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Abstract. To ensure quality of dry friction clutch engagement in automated mechanical transmission during vehicle starting-up and
maneuvering the control range of clutch actuator has to be maximum wide. It depends on the consistency of the clutch actuator
geometric parameters with the electrical characteristics of the used solenoid valves, the output stage of the controller and the PWM
control signal frequency. In addition to precision electronic control the driver must be able to “manually” operate the dry friction
clutch in emergency. That is why friction clutch must have two independent control circuits. The original automated drive with
a duplicate pneumohydraulic circuit for the friction clutch is presented in the paper, as well as the research results of the PWM
frequency influence on operating range of the clutch pneumatic actuator. The research was based on the analysis of semi-natural
experiment for assessing the functional performance of the designed automated mechatronic control system for the truck mechani-
cal transmission. Ecomat R360 controllers were used as a hardware base of the test bench information control system. The deve-
loped software for the controller with one-parameter feedback on the clutch release lever movement allows to provide the PWM
signal of varying duty ratio to the proportional solenoid valve of the automated drive. A graphical representation of the research
results was performed with visualization possibilities of CoDeSys V2.3. During the semi-natural experiment, the polynomial de-
pendence between variation of the clutch actuator control range and the generated PWM signal frequency in the range up to 400 Hz
was revealed as well as practical recommendations on the choice of the optimum PWM signal frequency are also given in acti-
vity. The research results can be used in an adaptive control algorithm for automated mechanical transmission of trucks and road
trains to ensure precise control of the clutch actuator in the starting-up and maneuvering processes.
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HCTIOJTHUATENBEHBIM MEXaHU3MOM CLEIUICHHS JOJDKEH ObITh MaKCHMalbHO IMMpokuM. IllnpuHa nuama3oHa 3aBHCHUT OT cOTJia-
COBaHHOCTH T€OMETPHUYECKUX TMapaMeTPOB HCHOJHHUTEIBHOTO MEXaHHW3Ma CIEIUIEHUS C 3IEeKTPHYECKUMU XapaKTePUCTH-
KaMH HCTIONB3YEMBIX JIICKTPOMATHHTHBIX KJIAIIAaHOB, BBIXOJHBIM KacKaZoM KOHTPOJJIEpa M YacTOTOH yNpPaBIISIONIETO
HINM-curnana. [ToMuMo NpenUu3UOHHOIO 3JIEKTPOHHOIO YIPaBJICHUS BOAUTENb JOIKEH MUMETh BO3MOXKHOCTb «BPYUHYIO»
YIPaBIATh CyXUM (PPUKLHMOHHBIM CLEIIIEHHEM B aBapUHHOM CHTyalllH, BCIEICTBHE YEro MOCIeIHee JOKHO UMETh JIBa He-
3aBUCHMBIX KOHTYpa yIpaBlIeHHs. B cTaThe mpencTaBiIeHbl OPUTMHANBHBIA aBTOMAaTH3HPOBAHHEBIA NPHUBOJ (PUKINOHHOTO
CLEIUICHUs] ¢ AyONUPYIOMMM ITHEBMOTHAPABINYECKAM KOHTYPOM, @ TAK)Xe Pe3yJbTAaThl MCCICIOBAHUS BIMSHHS YacTOTHI
HIMM-curnana Ha pabouunii IUana3oH yIpaBlieHHUs ITHEBMATHYECKAM HCIIONHHUTEIFHBIM MEXaHH3MOM cleruieHus. Mcceneno-
BaHMs 0a3MPOBAINCH Ha aHAIM3E PE3yJIBTATOB MOJTYHATYPHOTO SKCHEPHMEHTa O OIeHKe (YHKIMOHAIBHON paboToCcroco0-
HOCTHU CHPOEKTHUPOBAHHON aBTOMAaTU3MPOBAHHON MEXATPOHHOM CHCTEMBbI YNpPaBJIECHUS MEXaHUYECKON TPAaHCMMCCUEN Ipy30-
BOTO aBTOMOOMIISI. B kauecTBe ammapaTtHOH OCHOBBI MH()OPMAIMOHHOW CHCTEMBI YIPABICHUS UCIBITATEIBHBIM KOMIIIEKCOM
UCIIOB30BANCH KOHTpoiuiepsl Ecomat R360. Pa3paboTanHoe mporpaMMHoe ofecrieueHne KOHTPOJUIEPOB C OJHONapaMeT-
pHUecKOi 00paTHOHN CBSI3BIO MO MEPEMELICHUIO phlYara BBIKIIOYEHUS CLEMIeHus mo3BoisieT noxasats LLIVIM-curnan nepe-
MEHHOH CKBa)XKHOCTH Ha IPONOPIMOHAIBHBINA 3JIEKTPOMAarHUTHBINA KJIAllaH aBTOMATH3WPOBAHHOrO mIpmBona. I'padudeckoe
NpeACTaBICHUE Pe3yJbTaTOB HCCIENOBAaHUN MPOU3BOIMIOCH C MOMOLIbI0 cpeacTB Busyaimmzauuu CoDeSys V2.3. B xone
MOTyHATYPHOTO JKCIEPUMEHTA BBIABIECHA ITOJMHOMHANbHAS 3aBUCHMOCTh MEXAy W3MEHEHHEM [Hala30Ha yIPaBICHHS
HCIIOJIHUTENBHBIM MEXaHU3MOM cCleIieHus U dactoroi renepupyemoro IIMM-curnana B unrepsaie no 400 I'n, a Taxoke
JaHBl MPAKTUYECKHE PEKOMEHAAIMH 110 BEIOOPY ONTUMABHOH YacTOThI MOIYJIMPOBAHHOTO ITHPOTHO-MMITYJILCHOTO CUTHAIIA.
Pe3ympraThl HCCIeOBaHUH MOTYT OBITH HCIIOJIB30BAHBI B aJalITHBHOM ITOPUTME YIPABICHUS aBTOMAaTH3UPOBAHHON MeXa-
HHYECKOW TPaHCMHCCHEH I'py30BBIX aBTOMOOMJICH M aBTONOE3JO0B JUIsl 00ECIeUeHHUs MPELM3NOHHOrO YIPABICHUS UCIIOIHH-
TENBHBIM MEXaHN3MOM CIIEIUICHUS B IIPOIIeCcaX TPOTaHUS C MECTa U MAaHEBPUPOBAHNSL.

