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The article considers the issues of digital modeling of dynamic processes in the transmissions of transport
vehicles. The purpose of this research was to develop an algorithm for numerical mathematical modeling
of dynamic processes in the transmissions of transport vehicles using modern digital software packages.
The method includes a systematic approach to the study of dynamic processes during switching, based
on modeling the operation of the gearbox together with the internal combustion engine (taking into
account its dynamic, speed and load characteristics). The order of application of the MATLab — Simulink,
Simscape software packages for numerical simulation of dynamic processes is considered. Using
the fundamental blocks of these applications, models of physical components are created: the internal
combustion engine, friction clutches, gearboxes, elastic shafts, damping devices, and tractor power
transmission control systems. A digital model of the tractor transmission is created, its design scheme
is given, and the initial characteristics are set. It was used to simulate dynamic processes in the tractor
gearbox. The main attention in this paper is paid to the application of the proposed method for calculating
the dynamic processes in the gearbox during gear changes under load with forward and reverse switching,

including the simultaneous use of several friction clutches.
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Introduction

Dynamic processes in vehicle transmissions,
particularly when shifting gears in a change
gearbox (CQG), are complex owing to the presence
of inertial elastic links, such as flexible shafts,
gears, and engine flywheels. This is particularly
true in tractor transmissions, where gear shifting
occurs under load, necessitating the absence
of a power flow break in the machine transmission
during gear changes.

In this context, the analysis of the gear shifting
process is one of the most complicated types of
transient processes in transport and traction
machine transmissions [1-5]. Gear shifting is
performed in the CG under consideration using
frictional control elements (disc friction clutches).
When shifting gears, several friction clutches may
work simultaneously. The current calculation
methods do not fully reflect the dynamic
processes in the CG while switching stages under
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load with the simultaneous use of several friction
clutches [6-9].

The difficulties of analyzing working processes
in automotive vehicle transmissions and gear
shifting control have been addressed in previous
studies [10—13]. The use of modern software
tools for engineering calculations, such as
the MATLAB package, which includes Simulink
and Simscape, can ease the implementation
of dynamic power transmission calculations.

This study is aimed at developing an algorithm
for numerical mathematical modeling of dynamic
processes in vehicle transmissions based
on a systematic approach to the study of dynamic
processes when gear shifting in a CG.

Problem-solving method

Modern software tools for engineering
calculations proposed for digital modeling
of dynamic processes in vehicle transmissions
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Fig. 1. Simscape model of the mechanical gearbox system

in this work include the MATLAB package
applications, Simulink and Simscape [14, 15].
The dynamic calculations of power transmissions
can be significantly simplified as a result. The
MATLAB packages, Simulink and Simscape,
provide fundamental blocks for modeling
physical components, such as an internal
combustion engine, control friction clutch, gear
reducer, resilient shafts, dampers, and other
power transmission components. Simscape
automatically deduces differential equations that
characterize system behavior from a model that is
similar in appearance to a kinematic diagram.

The method and procedure for using the
MATLAB package for analyzing dynamic
processes in transport vehicle transmission
are considered in the example of modeling
the operation of the gearbox of an agricultural
tractor (Kirovets K-744).

Based on the known kinematic, inertial elastic,
and damping parameters of the gearbox, a Simscape
model for simulating dynamic processes was
developed. Figure 1 depicts the CG model.

In Figure 1, the gearbox shafts are presented
as standard library blocks. The inertia of the
driving and driven masses of friction clutches,
and gears fixed on the shafts, are characterized
by the flexible shaft, which describes the elastic-
damping and inertial properties of the sections
at the connection points of the inertia blocks.
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Fig. 2. Friction unit subsystem

The input shaft of the gearbox is represented
by sections connected at the input to the engine
port and at the output to the subsystems F, which
represent friction units.

Four Gear blocks and two M blocks are used
to specify the gear properties. Shaft bearings
supports are represented by blocks with D pivot
bearings.

The transfer shaft is represented by a section
connected to the load outlet port.

“Friction unit” F subsystems represent
block diagrams of the same type, corresponding
to Figure 2.

