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INFLUENCE OF VEHICLE ACCELERATION INTENSITY
ON DUAL-MASS FLYWHEEL ELEMENTS AND TRANSMISSION LOAD

Summary. Modern high-torque low-speed internal combustion engines (ICEs) generate
torsional vibrations close in disturbance frequency to gearboxes natural oscillation frequencies.
Effective absorption of such oscillations requires a new torsional vibration damper between the
internal combustion engine and gearbox design, which is implemented in the form of a dual-mass
fhywheel (DMF). One of the main reasons for DMF failure is its spring components destruction. The
article develops mathematical and simulation (in MATLAB Simulink environment) model of a car
with DMF in the period of starting, which takes into account the dependence of torque and power of
the internal combustion engine on the number of the crankshaft revolutions and uneven rotation, car
inertial and stiffness parameters, road resistance. It is established that when the car starts in first
gear, the maximum load on spring components of DMF and transmission occurs at the initial
moment of clutch engagement and exceeds the maximum effective torque of the internal combustion
engine 1.6 times, has a pronounced oscillatory character and stabilizes as the car accelerates. With
smooth acceleration of a car, when torque of internal combustion engine reaches, but does not
exceed its maximum value of 250 N-m, elastic moment in transmission components is stabilized at
230 N'm. During intensive acceleration and transition through the extremum on torque curve of
internal combustion engine on number of crankshaft revolution, the maximum DMF spring
components and transmission load initially doesn’t change significantly, but reduces the duration of
oscillatory processes and elastic moment of 160 N-m after attenuation of oscillations. A similar
nature of stress changes is observed in the elastic links of DMF, which eventually leads to their
fatigue failure and DMF failure.

To increase a DMF service life, it is advisable to accelerate a car when moving intensively,
bringing a number of revolutions to a value that is located at the extreme of torque of internal
combustion engine on its performance characteristic, followed by switching to the next gear.

Key words: transmission, dual-mass flywheel, dynamic model, mathematical model, simulation
model, torque.

1. INTRODUCTION
Strict environmental standards, which are now imposed on cars with internal combustion engines
(ICE), have led to development and use in cars of high-torque low-speed internal combustion engines that
generate torsional vibrations close in disturbance frequency to gearboxes natural frequencies. Effective
absorption of such oscillations requires a new design of the torsional vibration damper between an internal
combustion engine and a gearbox, which is implemented in the form of a dual-mass flywheel (DMF) [1].

2. RESEARCH RELEVANCE
The cost of DMF in 2 — 6 times, depending on the design, exceeds the cost of a conventional single-
mass flywheel. DMF don’t cause special claims only to 80 — 100 thousand km, after which the risk of
failure increases significantly. One of the main reasons for a DMF failure is the destruction of its spring
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components [9, 11]. Since the style of driving, and especially abrupt movement in first gear or maneuvers
during overtaking, significantly affect the load of both transmission and DMF spring components, the
study of the impact of transient modes of movement on the load of DMF sprung components, in order to
clarifying and eliminating the causes of their premature failure is relevant and of great practical
importance.

3. PROBLEM FORMULATION

The main task of a DMF is absorption of torsional vibrations of the internal combustion engine
crankshaft at low speeds, in particular at idling, when the frequency of forced oscillations approaches the
gearbox oscillations natural frequency primary shaft and gears located on it. The stiffness of the DMF
spring components should be lowered to maximize torsional vibrations energy generated by the internal
combustion engine. With increasing crankshaft speed and, accordingly, the torque of the load on the DMF
sprung components increases and for its perception the stiffness of DMF sprung components must
increase. Accordingly, there are different DMF designs: with twisted springs of constant diameter, springs
of different stiffness, separated by separators, etc. [1]. Despite a number of advantages, the disadvantage of
the latter is that soft springs break down the fastest, which leads to the loss of DMF and requires its
replacement.

As DMF repair is not provided by manufacturers, but requires its replacement together with the
clutch and its components, the problem of increasing its service life needs to be solved by design changes
or develop recommendations for the operation of vehicles, including unsteady.

4. AIMS AND OBJECTIVES OF THE STUDY
The aim of the work is to develop simulation models and study the impact of oscillating processes in
the drive of a car with DMF on the load of its parts during intensive acceleration of the car when starting
from the first speed, development of recommendations for increasing DMF lifespan.

5. ANALYSIS OF RECENT RESEARCH AND PUBLICATIONS

A number of works are devoted to the study of oscillatory phenomena in car transmission a with a
DMF and optimization of their design parameters [2—14].

