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ABSTRACT

When an automatic mechanical transmission
(AMT) shifts gears frequently, the clutch is repeatedly
in the state of slipping, which makes the clutch thermal
effects accumulate rapidly. The temperature in the
frictional parts rises and spreads after the clutch's
frictional work is applied, that needs some moments.
To observe the clutch thermal effects and overcome
the delay of temperature rise variation on clutch
control, this paper proposes a prediction control for
clutch temperature protection based on the long short-
term memory (LSTM) network. Firstly, an extended
state observation (ESO) model for clutch temperature
based on clutch dynamics and heat transfer theory was
established to estimate the temperature of the friction
parts. Secondly, the future trend of clutch temperature
was predicted based on the LSTM network algorithm,
and the temperature was prevented from exceeding the
threshold by adjusting the shift frequency and clutch
input torque. Finally, the bench experiment was
conducted to manipulate the AMT and clutch for 20
upshift and downshift cycles to compare the effect of
temperature protection with LSTM and recurrent
neural network (RNN) predictive control. The results
shown the 16.21% reduction in high temperature
operating time (over 250°C) with LSTM predictive
control and the friction work was reduced from
5812.47kJ to 5380.48kJ.

INTRODUCTION

Repeated engagement in the dry clutch system
leads to a significant increase in the temperature of
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the threshold range of 250°C to 300°C after prolonged
slipping(Meng and Xi, 2021). Excessively high
temperatures will result in a phenomenal decrease in
the coefficient of friction, inadequate shift quality
control, and potential clutch failure(Pisaturo and
Senatore, 2019). Therefore, it is essential to
investigate the temperature variation characteristics of
friction components to effectively control the
engagement of the clutch. Currently, the primary
methods for characterizing clutch temperature are
through finite element analysis (FEA), mathematical
modeling, and experimental analysis(Jabbar et al.,
2021).

The finite element approach is adopted to
analyze the temperature of the clutch friction
components by building an axisymmetric finite
element model(Majeed et al., 2020). Researchers have
used FEA software to analyze the variation of clutch
temperature by varying the friction material (Sabri et
al., 2021), engagement pressure (Stojanovic et al.,
2020), sliding speed(Abdullah et al., 2020; Saffar et
al., 2023), engagement conditions(Wu, 2021; Zhu et
al., 2019) and so on. Computer simulation is used to
simulate clutch engagement through FEA, but it is not
feasible to estimate the clutch temperature online in
real time according to the wvehicle's powertrain
conditions.

Mathematical modeling approach is used to
evaluate the temperature of individual friction
components by developing the mathematical model of
clutch temperature based on principles of dynamics
and heat transfer theory. During clutch slipping
friction, the total heat quantity input is distributed
according to the heat diffusion mathematical formula
and the friction component temperature is
estimated(Abdullah et al., 2018). The longer the
duration of slipping friction when the clutch is
engaged, the higher the temperature rise(Gkinis et al.,
2018; Topczewska et al., 2020). At temperatures
above the threshold range of 250~300°C, the
decomposition of the clutch friction material leads to
a sharp decrease in the coefficient of friction(Qiao et
al., 2022). The thermoelastic instability of the clutch
system worsens with time due to the accumulation of
friction work. Therefore, studying the clutch thermal
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effect through the mathematical modeling is essential
to enhance the torque transfer performance of
automotive clutch (Della Gatta et al., 2018).

The experimental approach involves testing the
clutch under various operating conditions on a bench
or a vehicle, and collecting the clutch component
temperatures through sensors(Skugor et al., 2020; Jin
et al., 2022). The researchers have built a temperature
model of the clutch based on processing and analyzing
the data(Cakmak and Kilic, 2020). Direct temperature
measurement of clutch friction parts is complex and
costly, making it challenging to apply in vehicles.
However, a bench can be constructed to simulate the
actual vehicle driving environment, and mathematical
modeling can be used to observe the clutch
temperature.