KiioueBble cjioBa: ABTOMATU3UPOBaHHAA MCXaHUYCCKasA TPAHCMHUCCHA, aBTOMAaTU3UPOBAHHAA MEXaTPOHHAsA CUCTEMA, CyX0€
(pr/IKLII/IOHHOE: CHECIIICHUC, aBTOMaTI/ISI/IpOBaHHHﬁ npuBoO 1, ITHEBMATHYECCKUH HCITOJTHUTEIbHBIN MEXaHHU3M, IPONOPHUOHAIb-
HBIA SHCKTpOMaFHI/ITHHﬁ KJIartad, IUPOTHO-UMITYJIbCHASA MOAYJIALINSA
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Overview of transmission mechatronic systems
showed that automated drive of dry friction clutch
has, as a rule, an additional duplicate control cir-
cuit [1-5]. The electronic components of mecha-
tronic systems, despite their relatively high relia-
bility, characterized by intermittent faults and sud-
denness of failures occurrence. Additionally,
working medium may leak from the actuator cir-
cuit that reduces or eliminates the control system
operability and vehicle mobility.

Considering the above, as well as using the ex-
perience of foreign companies, specialists of the
BNTU Automobile Department have developed an
original duplex drive [6] of dry friction clutch,
which is integrated into powertrain control mecha-
tronic system (Fig. 1) and has two independent
control loops.

