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Annotation. Problem. There was a need to expand the well-known concept of vehicle operational
properties - fuel efficiency arose in connection with the advent of new alternative power plants
(electric motors, flywheel engines, hybrid power plants, etc.), which requires the inclusion of not only
the thermal energy of the fuel, but also other types of energy (electrical and mechanical). In the paper
the research of choice and justification of the vehicle energy efficiency indicators by assessing the
energy costs of the engine for its movement was made. The analysis of the relationship between energy
characteristics of dynamics and vehicle efficiency was made. Goal. The aim of the study is to analyze
methods for assessing the vehicle energy efficiency. To achieve this goal, it is necessary to determine
indicators that will allow a comparative analysis of energy efficiency indicators of various vehicles.
Methodology. The approaches taken in the work to solve this goal are based on substantiating the
indicators of the energy efficiency of the car by assessing the energy consumption of the engine for its
movement. Results. In our opinion, in projecting and evaluating the dynamic properties of vehicles, it
is rational to use the energy indicators of the vehicle, for which it is necessary to develop appropriate
assessment criteria. Analysis of the results of indicators calculation and, in table 1, has shown that the
indicator in comparison with has less dispersion. Originality. The obtained results of the influence of
the parameters of vehicles on the level of their energy load shows that the indicator has less
dispersion than. In addition, the value does not correlate with the year of manufacture of the vehicle,
which allows the use of this indicator at the design stage of vehicles. It is only necessary to set the
rational normative value of this indicator. Practical value. The results obtained can be recommended
to specialists for use in the design, production, certification and operation of automotive vehicles,
vehicle energy efficiency, combined power plant.

Key words: dynamic properties, aerodynamic resistance, engine power density, vehicle energy
efficiency, car design, fuel efficiency.

Introduction ergy sources (batteries, flywheels) has necessi-
tated a revision of the criteria characterizing the
energy efficiency of the car.

The dynamic properties of vehicle are deter-
mined by engine power and its costs to over-
come external and internal resistances. Accord-
ing to the US Environmental Protection Agency
[1] only about 12 % — 30 % of the energy from
the fuel you put in a conventional vehicle is used
to move it down the road, depending on the
drive cycle. The rest of the energy is lost to en-
gine and driveline inefficiencies or used to pow-
er accessories. Therefore, the potential to im-
prove fuel efficiency with advanced technolo-
gies is enormous.

The efficiency of any vehicle with an internal
combustion engine is determined primarily by
its traction and speed properties and fuel econ-
omy associated with the consumption of petro-
leum fuels. Fuel consumption is directly related
to the level of perfection and technical condition
of the car and its components. Energy costs for
the movement of the car consist of the costs
caused by overcoming of road and aerodynamic
resistances.

The emergence of new alternative power
plants (electric motors, hydrogen internal com-
bustion engines, hybrid power plants, etc.), en-
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Analysis of publications

The approximate distribution of fuel combustion
energy in gasoline engine of a passenger car op-
erating in an urban environment is as follows:

— fuel combustion energy — 100 %;

—energy loss in engine — 68 % - 72 %;

— losses from electrical units (heated seats
and steering wheel, lights, etc.) — up to 2 %j;

— energy consumption for driving auxiliary
mechanisms — up to 6 %;

— energy consumption of vehicle driving
wheels (to provide movement) — 12.6 % (aero-
dynamic drag — 2.6 %; rolling resistance of the
wheels — 4.2 %; vehicle acceleration — 5.8 %).

The authors of [2, 3] showed that the most
important factor that determines the energy load
and energy efficiency of vehicles is the aerody-
namic drag. Therefore, the paper proposes to
refine the calculation of aerodynamic drag pa-
rameters, which allowed to clarify the relation-
ship between the realized effective engine power
and the maximum kinetic energy of steady trans-
lational motion of the car, it was also found that
with increasing car speed engine power and Ki-
netic energy of the car monotonically decreases
in the range of real speeds.

However, the generally accepted methods of
assessing the energy efficiency and load of the
car do not allow to compare the energy efficien-
cy of vehicles whose engines run on different
fuels that differ in calorific value. The emer-
gence of electric cars, hybrid cars and cars with
inertial energy batteries [4] requires the re-
placement of the assessment of energy efficien-
cy of the car to more general criteria - energy
efficiency, which takes into account energy
costs per unit distance traveled by the car.