Thus, in [2] a generalized model of a DMF with bifilar centrifugal pendulum vibrational absorber
(CPVA) is proposed. Taking into account this model, a dynamic model of the drive of a car equipped with
DMF with bifilar CPVA is built. The dynamic reactions of the system in the conditions of idling and car
movement are investigated. It is shown that, compared to DMF with conventional centrifugal pendulum
vibration absorber, DMF with bifilar type CPVA has better vibration damping in the entire range of engine
crankshaft speeds.

In [3] a mathematical model of a DMF based on the equation of motion of internal combustion
engine and DMF masses was developed. The peculiarity of the work is to take into account the processes
occurring in the cylinders of the internal combustion engine on different operating cycles, and their
consideration in describing the change in effective torque generated by the internal combustion engine. To
simplify, the moment of resistance created by the transmission was considered constant. The influence of
DMF on the efficiency of its absorption of oscillations generated by internal combustion engines and their
transmission to the transmission components has been studied.

In [4] the results of theoretical modeling and experimental study of elastic-dissipative characteristics
of a DMF taking into account the frictional interaction of the twisted spring links with the flywheel body
are presented. It is established that the torsional stiffness of a DMF varies depending on the amplitude and
frequency of perturbation.

In [5] it is proposed to equip a DMF to increase its efficiency with an electromagnetic torsional
vibration damper with the ability to adjust its characteristics. According to the author, the new electric
dual-mass flywheel (EDMF) has better characteristics than the classic passive DMF.
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In [6] on the basis of the developed model of the drive of the car with DMF influence of kinetic
parameters of a flywheel on torsional fluctuations of elements of transmission in the course of engine start
is investigated. The test and simulation results showed that a DMF undergoes strong oscillations when the
transmission passes through the resonant zone. The design requirements for a DMF at engine start are
obtained, in particular, it is recommended to observe the ratio between the moments of inertia of primary
and secondary masses in the range of 0.7—1.1, and to choose the minimum stiffness of springs that perceive
oscillations when starting the engine.

The work [7, 8] is devoted to the issue of optimization of design parameters of DMF for high-load
car powertrains.

Analyzing the standard driving cycle of the car in urban conditions, we can see that the DMF sprung
components perceive the maximum load on non-stationary modes of movement of the car (moving,
overtaking maneuvers, sharp acceleration). Under such conditions, soft DMF springs, which absorb the
oscillations of the crankshaft of the internal combustion engine during its start-up or idling, in non-
stationary modes of movement of the car operate at the allowable stresses and break down the fastest [9].

The article [10] investigated the process of moving the car from the ground, but the magnitude and
nature of the change in torque of the internal combustion engine was set by a harmonic function that did
not take into account the change in torque from the angular velocity of the crankshaft.

6. PRESENTING MAIN MATERIAL
Car powertrain model with a DMF. We present a generalized dynamic model of the car
powertrain with a DMF in the form shown in Fig. 1.
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Fig. 1. Dynamic model of the front-wheel drive car with a DMF

Oscillatory processes in powertrain parts during acceleration will be described by a system of the
following six differential equations [10], adding to them a refined description of the dependence of power
and torque on the angular velocity of the crankshaft and uneven rotation:
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The figure shows: J; is a total moment of inertia of the internal combustion engine moving parts:
crankshaft, pistons, connecting rods and a DMF primary mass; .J, is the consolidated moment of inertia of a
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DMF secondary mass and attached clutch components; J; is total moment of inertia of the clutch disc and
the gearbox primary shaft mass; J4 is consolidated moment of inertia of a gearbox secondary shaft and final
drive components; Js is total moment of inertia of the hubs and rims of the wheels; Js is moment of inertia
related the car's wheel mass; ¢;=2c,,R” is consolidated stiffness of the DMF sprung elements [10]; ¢, is
linear stiffness of DMF springs mounted on a circle of R radius; ¢,, ¢3, ¢4 is stiffness related, respectively,
to gearbox components, axles, tires; S, B, B3, B4 are energy dissipation coefficients in DMF, gearbox,
transmission, tires, respectively; @1, @, @3, 04, @s, @g are the angles of rotation of the masses J,, J,, J3, J4, Js,
Js, respectively; T, is torque of the internal combustion engine; T, is the clutch moment of friction; T, is
the moment of the movement resistance related to the car wheels.
Effective torque of internal combustion engine during acceleration will be presented in the form:

T, = aNw, + bN,w? + cN30;, )
where a, b, c and N,, N,, N; coefficients are determined by the formulas:
ok @—ky) -1
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where k7, k, are engine adaptation coefficients related to torque and angular velocity (speed); Nmax 1S
maximum power, wy is angular velocity at maximum power.

