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Abstract

The nonlinear hysteretic characteristics of a wet clutch’s pressure control valve in dual clutch transmission (DCT) can
cause pressure response delay, which affects pressure control accuracy. This study proposed a compound control method
for hysteresis compensation based on the analysis of the nonlinear hysteretic characteristics of the electrohydraulic
pressure control valve to reveal the influence mechanism of hysteresis on the wet clutch and to improve pressure control
accuracy. The compound control method included a feed-forward controller and an additional feedback controller. The
pressure hysteresis of the electrohydraulic pressure control valve was analyzed through mathematical modeling of the
valve spool. Two experiments were designed to verify and characterize the pressure hysteresis. The feed-forward control
algorithm for hysteresis compensation combined with the proportional-integral-derivative (PID) controller was
formulated to realize pressure control based on the characteristics of the wet clutch’s pressure hysteresis. The feasibility
and effectiveness of the proposed control method were verified through bench tests. Results show that the average
absolute error in steady state reduces from 0.186 bar to 0.005 bar under the proposed control method. The average
relative error decreases from 2.924% to 0.092% compared with the system without any pressure control. In addition, the
use of the proposed control method in dynamic working condition reduces the average absolute error from 0.189 bar to
0.043 bar and decreases the average relative error from 2.963% to 0.722% compared with the system without any
pressure control. The proposed control method under the state with step pressure input can guarantee the system response
speed and control accuracy. Finally, the comparison of compound control, feed-forward control, and PID control shows
that the compound control method can achieve optimum performance in pressure tracking regardless of the test
conditions. This study provides an easy-to-implement and high-precision method for pressure control of automotive wet

clutches.

Keywords: Wet Clutch, Electrohydraulic Pressure Control Valve, Hysteresis compensation, Compound Control

1. Introduction

Wet clutches are widely used in dual clutch transmissions
(DCTs) because of their large transmission torque, tight
structure, long service life, and easy automatic control.
Given the high transmission efficiency and extremely fast
shifting speed of DCTs, they greatly enhance the driving
performance and economy of vehicles [1], thereby becoming
an important tendency for the development of transmission
technology. Electrohydraulic actuators are widely used as
actuators for wet clutch engagement. The electrohydraulic
actuators adjust the pressure of the hydraulic system based
on proportional solenoid valves to realize the engagement of
wet clutches, thereby transmitting the engine torque to the
power trains.

The hydraulic oil medium causes remarkable
nonlinearity in the electrohydraulic = valve. The
compressibility of the hydraulic oil and the frictional
damping that acts on the valve spool lead to the time delay
of the clutch pressure response, hysteresis, and filling phase
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dynamics, as well as other nonlinear elements [2]. These
nonlinear characteristics introduce a significant challenge to
the precise pressure control of wet clutches. The transmitted
torque is largely dependent on the pressure of the hydraulic
system when clutches are in the slip phase. Therefore, the
precise pressure control of wet clutches has become an
important issue in improving the quality of DCT shifting.
Present studies on wet clutches mainly focus on the
nonlinear characteristics and model building of hydraulic
system [3-6]. Most of these studies conduct mathematical
analysis on spool dynamics by considering the nonlinearities
in hydraulic system, thereby resulting in complexities and
remarkable nonlinearities in the established models. Thus,
these models are difficult to be achieved in the practical
application of production vehicles. As a non-negligible
influence factor that influences the movement of the spool,
frictional damping leads to hysteresis, which generates the
hysteresis phenomenon between the output pressure of the
wet clutch and the control current of the electrohydraulic
valve, thereby making the formation of a one-to-one
correspondence between the actual output pressure and the
target pressure impossible to be realized and affecting the
pressure control accuracy. Existing pressure control methods
for wet clutches are mostly implemented via PID [7], in
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which the deviation of the actual and target pressure is used
as the system input. PID control methods cannot realize
pressure hysteresis compensation, thereby causing difficulty
in attaining high pressure control accuracy. Therefore,
establishing a pressure hysteresis compensation method for
wet clutches with easy practical engineering application is
an urgent problem to be solved to realize precise pressure
control.

Consequently, this study analyzes the pressure hysteresis
characteristics of a wet clutch’s electrohydraulic pressure
control valve via theoretical modeling and experimental
design. A pressure control algorithm for hysteresis
compensation is established to control the wet clutch’s
output pressure with high accuracy, thereby providing
technical support for improving the shifting quality of DCTs.

