCHI
aA6MOMOGINA WAAXOM OUTHKU sumMpam enep-
2ii deuzyna na 1oz0 pyx. Ompumano pis-
HAHHA, WO 6U3HAMAE 3aJledcHiCmb dodam-
K08UX empam enepeii pyxy 6i0 npysucHux i
Junamivnux napamempie aemomooéins ma
11020 MOMOPHO-MPAHCMICIIHOT YCMAHOBKU.
Busnaueno 63aemo36a3Ku Midic enepzemuny-
HUMU NOKASHUKAMU OUHAMIMHOCTL 1 eKOHO-
MiuHOCMi A86MOMO0INIG

Kmouoei caoea: ouinka ounamivnocmi,
eHepzemuvHa eKoHOMIuHICMb, 000aMmK061
empamu exepeii, HepPiBHOMIPHICM KPYMHO-
20 MoMeHmy
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Paspadoman suepeemuneckuii nooxoo x
oueHKe OUHAMUMHOCHU U IKOHOMUMHOCMU
asmomoouetl, no36ONIOUUIL onpedenuntso
63AUMOCEA3L MedNc0y 3ampamamu Hep-
2uu U KuMemuueckou snepzueti a6momoou-
1. Onpedenenvt K0a(pPuuuenmot yxasamn-
HOU 63AUMOCEA3U OJ151 OCHOBHBIX U 00ONOIHU-
menbHbIX (Henpou3eo0umeIbHbIX) 3ampam
anepeuu. Hccaedosan evibop u odocuosa-
Hue noxazameeil HeP2eMuUUeCcKoll OUeHKU
ounamMuMHOCMU U IKOHOMUMHOCIMU ABMO-
MOOUNA nymem ouenKu 3ampam sHepzuu
dsuzamens na ezo oeuwxcenue. Ilonyueno
ypasnenue, onpeoensioujee 3a6UCUMOCMD
00NOJIHUMENILHBIX NOMeEPb IHepeuu 08uiNce-
HUS OM Ynpyeux u OUHAMUMECKUX napame-
mpo6 aemomMoOUN U €20 MOMOPHO-MPANC-
Muccuonnou ycmanoexu. Onpedeenot 63a-
UMOCBAZU MENHCOY IHEP2eMUeCKUMU NOKA-
3amenamu OUHAMUMHOCIU U IKOHOMUUHO-
cmu asmomoduel

cmu, InepzemuueckKkas IKOHOMUHHOCMD,
donosnumenotole nomepu 3Hepeuu, Hepae-
HOMeEpHOCMb KpYymsuiezo momenma

| =,

1. Introduction

The emergence of motor vehicles that employ the new
power units, alternative to those already known, necessitat-
ed replacement of the notion of (operational property), “fuel
efficiency” with the concept of “energy efficiency”. The latter
includes not only the consumption of thermal energy from lig-
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uid and gaseous fuels, but also other types of energy (electrical
and mechanical).

The magnitude of maximum kinetic energy of transla-
tional motion characterizes energy level of the vehicle. The
maximum kinetic energy is determined at full weight on a
horizontal straight-line hard-surface road.

The use of the concept and indicators of car fuel efficiency
does not allow comparing fuel efficiency of cars with an inter-




nal combustion engine (ICE) with that of electric vehicles.
At the same values of forces of the motion external resistance,
cars with electric drive of the driving wheels spend a less mag-
nitude of engine energy than motor vehicles with ICE. This is
predetermined by the non-uniformity of the ICE torque.

Assessment of the additional losses of engine energy that
occur during motion is an important step in order to provide
motor cars with high dynamics and fuel efficiency.

2. Literature review and problem statement

Requirements for the energy efficiency of motor vehicles
are constantly increasing in the world [1], especially in the
countries with a high level of development of the automotive
industry and road transport [2]. Paper [3] gives a review of
the practice in the United States in the field of standardiza-
tion of indicators for fuel efficiency of motor vehicles.

In most countries, the main indicator of fuel efficiency is
fuel consumption Q,, measured in liters per 100 kilometers
of the distance covered. To assess the effectiveness (fuel
efficiency) of transportation work, specific indicator Q,, is
applied. This indicator is the ratio of the actual fuel con-
sumption to the transportation work performed. In addition
to the specified indicators, hourly Q, and specific g, fuel con-
sumption are employed in order to estimate fuel efficiency.