The main contribution of this study lies in the
following aspects. An experiment platform is built to
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simulate the real application environment of
commercial vehicle clutch and to perform clutch
temperature prediction control tests, as shown in Fig.
1. Data are collected online by a torque meter and a
clutch position sensor. The temperature observation
model of the clutch friction parts is established based
on clutch dynamics and heat transfer theory. ESO is
used to reduce the measurement perturbation and
improve the temperature estimation accuracy.
Prediction of future trends in clutch temperature with
the help of deep LSTM network algorithm. If the
forecast value surpasses the heat threshold of the
clutch, the drive motor's torque output and AMT shift
frequency will be anticipatedly regulated to impede
the temperature from exceeding the threshold. This
approach can be used in engineering practice to reduce
clutch operating time at high temperatures, improve
clutch performance and extend clutch life.

Clutch temperature prediction based on deep long and short-term memory network (LSTM) ‘

Predicted value exceeds
temperature threshold

1.0bservation temperature Ty, | 2.Current gear 3.Shift frequency 4.Shift gap time

Extended state observer (ESO)-based clutch temperature estimation model ‘
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Fig. 1. Schematic diagram of the clutch temperature observation and protection experiment platform.

CLUTCH DYNAMICS ANALYSIS

During AMT gear shifting, clutch temperature is
one of the key factors affecting the characteristics of
dry clutches. On the one hand, the clutch temperature
variation makes the clutch friction coefficient and
torque transfer capability change (Myklebust and
Eriksson, 2015), as shown in Fig. 2, which directly
affects the control performance of AMT such as
starting and shifting. On the other hand, clutch wear
characteristics increase with increasing temperature,
with the consequent decrease in clutch life, safety and
reliability. Therefore, it is very meaningful to predict
the clutch plate temperature by other easy-to-meter
parameters, so as to optimize the AMT control design,
increase the temperature warning, effectively control
the temperature rise, and avoid overheating damage

This  provides
power to the
drive motor and
load motor.

and thermal failure of the clutch in the process of
starting and shifting.

0.40 T T T T

T—%— Friction'coclicitol ™ .
595 Clnch trumsfer torque s g

0.35

ol
i
b

Friction coefTicient
=
i
54

0.10

Clutch transfer torque loss rate

005 -

0 L 1 L L L L L ' L

0
0 50 100 150 200 250 300 350 400 450 500
Clutch temperature (°C)

Fig. 2. Clutch temperature affects its operating
characteristic.

AMT clutch have two modes: slipping mode and
engagement mode. In the engagement mode, the
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clutch behaves as a rigid body, whereas in the slipping
mode, the clutch consists of two parts: the master and
the slave. The clutch enters the slipping friction phase
and the kinetic equations for this process as follows:
JDd)dnz = Mdm - Mc/' - bDa)dm

1)

Sy =My -M, -bo,

where wan is the drive motor output angular velocity,
rad/s; we is the clutch friction plate angular velocity,
rad/s; Myy is the drive motor torque, Nm; M, is the
clutch friction torque, Nm; M; is the equivalent load
torque at the clutch driven end, Nm, M;=M,./ig; ig is
shift transmission speed ratio; M,, is the torque
collected by the torque meter, Nm; Jp and bp are the
equivalent rotational inertia and damping coefficient
of the clutch active end, kg-m? and N/(m/s); J. and b,
are the equivalent rotational inertia and damping
coefficient of the clutch load end, kg-m? and N/(m/s).

During the clutch engagement process, the
experiment platform applies load to the clutch driven
end through the load motor and load transmission to
simulate the actual vehicle working load, and the load
torque output from the loading device is collected by
the torque meter. Therefore, the torque meter torque is
My = Myiy, My, is the load motor torque, Nm; i is
load transmission speed ratio. The equivalent
rotational inertia and damping coefficient as follows:

Jp=JgtJ sty

J, =J, +J+J,+J,

by =b,,tb, +b,

b, =b,+b,+b,+b,
where Jy, is the rotational inertia of the drive motor
rotating parts, kg-m? Js, is the flywheel rotational
inertia, kg-m?; J,; is the clutch rotational inertia, kg m?;
Jst, Jas, Jir and Jp, are the rotational inertia of the shift
transmission, drive shaft, load transmission and load
motor rotating parts, kg:m?; by, is the drive motor
rotating parts damping coefficient, N/(m/s); by, is the
flywheel damping coefficient, N/(m/s); b, is the clutch
damping coefficient, N/(m/s); by, bas, b and by, are the
damping coefficient of the shift transmission, drive
shaft, load transmission and load motor rotating parts,
N/(m/s).