The following basic typical blocks are included
in CG Simscape models:

A typical disk friction clutch block is a friction
clutch with sets of friction discs. The clutch is bi-
directional, allowing it to slide in both positive
and negative directions. The block provides
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Disk Friction Clutch

Represents a model of controllable friction clutch or brake that allows or restricts
transmission of torque between the driving and driven shafts. The clutch starts to
engage when the control pressure presented at the physical signal port P exceeds
the Engagement threshold pressure. For the clutch to lock, the relative follower-
base speed must be less than the Clutch velocity tolerance, and the transmitted
torque must be less than the static friction limit. A locked clutch remains locked
unless the torque transmitted across the clutch exceeds the static friction limit.

Connections B (base) and F (follower) are mechanical rotational conserving ports.

Settings

Geometry Friction Viscous Drag

Initial Conditions

Friction model: 'Fixed kinetic friction coefficient -
Kinetic friction

coefficient: | 0.08 |
Static friction

coefficient: ID'Z ]
De-rating factor: |1 |
Clutch velocity ”
tolerance: L@Di ] [rad/s J
Engagement threshold |100 ‘ \ Pa Vl
pressure:

Fig. 3. Disk Friction Clutch block parameters window

a physical signal input port for applied pressure
to the friction discs. The window of the block
parameters is presented in Figure 3.

Typical block inertia is an ideal mechanical
rotational inertia, in which the parameter
window comprises the moments of inertia

Table 1.

Moments of inertia of the gearbox rotating masses

i N Designation Moment of inertia,
of mass kg'm?
1 Inertia_1 0,25
2 Inertia_2 0,10
3 Inertia_3 0,25
4 Inertia_4 0,10
5 Inertia_5 0,25
6 Inertia_6 0,10
7 Inertia_7 0,25
8 Inertia_8 0,10
9 Inertia_9 0,15
10 Inertia_10 0,25
11 Inertia_11 0,15
12 Inertia_12 0,20
13 Inertia_13 0,15
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values of the gearbox rotating masses, as used
in the model in Figure 1 (Table 1).

A typical simple gear block represents
a gear set with a fixed gear ratio. The gear ratio
is calculated as the ratio of the number of teeth
on the driven wheel (port F) to the number

Sroupi Gain1
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Gain2 F1
F2 » P_upr
Gain3 F2
F3 » P_upr
Gain4 F3
H b—»@
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10—
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Fig. 4. Control subsystem
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Table 2.
Gear ratios
Designation of a pair .
st o of t%othed Wheé)ls Crear o
1 Gear_1.71 1,71
2 Gear_1.41 1,41
3 Gear_1.17 1,17
4 Gear_0.97 0,97
5 M_0.83 0,85
6 M_1.74 1,70
7 M_2.43 2,43

of teeth on the driving wheel (port B) — (NF/NB).
Gear ratios are entered in the parameter window
of the block (Table 2).

The Simscape blocks connected in series,
namely the control block, the engine block,
the transmission block, the load block, and
the monitor block of the calculation results
visualization, are represented by the generalized
transmission model of a tractor with an engine.

Figure 4 depicts the control subsystem
is. The signal builder block in the subsystem
generates control actions for the friction units
F_1,F 2,F 3,and F_4 of the gearbox and the fuel
supply to the throttle engine cylinders. The gain
blocks convert friction clutch control movements
into pressure with a maximum value of 0.9 MPa
and fuel supply as a percentage of the maximum
value (100%).

Figure 5 presents the subsystem engine, which
includes the 2-D lookup table block.

The 2-D lookup table block matches the input data
with the output value by searching or interpolating
a table of values provided by the block parameters.
The parameters of the external and regulatory
characteristics of the engine are represented in the
matrix of the 2-D lookup table block.
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The load subsystem uses the signal builder
block to generate loads on the transmission output
shaft in the mode of constant resistance torque
or constant power.

Results and discussion

The following are the results of applying
this model to numerically simulate dynamic
processes in the CG during gear shifting. Control
commands are sent to the CG friction control
elements at certain points in time to turn on/off
the corresponding friction clutches to calculate
the gear shifting process.

Figure 6 illustrates the type of control actions
used in a numerical simulation of starting a tractor
from a standstill and acceleration with upshifting
from the first to fourth gear.