Automated drive, as the primary circuit, in-
cludes a pneumatic actuator 14 and the propor-
tional solenoid valve 13 installed on the gear-
box (Fig. 1). Duplicate hydraulic drive consists of
a pedal 8 with a hydraulic cylinder 7, pipeline and
pneumo-hydraulic booster 6 (Fig. 1, 2). Clutch
release node is a lever mechanism, which consists
of two levers 16 and 17 mounted on the bush of
clutch fork shaft. One of the levers is connected
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with a power actuator of the clutch automated
drive. Another one comes into the duplicate
hydraulic drive.

Calculation of the actuator active diameter is
based on the maximum clutch disengagement
force, the drive ratio and system’s nominal pres-
sure. When designing automated dry clutch for
serial production, the actuator active diameter is
tended to choose from a standard series of pneu-
matic cylinders. As known well about actuator on
cylindrical type, the dead zone and friction be-
tween the piston and the cylinder surface are
changed during operation of the vehicle, that influ-
ence on the control quality of the clutch transition
process. At the test stand of the BNTU, a brake
chamber (type 16) with diaphragm type was used
as a clutch actuator to improving the control quali-
ty by reducing the dead zone and friction.

At the clutch engagement in the automatic
mode, for example during starting or maneuvering,
in order to control proportional solenoid valve 13,
the strategy of the Direct Semi-Active Control [7]
is offered to use. The meaning of the strategy
is applied to the solenoid coil PWM signal with
a subsequent change of its duty ratio according to
a predetermined algorithm.
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Fig. 1. Schematic diagram of powertrain control mechatronic system with clutch duplex drive:
1 — brake pedal; 2 — mode selector; 3 — position sensor; 4 — accelerator pedal; 5 — display; 6 — pneumo-hydraulic booster;
7 — hydraulic cylinder; 8 — clutch pedal; 9 — air supply; 10 — gearbox actuator; 11 — contact sensors; 12 — speed sensors;
13, 21 — proportional solenoid valves; 14 — clutch actuator; 15, 22 — displacement sensors; 16, 17 — clutch release levers;
18 — splitter actuator; 19 — auxiliary brake valve; 20 — pressure sensors; 23 — engine actuator;
24 — pneumatic cylinder for engine turn off; 25 — engine brake actuator

14

solenoid valve

From proportional

—

Z ) — From the
i | “\ air receiver

W gi=— 4

To pneumo-hydraulic
booster

Fig. 2. Duplex drive of dry friction clutch: 6

=P %_v,/ %

From hydraulic &

cylinder

— pneumo-hydraulic booster; 7 — hydraulic cylinder;

8 — clutch pedal with return spring 26; 14 — clutch actuator; 16, 17 — clutch release levers; 27 — expansion tank

At all transient processes electronic system has to
provide such a clutch engagement tempo that would
to avoid dynamic overloads in the transmission on
the one hand and not to exceed the criterial limits for
energy loading of friction clutch, evaluated by speci-
fic work and power of slipping [8], on the other.

If the mode selector 2 is subsequently set by
the driver (Fig. 1) to the “D” position (drive) and
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the accelerator pedal is pressed, the transmission
ECU sends a signal to the clutch control propor-
tional solenoid valve 13 and in parallel by CAN
the information about the current position mode
selector and accelerator pedal 4 is transmitted to
the engine ECU. As soon as the clutch is disen-
gaged, the transmission ECU generates sequen-
tial control signals to the solenoid valve block
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of gearbox and splitter actuators for the first selec-
ting the rod, and then enabling the optimum gear
step by actual driving conditions as: actual vehicle
speed and mass, the rotation speeds of the engine
crankshaft and driving wheels, the number of the
previous gear steps. After that, the signal on the so-
lenoid valve 13 is modified and the clutch is engaged
on the set rate. Depending on the degree to which
the clutch is engaged, the fuel supply gradually
increases in proportion to the position of the accele-
rator pedal set by the driver in the initial phase.

AMT start-up adaptive algorithm [9] in the
automatic mode of the power unit is the following
sequence of operations: transmission mode selector
control — full clutch disengagement — main and
additional gearbox control — engine control — full
clutch engagement.