To evaluate energy efficiency, a number of
authors [4] proposed the use of vehicle efficien-
cy. However, there was a problem. If there was
no doubt about the value of engine energy con-
sumption, then the value of useful work caused
certain difficulties.

Some authors [5] suggested accepting the
work spend on moving cargo from point A to
point B like useful work. Moreover, air re-
sistance P, was considered as non-production

resistance force, which can be reduced by a ra-
tional choice of the vehicle aerodynamic param-
eters. Since a decrease in non-productive energy
costs contributes to an increase of capacity that
can be used for vehicle acceleration (improving
acceleration dynamics), a number of authors [6]
suggested taking the power spent to accelerate

the car as useful work.

Nowadays, the rational use of engine capaci-
ty is possible while minimizing non-productive
losses in the engine and transmission [7]. This
approach provides high vehicle energy efficien-
cy [8].

According to J. Matskerl [7] for energy con-
sumption economy, first of all, it is necessary to
find out the minimum amount of required to
overcome movement resistance, and compare it
with the actual energy consumptions. We are
talking about wheels rolling resistance, aerody-
namic drag, uphill movement resistance and ve-
hicle acceleration consumptions [7].

Purpose and Tasks

The aim of the study is to analyze methods
for assessing the vehicle energy efficiency.

To achieve this goal, it is necessary to deter-
mine indicators that will allow a comparative
analysis of energy efficiency indicators of vari-
ous vehicles.

The advent of hybrid electric vehicles, and
vehicles with inertial energy batteries requires
replacement of the indicator fuel economy with
more general indicators of energy efficiency.

From the point of view of ensuring the se-
guence of solving scientific problems related to
fuel and energy efficiency, it is necessary to start
the study with an assessment of the engine ener-
gy consumption for vehicle movement. At the
same time, a number of sources of additional
engine energy losses during vehicle movement
are still unexplored.

Determination of vehicles energy efficiency
indicators

Vehicle energy efficiency is largely determined
by the degree of its aerodynamics, which has
become an attribute of almost all recognized
design solutions [8]. It should be noticed that the
formula (1) proposed by Chudakov E.A., [9] for
calculating the aerodynamic drag force PR, is

approximate:

Py = ZXpFV. ®

Studies carried out in [10, 11] using the method
of partial accelerations [10] made it possible to
propose a more accurate equation:
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where C, — the value of aerodynamic drag coef-
ficient at V, = 1 m/s; n — the coefficient ob-

tained experimentally; k — the exponent at the
base V, (V, measured in m/s):

k=2-n. 3)

For an automobile class B, k = 0.885 and
C,, =3.252 (m/s)" were determined in [10, 11].

Power spent to overcome aerodynamic drag:

N pFVI" =

w w a

=PV :C2><0
c (4)
=-§9va;+1.

In the Fig. 1 and 2 shows the dependency
graphs P,(V,) and N, (V,) for automobile ZAZ
using equations (1) and (2) [10]
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Fig. 1. Dependence graphs aerodynamic drag P, at

vehicle speed V, : 1 — calculation by equation
(1); 2— calculation by equation (2) [10]

Evaluating according to equation (1), the fac-
tory data for an automobile class B were used
C, =0.375; F=1.753 m? and p=0.8 kg/m?® [24].

In the work [10], after analyzing the graphs
presented in Fig. 1 and Fig. 2, it was concluded
that for an automobile class B at a speed
V, =35 m/s (126 km/h), calculation according

to equation (2) gives information about a de-
crease of P, from 492 N to 81 N in comparison
with the results of calculation according to equa-
tion (1). The corresponding calculated values of
power consumptions N, are reduced from
17.245 kW to 2.841 kW, i.e. 6 times.

However, evaluation of aerodynamic drag is
still making by equation (1), and it does not give
an objective assessment of vehicle energy effi-
ciency.
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Fig. 2. Dependence graphs of the power

consumptions for overcoming aerodynamic
drag N,, depending on vehicle’s speed V,:
1— calculation made by equation (1); 2-—
calculation made by equation (2) [10]

In the work [12] Tokarev A.A/ proposed to
name the ratio of the capacity consumption
spent on vehicle's acceleration to the engine ca-
pacity consumptions as intake capacity.