There are also the following characteristics and fuel
economy indicators for a motor vehicle’s fuel efficiency:

— control fuel consumption;

— fuel consumption in a main driving cycle on the road;

— fuel consumption in city driving cycle on the road,;

— fuel characteristic of steady motion;

— fuel-speed characteristic on the highway-hilly road.

An analysis of modern requirements to energy efficiency
of motor vehicles is given in papers [3—5]. Fulfilling the indi-
cated requirements is possible when reducing the unproduc-
tive energy engine consumption during motion of a vehicle
[6, 7]. According to data released by the US Environmental
Protection Agency [8], energy consumption due to losses in
the drivetrain is 5, 6 % of the energy of fuel combustion. A
resource for bringing down these losses can be a reduction
in the non-uniformity of the ICE torque. Torque fluctuations
of ICE cause oscillations in the angular velocity of trans-
mission shafts and linear speed of the vehicle, resulting in
additional losses of engine energy [9]. However, the impact
of uneven torque of the engine on the additional losses of
energy was not investigated in articles [1-8].

Application of combined electromechanical drives for
the driving wheels of a motor car makes it possible to reduce
additional losses of energy [10, 11]. To reduce additional
energy losses in the drivetrain of a vehicle caused by the ICE
torque fluctuations, papers [12—14] proposed a mechanical
continuously variable transformer (mechanical “rectifier”).

Authors of the specified articles [11-14], however, did
not separate energy losses in the transmission into possible
components, which makes it impossible to identify ways to
reduce them.

Papers [15, 16] examined energy efficiency of hybrid cars
and electric vehicles. Significant energy losses cause the need
to regenerate it [17] and predetermine employing intelligent
automobile systems [18]. Authors of [15-18] did not consider
energy losses caused by fluctuations in the unsprung masses, by
a change in the car chassis geometry and by wheel imbalance.
These questions were not considered in articles [19-21] either.

3. The aim and objectives of the study

The aim of present study is to improve indicators of dy-
namics and fuel efficiency of motor vehicles by reducing the
unproductive consumption of energy.

To achieve the set aim, the following tasks are to be solved:

—to determine indicators for energy assessment of dy-
namics and fuel efficiency of motor vehicles;

—to estimate additional (unproductive) energy losses
and to determine their interrelation with the decline in the
indicators of dynamic properties of cars.

4. Determining the indicators of energy dynamics and
motor car fuel efficiency and their interrelation

4. 1. Assessment of the indicators of energy dynamics
and car fuel efficiency

The car dynamics [22] refers to their capability of achiev-
ing high motion speed under the influence of traction (mo-
tive) forces applied to them. In order to estimate dynamic
properties of motor cars, paper [19] proposed an indicator —
the coefficient of dynamics, determined from expression

P
K, =<t 1
dyn ZR ( )

where P, is the traction force on the driving wheels of the
car (total); ZR is the total resistance force to the motion
of the car.

The total resistance force to the motion of a car is typi-
cally understood as a sum of the forces of road and aerody-
namic resistances

Zl’c=mu~g~w+c2“"-pw-,~FW, (2)

ENESE 3)

where m, is the mass of the vehicle; g is the free fall acceleration;
2=9.81 m/s% v is the total road resistance coefficient; C, is the
frontal acrodynamic drag coefficient of the vehicle; p,;, is the air
density; F is the car frontal cross-sectional area (midsection);
V. is the linear vehicle speed; / is the coefficient of wheel rolling
resistance of the vehicle; 7 is the longitudinal slope of the road.

After substitution expression (2) in relation (1) and fol-
lowing the transform, we shall obtain:

P,
Kdynz Ck =
ma[gw+2;l 'pair'F.‘/az]
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where (V,l) is the linear acceleration of the car that occurs
0
at zero value of the motion resistance forces (ZR = 0).

The less the total motion resistance force » P, and the
larger P,, the higher K, ,, which means better car dynamics

and a faster period of its acceleration to the required or max-
imal motion speed.