When the clutch enters the synchronization
phase, the torque output from the drive motor can be
transferred to the shift transmission without loss, and
the dynamic equations as follows:
{(JD +J,)@, =M, — M, — (b, +b,)o,

,

dm

m @)

3

After the clutch is engaged, the vehicle enters a
stable driving state. The drive motor and AMT are
considered as consolidated and the clutch system has
no friction losses.

= wL:f

CLUTCH TEMPERATURE
OBSERVATION MODEL

This section analyses the diffusion process of
thermal effects in the clutch friction components. The
clutch zero position xo of the clutch actuator is subject
to position changes due to thermal expansion of the
friction plates and can therefore be used as a means of
observing the temperature rise of the clutch. The
clutch temperature is then modeled so that it can be
used in engineering applications that meet the
development requirements. To reduce measurement
disturbance in temperature and displacement sensor
signals, an expanded state observer (ESO) is utilized
to observe the temperature increase of the main clutch
operating components, including the pressure plate
and flywheel.

Temperature Effects Analysis

The friction work generated by clutch slipping is
converted into heat and diffused through the pressure
plate and flywheel. The pressure plate and flywheel
initially absorb heat through frictional work surfaces.
This heat is then conducted to the entire throughout
pressure plate and flywheel, and subsequently diffused
into the surrounding air and the clutch housing through
convection and radiation. The transfer of heat causes
an increase in temperature of the flywheel, the
pressure plate, and other related parts. Schematic
diagram of the heat dissipation path of the clutch
slipping friction as shown in Fig. 3. Therefore, the
temperature of the clutch is determined by the amount
of friction work produced and the heat dissipation
conditions of the transmission. These two factors have

a combined effect on the temperature of the clutch.
Pressure || Quter || Clutch |

Freewheel 1 7
plate housing housing

=

+—

—
Direction of
heat spreading|

Fig. 3. Heat dissipation path of the clutch slipping.

In the clutch engagement process, friction power
and friction work are the basis for measuring the
thermal load.

30&3' = Mcf (a)dm - a)z:/) (4)
where P is the clutch friction power, kW.

The friction disc is right in the middle and its
heat spreads outwards through the flywheel and
pressure plate. As the friction material of the clutch

disc has poor heat absorption, the amount of heat
absorbed is negligible compared to that absorbed by
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the pressure plate and flywheel. Therefore, this study
only focuses on the absorption of heat generated by
slipping friction by the clutch pressure plate and
flywheel. When the clutch rotates at high speed, the
clutch pressure plate, the flywheel, and the
surrounding air move relative to each other at high
speed. The heat balance equation(Myklebust and
Eriksson, 2015) for the flywheel and pressure plate are
as follows:

. 1
T, = 7[0,’ power F;axs + ka* Pp
ﬁ"cl—’

+ kfw—oh (T,

(T

pp

- T/w) + kfw—ch (Tch - wa)

- wa) + k fiv—cool (7:-001 - T/W)]
(%)
1
= 0= )Py (T =T, ©
+ kppfch (7:;1 - T,,,,)]

where T4, Tpp, Ten, Ton and Teoor are the characteristic
temperature of the flywheel, pressure plate, clutch
housing, outer housing, and drive motor coolant,
respectively, and the units are °C; opowe- denotes heat
distribution coefficient; apowerPloss is the heat generated
when the flywheel and friction discs rub against each
other, kW; (1-apower)Ploss 1s the heat generated when the
pressure plate and friction discs rub against each other,
kW; my, and m,,, are the flywheel and pressure plate
mass, kg; ¢, is the specific heat capacity, J/(kg.C).