The engine power spent on vehicle’s acceler-
ation can be determined by equation [13]:

p - MaVaVa (5)

acc
N

For over a century, the history of vehicle ex-
istence, it is remained inalienable to use an in-
ternal combustion engine as its power plant, de-
spite the relatively low efficiency of using the
potential energy potential of oil fuel in it [13]. In
addition, ICE generates an uneven torque, it
leads to additional energy consumption.
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The advent of vehicles with combined power
plants (hybrid cars) can reduce additional energy
losses caused by uneven torque due to a de-
crease in the amplitude of oscillation 4, of the

traction force.

The choice of engine capacity at the design
stage determines the energy efficiency of the
vehicle. The paper [16] is devoted to the issues
of standardizing indicators of vehicles energy
efficiency. In this work, a method for a compre-
hensive assessment of the impact on the vehicle
energy efficiency, improving the design of pow-
er plants and the use of alternative fuels taking
into account the full life cycle of vehicle was
proposed. The work of M.V. Nagaytsev [16] is
devoted to the problem of ensuring modern re-
quirements for the energy efficiency of motor
vehicles. The work of A.A. Blagonravov and
A.V. Yurkevich [17] is devoted to improving the
vehicles energy efficiency through the use of
continuously variable mechanical gears with
adjustable power functions., it was proposed
mechanisms to smooth out vibrations in the
transmission. At the same time, the transmission
efficiency was increased. However, in this
works [14-17] the influence of engine power
was not considered and recommendations for its
choice at the design stage of the vehicle were
not given.

Traditionally, at the design stage of vehicle
[9], the maximum engine power is selected ac-
cording to the specified values of the maximum
speed v, _and gross weight m,:

C,
(mtg‘l/v +29Fva2maxj

N

P =V

€max 8max

. (6)

where y,, — the coefficient of the total road re-
sistance at V, =V, _ .

It is obvious, that high values of maximum
engine power P, for new vehicles make it

possible to reach high acceleration values during
starting from standstill, accelerating and
performing various maneuvers. Studies of
vehicles actual speeds and accelerations in urban
and suburban driving modes made it possible to
authors of the work [18] to propose a method for
choosing the maximum engine power:

Pox =P + R, , @)

where P, — the engine power realized in the
steady-state motion in the urban cycle:

V.. [mng{gF\lij
P, = , (8)
A T.lfr

where \7ast — the mathematical expectation of

the average steady-state speed in urban condi-
tions; R, —engine power required to realize the

maximum linear accelerations of the Vamax in
urban conditions; using equation (5):

vV, V
Pe — rnt Ast ~ Amax ) (9)
2 N

With the approach proposed in [19], the maxi-
mum vehicle speed should be chosen by condi-
tion:

*

P =P (10)

€max €max '

and, if it is necessary, the maximum engine
power can be adjusted in the direction of in-
creasing.

To estimate engine power at the design stage,
an indicator — the specific power of vehicle is
used [19]. Authors interpret this indicator differ-
ently. For example, in the work [20] according
to the specific power of vehicle, the ratio of un-
laded mass to the effective engine capacity. The
less the ratio of mass to capacity, the more ac-
celeration value, acceleration intense and ability
to overcome uphill moving.

In the work [21], the specific vehicle power
is determined by the ratio of the maximum ef-
fective engine power R, tO the vehicle total

mass m, :
P
P, =—max (12)

Usually passenger cars have a specific power
in the range Ps, = 15-50 kW/t [21].

The specific power of top-class automobiles
manufactured in the USA and racing cars reach-
es Psp = 150-700 kW/t [21]. In Fig. 3 are shown
dependency graphs specific power of trucks and
road trains with diesel engines to speed [21].
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Fig. 3. Dependence graphs of Change in the specific
power P, of trucks and road trains with diesel
engines to the mass of the wvehicle:
1 — hilly terrain; 2 — plain area [21]

Analysis of the graphs shown in Fig. 3 shows
that with an increase of vehicle mass, the value
of Py, decrease. It is only possible if the same
value of Py, for all vehicles has been taken. And,
highly likely, in performing the calculations, it

was taken into account actual effective capacity
needed to overcome a certain road resistance but
not the value of Pemax' Thus, the indicators of

vehicle specific power do not fully characterize
the dynamic properties of vehicle, since they do
not take into account its speed capabili-
ties.Taken into account this circumstance, au-
thors of the work [21] proposed a new indica-
tor — the level of vehicle energy loading, deter-
mined by the following equation:

\% P (12)
v mtva?nax '

In the Table 1 statistical analysis of indica-
tors V,, for vehicles of various years production
[22] is shown. For comparison, in the same table
the calculation of the indicator Ps, for the same
vehicles is shown.