After moving the mode selector 2 to the
“D” (drive) position (Fig. 1), the driver presses
on the accelerator pedal 4 for vehicle starting-up.
The proportionality between the pedal rotation
angle (by position sensor 3) and the movement of
the fuel injection pump regulator lever (by dis-
placement sensor 22) is provided by the engine
ECU by pulse-width modulation (PWM) signal to
a proportional solenoid valve 21 with using feed-
back on the movement of the fuel injection pump
regulator lever and the engine crankshaft rota-
tion frequency [10]. The required rate of vehicle
star-t-up is determined by the “gas” pedal press
speed, on the basis of which the transmission ECU
calculates the pro-required clutch engagement rate
and the enable gear number. In parallel, while
receiving signals from the mode selector limit
switch, the engine speed sensor, the fuel supply
position sensor and the accelerator pedal position
sensor, the transmission ECU generates a control
signal to open the proportional solenoid valve 13.
The valve is activated and the compressed air
comes from the receiver of the supply part 9 into
the clutch actuator 14 (pneumatic chamber), as the
result of which the clutch is disengaged. After
working out the signal from the clutch lever sensor
15, the transmission ECU sequentially generates
signals to the solenoid valve block of the gearbox
actuator, as well as the air-control valve for shif-
ting the splitter. After shifting on the required gear
(the respective gearshift limit switches are closed),
the transmission ECU sends a PWM-signal to the
proportional solenoid valve 13, increasing the duty
cycle of the signal by a certain amount depending
on the “gas” pedal press speed. The compressed air
from the clutch actuator — pneumatic chamber 14
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through the proportional solenoid valve 13 is gra-
dually discharged into the atmosphere, providing the
required clutch engagement rate. To avoid “overloa-
ding” of the clutch, feedback is introduced into the
control circuit according to the increment by time of
difference between angular velocities of the driving
and driven clutch parts (dAw/dt). The feedback is
also entered into the engine control circuit to avoid
ICE stalling by the reduction in the crankshaft angu-
lar velocity @; while the clutch is engaging.

Control algorithm adaptation occurs when the
mechanical and (or) electrical characteristics
of the mechatronic system components vary, as
well as the driving behavior or the vehicle weight
state change.

The functionality of the developed AMT mecha-
tronic system (Fig. 1) and the operational integrity
of the vehicle start-up adaptive algorithm are con-
firmed by the result of a semi-real experiment on
test complex BNTU.

Clearly, that the control quality of dry friction
clutch will depend on the width of the PWM signal
range. The range value is influenced by the con-
sistency of the actuator geometrical parameters,
solenoid valve operating characteristics and the
controller output stage. At constant parameters of
the last dominant influence on control range has
generated the PWM signal frequency.

For debugging powertrain automated mecha-
tronic system a special test bench was created in
the laboratory of the BNTU Automobile Depart-
ment. The test bench consists of diesel engine, dry
friction clutch, mechanical gearbox, inertial mass
and a load device. Ecomat R360 controllers of
CR2500 series were used as a hardware basis
of the designed control system.

To investigate the influence of PWM sig-
nal frequency to control range of clutch actuator,
a special software has developed. It allows to initia-
lize the signal generator and to provide the PWM
signal of varying duty ratio (but a certain frequen-
cy) in automatic mode to the proportional solenoid
valve VEP 3121-1 that controls the clutch actuator.
During the experiments, PWM frequency was varied
from 150 to 250 Hz in steps of 10 Hz. The clutch
lever position, fixed by the potentiometric sensor
MY-615A of angular displacements, was used as
a feedback. A graphical representation of the semi-
natural experiment results was performed with
visualization possibilities of CoDeSys V2.3. Some
records of engagement/disengagement of dry fric-
tion clutch are shown at Fig. 3.
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Fig. 3. Oscillogram of clutch engagement/disengagement process at PWM frequency of 150 Hz:
first screen — digitizing the signal from the clutch lever position sensor, bits;
second screen — current to the coils of the solenoid valve, mA; third screen — PWM reload value, bit

As shows the results of experiments the PWM
signal range was the greatest at a frequency
of 150 Hz. Its value was 40.7 %. There is a steady
trend towards a narrowing of the control range
with frequency increasing. Already at 200 Hz con-
trol range decreased by 26.04 % and was 30.1 %.
At 250 Hz the range decreased by 34.15 % and
was 26.8 %. The above described control range
dependence of the PWM frequency is illustrated
in Fig. 4.