Figure 7 presents the curves of changes in
engine revolutions (upper curve) and torque
Mengine (lower curve) derived by calculations
during sequential shifting from first to fourth gear
when starting the tractor from a standstill.

At the beginning of the machine movement
process, the friction clutch F1 1is activated
according to a linear law of increment from zero
to 0.9 MPa for 0.45 seconds. This takes into
account the joint operation of the engine and
transmission. At this time, the friction moment
of the F1 clutch is the resistance moment for
the crankshaft and the driving moment for the CG
input shaft. The engine speed decreases slightly
(due to the increase in the frictional moment of the
friction clutch F1) as the engine torque increases.

Subsequently, using two friction clutches, the
CG switched from first to second gear (the F1
clutch, which implements the first gear mode,
is turned off, and the second gear clutch F2 is
turned on).

An essential parameter influencing gear
shifting dynamics is the duration of the overlap
of the joint work of the two friction clutches.

41



The overlap in the operation of the friction
clutches refers to the period when one friction
clutch (F1) is deactivated and the other friction
clutch (F2) is activated. The overlap duration is
determined by the command issuing algorithm of
the CG control system, which controls the friction
clutch activation/deactivation (Figure 6).

The proposed mathematical Simscape model
of the CG allows for computational studies of
transmission dynamics under various control
laws by varying the moments and time intervals
of activation of the frictional control elements,
overlapping, and delays during their joint
operation.
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Fig. 6. Signals of control actions to automatic
transmission clutches (Fl, F2, F3, F4)
and fuel supply to the engine (T) when simulating
the shift process from Ist to 4th gear
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Fig. 7. Calculated curves of changes in engine
speed with sequential gear shifting (from Ist to 4th)
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Figure 8 depicts the graphs of the dynamic
processes that occur in the CG when shifting
gears.

It presents the graphs of the change in
revolutions and torques of the main CG links
when the second gear is engaged with overlapping
friction clutches 1 and 2 for about 0.15 seconds.
As shown in the graphs, the torque M1, which
is transmitted by the deactivating clutch F1, first
decreases linearly to zero in the process of shifting
from first to second gear. Simultaneously, the
torque M2, which is transmitted by clutch F2 and
engaged to implement the second gear in the CG,
starts to increase linearly.

Revolutions, rpm

Moment, Nm

Time, sec

Fig. 8. Calculated curves on the input shaft
when shifting from Ist to 2nd gear
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The torque of the activated friction clutch
F2 tends to overcome the moment of resistance
and continues to increase until it reaches
the maximum value, accelerating the rotation of
the driven clutch masses under the action of the
free excess torque until the driving and driven
discs of the activated friction clutch F2 are
synchronized. The friction clutch skids as a result.
The disengagement of clutch F1 does not reduce
the speed of the output shaft. Therefore, a further
joint operation of the two transmissions becomes
impractical from the standpoint of ensuring the
continuity of the power flow. An increase in the
overlap time in the operation of the clutches will
induce power circulation and clutch skidding.
With optimal regulation of friction clutch
activation/deactivation, power is transmitted in
two parallel flows during gear shifting in the CG
with no power circulation. This mathematical
model allows a computational simulation of this
process to be performed.

Following the completion of the revolution
synchronization of the driven and driving parts,
the torque in the activated friction clutch rapidly
decreases to the value of the reduced moment
of resistance.

Qualitatively similar processes occur when
switching from the second to third gear, the third
to the fourth gear, etc.

The nature of the change and peak values of
the torques on the main links, the change in the
revolutions of the links, and the time of the
dynamic processes can all be accessed using
mathematical modeling of this gear shifting
process. The results of the analysis provide
information on the parameters of friction clutch
skidding, the occurrence of power circulation, etc.

Conclusion

1. Using the MATLAB Simscape software
package, a method for numerical simulation
of dynamic processes in transport vehicle
transmissions is proposed.

2. A mathematical model of a wheeled tractor
gearbox was created using the typical blocks
of the MATLAB library (Simulink and Simscape),
which provides a contemporary interface for
receiving, processing, and visualizing calculation
results in the process of simulating the work
of the sample under consideration.