Due to the poor heat absorption of air and the
high-speed rotation of the clutch, it is assumed that the
temperature inside the outer housing remains constant
and any heat absorbed by the air is negligible. The heat
generated inside the outer housing is dissipated
through conduction and convection to the atmosphere.
The heat balance equation for the clutch housing and
outer housing are as follows:

1

T

T, =—1k, ,(T-T,)+k (T —T
ch mCth[ _/m—(h( Sfw ch) pp Lh( pp ch) (7)
+ kc/z—oh (7:»1 - Tch )]
. 1
T, = 7[kfw—nh(7_‘w - +k, (T, -T,)
mohcp (8)

+ ko/zfamb (TLmb - To/z )] + f T

where T is the characteristic temperature of external
atmospheric environment, °C; mc; and m,; are the mass
of the clutch housing and outer housing, kg; ks-pp, k-
chs kfw-oh, kﬁ/v-coo/, kpp-ch, kch-ah, and koh-amb are the heat
dissipation factors between the components as shown
in Table 1; fris a disturbance in the collection of
information from the outer housing temperature sensor.

Testing reveals that the expansion of the clutch
friction discs causes an offset in the zero position xy of
the actuator. It is assumed that the expansion of the
lever and clutch body is a linear function of
temperature in order to establish a relationship
between the temperature model and the change in zero
position.

+T

. T,
'x(] :kcxp](%_z—;mb)ﬁ_kcxpz(zwpp _wa)+f‘r (9)
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where k.1 and ke, are the expansion factors; f; is a
disturbance in the collection of information from the
clutch actuator position sensor.

Table 1. Clutch temperature modeling parameters.

Parameters Values

Heat distribution coefficient Opower 0.78

. . 452.1
Specific heat capacity cp J(ke.°C)
Flywheel mass My 40.63 kg
Pressure plate mass My 27.58 kg
Clutch housing mass Mep, 9.32 kg
Outer housing mass Mo 29.14 kg
Heat dissipation factor between e 10.12
flywheel and pressure plate Swpp ’
Heat dissipation factor between I 36.95
flywheel and clutch housing Sl ’
Heat dissipation factor between k 411
flywheel and outer housing fu-oh :
Heat dissipation factor between e 514
flywheel and drive motor fiv-cool ’
Heat dissipation factor between X 326
pressure plate and clutch housing pp-ch ’
Heat dissipation factor between clutch

. . keh-on 52.32
housing and outer housing
Heat dissipation factor between outer

: : : kon-amp 9.85
housing and air environment
Expansion factor Kexpl 13.82
Expansion factor kexp2 25.96

Temperature Extended State Observation Design

The temperature distribution of various clutch
components, such as the pressure plate, flywheel, and
housing can be calculated by analyzing the clutch's
thermal effect. The sensors are capable to collect the
temperature variable 7, and the displacement variable
Xo for the mathematical model of the clutch thermal
effect. Measuring the temperature variables Ty, Tpp
and T for the friction component is challenging due
to the high cost of sensor equipment and the difficulty
in operating the collection process. Thus, a state space
model of the clutch temperature is created using the
system differential Equation (5) ~ (9), and a state
observer is designed to estimate the unknown state
variables of the system based on the known state
variables.

The following definitions are made: state vector
X =[Th, Top, Ten, Ton, x0]7, input vector U = [Ploss], P =
[Teoots Tamp)’, F = [fr, fx]" and output vector ¥ = [T,
x0]". Where P is available and F is perturbed. Now, the
clutch temperature state-space model can be expressed
as:
X=4X+BU+BP+BF

(10)
Y=CX
apower fw—cool 0 0 0
Sl O R I
B, = 0 Bp: B/.: 00 (11)
0 k L
0 Z—umb 10
0 o = 01
2
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_(kﬁv—pp + kfw—fh + kﬁv—nh + kﬁv—mnl) kfw—pp
m.fwcp mﬁvcp
kﬁm* . _(kﬁ«'*pp + kpp )
m,c, mn,c,
A= kﬁv—ch kpp—ch
mchcp m(‘h C[J
kﬁv—ah O
mgc,
expl expl
2 - exp2 2 + kexp 2
C=[0,0,1,0,0; 0,0, 0, 1, 0] (13)

where A is the state matrix as shown in Equation (12).
B., B, and Byare the coefficient matrices of the control
variables, known variables and disturbance variables
as shown in Equation (11). C is the output matrix as
shown in Equation (13).