0 65535
PWM, % - 60000
207 pwMm

40 F 40000 PP

B 407%77 Y=
o : 57N e
20000 VIS dﬂé‘é j?ﬁ@ﬁ

80

100~ 0
130 150 170 190 210 230 v,Hz 270

Fig. 4. Control range dependence of the PWM
signal frequency

During the vehicle operation, the friction plates
of the clutch are wore and resulting of which is
a change in the control range of actuator. To im-
prove the quality of the clutch transition process
when starting-up vehicle, adaptation of the control
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algorithm is required. Adaptation to control range
of clutch actuator can be implemented at the soft-
ware level by the dependence of the control range
variation on the PWM signal frequency in an ana-
lytical form. The dependence of the control range
variation on the frequency of the control PWM
signal can be expressed by an approximating
polynomial whose coefficients are obtained by
processing experimental data using the Polyfit
function [11, p. 379] in the MatLab package.

Justification of the polynomial degree choice
was carried out on the basis of the smallest modu-
les criterion MAPE (Mean absolute percen-
tage error) [12, p. 1104, (1)], which makes a pos-
sible to estimate the approximation error by the
formula

‘yf =/ ‘

13 IS
MAPE =—%"121.100 %:ZZ 100 %, (1)
J

iV j
where e; — prediction step error; y, yf — actual

and predicted trend point value (PWM control
range, %); h — number of points.

The errors calculation results of the approxi-
mating by polynomial on various degree are pre-
sented in Tab. 1.
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Table 1
The errors of the approximating polynomial
Coefficient Degree of approximating polynomial
I I 111 v v
b0 59.91281818 118.1773636 142.5556 177.362515 161.286182
bl —0.14097090 —0.73855599 —1.1155831 —1.83458 —1.4192847
b2 - —0.00149396 0.003407 0.0089159 0.00466
b3 - - —3.19E-06 —2.17E-05 —1.22E-07
b4 - - - 2.32E-08 -3.13E-08
b5 - - - - 5.45E-11
Criterion MAPE, % 3.630 0.224 0.088 1.328 0.117

For a given approximation error less than 0.1 %,
the dependence of the control range variation on
the frequency of the control PWM signal is
described by a 3™ order polynomial as in formula

Dpypy =142.56—1.116v +

+0.0034v> —3.19E - 06v°, ®
where Dpwy — control rate of clutch actuator, %;
v — frequency of control PWM signal, Hz.

The variation of PWM frequency does not influ-
ence on the current range. During the clutch lever
movement the magnitude of the current to the sole-
noid valve coils varies from 0.272 to 0.614 A (Fig. 3),
1. e. operating current range is 0.342 A. Taking into
account operating characteristic of the used sole-
noid valve and its zone of stable operation it
is 50.3 %, which is a satisfactory result. Clutch
actuator hysteresis is shown in Fig. 5.

Clutch actuator hysteresis should be integrated in
AMT adaptive control algorithm of vehicle star-
ting-up process. The semi-real experience results
of start-up process when debugging of AMT adaptive
control algorithm with PWM frequency 150 Hz on
test complex BNTU are shown in Fig. 6.
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Fig. 5. Clutch actuator hysteresis: / — current to the solenoid
valve, A; t — digitizing the signal from the clutch lever
position sensor, bit
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CONCLUSION

The research has shown that the PWM fre-
quency has a significant influence on the actuator
control range: change in frequency of 50 Hz results
in a change of the PWM control range for
about 4-10 % (Fig. 4). However, at too high or low
frequencies valve coils heating or periodic instabi-
lity of the whole system is possible. The last one
expressed in a substantial increment of clutch lever
displacement with a slight change of the PWM
signal. Therefore, the choice of the optimum fre-
quency must be done on the basis of the specific
features of the designed system.
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