The car’s kinetic energy grows during acceleration. The
higher the car’s speed, the higher its dynamics. That is why
the level of kinetic energy, at full mass m,, and maximal

vehicle speed V., is an indicator of the energy dynamics.
Thus, the energy indicator of a car dynamics is the level of
its kinetic energy, that is,

2
My -V,

max 5
; 5)

Edi = (Mcin )max

Paper [20] proposed the following indicators of energy
efficiency of the vehicle:

— in the reserve of energy source AW, while the car trav-
els a measured road section S ;

—distance S, traveled by car, when spending the mea-
sured amount of source AW, .

Accordingly, we shall obtain expressions:

AW, == -(m-gwipm-fFVf); ®)
ne.ntr 2
S=AW,, N Ny , (7)
ma.g.w-'-j.pairlF.‘/aZ

where 1, is the effective efficiency of engine and the car’s
transmission efficiency.
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for a conditional passenger car at different m, and .

may rightly apply to a technical condition of vehicles. In or-
der to assess technical level of vehicles, it is more appropriate
to investigate performance efficiency of the car.

In article [21], it is proposed to use, as an indicator of en-
ergy efficiency, the magnitude that is reverse to the vehicle’s
efficiency, that is,

H= sy ®)
nﬂ u

where 7, is the vehicle’s efficiency; W, is the energy, sup-
plied from the source to the vehicle; A, is the useful work
done by a car.

It should be noted that the definition of the supplied
energy W, meets no objections as it is the absolute
notion that characterizes consumed electricity or energy
of the fuel consumed. The problems in determining the
performance efficiency are related to the lack of consensus
about what constitutes useful work of the car. Perfor-
mance efficiency must be determined through the loss
factor, which takes into account both losses that cannot
be avoided and the losses that can be reduced or brought
down to zero. In this case, an increase in the efficiency of
a car by reducing the non-productive losses will improve its
energy performance.

4. 2. Assessment of additional (unproductive)
energy losses and their interrelation with the de-
cline in dynamic properties of cars

When determining the required capacity of the
engine and performing theoretical analysis of the

A;V" car dynamics, one takes into account only energy
/m A losses in the transmission, as well as engine energy
7 7 consumption to overcome resistance to the vehicle
6 = — motion. During uniform motion of the car
=
5 1) / —F
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5 10 15 20 25 30 35 40 45 V,m/s

Fig. 1. Dependence of energy change ratio to the length of

lowing the transforms

the measured section on the established car motion speed: W= S C, Fy?)e
1 — at car weight m,=m,=1,400 kg; 2 — at m,=m,,~1,890 kg: AW, =—m, ~g-w+7~pm~,- e )T
— gasoline engine; — — — diesel engine ”
92.0.
S 2 g2w+cx'pm‘r'F
ul m,-V, V
AW [ | == ‘ =
m/kJ ~A 2 n,
L4 /=N 2
~ 4 \ . g. W
}’é I~ ~ V2 +C,p, F
08 ~= L~ =W, S — (10)
0.6 L~ Mo
0,4 — s S— The largest engine energy consumption occurs
0’3 —— at full weight m,, of the car and maximal speed of
5 10 15 20 25 30 35 40 45 K,ms itsmotion V,=V, . In this case,
Fig. 2. Dependence of ratio of the length of the measured V2
section to a change in energy on the established car motion speed: w =(W ) =E,= My * Y ma . (11)
1 — at car weight m,=m,_=1,400 kg; 2 — at m,=m,,~1,890 kg: b o max ' 2
— gasoline engine; — — — diesel engine
Thus,
It should be noted that authors of article [20] did not
quite correctly denote the indicators AW, and § as criteria. 2-8y +C.p. - F
Criteria are the normalized (in line with a certain standard ( ) _ s |7 o (12)
or TS) values for these indicators. Expressions (6) and (7) Jmax n,



The largest engine energy consumption is convenient
to reduce to the unit of the travelled distance. In this case,
equation (12) takes the form

2.8y
+C,-p,, - F
(W" )max =FE. . I/n?ax ) (13)
— di :
N Ny

If one adopts E, as the measurement unit of energy
consumption per one meter of the distance traveled by car
during uniform motion, then the number of units of energy
consumption will be equal to

2
ng. \Ij+Cx‘puir.F

Kms = 14
. (14)

With a decrease in K, energy efficiency of the car in-
creases. The magnitude KZU decreases with an increase in the
maximal speed V,  of car motion. With a decrease in the
coefficient of frontal aerodynamic resistance the magnitude
K also decreases.