Since the measurement of system output
variables is affected by random perturbations, in order
to improve the accuracy of state variable observations.
Therefore, ESO is used to observe this part of the
perturbation and the ESO parameters are adjusted
according to the results of the perturbation
observation(Zhou and Chang, 2017). The system state
reconstruction of the system space Equation (10) is
performed to obtain the ESO equations as shown in
Equation (14). The clutch temperature estimation
model based on the ESO is shown in Fig. 4.

)?1 :Ali)}'i +B, 1U+BP1/P/ +ﬁ(Yl _YAI)
’ ’ &
)A(z :Azl'j(i +B,,U+B, szj +&(YI _YA])
' &

P3j

)A(s:Asi)A(i"'BmU"'B P,"'&(Yl_);l)
’ 3

X, 6,+B,,U+B,,.P +ﬂ(Ylffl)

P.4j
&

(14)

A n a. A
X5 =0, +Bu,5U+BP,5ij +?5(Yz -Y)
L 5
0, :7;(Y] _Yl)

&
A (0% IS
6,=—,-Y)

&

where X, ;and &, are the observer state variables; 7,

and 7, are the observer output variables; &, , are

positive real numbers; o>0andi=1,2, -, 5,j=1, 2.

The shift transmission underwent the cyclic shift
test, during which the clutch is repeatedly engaged and
disengaged, causing the temperature of the friction
parts to rise and then cool. The zero position has been
recorded as a measure of friction disc expansion. The
variation of clutch zero position offset during
temperature rise is shown in Fig. 5. As the clutch
temperature increases, the more the friction discs
expand and the greater the clutch zero position offset.
Then the clutch cools and the clutch zero position bias

k fw—ch k fw—oh 0

mgc, mgc,

kppfch 0 0

mPPCﬂ

_(k fiv—ch + kpp—ch + kch—oh) kch—nh 0 (1 2)

m(‘hcp m(‘hcp

@ _(k f—oh T Koo + Kopams) 0

myc, myc,

0 0 0
decreases. The temperature model Equation (9)
demonstrates a strong correlation with the
measurements.

lF
U [ »
J P X=AX+B,U+B,P+BF =
P | y=Ccx i

Y

Extended State |
o 4——| Observer(ESO) [

Fig. 4. Clutch temperature model based on ESO.
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Fig. 5. Zero position xo measurement and thermal

expansion observation of friction disc.
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constituting a shift cycle. During this process, the
clutch is repeatedly engaged and disengaged, and the
temperature change of the friction parts is observed, as
shown in Fig. 6. The flywheel absorbs the most heat
during clutch slipping. Therefore, the flywheel
temperature 75, is used to represent the clutch
temperature. Next, effective measures are taken in
advance to prevent the clutch temperature from
exceeding the set threshold value by predicting the
flywheel temperature T,.

DEEP LSTM-BASED CLUTCH
TEMPERATURE PREDICTION

In this section, based on the current status of the
clutch system, the LSTM algorithm is applied to the
clutch temperature to predict its future trend. The
temperature information that has been forecast is sent
to the clutch control module. The clutch control
module can adjust the control strategy in advance to
prevent the clutch temperature from exceeding the
threshold. This ensures the normal working
performance of the AMT system and extends the
service life of the clutch.

The Structure of the Deep LSTM

The deep neural network is capable of extracting
abstract features hidden in vast amounts of data
through multi-layer non-linear mapping(Mo et al.,

Xy @ Vector sum @ Vector concatenation

@ Vector element multiplication

Fig. 7. Recurrent unit structure of the LSTM.
The structure of the LSTM unit is shown in Fig.
7. Each memory cell contains three types of "gate"
structures: the input gate (i;), the forget gate (f;) and the
output gate (o;).
i=cWx +Uh_ +b)

f,=0(W,x,+U,h_ +b,) (15)
o,=0c(Wx,+Uh,_ +b)

ot 0" 1-1

where o(+) is the Logistic function with output interval
(0,1); x; is the input at the current moment; %, is the
hidden state at the previous moment; W;, Wy, and W,
are the state-input weighs; U;, Uy, and U, are the state-
state weights; b;, by, and b, are the biases.

