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Annotation. Problem. When determining the efficiency coefficient of the motor-transmission systems
of cars and tractors, it is necessary to consider not only the losses due to viscous and dry friction but
also the losses caused by the circulation of potential and kinetic energy within the transmission. These
losses result from the use of typical internal combustion engines in motor-transmission systems.
Currently, existing studies do not take into account the dynamic cyclic energy losses in the
transmission, which prevents an accurate assessment of the cyclic efficiency coefficient. Purpose. The
purpose is to determine the cyclic efficiency coefficient of motor-transmission systems with internal
combustion engines, taking into account the cyclic dynamic efficiency coefficient of the transmission in
vehicles equipped with internal combustion engines. Methodology. The approaches adopted in this
work to achieve the stated goal are based on the theoretical foundations for determining the dynamic
efficiency coefficient, the work balance in the motor-transmission system of a car (or tractor) over one
oscillation period of the indicator torque and the angular velocities of the engine's crankshaft during
one oscillation period of its torque. Results. The cyclic mechanical efficiency coefficient of motor-
transmission systems in wheeled machines has been determined, accounting for the losses associated
with the acceleration of moving masses and the torque irregularities inherent to internal combustion
engines. A relationship has been established in which the cyclic coefficients of dynamic and elastic
losses are equal to zero when the torque irregularity coefficient is zero, a characteristic typical of
electric motors. Originality. The results of the study provide a general understanding of the
proportionality of the cyclic dynamic coefficient of mechanical losses in the transmission to the torque
irregularity coefficient and the difference between the squares of the circular frequencies of torque
oscillations and the natural (free) oscillations of the transmission input shaft. Practical meaning. The
obtained results can be recommended for identifying frequency coincidences that lead to resonance,
where the cyclic coefficients of elastic and dynamic losses increase sharply.

Key words: motor-transmission installation, internal combustion engine, mass, dynamic efficiency,
energy, friction, crankshaft, oscillation, torque.

Introduction motor-transmission systems, which serve as a
source of oscillations in the indicator torque.

An analysis of known research results
revealed that dynamic cyclic energy losses in
the transmission have not been accounted for
in previous studies, preventing an accurate
assessment of the cyclic EC.

This study refines the cyclic EC of motor-
transmission  systems  with ICEs by
determining the cyclic dynamic EC. The
dynamic EC is a component of the overall EC

The efficiency coefficient (EC) is an indicator
of the energy efficiency of machines and
mechanisms. When evaluating the efficiency
coefficient of the motor-transmission systems
of cars and tractors, it is necessary to consider
not only losses due to viscous and dry friction
but also losses caused by the circulation of
potential and Kinetic energy within the
transmission. These losses result from the use
of internal combustion engines (ICE) in
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of the motor-transmission system, taking into
account losses caused by the circulation of the
Kinetic energy of rotating transmission masses
and the translational motion of the vehicle's or
tractor's mass.

Analysis of publications

The efficiency coefficient (EC) is one of the
indicators of the energy efficiency of motor-
transmission systems in transport and traction
machines [1], [2]. In [3], the concept of dynamic
EC was introduced, which accounts for energy
losses caused by oscillations in the rotational
speed of transmission masses.

The study [1] provides a formula for
calculating the instantaneous overall EC of the
transmission.

kin din
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where Nk — power at the driving wheels; N. —
effective engine power; Nst — power consumed to
overcome dry friction forces; Nwt — power consumed
to overcome viscous friction forces; Nw — power
consumed to accelerate the rotating masses of the

transmission; st . kin | din ower  loss
Vi s Vi > Vi P

coefficients of the engine for overcoming dry and
viscous friction forces, as well as for accelerating
the rotating masses of the transmission.

Since losses due to dry friction do not
depend on the speed of the rotating
transmission elements, the coefficient for
overcoming dry friction forces in work [1] is
referred to as the static loss coefficient. The
coefficient for overcoming viscous friction
forces, which depends on speed, is called the
kinematic loss coefficient. The coefficient for
power loss due to the acceleration of rotating
masses, which depends on acceleration, is
referred to as the dynamic loss coefficient in
work [1].