2. State of the art

Many experts and scholars conducted abundant studies on
wet clutches and hysteresis control. Losero R. et al. [8]
designed a virtual strain gauge where the transmitted torque
of the DCT clutch is estimated on the basis of a fuzzy
discrete angular domain observer. Certain estimation
deviation existed given that the method was based on a
linear torsional dynamic model and the dynamic model
parameters used in clutch torque estimation were linear.
Jiwon J. O. et al. [9] constructed a transmission torque
observer for DCT clutch through power train modeling, and
the clutch torque was estimated using the vehicle test data.
However, the clutch torque in the slip phase was modeled
via Coulomb friction model. Thus, the accuracy of the
estimated results should be further verified because the
friction stage of the clutch varied with many factors.
Tarasow A. et al. [10] proposed two kinds of prediction
models by employing an adaptive and extended Kalman
filter with recursive prediction, and the characteristic
parameters of the wet clutch were estimated. The method
was based on the state space model of clutch dynamics.
Hence, this method depended on the accuracy of the
established model. Berkel K. V. et al. [11] designed a clutch
engagement controller, which enabled rapid clutch
engagement to reduce shifting time, and accompanied with
smooth clutch engagement to track the required torque
without significant torque drop. The first-order linear
dynamic model was applied in the clutch dynamic modeling.
Chen M. et al. [12] investigated the torque transmission
characteristics of the clutch frictional discs according to the
attributes of a multidisc wet clutch and established a
calculation model for the engagement torque of the multidisc
wet clutch. The clutch engagement torque was simulated in
different lubrication stages. This study has a theoretical
significance for the friction characteristics of wet clutches.
Nevertheless, the engagement torque model cannot be used
in clutch control because of its nonlinearity. Zhang H. et al.
[13] analyzed the friction torque attenuation of a wet
multidisc clutch in the slip phase. Yu L. et al. [14]
established the calculation model of the average specific
pressure and torque within the interfaces of multifriction
pairs, obtained the attenuation coefficient of the specific
pressure of the multifriction pairs, and analyzed the
sensitivities of the parameters that affected the specific
pressure attenuation for the clutch by considering the
frictional force of the spline. Cho J. et al. [15] analyzed the
frictional torque during the wet clutch engagement,
considering sliding contact between the friction disc and the
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steel separator. Hu H. W. et al. [16] constructed a state space
equation of the tracking control system based on a clutch
actuator model and designed the sliding mode controller to
improve the tracking control quality of the clutch actuator
during engagement. However, the established state space
model was complicated; hence, its application in practical
engineering was difficult. Balau E. A. et al. [17] performed
the dynamic modeling of an electrohydraulic wet clutch
system and proposed a model-based predictive control
strategy to control the displacement of clutch piston and
reduce the effect of delay induced by networking on control
performance. However, only the tracking response of the
control strategy was analyzed. In addition, the control
strategy with high complexity was difficult to achieve in
practical application. Jian H. C. et al. [18] proposed an
optimized design method of a wet clutch’s pressure control
valve aiming at the instability that aroused from self-excited
vibration caused by the inherent nonlinearity and fluid
dynamic coupling of the electrohydraulic valve. Dutta A. et
al. [19] reviewed clutch control strategies, including model-
based (e.g., nonlinear model predictive control, iterative
learning control, and iterative optimization) and model-free
strategies (e.g., genetic-based machine learning and
reinforcement learning). However, the implementation of
these strategies in practical engineering applications is
difficult because of complexity and nonlinearity. Jung S. H.
et al. [20] proposed a new pressure hysteresis model of an
electrohydraulic actuator for wet clutch engagement based
on physical phenomena. A feed-forward controller for
hysteresis compensation was designed on the basis of the
proposed model, and an additional feedback controller was
applied to control the stability of the time-delay system. Yu
H. C. et al. [21] designed a nonlinear controller based on
backsteppping control method through a nonlinear model for
an electrohydraulic valve for wet clutch, which realized the
hydraulic tracking control of clutch pressure. Large errors
between actual and target pressure were found during
dynamic verification because the time delay of the system
response caused by hysteresis was not considered. Yu Z. L.
et al. [22] modeled the hysteresis nonlinearity of a
piezoelectric ceramic actuator via the improved Prandtl-
Ishlinskii (PT) model. A feed-forward inverse compensation
control method in combination with PID was established on
the basis of the proposed model to realize the nonlinear
hysteretic control of the actuator. This method essentially
depended on the accuracy of the model, and input signal
changes or environmental factors in actual engineering
applications would reduce compensation accuracy. Similarly,
Zhao T. et al. [23] modeled the hysteresis creep nonlinearity
of a piezoelectric ceramic laminated actuator using the
improved PI model, and obtained the hysteresis inverse
compensation model combined with the adaptive filtering
feedback control to regulate the input signals in real time.
They realized the hysteretic creep self-adaptive control for
the actuator. Although this method obtained high nonlinear
tracking accuracy of the hysteresis creep, it still depended on
the accuracy of the inverse model. Tao Y. D. et al. [24]
constructed a rate-related hysteresis nonlinearity model for a
piezoelectric actuator and carried out the hysteresis
compensation control based on the proposed model and the
Gaussian process (GP).