Internal combustion engine crankshaft torsional oscillations will be reflected by multiplying torque
curve by sine wave function with appropriate frequency.

Car movement resistance moment related to the wheels:

Ton = Ga7”|:(f0 +kf (¢’6r)2)cos7/ +Sin7/}+5mar2¢6’ (7)

where G, is vehicle weight, r is wheel dynamic radius, f; is low speed rolling resistance coefficient, kyis the
coefficient taking into account the increase in rolling resistance with increasing vehicle speed, y is the
inclination angle, o is the coefficient taking into account the impact inertia of rotating masses of the car
powertrain at its accelerated movement, m, is the car mass, and ¢ and ¢ are accordingly angular speed
and angular acceleration of car wheels.

The tension in DMF springs coils in the process of dynamic loading during the car movement will
be determined by a known formula:

16(p; — @, )cip, R —
Tmax = (QDI 902) P zcep(4m 1+0’615j, (8)
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where c¢;,, 1s the linear stiffness of the certain spring, R, is the average radius of the certain spring, d; is
the wire diameter of the certain spring, m =2R..,/d; is the correction factor for the certain spring.

The above dependences are a mathematical model of the car powertrain comprises a DMF in the
process of movement start, the implementation of which allows to investigate the change in dynamic loads
in the spring elements of a DMF and powertrain shafts at different intensities.

Simulation model. An appropriate simulation model was developed to calculate the dynamic loads
on the elastic links of the DMF and the drive shaft when starting the car in first speed in the Simulink
environment (Fig. 2). The subsystem for calculating the dynamic loads on the drive elements of the car and
DMF is shown in Fig. 3, and a, b, ¢ coefficients calculation in Fig. 4.
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Using the developed model, the process of a car beginning the movement on a dry asphalt road was
simulated with a sharp engagement of a clutch in first gear and different duration of power gain and
increasing torque of an internal combustion engine. This mode of operation is typical for robotic gearboxes
with two dry clutches without a torque converter and is formed by the degree of pressure on the accelerator
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pedal by the driver.
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Fig. 4. Simulation model for the a, b, c coefficients calculating

Simulation results and their analysis. The research was carried out with parameters of powertrain
dynamic model (see Fig. 1), corresponding to the M1 vehicle category, in particular: the maximum engine
power is N, = 75 kW which achieves at 4400 rpm, maximum torque 7, = 250 N-m which achieves at
1500 rpm, the variable component of the torque of the internal combustion engine was set at 10 N-m.
Coefficients of the engine adaptability by torque and angular velocity (speed) were selected as
follows: kr=1.54; k,, = 2.93. Combined moment of inertia of internal combustion engine moving parts
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Ji = 1.2 kg'm’; combined moment of inertia of the DMF secondary mass and attached clutch components
J> = 0.1 kg'm’; the total moment of inertia of the movable gearbox components J; = 0.1 kg'm? the total
moment of inertia of the gearbox secondary shaft and final drive components J; = 0.2 kg-m?; the combined
moment of inertia of the wheels hubs and rims Js = 0.18 kg-mz; reduced moment of inertia of the car mass
to the wheel J; = 173.8 kg'm’. Total torsional rigidity: gearbox components ¢, = 120.000 N-m/rad; drive
axles ¢; = 84000 N-m/rad; rims with tires ¢, = 27000 N-m/rad. Energy dissipation coefficients: in DMF
p1=4 N-sm; in gearbox components £, =0.02 N-s'm; in drive axles f3 = 0.01 N-s'm; in tires
S4=800 N-s'm. The road inclination angle y = 0 °. Total transmission ratio = 14.89.