In work [1], it is shown that for stable
transmission operation, the sum of the static,
kinematic, and dynamic loss coefficients must
be less than one.
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Considering that

va=1-(n7), .- &)
v =1=(n) s @)
v =1= ("), - (5)

we transform equation (1) from [1] into the
following form

mgn

e =1y + g 1y =220 (6)

Inequality (6) characterizes the condition for
stable transmission operation in terms of power
indicators.

In works [1], [2], the impact of elastic links
on energy losses in the transmission due to the
variation of engine torque according to a
periodic law, typical for internal combustion
engines (ICE), has been determined. By
approximating the periodic function of torque
variation with a harmonic law, [1], [2] have
defined the cyclic elastic efficiency coefficient
of the transmission

where Am. — amplitude of the oscillations of the
effective torque of the ICE; om — angular frequency
of torque oscillations; Jo— the moment of inertia of
the transmission reduced to the crankshaft of the
internal combustion engine (when installed on the
vehicle, the translationally moving mass of the
machine is taken into account); Mspr — the
resistance torque, reduced to the crankshaft of the
internal combustion engine, is assumed to be equal
to the average engine torque during steady-state
operation — in this case, it is considered constant.;
®, ~ the average angular velocity of the crankshaft

of the ICE; k — the angular frequency of the natural
(free) oscillations of the transmission input shaft.

For an internal combustion engine, the
amplitude of the oscillations of the effective
torque can be determined as

Ane = Ani My = 0.5- Mi My * Ki’ (8)
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where nmav — mechanical efficiency of the internal
combustion engine; M, — average indicator torque

of the ICE; A - amplitude of the oscillations of

the indicator torque of the ICE; Ki — torque
irregularity coefficient [1], [2]

K = imax — "V'imin : (9)

where Mimax, Mimin — maximum and minimum
values of the torque over one cycle of oscillation.

However, in works [1], [2], the cyclic
dynamic  efficiency  coefficient of the
transmission has not been determined, which
prevented deriving an expression for the overall
cyclic efficiency coefficient of the motor-
transmission system. A significant number of
studies have been dedicated to evaluating the
energy efficiency and vibration stability of the
system, both in our country [4-6,15] and
abroad [7-14, 16].

Purpose and Tasks

The purpose of the study is to determine the
cyclic  efficiency  coefficient of  motor-
transmission systems with internal combustion
engines (ICE), taking into account the cyclic
dynamic  efficiency  coefficient of the
transmission.

To achieve this goal, it is necessary to
determine the cyclic dynamic efficiency
coefficient of the transmission in a vehicle with
an internal combustion engine.

Determination of the cyclic efficiency
coefficient of the motor-transmission system
of a vehicle

The work balance in the motor-transmission
system of a vehicle over one period of oscillation
of the indicator torque can be determined as the
work of the engine A. distributed among the
following tasks

'%:Ai‘nmdv:Ap_f—Ast—'—A/_{_Ajin—'—Ar (10)

In equation (10), the following are denoted:
A, - the useful work performed by the motor-
transmission system over one period of
oscillation of the indicator torque; As and
A, - the work spent to overcome dry and viscous
friction forces over one period of oscillation of
the indicator torque; A, - the work spent to

overcome elastic deformation forces over one
period of oscillation of the indicator torque;
Adin - the work spent to accelerate the rotating
and gradually moving masses over one period of
oscillation of the indicator torque.

It should be noted that the period of
oscillation of the effective torque is equal to the
period of oscillation of the indicator torque.

By dividing both the left and right sides of
equation (10) by Ae, we obtain:

kin din
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Alternatively, considering the relationship
between the efficiency coefficient and the loss
coefficients, we can transform equation (11) into
the following form

din

(M ), =M+ +1" +w —321. (12)

Equation (12) represents the condition for
stable operation of the motor-transmission
system of the vehicle in terms of energy
indicators.