The aforementioned research results mainly focused on
transmission torque estimation, friction characteristic
analysis, and hydraulic system control for wet clutches. Few
studies on hysteresis characteristics and control are also
explored. Studies on wet clutch control are mostly conducted
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using model-based methods, thereby resulting in certain
improvements in delay suppression and accuracy control for
pressure response. However, model-based methods depend
on the accuracy of the established models. Moreover, the
electrohydraulic valve in a wet clutch system shows
remarkable nonlinear characteristics. Thus, realizing the
model-based methods in practical engineering applications is
difficult. In addition, hysteresis models are usually employed
in hysteresis compensation control. With high nonlinearity,
the control algorithms are complicated and not suitable for
pressure hysteresis control for wet clutches. Taking a wet
clutch in DCT as research object, this study theoretically and
experimentally analyzes the hysteresis characteristics of the
electrohydraulic pressure control valve and establishes a
compound controller of feed-forward compensation
controller with additional feedback controller. Bench tests
are conducted using different control methods under various
working conditions to analyze the control effects of the
proposed method. This study can provide an effective
control method for pressure hysteresis compensation with
high precision for the wet clutches of vehicles.

The remainder of this work is organized as follows.
Section 3 describes the working principle of the wet clutch’s
electrohydraulic pressure control valve, theoretically and
experimentally analyzes the pressure hysteresis, and
proposes the compound control method of feed-forward
compensation control with additional PID based on
hysteresis features. Section 4 discusses the pressure tracking
control effects through bench tests. Section 5 summarizes
the conclusions.

3. Methodology

3.1 Working principle of the pressure control valve

Wet clutches are core components of DCTs. DCTs use two
sets of wet clutch systems to achieve engagement. Given
that one clutch is separated with the other one engaged, the
power interruption during shifting can be avoided, and
excellent dynamic performance can be guaranteed. The
pressure of the hydraulic system controlled by pressure
control valve determines the separation and engagement of
the wet clutch. Fig. 1 shows that the pressure control valve
of the wet clutch is composed of an electrohydraulic
proportional solenoid valve, a pressure sensor, and a pillar
spool. Electromagnetic force is generated by adjusting the
control current of the solenoid, thereby resulting in the
movement of the spool. During the movement of the spool,
the positions and conduction areas of the fluid inlet and
outlet will alter. The former controls the direction of the
fluid flow, whereas the latter adjusts the pressure of the
hydraulic oil that acts on the clutch. The pressure sensor
detects the output pressure of the clutch in real time and
feeds back to the transmission control unit (TCU), which is
used to control the hydraulic system. After the clutch
pressure is established by the control system, the engine
torque can be transmitted to the power train via the frictional
forces that act on the frictional discs of the wet clutch,
thereby driving the vehicle to speed up and slow down.

The spool is inevitably subjected to the damping forces
during its movement because of the hydraulic oil medium.
Given that the movement is reciprocating, the damping force
direction will alter with the motion direction, thereby
generating hysteresis in the pressure control valve.
Hysteresis causes response delay in the hydraulic system,
which in turn affects the clutch pressure control accuracy.
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Therefore, optimized clutch pressure control will play a key
role in improving the starting performance of the vehicle,
enhancing the shift quality, and boosting the torsional
vibration effect.