Table 1. The influence of vehicle parameters on the level of their energy loading

Top speed Maximum
Car Year of power Gross | Maximum Vi Po. Ey
model issue weight, kinetic Wi W
m/s km/h | h.p. kW kg energy, kJ kWit
ZAZ
1968 33.33 120 43 32 1080 600 0.053 28.63 18.87
Class A
AZLK
Class B 1964 33.33 120 50 36.75 1330 739 0.050 27.63 20.00
1ZH 1067 | 3889 | 140 | 75 | 55 | 1340 | 1013 0054 | 41.04 | 1852
Class B
VAZ 1970 38.89 140 60 44 1345 1017 0.043 32.71 23.26
Class B
2:/;2325 B 2004 47.22 170 91 66.7 1500 1672 0.040 44,77 25.00
GAZ 1965 36.11 130 75 55 1875 1224 0.045 29.33 22.22
Class D
GAZ 1968 40.28 145 98 12 1825 1480 0.049 39.45 20.41
Class D
g@i = 1959 44.44 160 195 143 2625 2592 0.055 54.48 18.18
é:;—ss = 1963 47.22 170 200 147 3130 3489 0.042 46.96 23.81
éllla_ss E 1967 52.77 190 300 220 3610 5026 0.044 60.94 22.73
SESIEE;A 1999 66.67 240 241 177 1535 3411 0.052 115.3 19.23
\égsl"sVDo 2004 58.33 210 180 132 2100 3572 0.037 62.86 27.03
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An analysis of indicators V,, and Psp, done

in the work [22], showed that the indicator V,,
in comparison with R, has less dispersion.

Authors of the work [22] also proposed an
indicator of the vehicle energy efficiency, which
is a value inverse to the level of energy loading,
i.e:

m,\V,
By - (1)
Vo 2R,

The dimension of the indicator E, — JW

(kJ/kW).If we move from the derived Sl units to
the basic ones, then we get the dimension of
time (second). Thus, the energy efficiency indi-
cator proposed in the work [22] is the vehicle
acceleration time from V, = 0 to maximum

speed V, ., provided that the entire maximum

vehicle effective capacity is spent only on its
acceleration. In the table 1 also shown the indi-
cator values 3, for the considered vehicles,

however, in the works [20-22] there are no rec-
ommendations on the development of regulatory
requirements for the vehicle energy efficiency.

It should be noted that in equations (12) and
(13), the main vehicle parameters (m,; V,

max

and R, ) in different way affects the values of

V, and E, . Therefore, in our opinion, it is
necessary to develop a comprehensive indicator
in which all parameters (m.; V, and P, )

a

would have the same effect on the final result.

For a more objective assessment of energy
consumptions, we proposed [10] to use the
concept of “vehicle energy efficiency” instead
of fuel efficiency. The need to expand the well-
known concept of operational properties — fuel
efficiency has occurred in connection with the
advent of new alternative power plants (electric
motors, flywheel engines, hybrid power plants,
etc.), which requires the inclusion of not only
the thermal energy of the fuel, but also other
types of energy (electric, mechanical). The
proposed indicators [10], on the basis of which it
is possible to develop standards (criteria) for the
vehicles energy efficiency.

Conclusion

In our opinion, in projecting and evaluating the
dynamic properties of vehicles, it is rational to
use the energy indicators of the vehicle, for
which it is necessary to develop appropriate as-

sessment criteria. Analysis of the results of indi-

cators calculation ¥, and Psp, in table 1, has

shown that the indicator ¥, in comparison with
N, has less dispersion. Expected value (aver-

age value estimation) V,,=0,047 W/J, and the
standard deviation V,, =+0,006 WI/J, coeffi-
cient of variation V,, =+0,128 [22]. For the

same vehicles, the average value of the specific
power P, =48,67 kW/t, the standard deviation
Vy =122,95 kW/t, and the coefficient of varia-
tion ¥V, =20,471. The result shows that the
indicator ¥, has less dispersion than P, . In

addition the value V,, does not correlate with

the year of manufacture of the vehicle, which
allows the use of this indicator at the design
stage of vehicles. It is only necessary to set the
rational normative value of this indicator.
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YaockoHaJIeHHS METOA0JI0Til OiHKH
HaBaHTAaKeHHs aBTOMOO0iJIa Ta iioro
eHeproegeKTUBHOCTI