Determination of the cyclic dynamic
efficiency coefficient of the motor-
transmission system

Over one period of oscillation of the torque, the
angular velocity of the crankshaft will decrease
within the range [®e min; ®e max]-

The maximum and minimum angular
velocities of the crankshaft, as defined in
works [1], [2], can be determined using the
following equations

_ M. -R,
Ogmax = Ve + 2\’
. . 13
5e'lc"]p'{l_ _ZKJJ (13)
e L
_ M, R
Wemin = W — 2\
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where ic — the number of cylinders in an ICE; jice

— the moment of inertia of the moving masses of the
ICE reduced to the crankshaft; Jtr gr — the

pll
moments of inertia of masses, related to variable
and constant gear ratios, reduced to the crankshaft
of the engine; m — the mass of the vehicle; r« — the
kinematic radius of the driving wheels of the
vehicle; uk, Uo — the gear ratios of the gearbox and
the final drive.

The change in the angular velocity of the
crankshaft of the internal combustion engine over
one cycle of torque oscillation leads to a change in
the kinetic energy of the moving masses of the

transmission and the wvehicle within the
range [Wi min; Wk max]
J -o?
kaax P emax’ (16)
2
J -
W, =—t 29""”, (17)

The change in the kinetic energy of the moving
masses is not used beneficially and, therefore, is
lost. This change in the kinetic energy of the
moving masses is the loss.

AW, =W,

k max

=J ‘o, Ao,

kmin p e e

(18)

where Ao, ~ the difference between the maximum

and minimum angular velocities of the crankshaft
over one period of torque oscillation,

AO)e = Wgm — @

(19)

emin *

Equation (19), taking into account (13) and
(14), will take the following form

Ao, = 2-M,-R _
J[l[“U 20
@, -1,
After  substituting equation (20) into
equation (18), we will obtain
AW = MR
(21)

L-(24])

Thus, the dynamic cyclic loss coefficient can be
expressed as

i =D @

A
The effective work of the internal combustion
engine (ICE) over one period of torque oscillation,
previously defined in works [1], [2], is determined
by the following relation

n
A
el

W @
|

After substituting equations (21) and (23) into
equation (22) and performing the transformation,
we will obtain:

an 05K 0.5-K,

\Vtr - 2 L, . zl .
2k (a)e'lcj 2 (24)
e R T L
@, -1 2

The cyclic dynamic efficiency coefficient of the
motor-transmission system of the vehicle.

05-K,
2.k V'

)
a)e'lc

From equation (25), it can be seen that under the

din =1= din

Ny = tr =1-

(25)

condition
2.k Y
K, =2-{1—(_' : ] } (26)
e e
the value ﬂdrm =0.

Equation (7), taking into account equation (8), will
take the following form

£

jl J (27)
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By substituting equations (25) and (27) into
equation (12), we will obtain

X
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In equation (28), nmav = 1 can be assumed. In
this case, the dissipative losses in the engine can be
attributed to the dissipative losses in the
transmission.

From expressions (27) and (28), it is evident
that when Ki = 1, the elastic cyclic efficiency
coefficient of the motor-transmission system equals
one, and the loss coefficient is zero. The specified
irregularity coefficient Ki = 4 is close to the
irregularity coefficient of a 4-cylinder engine, where
it equals 4.7. Thus, for 4-cylinder engines, energy
losses due to overcoming elastic deformations of
transmission elements are nearly zero. This is likely
one of the reasons why 4-cylinder engines have
become widely adopted in automotive and tractor
manufacturing.

Analysis of equation (24) indicates that the
cyclic dynamic coefficient of mechanical losses in
the transmission is proportional to the irregularity
coefficient of torque and inversely proportional to
the difference of the squares of the circular
frequencies of torque oscillations and the natural
(free) oscillations of the transmission input shaft.
When these frequencies coincide, resonance occurs,
leading to cyclic coefficients of elastic and dynamic
mechanical losses in the transmission. For Ki = 0
(characteristic when using electric motors), the
cyclic coefficients of dynamic and elastic losses are
zero (see equation (28)).

Conclusion

The determined cyclic mechanical efficiency of
the motor-transmission systems in wheeled
vehicles accounts for the energy losses during
the acceleration of moving masses, considering
the torque irregularity characteristic of internal
combustion engines (ICEs).