RN
L \

proportional pillar spool

solenoid valve

preéssure sensor

Fig. 1. Electrohydraulic pressure control valve

3.2 Analysis of the pressure hysteresis

The pressure hysteresis of the clutch is generated during the
movement of the spool. The mathematical analysis of the
spool is carried out in this part. The spool is subjected to a
combination of forces, including the electromagnetic force
generated by the solenoid, the preload of the return spring,
the hydraulic force at steady state, the transient impact force,
and the damping force caused by the hydraulic oil.
According to Stribeck theory [25-26], the damping force is
related to various factors, such as oil temperature, spool
material and movement speed, and normal forces. As the
movement speed of the spool increases, the lubricating state
changes, and the damping force can be simplified from
Coulomb friction force to mixed friction force. When the
speed rises to a certain extent, the lubricating state varied to
hydrodynamic lubrication, and the damping force can be
treated as a viscous damping force. Considering the response
speed requirement of the clutch pressure, the spool maintains
a relatively high speed. Thus, mixed friction forces are
adopted to describe the damping state and ignore the
unstable impact force that acts on the spool. Therefore, the
motion of equation (EOM) of the spool can be expressed as
follows:

F =mi+(F, +(c, +c,)x)sign(x)+(k +k)(x+x,) )
where F, represents of the electromagnetic force of the
solenoid, N. m denotes the spool mass, kg. ¢, and ¢, are
the transient hydrodynamic coefficient and the equivalent
viscous damping coefficient, N/(m/s), respectively. &, and
k, describe the steady-state hydrodynamic coefficient and
the stiffness of the support spring, N/m, respectively. x
indicates the spool displacement, m. x, refers to the
compression deflection of the support spring under
preloading state, m. /', denotes the Coulomb friction force

that acts on the spool, N.
For the magnetic loop, the electromagnetic force of the
solenoid can be written by Maxwell’s formula as:
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where @ is the magnetic flux of the air gap, Wb; and
@ =BS . B denotes the flux density of the air gap, T,
whereas S represents the total area of the electromagnetic
air gap. u is the air gap permeability, in general,

W =4 x 107 , H/m. o indicates a coefficient that depends
on the number of magnetic poles.

Given that the magnetic permeability of the
ferromagnetic material is greater than that of the air gap,
only the effect of the air gap is considered. According to
Kirchhoff's second law, the magnetomotive force is
expressed as follows:

_2B5 2BS

F =NI =
JZA !

€)

where F denotes the magnetomotive force, A. J is the
maximum air gap, m. N represents the number of the coil
turns that generate magnetization field. / indicates the
conduction current for generating the magnetization field, A.
Therefore, the EOM of the spool can be rewritten as:

mi +(Fp + (¢, +¢,)x)sign(x) + (k,+k )(x + x)
_aN 2 uS 4
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When the spool moves, it quickly passes the acceleration
and deceleration zones. As the spool moves stably, the speed
can be considered constant, and acceleration will be zero.

Let F,=F;+(c,+c,)x , C=(k+k,)xg=kxy , and
aN? us
86°
spool, N. C) denotes the total elastic force caused by pre-

B =

F, represents the total damping force of the

loading, N. Since sign(x)==1, Eq. (4) can be given by

+F, +he+C = pI° (3)

Consequently, the relationship between the spool
displacement and the control current of the solenoid in
steady state can be determined as follows:

(BI* -C)FF,
k

(6)

The spool displacement is related to the control current
of the solenoid. The directions of the damping force during
the processes of increasing and decreasing the control
current are opposite, causing one control current to
correspond to two different spool displacements. In addition,
the positive motion displacement is less than the reverse one
under the same control current.
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With tiny spool displacement, the conduction areas of
the oil outlet and the drain port are proportional to the
displacement. Hence, the above relationship also exists
between the clutch pressure and the control current.
Similarly, the ascending and descending clutch pressure
during the increase and decrease of control current cannot
coincide with each other, which forms hysteresis loops. In
practical control, the target pressure of the clutch is usually
used as the system input, and the control current is given
according to the relationship between the clutch pressure and
the control current. Consequently, the actual clutch pressure
is exported after generating the control current. However,
one target pressure corresponds to two different control
currents with hysteresis, leading to two actual pressures. Eq.
(6) shows that the control current that corresponds to the
ascending pressure is lower than that related to the
descending pressure. The larger the difference is between the
ascending and descending pressures caused by the hysteresis,
the greater the deviation is between the actual pressure and
the target pressure of the clutch, and the lower the control
accuracy is.