Anomauyin. Ilpoénema. Bunuxia HeobXiOHicCmb
po3uupumu - 6i0oMy KOHYEnyito eKCniyamayiiHux
enacmugocmeli agmomobinsa - eKOHOMIUHICING NATUEA
BUHUKIA Y 368'S3KY 3 NOABOIO HOBUX ANbIMEPHAMUBHUX
eNeKMPOCManyitl  (en1eKmpoosucyHy,  Maxouxu,
2IOpUOHI  eleKmpocmanyii.  mowjo), wo eumazac
BKIIOUEHHS He MINbKU MEeNn08)y eHepeilo naiuea, aie
U iHwi euou eHepeii (erekmpuuny ma mexaniuny). V
cmammi  npogedeHo  00CHiONCeHHs — eubopy ma
OOIpYHMYBAHHSI NOKA3HUKIE eHep2oedeKmusHOCmi
agmomobing  wiiAxomM — OYIHKU — eumpam — euepeil
dgucyna Ha toeo pyx. byro nposedeno amaniz
63AEMO038 53Ky Midnc eHepeemuiYHUMU
Xapaxmepucmuxkamy OUHAMIKU Ma e@eKmueHicmio
aemomobina. Mema. Memotw OocnioxceHHs € aHaniz
Memo0ig OYIHKU eHepeoeexmusHoCmi
mMpauncnopmuozo 3acoby. J[ns oocsaenenns yiei memu
HeOoOXiOHO GU3HAUUMU NOKA3HUKU, AKi 00380JAMb
npogooumu  NOPIGHANbHULL  AHANI3 — NOKA3HUKIG
eHepeoepeKmusHocmi  pi3HUX MPAHCHOPMHUX
3acobis. Memodonozia. Ilioxoou, nputinami 6
pobomi 013 supiweHHs yiei Memu, TPYHMYIOMbCs HA
OOIPYHMYBAHHI NOKA3HUKIE eHep2oedeKmusHOCmI
agmomo0iis WIAXOM OYIHKU CNONCUBAHHS eHepeil
oguzyHom Ha tioco pyx. Pesynemamu. Ha wmawy
OYMKY, Npu NpPOeKmy8auHi ma OyiHyi OUHAMIYHUX
eracmusocmell mpaHcnOPpmMHuUX 3aco0ie payioHanbHO
BUKOPUCTNOBYBATU eHepeemuyni NOKA3HUKU
MPAUCnoOpmuo2o  3acoby, 01 AKUX HeoOXiOHO
po3pobumu  8i0nogioni  Kpumepii oyinku. Auaniz
pe3yIbmamié po3paxyHKy NOKA3HUKIG i, y mabnuyi 1,
noKa3as, W0 NOKA3HUK V NOPIGHAHHI 3 MA€E MEHULy
ducnepciio. Opuczinansuicmo. Ompumani
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pe3yibmamu  6nausy napamempie MmpaHcHOPMHUX
3ac00i6 Ha piBeHb IX eHepeemuUyH020 HA8AHMANCEHHS]
NOKA3VIOMb, WO NOKAHUK MAE MEHULy OUCnepciio,
Hioie. Kpim moeo, 3HaueHHs He KOpPene 3 pPOKOM
BUNYCKY agmomooins, wo 0o36015€
BUKOpUCMOBY8aMU  Yell  NOKA3HUK  Ha  emani
NPOEeKMYBanHsA MPAHCNOPMHUX 3acobis. Heobxiono
quwie  BCMAHOBUMU  PAYIOHATbHE  HOPpMAmMusHe
3HayeHHA yboeo nokasuuxa. Ilpakmuune 3HaueHHA.
Ompumani  pe3yromamu  MOJNCHA PEKOMEHOYBAMU
cneyianicmam ona BUKOPUCTAHHSL npu
npoexmyeanHi, eupobHuymei, cepmugikayii ma
excnayamayii  a6MOMOOITbHUX — MPAHCHOPMHUX
3acobie,  enepeoepexmusHocmi  MPAHCHOPMHUX
3ac00i8, KOMOIHOBAHOI eleKMPOCMAaHYIL.

Knwuoegi cnoea: OUHAMIYHI 81acmu8ocmi,
AepoOUHAMiuHULl  Onip, WIAbHICMb  NOMYIHCHOCTI
08U2YHA, eHepeoedeKmuUsHicCmb a8momodins, Ousaiit
a8momo0ils, NATUBHA eeKmugHicmb
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