Three variants of car movement start are considered: the first — slow acceleration for 3 s with a
change in the number of internal combustion engine crankshaft revolutions from 1400 to 1500 rpm; the
second: when reaching the maximum number of revolutions of the internal combustion engine ny, =
4400 rpm for 2 s; the third — when reaching the maximum number of revolutions of the internal
combustion engine for 4 s. The simulation results are shown in Fig. 5 — Fig. 13.
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Fig. 5. Change of torque of the internal combustion engine from time:
n; = 1400 rpm, n, = 1500 rpm, t, = 2 s
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Fig. 6. Change of torque in DMF components and transmission (1)
and the relative twist angle of DMF masses (2) from time to time:
n; = 1400 rpm, n, = 1500 rpm, t, = 2 s
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Fig. 8. Torque changes in DMF components and transmission (1)
and the relative twist angle of DMF masses (2) from time to time: n; = 1400 rpm, n, = 4400 rpm, t, =2 s
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Fig. 9. Torque changes of the internal combustion engine from time:
n; = 1400 rpm, n, = 4400 rpm, t, =4 s
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Analyzing the course of oscillating processes in the drive of the car in different movement modes of
the car movement start in Fig. 6-10, we see that with a slow increase in the number of revolutions of the
crankshaft from 1400 to 1500 rpm, until the torque of the internal combustion engine reaches its maximum
value of 250 N-m (see Fig. 6), the amplitude of the elastic moment in the powertrain components increases
sharply to 400 N-m (see Fig. 7, curves 1), and the DMF masses angle of relative torsion is close to the
maximum allowable value. After 2 s, the oscillations of the elastic moment in the transmission components
are damped, stabilizing at 240 N-m.

During intensive car starting, when the speed of crankshaft rotation for 2 s increases from 1400 to
4400 rpm, the torque of the internal combustion engine first increases to 250 N-m and decreases rapidly,
stabilizing for 2 s to 165 N-m (see Fig. 7). At the same time, the elastic moment in the powertrain
components initially increases to 400 N-m, but quickly attenuates and stabilizes for 2 s at 165 N-m, which
has a positive effect on the load on the powertrain components.

Increasing the duration of the engine crankshaft speed to 4 s (see Fig. 9) only leads to an increase in
the load time of the powertrain components with cyclic and steady torque (see Fig. 10), which worsens the
powertrain operating conditions.

DMEF springs perceive a similar load type. In Fig. 11-13 shows the dependences of tension changes in the
coils of DMF springs: 1 depicts springs of smaller diameter, 2 depicts springs of larger wire diameter.

9
g 5200 . . ; ; ;
2 ]
1
1.5
£
- 2
8y
1 .
051 -]
Fig. 11. Change of tensions in DMF
components from time: nl = 1400 rpm, 0 , . , ,

n2=1500rpm, tp =2 s 0 1 2 3 4 5 6
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Fig. 13. Change of tension in DMF components from time:
nl = 1400 rpm, n2 = 4400 rpm, tp =4 s

Analysis of graphs in Fig. 11-13 indicates that increasing the car acceleration speed when starting
leads to a decrease in the duration of DMF loading springs cyclic forces, and therefore increases their life,
reducing the risk of fatigue failure.

Therefore, to increase the DMF service life, it is advisable to accelerate a car when moving intensively,
bringing the internal combustion engine number of crankshaft revolutions to a value that is located at the
extremum of engine torque on its external speed characteristic, followed by switching to the next gear.
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4. CONCLUSIONS

1. Developed a mathematical and MATLAB Simulink simulation model of a car powertrain
comprising a DMF in the period of starting, which takes into account the dependence of torque and power
of the internal combustion engine on the number of crankshaft revolutions and uneven rotation, car
powertrain inertial and rigid parameters, road resistance.

2. On the example of a M1 vehicle category studied the effect of the acceleration intensity when
starting in first gear for different durations to achieve a certain number of crankshaft revolutions and,
accordingly, the torque generated by an internal combustion engine.

3. It is established that when starting the car in first gear, the maximum sprung components load of
the DMF and transmission occurs at the initial moment of engagement of the clutch and exceeds the
maximum effective torque of the internal combustion engine 1.6 times, has a pronounced oscillatory nature
and, stabilizes. During smooth acceleration of the car, when the torque of the internal combustion engine
doesn’t reach its maximum value of 250 N-m, the elastic moment in the powertrain components is
stabilized at 230 N-m. During intensive acceleration and transition through the extremum on the curve of
the torque of the internal combustion engine on the number of revolutions of the crankshaft, the maximum
load on the DMF sprung components and transmission initially doesn’t change significantly, but reduces
the duration of oscillations and the elastic moment of 165 N-m after attenuation of oscillations.