3.3 Bench tests

Figure 2 shows the test bench for the control of the wet
clutch system, which consists of three dynos, the DCT
assembly, TCU, the data acquisition device, and the
computer. The dynos are controlled by frequency conversion
and are automatically adjusted to output different rotational
speeds and torques. No. 1 dyno is used as the power input
component to the DCT assembly. Nos. 2 and 3 dynos are
adopted to simulate different loads for the system.
Temperature and pressure sensors are mounted in the
hydraulic system of the wet clutches in the DCT assembly,
which provide the oil temperature and clutch pressure to
TCU. TCU implements DCT control and is used to read
detection data. The computer can read the data from TCU
through the data acquisition device. The electrohydraulic
pressure control valve of the wet clutch studied in this
research has a control range of 0-1200 mA current and can
achieve pressure control in range of 020 bar. The technical
requirement for the pressure control accuracy of the clutch in
vehicle applications should be within 0.1 bar, otherwise it
will lead to vehicle crawling and decline of the starting
performance and the unevenness of DCT shifting.

In this part, two experiments are designed to
systematically study the corresponding relationship between
the control current of the electrohydraulic valve and the
clutch output pressure, and the test data for the following
feed-forward control algorithm are provided.

First, the current with triangular trajectory currents with
a step of 100 mA is applied to the solenoid, of which the
peak values are gradually decreased from 1200 to 400 mA
(Fig. 3(a)). Under this current excitation condition, the
clutch output pressure can be obtained, and the current—
pressure (I-P) curve is plotted in Fig. 4. From this
experiment, the maxima of the output pressure of the clutch
will be determined. If the output pressure of the clutch is
initially low but subsequently increases monotonically, when
it reaches a local maximum during the ascending process,
the local maximum can be defined as the maximum value of
the clutch pressure.
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Fig. 2. Test bench

Second, the current with triangular trajectory with a step
of 100 mA is applied to the solenoid, of which the peak
value is stable to 1200 mA, but the minimum value is
gradually increased (Fig. 3 (b)). Similarly, the I-P curve can
be plotted in Fig. 5. The minima of the output pressure of the
clutch can be determined from this experiment. If the output
pressure of the clutch is initially high but subsequently
decreases monotonically, when it reaches a local minimum
during this process, the local minimum can be defined as the
minimum value of the clutch pressure.
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Fig. 3. Input currents in experimental design. (a) Control current in
experiment 1. (b) Control current in experiment 2
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Figure 4 depicts the relationship between the input
current and the clutch pressure for experiment 1. Hysteresis
exists between the input current and the clutch pressure. The
pressure curve that corresponds to the rise of the current is
inferior to that related to the fall of the current, which agrees
with the results of theoretical analysis. A sequence of
maximum values of the clutch pressure can be obtained from
the experimental results.

DCT assembly
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Figure 5 shows the relationship between input current
and clutch pressure for experiment 2. Obvious hysteresis
occurs between the control current and the clutch pressure.
The I-P curve shows that the pressure curve that
corresponds to the increase of the current is lower than that
related to the decrease of the current, which confirms the
results of theoretical analysis again. The sequence of
minimum values of the clutch pressure can be obtained from
the experimental results.

The I-P curves of both experiments show that the
maximum difference of the clutch pressure between the
ascending and descending process can reach 0.48 bar, that is,
the maximum value of the hysteresis is 0.48 bar. Hysteresis
results in the nonunique mapping between the input current
and the output pressure during the control process. Since the
hysteresis is beyond the accuracy requirement of vehicle
control (<0.1 bar), establishing compensation control for
pressure hysteresis is important.