The LSTM network introduces a new internal
state ¢; (the cell state) dedicated to linear cyclic
message passing, while nonlinearly outputting

J. CSME Vol.46, No.2 (2025)

information to the hidden layer external variable #;
(the hidden state). To obtain the candidate function ¢,
(the cell candidate state) by means of the nonlinear
function.

c,=f®c_ +i®¢

h, =0, ® tanh(c,) (16)

¢, = tanh(W.x, +U.h_ +b.)
where tanh denotes the activation function and ®
denotes the vector element product; W, andU, are the

weights; b, is the bias.

At the output layer, an activation function is
used in order to obtain the final output signal. The
predicted value y as follows:

Vi=o(z)=cWh +b,) a7

The architecture of the deep LSTM network
consists of a LSTM layer, a fully connected (FC) layer
and an output layer (in the Fig. 8), and shows excellent
capabilities in processing time series data used for
prediction and regression problems.

Output
layer

6 Z.
yer  ZWASDy

LSTM
layer

W o
Initial —— LSTM
state 1% 4| Block

|

Input
layer

Fig. 8. Architecture of the deep LSTM.
Clutch Temperature Prediction

The approach to predicting the clutch
temperature is shown in Fig. 9. To predict the clutch
temperature, historical observations of the clutch
temperature, current gear, shift frequency, and shift
gap time are necessary.

Observation |
temperature

Current gear LSTM Fully Predicted
» C * temperature
network
Shift frequency layer (Ta)

i

Shift gap time
Fig. 9. The schematic of the deep LSTM based clutch
temperature prediction.

Clutch temperature observation Tj, is obtained
via ESO. For shift transmission, the current gear
position is obtained by the gear displacement sensor
and then the frequency of gear change is obtained by
statistical calculation. The shift gap time is the time it
takes for the shift transmission to change from one
gear to another. In Fig. 10, it can be seen that the shift
transmission is continuously upgraded from 5th gear
to 11th gear, and the shift gap time are 750ms, 842ms,
853ms, 935ms, 854ms, and 874ms, respectively. The
longer the shift gap time is, the longer the clutch
slipping process is, and the larger the slipping work is,
and the faster the clutch temperature rises.
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Fig. 10. Clutch position, current gear and shift time.

When performing clutch temperature prediction,
the selection of the prediction steps also has a large
impact on the accuracy and real-time performance of
the control. The suitable prediction steps will be able
to accurately predict the development of changes in the
system behavior and provide enough prediction time
for the LSTM control to act as an override control.

The prediction steps are related to the time lag,
to the sampling period, to the number of model
dimensions, and to the rate of change of the system
output. Therefore, the selection of the prediction steps
is specifically determined in the experimental
debugging. In the clutch control task, the clutch
temperature prediction is a SOms calculation task. The
LSTM temperature calculation module outputs the
calculation result every 50ms according to the input
information (the step is 50ms). The prediction steps
are selected as 10, 20 and 30, respectively, and the
results of the clutch temperature prediction are shown
in Fig. 11(a), (b),and (c),.

100
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- -« -Fitted values
Testing set
Predicted values
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(a) prediction steps of 10
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(b) prediction steps of 20

100

|=— Training set
«+<«Fitted values
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Predicted values

920

Temperature (C)
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Time (s)

(c) prediction steps of 30
Fig. 11. LSTM-based clutch temperature prediction
results.

In this study, both clutch temperature prediction
accuracy and adequate prediction trends are
considered. The clutch shift gap is in the range of
500ms ~ 1000ms, which is equivalent to 10 ~ 20 steps.
In order to the clutch temperature prediction to guide
the override control of the shift, the clutch temperature
prediction time should be greater than 1000ms (20
steps). However, when the prediction time exceeds 25
steps, the temperature prediction accuracy decreases
rapidly as shown in Table 2. Therefore, the prediction
steps are determined to be 20 steps.

Table 2. Clutch prediction accuracy at different steps.

Predicted steps RMSE MEA R?

5 steps 2.802 1.093 0.9583
10 steps 3.147 2.352 0.9475
15 steps 3.462 2.527 0.9366
20 steps 3.853 2.848 0.9016
25 steps 7.745 5.263 0.8747
30 steps 9.291 8.013 0.8072

Clutch High Temperature Prevention
The basic idea of LSTM predictive control of
clutch temperature is shown in Fig. 12.