With a decrease in the efficiency of transmission n,, the
magnitude K . grows. The existing techniques for deter-
mining performance efficiency of the transmission consider
only dissipative (caused by dry and viscous friction) losses
of energy. The estimated transmission efficiency values are
withinn,=0.75-0.9. Results of the experimental study, how-
ever, show in some cases very low values of transmission ef-
ficiency. This is due to the fact that additional losses emerge
in transmissions resulting from uneven rotation of inertial
links and oscillatory nature of turning the elastic links. The
fluctuations in kinetic and potential energy of transmission
links, caused by these processes lead to a reduction in the
performance efficiency of transmission.

Article [21] derived the equation that determines depen-
dence of additional losses of motion energy on the elastic and
dynamic parameters of the car and its engine-transmission
unit. The expression takes the following form
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where U, is the transmission ratio of the car; i, is the number

of cylinders of an internal combustion engine; 7, is the dynam-
ic radius of the wheel; V, is the average speed of the established
carmotion; J.,, J,,, arethemoments of inertia of the engine
and transmission, reduced to the input shaft; ®, is the average
angular velocity of the engine crankshaft rotation; & is the
circular frequency of free fluctuations of the transmission

input shaft; n® is the dissipative efficiency of transmis-
sion; n" is the mechanical efficiency of an engine; V. is the
average value of vehicle linear speed per one cycle of speed
change during steady motion.

At V4=V, expression (15) takes the form
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The number of units of energy losses caused by elastic
and dynamic losses of the car and transmission (per one
traveled meter)
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For the case of cornering, we shall determine energy
consumption of the engine

ety o

where S, is the distance that a car travels when turning;
R is the turning radius of the vehicle; 4 is the height of the
car mass center.

At V=V expression (19) will be transformed to the form

max’

m, V2
2'nLr

W =

e

“/c = Ezli .Kwsr' (20)

where K, is the number of units of energy losses of the car
when turning,
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At fluctuations of the guide wheels of the car in the hor-
izontal plane, we shall determine additional consumption of
the engine energy

2
aw ="V g
2
2 O+ + f-b-(h-, 8Q
%f(h—rd) 2 n%( 1)} mValn|cosAa|
X , o (22)
ntr

where A, is the amplitude of fluctuations of the guide
wheels in the horizontal plane; L is the longitudinal wheel
base of the car; Q is the circular frequency of the car’s
guide wheels in the horizontal plane; i_ is the radius of car
inertia relative to the vertical axis; b is the distance from
the rear axle to the projection of mass center onto the
horizontal plane.

At V,=V_ . equation (22) takes the form:
AE/ Edt Kws’ (23)

where K, is the number of units of additional energy losses,

KZI'S:
Al b*+i’+f-b-(h—r, 8Q
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= . (24)
N

In the case when fluctuations of the guide wheels in
the horizontal are caused by their imbalance, then in the
presence of circumferential backlash of these wheels, the
additional energy consumption will be equal to

+b2+i§+fb(h—r) ~

PAR L . h—
L2 , Klzrkz 2 [f( d) 0,51t~7‘k
kz 2 _1
Va
a_ cosA
- Injcos| §y—F——F— (25)
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where S, is the total imbalance of the guide wheels of the car;
7, is the radius of a wheel’s rolling; a, is the distance from
the vertical axis of wheel’s symmetry to the axis of pivot;
J. is the guide wheel’'s moment of inertia relative to the axis
of pivot; K, is the circular frequency of free fluctuations of
the guide wheel relative to the pivot’s axis; A is the phase
shift angle between fluctuations of the guide wheel and a
disturbing moment.