3.4 Compensation control algorithm for pressure
Hysteresis

Feed-forward control is a predictive method among the
commonly used control methods. Feed-forward control
treats target values as input, adjusting the output of the
controlled object before the appearance of the deviation,
which is characterized by low control precision, great
dynamic response performance and easy implementation.
Feedback control is a tracking method, which treats the error
values as input. Thus, adjusting the output of the controlled
object after the appearance of deviation becomes possible.
Feedback control methods are demonstrated to have high
control precision, whereas certain response delays and
complexity exist in control systems. As a classical feedback
control method, PID has been widely used in industrial
control. The target pressure corresponds to two different
input currents because of the hysteresis in the
electrohydraulic pressure control valve. Obtaining a
satisfactory control effect by merely using error values as
system input is difficult for PID control method. The input
current should be compensated before the actual pressure
exports. Therefore, this study proposes a compound control
method that contains a feed-forward controller with
additional PID controller. The proposed method uses target
and error pressure as inputs of the feed-forward controller
and the PID controller, respectively. The feed-forward
controller can compensate the error pressure caused by
hysteresis. With the advantages of the additional PID
controller, the compound control method can guarantee
system stability, response speed, and pressure control
accuracy.
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The feed-forward controller is utilized to compensate the whereas the deviations between the inner hysteresis loops
output error pressure caused by hysteresis. In this part, the  and the main loops are fixed. Thus, the hysteresis main loops
feed-forward control algorithm is illustrated. The results of  can be treated as the reference of compensation control.
the experiments shown in Section 3.2 are used to determine The curve fitting of the curves can be expressed by
the control parameters of the algorithm. When the control ~ performing a quadratic polynomial fit for the ascending and
current ranges between 0 mA to the saturation current, the  descending curves of the hysteresis main loops as follow:
measured closed I-P curves, including ascending and
dqscending processes, are deﬁnfed as hysltere.sis main loops » —11.618¢* —41.428¢3 +50.786¢2 —7.245¢ +0.162 7)
(Figs. 4 and 5). In mass production, certain differences exist
among the hysteresis main loops because of the different
characteristics presented by the pressure control valve,  p =9.705¢* —37.321¢> +49.914c* - 5.110¢ +0.062 (3)
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where p represents the clutch pressure, bar; and ¢ denotes

the input current of the electrohydraulic pressure control
valve, mA.

Similarly, curve fitting is conducted for inner hysteresis
loops. Fig. 6 shows the fitting curves of the hysteresis curves
(including main and inner loops) yielded from the bench
tests illustrated in Section 3.2.

Hysteresis
main loop

Pressure
maxima
c

>

(2)

P A

Pressure
minima
Hysteresis
main loop

c

>

(b)
Fig. 6. Curve fitting of the hysteresis curves. (a) Results from
experiment 1. (b) Results from experiment 2

Any inner hysteresis loop can be represented by the
hysteresis main loop. Thus, the following formula for
describing the relationship between any inner hysteresis loop
and the main hysteresis loop can be given by:

h=sf+t(1-f) €

where /1 denotes arbitrary inner hysteresis loop. s and ¢
represent the ascending curve and the descending curve of
the hysteresis main loop, respectively. f refers to the
hysteresis curve coefficient, which is relative to the target
pressure and extreme values of the target pressure.

According to the Egs. (7), (8), and (9) and the extreme
values of the output pressure obtained by the results of the
experiments illustrated in Section 3.2, the hysteresis curve
coefficient f can be calculated and plotted in Figs. 7 and 8,
respectively.

The feed-forward control algorithm includes four items,
namely, initialization, extreme values and trend detection,
memory and erasing, and calculation and output. Fig. 9
shows the flowchart of the feed-forward control algorithm.

First, the parameter variables are initialized. In this step,
i indicates the time sequence with initial value 0. p,

represents the maximum value of the target pressure under
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current working condition, p, =0, initially. p ), denotes the

minimum value of the target pressure under current working
condition, with the initial value 0.

Fig. 8. f corresponding to the pressure minima

Second, the extreme values and the change trend of the
target pressure are detected. The change trend is initially
determined to identify whether the target pressure is
ascending or descending by comparing the pressure of
adjacent refresh cycles. After confirming the change trend,
the comparison of the target pressure between adjacent
refresh cycles is continuously conducted. If the pressure is
recognized to decline in the next cycle after its rise in the
previous cycle, then the pressure value is the maximum. The
pressure minima can be determined in similar approach. In
this step, the refresh cycle is indicated by T with the unit of
ms.

Third, p, and p, are erased and stored, and the
pressure extreme values identified in Step 2 are memorized.

Finally, the control parameters of the feed-forward
controller are calculated and exported. Factor Tablel/2 lists

the pressure extreme values and EOL_Table indicates the
hysteresis main loops. According to Factor Tablel/2 and

EOL _Table, control currents ¢; and ¢, , which correspond
to target pressure p , can be computed, respectively. Control
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parameters f; and f, can be calculated by conducting
interpolation of the target pressure p and extreme pressure

Py or p,, respectively. Lastly, the control current ¢ can

be obtained by using control parameters f;, f,, ¢, and ¢, .