Clutch engagement
requirement

Clutch control Pneumatic Cluteh e

strategy module actuator system

Torque My
Speed wer

Clutch temperature |Z8ro position x,
observer (ESO)

Clutch temperature
LSTM prediction

Fig. 12. LSTM-based clutch temperature predictive
control principle.

The clutch temperature trend is shown in Fig.
13(a), the corresponding Fig. 13(b) shows the torque
adjustment strategy, and the corresponding Fig. 13(c)
shows the shift frequency adjustment strategy.

(1) If the clutch temperature as shown in the two
cases of [1] and [2] in Fig. 13(a), the temperature is in
the decline, or rise slower and from the temperature
threshold value of 250 °C value of a large gap. The
clutch torque can be determined by following strategy
[A] in Fig. 13(b), while maintaining the transmission
shift frequency in state [D] as shown in Fig. 13(c).

(2) If the clutch temperature increase follows the
trend [3] shown in Fig. 13(a), the clutch torque can be
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corrected accordingly using the strategy [B] in Fig.
13(b), while changing the frequency of transmission
shifts to the [E] state as shown in Fig. 13(c).

(3) If the temperature trend of the clutch follows the
behavior [4] in Fig. 13(a), the temperature will rise
rapidly. To prevent this, the clutch torque should be
significantly reduced beforechand, as demonstrated in
strategy [C] in Fig. 13(b). Additionally, the frequency
of transmission shifts should be decreased to minimize
clutch slipping time, as demonstrated in strategy [F] in
Fig. 13(c).

A

temperature threshold 250°C

Temperature ('C)
'\\
2 E

(a} Time (s)
— A
E
<,
e »[A]
T
§
H o)
=
£
3
3]
[C]
A (b) Time (s)

Gear level
Y

(c) Time (s)

Fig. 13. Clutch high temperature prevention strategy.

The advantage of the prediction control strategy
is that the system can correct the clutch input torque
and shift frequency in advance according to the
predicted future development trend of the clutch
temperature, and the magnitude of the correction can
be decided according to the predicted rate of
temperature rise.

EXPERIMENT RESULTS AND
DISCUSSIONS

Experimental Steup

To verify the validity of the clutch thermal effect
model and temperature prediction protection strategy
proposed in this paper, cyclic shifting of the AMT was
performed on the bench with the clutch working in
conjunction, as shown in Fig. 14. The main parameters

J. CSME Vol.46, No.2 (2025)

of the experimental platform equipment were shown
in Table 3. The clutch input shaft is driven by a high-
power permanent magnet synchronous motor (peak
power is 360kW and peak torque is 2,500Nm), and the
output shaft is connected to the shift transmission
(with 12 speed ratios). The load torque is reconstructed
from the torque measured by the torque sensor
mounted between the shift transmission and the load
transmission, as well as the sensor's torque range of
0+50000Nm and speed range of 0~3000rpm, and the
sensor accuracy is 0.1%. Load resistance to the
experiment platform is provided by the load motor and
load transmission.

Fig. 14. Experiment platform actual scene diagram.
Table 3. The parameters of the platform equipment.

Equipment name Parameters Values
Permanent
Type magnetic
synchronization
Rated power 250 kW
Drive motor and load motor ~ p..1 power 360 kKW
(Both are the same model
number) Rated torque 1400 Nm
Peak torque 2500 Nm
Rated speed 1700 rpm
Peak speed 3000 rpm
Torque capaci 3000 Nm
Dry clutch q pacity
Reserve factor 1.2

Shift transmission Number of gears 12
0+£50000 Nm
0~3000 rpm

Number of gears 12

Torque range
Torque meter
Speed range

Load transmission

The number of transmission shift cycles was set
to 20 times. In each shift cycle, the gears were
sequentially raised from 1 up to 12, and then lowered
from 12 to 1. The clutch repeatedly engaged, slipped,
and disengaged during the gearshift cycle of the
transmission.