The cyclic dynamic coefficient  of
mechanical losses in the transmission is
proportional to the torque irregularity coefficient
and inversely proportional to the difference

between the squares of the circular frequencies
of torque oscillations and the natural (free)
oscillations of the transmission input shaft.
When these frequencies coincide, resonance
occurs, leading to a sharp increase in the cyclic
coefficients of elastic and dynamic losses.

For an ICE torque irregularity coefficient of
Ki = 4, the cyclic dynamic coefficient of
mechanical losses is close to zero. The value
Ki = 4 closely aligns with K; = 4.7, characteristic
of a 4-cylinder engine, which is considered one
of the reasons for the popularity of such ICE
configurations.

When the torque irregularity coefficient is
zero, as is typical for electric motors, the cyclic
coefficients of dynamic and elastic losses are
also zero (see equation (28)).
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MOTOPHO-TPAHCMICIHHIX YCTAHOBOK
TPAHCIOPTHO-TATOBUX MAIIUH

Anomauis. Ilpoonema. Ipu BU3HAYEHH]
Koegiyicuma KopucHoi 0ii MOMOPHO-MPAHCMICITIHUX
YCMAHOBOK A8MOMODINA ma MpaxKmopie HeoOXiOHO
8paxosyeamu He MiNbKU 6Mpamu Ha 8 sA3Ke ma cyxe
mepms, ane maxkoxc I empamu,  3YMOGJIEHI
yupkyaayicio 'y  mpaucmicii  nomenyiunoi ma
KIHemuyHoi  eHepeii,  AKI €  pe3yibmamom
BUKOPUCTAHHSL 8 MOMOPHO-MPAHCMICITIHUX
YCMAaHOBKAX O0BUSYHIE GHYMPIuHbLO20 320panus. Ha
Oanull yac y 6i0oMUX OOCHIONCEHHAX He 8PAX08AHI
OUHAMIYHI YUKI08i 8mpamu enepeii y mpancmicii, wo
He 00360J1€ MOYHO OYIHUMU YUKIO8UU Koeqhiyienm
Kopucuoi 0ii. Mema. Mema nonseac 8 momy, ujoo
BUSHAUUMU YUKIOBUl Koe@iyieHm KopucHoi Oii
MOMOPHO-MPAHCMICITIHUX YCMAHOBOK 13 O08USYHAMU
BHYMPIUWUHL020 320PAHHA 3 YPAXYBAHHAM YUKI0B020
OUHamiuHo20 Koegiyicnma KopucHoi Oii mpancmicii
agmoMoObiis 3 OBUSYHOM GHYMPIUHLO2O 320PAHHSI.
Memooonozia. Ilpuiinami 6 pobomi nioxoou 00
BUpIWEenHsT  NOCMAGIeHoi memu  0a3ylomvcs  Ha
MeopemudHux OCHOBAX GUSHAUEHHS OUHAMIYHO20
Koegiyiecnma Kopucuoi 0ii, banancy pobim y
MOMOPHO-MPAHCMICITIHIL YCMAHO8YT a8momooiis 3a
O0UH nepiod KOMUBAHL THOUKAMOPHO20 KPYMHO20
MOMEHMY, KYMOsUx weuoKocmell KOIHYACIO20 84y
3a 00UH nNepiod KOIUBAHb KPYMHO20 MOMEHMY.
Pesynomamu. BushaueHo YuKkiosuti MexaHiuHul
Koegiyienm KOpuUcHoi Oii MOMOPHO-MPAHCMICIUIHUX
YCMAHOBOK KONICHUX MAWUH, WO 8PAXOBYE 8MPAmMu
Ha pO32iH Mac, wo pyxarwomvcs, 3 YPaxy8aHHAM
HEpPIBHO-MIPDHOCMI KPYMHO20 MOMEHMY, 61acCmueol
08USYHAM — GHYMPIWHBLO2O — 320pAHHA.  Busnaueno
3anedNCHICMb 8 AKIL  YUKI08l  KoeqhiyieHmu
OUHAMIYHUX [ NPYJICHUX 6mMpam pIGHI HYJI0, Npu
Koeghiyienmi  HepigHOMIpHOCMI — MOMEHMY, WO
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Kpymums, DIGHOMY HYIIO, WO XAPAKmepHo OJis
enekmpooguzynie. Opuzinansuicms. Pezyromamu
npogedenoi pobomu 0arme 3a2aibHe YAGIeHHS NPO
nponopyitiHicmy YUKTI08020 OUHAMIYUHO20
KoepiyicHma MexXaHiuHux empam y mpaHcmicii 0o
Koepiyicnmy HepiGHOMIPHOCI KPYIMHO20 MOMEHMY §
Ppi3HUYi  K6adpamie Kpy2o8ux uacmom KOJIUBAHb
KPYMHO20 MOMEHMY Ma 1ACHUX (BLIbHUX) KOAUBAHD
6xionoeo eany mpancmicii. Ilpakmuune 3nauenns.
Ompumani pe3yrvmamu MOdICYymb oymu
DPeKOMeHO08aHi npu 8usHayeHi 30icy yacmom wjo
npueooums 00  pe3OHaHcCy, Yy  AKOMY  pi3KO
3pocmaroms  YUKio8i  KoepiyicHmu NpyscHux i
OUHAMIYHUX 8Mpam.