The use of the feed-forward controller ensures that the
output can immediately approach the target input, which can
reduce the complexity of the feedback controller. To obtain
further improvement of control accuracy, the additional PID
controller is used after the implementation of the feed-
forward controller. Fig. 10 shows the block diagram of the
compound control model. Through feed-forward control, the

basic control current can be obtained through the inputs of
the target pressure and pressure extreme values. Then, the
actual pressure with compensation exported by the pressure
sensor is fed back. The deviation between the actual and the
target pressure is used as the input for the additional PID
controller to correct the control current of the solenoid. The
basic current combined with the corrected current generates
the control current for the solenoid of the pressure control
valve, thereby generating output pressure with high accuracy.
Thus, the compound control method achieves precise
pressure control.

Initialize Variables
i=0; p=p(0);p,=p(0)

Step 2

PlG-DTIpl(i-2)

e Y
i Factor table 1 [« P Factor table 2
' ' '
Compute f; EOL table Compute f>
Skep 4
Compute ¢y, ¢;
A 4 A 4
Compute Compute

c=cifiter (1)

c=cifitex(lA1)

Fig. 9. Flowchart of the feed-forward control algorithm

195




Rong Zeng, Long Xue and Jun Xiao/Journal of Engineering Science and Technology Review 12 (5) (2019) 188 -200

Pressure
extremum

Feed-forward
Open-loop controller

Target pressure — |

.
1

PID controller

Corrected current

Basic current

=N

Actual
pressure

+

Current,

+

Pressure control
valve

Fig. 10. Block diagram of the compound control model
4 Results Analysis and Discussion

In this part, the pressure control method proposed in Section
3.4 is applied to the bench tests to verify the feasibility and
accuracy of the proposed method for pressure hysteresis
control of the wet clutch. The experimental verification
under three different working conditions, namely, steady-
state, dynamic, and step pressure tracking, are realized in
this section. The pressure tracking effects are also compared
using four control methods, namely, the proposed compound
control method, the feed-forward control method, the PID
control, and the system without compensation control. With
pressure hysteresis, the target pressure in the bench tests is
controlled from 4 bar to 10 bar. Under the first two working
conditions, the target pressures are set up with inflection
points at 4 bar and 10 bar, which indicates the minimum and
the maximum values of the target pressure, respectively.
Under the third working condition, the target pressure jumps
from 4 bar to 8 bar.

4.1 Steady state pressure tracking test

Steady state refers to the test condition in which the target
pressure continues to be stable for a certain period. The test
results can reflect the stable pressure tracking accuracy of
the control system. Each of the time duration of the steady
pressure is set to be 100 ms, and the clutch pressure output
by the pressure sensor is recorded. Fig. 11 shows the output
pressure, as well as the target pressure, using different
control methods. Absolute error is defined as the difference
between the target and the actual output pressure. Fig. 12
depicts the absolute errors under the steady state for different
control methods. Relative error is defined as the ratio of the
absolute error to the target pressure. The maximum pressure
deviation, average absolute errors, and average relative
errors determined through different control methods are
listed in Tab. 1. The test results show the optimal tracking
accuracy of the proposed compound control under the steady
state, compared with the other control methods. The feed-
forward control method also represents relatively good
performance in pressure tracking, since the hysteresis
compensation is involved in this method. PID control
method shows poor performance in pressure tracking under
steady state, because the hysteresis compensation is not
considered in this method. The compound control method
can reduce the average absolute error from 0.186 bar to
0.005 bar, thereby meeting the accuracy requirements for
practical pressure control.
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4.2 Dynamic pressure tracking test

Dynamic working condition refers to the test condition in
which the target pressure changes linearly with a certain
slope. The test results can reflect the dynamic pressure
tracking accuracy of the control system. A pressure change
slope of 0.65 bar per second is applied in the test. The target
and actual pressure curves are plotted separately in Fig. 13
using different control methods. Fig. 14 depicts the absolute
tracking errors under dynamic working condition with
different control methods. The maximum pressure deviation,
average absolute errors, and average relative errors produced
by different control methods are described in Tab. 2. The
test results show the same pressure tracking effects of the
different control methods under dynamic state as that under
steady state. The proposed compound control method also
represents the optimal performance in pressure tracking.
According to Tab. 2, it can reduce the average absolute error
from 0.189 bar to 0.043 bar with respect to the
uncompensated control, and the average relative error
decreases from 2.963% to 0.722%, which also indicates
that the compound control method can meet the accuracy
requirements for actual pressure control.