For the case under consideration:

1 S2 acosA [

+1B+fb(h r)

K, ,=—
", Kirf [f( 05m7;
sz V2
a CcosA
———Injcos| S,————— |- (26)
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With the vehicle’s unsprung mass fluctuations caused by
unbalanced wheels, additional engine energy losses can be
determined as follows:

2
AWHM — maVa S SO /ma

2 2n-r,f\/(K22 ~V2 /) +4nV? /7

. @27)

AtV = the number of units of additional energy losses:

nn\y

2AW
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- So /m, , (28)
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m.n /rk ) +4n2‘/1:ax /rkz
where K, is the circular frequency of natural fluctuations of
the unsprung weight of the vehicle.

2n is the coefficient ratio (total) of damping in the shock
absorbers of suspension.

We shall consider separate factors that influence energy
efficiency of the vehicle. The proposed approach could be
applied for any examined energy losses of engine during car
motion. Maximal total engine energy consumption during
car motion can be determined as

2

W

ma‘/max < <
s =TS§KW =E, -SéKW : (29)

where 7, is the number of examined factors.

Paper [10] derived a dependence that makes it possible
to estimate a reduction of additional costs for the hybrid car
motion under established mode with an increase in the share
of torque generated by electric motors

008+14 i

AW,=———<%'P. 5[1— rdz' ]

where M, is the torque generated at the wheel by electric
motor; 7, is the number of electric motors.
Transform expression (30) with regard to relation (2)

(30)

14,44
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2 o,

— 0,08+
V.

“—(1-K,,), (31)

where K, is the share of torque generated by electric motors
on the driving wheels
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K, = ﬁlj (32)
At V, =V expression (32) takes the form
AW, =E,-S Ky (33)
and
0,08+ %
L
Ky = T(1 -K,,). (34)

An analysis of expression (34) shows that a growthin K,
leads to a decrease in K. At K,,=1, the magnitude K,;=0.

Dependence (34) allowed us to determine relative ener-
gy saving of the internal combustion engine in a hybrid car

8, =|1- L g [ (e K+ 2s), 35)
0,04+5%
1
Moy Mer* 1+ff

where m,, is the electric drive efficiency; m,, is the battery
charging process efficiency; A,, A, are the section of distance
traveled by car when using a hybrid and an electric drive of
the driving wheels.

5. Discussion of results of the study into determining
the indicators of energy dynamics and fuel efficiency of
cars and their interrelation

Energy efficiency assessment implies determining sum-
mary consumption of engine energy per unit of the distance

traveled. This, in contrast to the estimation of fuel efficien-
cy, makes it possible to avoid the influence of fuel quality
indicators, which do not always correspond to standard
requirements. Existing methods and tools enable to register
effective work, performed by the engine, depending on the
distance covered, a change in the weight and speed of the car.
Separating all types of engine energy costs into basic and
additional (unproductive) will make it possible to identify
the ways to reduce the latter, which improves energy effi-
ciency of motor cars. Energy efficiency can be an indicator
for vehicles that do not utilize liquid, gaseous fuel, making its
indicators more objective.

Expression of all engine energy costs (both basic and ad-
ditional) through the kinetic energy of translational motion
of a car, which is carried out in the present work, allows us to
obtain interrelation between energy and dynamic indicators
of the machine. It will also make it possible in the future to
construct a variation series of coefficients of the specified
connection, which provides the possibility of making techni-
cal decisions when designing and operating motor vehicles.

Energy approach to estimating the dynamics and fuel ef-
ficiency of hybrid cars allowed us, by applying equation (35),
to determine that at ,=0.9;1,,=0.9 and n,,=0.9 relative en-
ergy saving by the vehicle with a six-cylinder engine is 30 %;
with an eight-cylinder engine is 25 %.

6. Conclusions

1. Energy approach to estimating the dynamics and fuel
efficiency of cars allowed us to determine interrelation be-
tween the consumption of energy and the kinetic energy of a
car. We determined coefficients of the indicated interrelation
for basic and additional (unproductive) consumption of ener-
gy. Based on the obtained coefficients, it is possible to rank
energy losses, as well as identify the ways to reduce them.

2. The application of energy approach allowed us, using
hybrid cars as an example, to determine energy saving at
their steady motion. Such a saving for motor cars with a
number of cylinders of 6-8 may reach 25-30 %.
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