Kniouosi cnoea: MOMOPHO-MPAHCMICIIIHA
YCMAHOBKA, O08USYH 8HYMPIUHBLO20 320PAHHA, Mdcd,
ounamiunuii KKJ], enepeis, mepms, KoniHuamuii éai,
KONUBAHHS, KPYMHUU MOMEHM.
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	where Nk – power at the driving wheels; Nе – effective engine power; Nst – power consumed to overcome dry friction forces; Nvt – power consumed to overcome viscous friction forces; Nvr – power consumed to accelerate the rotating masses of the transmis...
	where Аmе – amplitude of the oscillations of the effective torque of the ICE; ωm – angular frequency of torque oscillations; Jp – the moment of inertia of the transmission reduced to the crankshaft of the internal combustion engine (when installed on ...
	where ηmdv – mechanical efficiency of the internal combustion engine;  – average indicator torque of the ICE;  – amplitude of the oscillations of the indicator torque of the ICE; Кi – torque irregularity coefficient [1], [2]
	where Мі max, Мі min – maximum and minimum values of the torque over one cycle of oscillation.
	where іc – the number of cylinders in an ICE;  – the moment of inertia of the moving masses of the ICE reduced to the crankshaft;  – the moments of inertia of masses, related to variable and constant gear ratios, reduced to the crankshaft of the engin...
	The change in the angular velocity of the crankshaft of the internal combustion engine over one cycle of torque oscillation leads to a change in the kinetic energy of the moving masses of the transmission and the vehicle within the range [Wk min; Wk max]
	The change in the kinetic energy of the moving masses is not used beneficially and, therefore, is lost. This change in the kinetic energy of the moving masses is the loss.
	where  – the difference between the maximum and minimum angular velocities of the crankshaft over one period of torque oscillation,
	Equation (19), taking into account (13) and (14), will take the following form
	After substituting equation (20) into equation (18), we will obtain
	Thus, the dynamic cyclic loss coefficient can be expressed as
	The effective work of the internal combustion engine (ICE) over one period of torque oscillation, previously defined in works [1], [2], is determined by the following relation
	After substituting equations (21) and (23) into equation (22) and performing the transformation, we will obtain:
	The cyclic dynamic efficiency coefficient of the motor-transmission system of the vehicle.
	From equation (25), it can be seen that under the condition
	the value  = 0.
	Equation (7), taking into account equation (8), will take the following form
	By substituting equations (25) and (27) into equation (12), we will obtain
	In equation (28), ηmdv = 1 can be assumed. In this case, the dissipative losses in the engine can be attributed to the dissipative losses in the transmission.
	From expressions (27) and (28), it is evident that when Ki = 1, the elastic cyclic efficiency coefficient of the motor-transmission system equals one, and the loss coefficient is zero. The specified irregularity coefficient Ki = 4 is close to the irre...
	Analysis of equation (24) indicates that the cyclic dynamic coefficient of mechanical losses in the transmission is proportional to the irregularity coefficient of torque and inversely proportional to the difference of the squares of the circular freq...
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