4.3 Pressure tracking test under step input

Step pressure tracking is used to measure the pressure
tracking effects of different control methods for step input.
During the test, the target pressure leaped quickly from 4 bar
forward to 8 bar, after that the target pressure get stable at 8
bar. Fig. 15 depicts the curves of the actual output pressure
using the four control methods as well as the target pressure.
The test results show that the proposed compound control
method has no significant improvement in response speed.
Compared with the uncompensated control, no obvious
difference exists in the first three control methods as to the
response time for the pressure leaping to the steady state,
since all of them can guarantee relatively high response
speed. In addition, as PID control method can reduce system
uncertainties, the compound control and the PID control can
ensure that the final actual pressure tends to the target
pressure, whereas the actual pressure by means of feed-
forward and uncompensated control can not approach the
target pressure. Therefore, under the step input, from the
perspective of control accuracy, the compound control
method can guarantee the highest control accuracy, followed
by PID control, feed-forward control, and finally
uncompensated control.
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Fig. 11. Test results of steady state pressure tracking using different control methods
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Table 1. Steady state pressure tracking errors using different control methods

130

Control methods

Maximum deviation/bar

Average absolute error/bar

Average relative error/%

No compensation control
Feed-forward control only
PID control only
Compound control

0.321
0.233
0.236
0.141

0.186
0.108
0.113
0.005

2.924
1.616
1.434
0.092

Table 2. Dynamic pressure tracking errors using different control methods

Control methods

Maximum deviation/bar

Average absolute error/bar

Average relative error/%

No compensation control 0.428 0.189 2.963
Feed-forward control only 0.326 0.091 1.344
PID control only 0.377 0.121 1.877
Compound control 0.182 0.043 0.722

5. Conclusions

To solve the problems of inaccurate pressure control and
pressure response delay caused by the hysteresis of the wet
clutch’s electrohydraulic pressure control valve in DCT, an
effective approach for hysteresis compensation control was
proposed on the basis of the hysteretic features of the
electrohydraulic pressure control valve. Mathematical
analysis combined with experimental studies was conducted
to characterize hysteresis. Bench tests were facilitated to
verify the pressure tracking effects of the proposed control
method. The following conclusions could be drawn:

(1) Under steady state, the proposed compound control
method can significantly improve the pressure tracking
accuracy. In contrast with the system without any
compensation control, the compound control method
reduces the average absolute error of the system from 0.186
bar to 0.005 bar.

(2) Under dynamic control condition, the pressure
tracking accuracy is evidently enhanced by the compound
control approach. The average absolute error of the system
using the compound control method decreased from 0.189
bar to 0.043 bar, in comparison with the system without any
compensation control.

(3) Under the state with step pressure input, the feed-
forward controller method combined with PID controller
guarantees the response speed and control accuracy of the
system.

(4) The compound control method is better than the
feed-forward control or PID control in terms of pressure
tracking accuracy and response speed. The feed-forward
control has higher control precision than PID control under
dynamic and steady states. However, it is not as good as the
PID control under the state with step pressure input.

This study proposed a novel method for pressure
hysteresis control of wet clutches based on theoretical
analysis and experimental design. The established control
algorithm further improved the pressure tracking accuracy of
the wet clutch and can meet the actual requirements of
pressure control, thereby indicating its practical significance
for DCT shifting control. The feed-forward control
algorithm in the proposed compound control method is only
suitable for general driving conditions because it needs to
determine the control parameters according to the
experimental results. Under low temperature conditions, the
viscosity of the hydraulic oil increases exponentially with
the decrease in temperature. Exceedingly high viscosity
extremely slows down pressure response speed. When the
feed-forward control is applied under low temperature and
complicated working conditions, the continuous changes in
control parameters can lead to irregular fluctuations in
output pressure, thereby resulting in driving unevenness and
impact of the vehicle. Therefore, the future research should
combine the pressure characteristics under low temperature
conditions with the proposed model to further revise the
feed-forward control algorithm to obtain precise pressure
control for wet clutches under more practical working
conditions.
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