Results and Discussion

The experimental results of the with recurrent
neural network (RNN) clutch temperature prediction
protection were shown in Fig. 15. The time taken after
20 rounds of shifting was 2875s and the average
temperature was 179.66°C. The clutch temperature
reached the threshold temperature of 250°C at 1932s,
as shown in Fig. 15(a), at which time the shift
transmission was in the 15th round of shifting. The
clutch high temperature (above threshold temperature
250°C) operating time was 691 s. After the
temperature reached the threshold value 250°C, the
clutch torque started to decrease after 2100 s as shown
in Fig. 15(b). Transmission shift frequency (in Fig.
15(c)) started to decrease after 2100 s, and clutch
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temperature started to stop increasing and decreased
slightly.
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Fig. 15. The experimental results of the with RNN

clutch temperature prediction protection.
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Fig. 16. The experimental results of the with LSTM
clutch temperature prediction protection.

The experimental results of the with LSTM
clutch temperature prediction protection were shown
in Fig. 16. The time taken after 20 rounds of shifting
was 3000 s and the average temperature was 174.11°C.
The clutch temperature reached the threshold
temperature of 250°C at 2042 s, as shown in Fig. 16(a),
when the shift transmission was in its 17th shift cycle.
The clutch high temperature (above 250°C) operating
time was 579 s. The average shift cycle time for the
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previous 17 rounds was 123.5 s. After 2100 s, the shift
cycle time become longer, with the 18th, 19th, and
20th shift cycle times averaging 300 s. In the
18th~20th rounds, the shift cycle time increased by
142.9%. After the temperature reached the threshold
250°C, the clutch torque started to decrease after 2100
s as shown in Fig. 16(b), and the frequency of gearshift
of the transmission started to decrease at 2100 s as
shown in Fig. 16(c). The temperature maintained a
decreasing trend from 2100 s to 3000 s.

6000
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— 5000

= 4000 |-
5
£ 3000 [
5
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U 1000 -

| | | | | | | i |
0 300 600 900 1200 1500 1800 2100 2400 2700 3000
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Fig. 17. Comparison results of friction work.

By comparing the results of Fig. 15 and Fig. 16,
the following benefits could be obtained by using
LSTM algorithm based clutch temperature prediction
protection control, compared to the RNN network.
During these 20 shift cycles, the average clutch
temperature was reduced by 3.09% and the overall
clutch cooling problem was improved. Clutch high-
temperature (250°C or more) operation time was
reduced by 16.21%, which effectively prevents high-
temperature clutch failures. During another 20 rounds
of gear changes, the time was extended by 4.35%, and
the overall clutch usage time was improved.
Meanwhile, the results of Fig. 17 shown that the
slipping friction work decreased from 5812.47kJ to
5380.48kJ] by adopting LSTM-based clutch
temperature prediction protection approach, which
was a decrease of 7.43%. Therefore, using the LSTM-
based clutch temperature prediction and protection
strategy proposed in this paper improved the control
performance and service life of the automatic clutch.

CONCLUSIONS

In this paper, the clutch temperature diffusion
process is analyzed and it is found that the flywheel
absorbs the most heat. The flywheel characterization
temperature is used to represent the clutch temperature.
The LSTM algorithm is used to predict the future trend
of clutch temperature, and the clutch control strategy
is adjusted in advance to prevent the clutch
temperature from exceeding the set threshold. The
main conclusions as follows:

(1) An experiment platform is constructed to
replicate the actual commercial vehicle clutch
environment. The ESO temperature model, designed
based on the clutch heat diffusion principle, can
estimate the clutch temperature accurately and resist
sensor measurement interference effectively.

(2) The clutch temperature trend can be
effectively predicted based on the LSTM algorithm.
This guarantees prediction accuracy (R?>>0.9) and
sufficiently long time (with 1000ms) prediction



information under the 20 steps condition.

(3) The input torque of the clutch and the
frequency of AMT shifts are adjusted in advance based
on predicted temperatures. Compared with the RNN
network, the use of the LSTM-based temperature
prediction and protection strategy results in the
16.21% reduction in the operating time of the clutch at
high temperatures (above 250°C), which improves the
performance of automatic clutch control and extends
its service life.
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