4. To increase the DMF service life, it is advisable to accelerate the car when moving intensively,
bringing the number of revolutions of the internal combustion engine to a value that is located at the
extremum of the engine torque on its performance characteristics, followed by switching to the next gear.
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BIIVIMB IHTEHCUBHOCTI PO3I'OHY ABTOMOBILJIA
HA HABAHTAXEHICTbH EJIEMEHTIB
JIBOMACOBOI'O MAXOBUKA I TPAHCMICII

Anomauia. CyuacHi 8UCOKOMOMEHMHI HU3bKOOOEPMOSI O0BUSYHU BHYMPIUIHBLO20 320PAHHSL
({IB3) cenepyiomv KpymuivHi KOAUBAHHS OAUZLKI 3G YACMOMON 30YPEHHA 00 BGIACHUX YACHIOM
KOIUBAHb TAHOK Kopobok nepeday (KII). E¢exmusne noenunanus maxux KOIUGAHb 8UMALAE HOBO2O
KOHCMPYKMUBHO20 SUKOHAHHS deMngepa KpymuavHux Koausanv mio /B3 i KII, wo peanizogano y
suIsI0i 08omMacoso2o maxosuxa ([{MM). Oouicio 3 2onoenux nputun 6uxoody 3 1ady MM e pyinysanns
11020 NPYI’CHUX JAAHOK. Y cmammi po3pooaeHo mamemamuyry i cumyasyiuny (y cepedosuwi Matlab
Simulink) moodeni npueody aemomobina 3 IMM y nepiod pywanus 3 micys, siKa 8paAxo8ye 3anexic-
HICMb GeUNUHU KPYMHO20 MOMenm)y I nomyosicnocmi B3 6i0 xinbkocmi 0bepmieé KOAHYACMO20
6AN1A MA HEPIBHOMIpHICMb 11020 00epmanHs, IHEPYIUHI Ma JCOPCMKICHI Napamempu npusooy
asmomobins, onip dopoeu. Bcmarnosneno, wo npu pywanti asmomodins 3 Micys Ha neputii nepe-
oayi mMakcumanvhe HABAHMAdICEHHs Ha NPYxcHi aanku JIMM i mpancmicii sunuxac y nouamxosuil
MOMEHM 8MUKAHHS 3UENIeHHs | nepesuuyye MakCuManviull egpexmusHuil kpymuuii momenm /(B3 6
1,6 pa3u, mae gupasicenuti KOIUBATLHULL XApaKmep i 8 Mipy pO320HY a8momMobdiis cmabdinizyemvcs.
Ipu naasnomy poseoni asmomooins, koau Kpymuuil momenm /[B3 0ocsieae, ane e nepesumyye, c6020
Makcumanvroeo 3navenus 250 H-m, npyscnuii momenm y 1ankax npueody cmadinizyemvcs Ha pieHi
230 H-m. 3a inmencusnozo poszony ma nepexooy uepe3 excmpemym HA KpUGil 3alediCHOCHI
Kpymnoeo momenmy /[B3 6i0 xinvkocmi obepmie KOMHYACMOo20 8ala MAKCUMATbHE HABAHMANCEHHS
Ha npyorcui aanxu JJMM i mpancmicii y nouamrosuii MOMeHm 3a 8eIUYUHOI0 ICHOMHO He 3MIHIO-
€MbCA, ane 3MEeHUYIOMbCA MPUBANICIb NPOMIKAHHA KOJUBANbHUX NPOYECI8 [ 8eNUYUHA NPYHCHOSO
MOMEHmMY 8 JaHKax npueody 0o 165 H-m nicas 3amyxanus KOaueanv. AHanociynuil xapakmep 3minu
Hanpyosicensb cnocmepicaemvcs i 6 npyacuux nauxax JIMM, wo 3 uacom npuzgodumsv 00 ix 6MoMHO20
PYUHYysanHs i 6uxody 3 aady JIMM.

Jlna niosuwennsi pecypcy MM Ooyinbno posein agmomobins npu pywanni 3 micys 30itic-
HIOBAMU THIMEHCUBHO, 008004U KITLKICMb 00epmie 00 GeIudUHU, KA PO3MAULO8AHA 34 eKCmpe-
MYMOM KpYmHO20 Momenmy J{B3 ua 11020 306HIWHII WEUOKICHIU XapaKmepucmuyi, 3 noOaIbuum
nepemMUKaHHAM Ha HACMYNHY nepeoayy.

Knrouoei cnosa: mpancmicis, 060Macosuti Maxo8ux, OUHAMIYHA MOOelb, MAMeMAmuyHa
MoOennb, CUMYTAYTUHA MOOeb, KPYMHUL MOMEHM.