3. The proposed calculation technique enables
effective virtual modeling of dynamic systems

Izvestiya MGTU «MAMI», Ne 1(47), 2021

of wvehicle transmissions, simulation of CG
operation using several frictional control elements
in different operating modes, with different
time characteristics of control commands,
and determination of the optimal algorithms
for the CG control system.
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YUCJIEHHOE MOAEJINPOBAHUE
AWHAMWYECKUX NPOLIECCOB B TPAHCMUCCHUU
TPAHCIMOPTHbIX CPEACTB

A.7.H. XypopoxxkoB C.W., k.7.H. KpacunbHukos A.A.
CaHkT-NeTepbyprckuin nonutexHudeckuii yameepeutet (CI6IMY), CankT-TMetepbypr, Poccus
Xcu-55@mail.ru, a_kr36@mail.ru

B pgaHHoOV cTatbe pacCMOTPEHbI BOMPOCHI LINGPOBOro MOAEIMPOBAHUS (PUINYECKUX ANHAMUYECKNX
poLEeccoB B TPAHCMUCCUSIX TPAHCMOPTHOW TEXHMKU. Llenblo A[aHHOro wuccienoBaHusl $IBJSi/iacb
oTpaboTka anaropuTMa YUCJ/IEHHOr0 MaTemMaTudeckoro MOAE/NPOBaHUS ANHAMUYECKUX [POLIECCOB
B TPAHCMUCCUSIX TPAHCIMOPTHbLIX MalLUUH C WC0Jb30BAHNEM COBPEMEHHbIX LMGPPOBBLIX MaKeToB
nporpamm. Metoamka BKIYAET CUCTEMHbIN M0AX04 K UCCAEA0BAaHNIO ANHAMUYECKMNX MPOLLECCOB Mpu
nepexksIt4eHNn, OCHOBaHHbIV Ha MoaenpoBaHum paboTtel KM coBMeCTHO ¢ ABuratenemM BHYTPEeHHero
cropaHusi (C y4eToM ero ANHaAMUHYECKMX, CKOPOCTHbIX W Harpy304HbIX XapakTepUCTUK). PaccmMoTpeH
nops8ok npuMeHeHns naketa nporpamm MATLab-Simulink, Simscape 415 Y1CAEHHOro MOL4ENPOBAHMS
AnHamuyeckux rpoueccon. [Npyu nomowm ¢dyHaameHTaibHbiX G6J10KOB AaHHbIX MPUIOXEHWUI COo34aHbl
mMoaenn uandeckmnx KOMMOHEHTOB: ABUraTesisi BHYTPEHHEro CropaHus, GpUKLMOHHbLIX My@dT CLIENIEHUS,
3yb4aTbiX PedyKTopOoB, Yrpyrux BasioB, AEMIOUPYIOLUNX YCTPOWCTB, a Takke CUCTEMbI YrpaB/eHusl
cuioBoVi nepena4veri Tpaktopa. Co3gaHa umMppoBasi MOAes b TPaAHCMUCCUKM TpakTopa, fNpuBeaeHa ee
pacyeTHasi cxema, 3aAaHbl NCXOAHbIe xapaktepuctuku. C ee noMOLLbO MPOBEAEeHO MOAEIMPOBaHNE
ANHaMUYEeCKUX MPOLIECCOB B KOPobOKe repemeHsl nepegay tpaktopa. OCHOBHOE BHUMAaHWE B AaHHOM
paboTe yaeneHo NpuMeHeHWIO NnpeaiaraeMor MeToanku Ass pacyeTta anHammy4eckmux npoueccos B KII
npu NnepexkItnyYeHnsx nepenay rnoa Harpy3kou rnpuv rnpsmMoM n PEBEPCHOM BKJIHOYEHUW, B TOM 4YMUC/E
C OAHOBPEMEHHbLIM UCMO/Ib30BAHNEM HECKOJIbKUX PPUKLMNOHHBIX MYQDT.

Kniouesbie cnoBa: TpaHCMUCCUS, YNC/IEHHOE MOAEMPOBaHue, Kopobka repemMeHsl nepeaay, TpakTop,
ANHaMuyecue fpoLecchl.
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