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Abstract—Transmissions with wet clutches exhibit a complex 
nonlinear dynamic behaviour. Furthermore, due to wear of the 
friction plates and variable oil characteristics, this behaviour 
evolves over time. Currently industrially applied control 
strategies often consist of parametric feedforward signals which 
require regular time consuming calibrations. The proposed 
Iterative Learning Control based strategy overcomes this 
inconvenience and improves  significantly the shift quality, both 
with respect to the transmitted power as with respect to the 
comfort level. The developed algorithm is experimentally 
validated on a test vehicle, demonstrating that it is able to learn 
the optimal control signals during operation. 

I. INTRODUCTION 

Wet clutches are mechanical devices that can transmit 
power from their input shaft to their output shaft by means of 
friction when engaged, but which can be disengaged. They are 
commonly applied to selectively engage gear elements in the 
power transmissions of off-highway and agricultural vehicles, 
where high torques are transmitted from input to output. A 
gear shift with uninterrupted power transfer can be realized by 
disengaging one clutch and simultaneously properly engaging 
another clutch. These vehicles are typically operating under 
strongly varying conditions and the clutches of their 
transmissions wear out and degrade over their lifetime [1]. In 
addition, this type of clutches exhibits a complex nonlinear 
dynamic behaviour [2]. Both on the input and the output shaft 
of the clutch, a set of friction plates is installed and a coupling 
of the shafts is realized by pressing the friction plates together. 
At the moment the friction plates touch to each other, the 
dynamic behaviour changes drastically. Based on this 
transition, the behaviour of the clutch can be divided in two 
phases. The first phase in which the two sets of friction plates 
approach each other, is called the filling phase, while the 
second phase is referred to as the slip phase. During the latter, 
the clutch starts to transmit torque and the difference in 
rotational speed between the input and the output shafts, 
denoted as slip, gradually decreases to zero. The driver 

expects a fast and smooth response when a gear shift is 
requested. These driver requirements and the complex 
dynamic behaviour turn power shift control for transmissions 
with wet clutches into a challenging industrial problem. 

The currently industrially applied control strategies consist 
of parametric feedforward signals that are experimentally 
calibrated on the vehicle. To cope with wear and degradation 
over time, the parameters of these feedforward signals are 
regularly recalibrated during machine maintenance. In order to 
avoid these time-consuming and cumbersome recalibrations, 
some patents have been claimed to vary the signal parameters 
during normal operation using some empiric rules based on 
past engagements [3], [4], [5]. However, these methods do not 
offer systematic tuning procedures. 

There were some attempts to overcome this drawback 
reported in literature by designing a gear shifting controller 
starting from a full physical model for the clutches.  In [2] and 
[6], such models are used to design feedback controllers, 
while [7] and [8] propose to apply them for the design of 
feedforward controllers. The approach suffers from two major 
drawbacks. The first consists of the substantial effort required 
to identify based on experimental data an accurate physical 
clutch model which involves solving a hard parameter 
estimation problem. The controllers synthetized from these 
physical models often have a complicated structure which 
jeopardizes their online implementation on simple industrial 
electronic control units. This forms the second drawback. 

Both issues can be resolved by developing separate 
controllers for the filling and the slip phase. Models can still 
be required to design these controllers, but as these models 
only have to describe the behaviour for one phase, they are 
much simpler and are easier to identify. [9] and [10] adopted 
this approached and designed a feedforward controller for the 
filling phase while a feedback controller is used during the slip 
phase. Obviously, some tuning is required to guarantee a 
smooth transition between both controllers.  

*Corresponding author 



The control strategies discussed previously are able to deal 
with the nonlinear transition between filling and slip phase, 
but cannot handle the large variation in clutch behaviour due 
to changing operating conditions, wear or degradation. 
Recently, some approaches based on learning control that are 
able to tackle this issue have been proposed in literature [18]. 
Depraetere  et al. propose is [11] a two-level iterative learning 
control (ILC) scheme consisting of a high-level ILC-type 
algorithm that iteratively updates parametric reference 
trajectories and in the lower level two standard ILC controllers 
respectively for the filling and the slip phase, to track these 
references. The effectiveness of this approach has been 
demonstrated on a driveline test set-up for the engagement of 
a single clutch. In [12] a two-level optimization-based strategy 
is proposed that uses recursive identification techniques in the 
higher level to retrieve the necessary system models and 
applies them in the lower level to calculate the optimal control 
signals. Applying this approach on a driveline set-up 
demonstrated the achievable superior gear shift quality. 
However, this method has substantially higher computational 
requirements than the ILC-based algorithm proposed in [11]. 
In [13], Dutta et al. propose a two-level model predictive 
control approach and compares it to the two-level ILC 
method, demonstrating that both method yield a similar 
performance, the ILC algorithm being a little slower, but 
much simpler. 

In this paper, the ILC-based control strategy proposed in 
[11] is adopted and extended towards power shifting. The 
method is implemented on a test vehicle and its performance 
is compared to this achieved using an industrial feedforward 
control strategy.     

The paper is organized in the following way. Section II 
presents the fully instrumented test vehicle and gives some 
further details about the transmission with wet clutches and its 
dynamic behaviour . Next, section III introduces the industrial 
feedfoward control strategy, while section IV discusses the 
developed ILC-based power shift controller. Section V 
presents the experimental results. Finally, section VI draws 
some conclusions and gives some suggestions for future work.      

 

Figure 1: The test vehicle 

II. TEST VEHICLE 

Figure 1 shows the test vehicle which is equipped with a 
dSpace MicroAutoBox for rapid control prototyping [14]. This 
section discusses first the driveline and the instrumentation of 

the vehicle, next it details the layout of a wet clutch, while the 
last section discusses the identification of a model that 
describes the clutch behaviour in slip phase.   

A. A heavy duty drivetrain  

The driveline of the considered off-highway heavy duty 
vehicle consists of an internal combustion engine, a torque 
converter and a gear box with three gear ratios and equipped 
with wet clutches. The output shaft of the gear box is 
connected to the differential which drives the wheels of the 
vehicle. Figure 2 shows a block diagram of this driveline.   

 

Figure 2: Block diagram of a heavy duty driveline  

The torque converter is a hydrodynamic fluid coupling 
which replaces a mechanical clutch and allows to separate the 
load from the driving combustion engine. It consists of a 
pump which is connected to the engine shaft, a turbine 
attached to the input shaft of the gear box and a stator 
mounted between the pump and the turbine on a unidirectional 
clutch which prevents the stator from counter-rotating with 
respect to the engine shaft. The torque converter can act as a 
reduction, augmenting the output torque Tturb when engine 

speed ICE is substantially larger than the turbine speed turb.  

The gear box of the heavy duty test vehicle contains five 
wet clutches and gear pairs. Proper actuation of these five 
clutches allows to drive the vehicle in forward or reverse 
direction at three different gear ratios. Figure 2 contains a 
schematic representation of the gear box layout. In the gear 
box, the position of the ingoing and outgoing shaft are 
measure using encoders, as well as the position of the shaft 
between the direction gears (forward and reverse) and the 
range clutches (1,2,3). This shaft is referred to as the drum. 
The output torque of the gear box is measured on the test 
vehicle as well.  

B. Layout of  a wet clutch 

Figure 3 shows a cross section of a wet clutch and its 
components. The input shaft of the clutch is connected to a 
drum, which is a hollow cylinder with grooves on the inside. 
Through these grooves, a first set of friction plates can slide. 
This set is referred to as the clutch friction plates. The second 
set of friction plates, called the clutch discs, can slide over a 
grooved bus that is connected to the output shaft. To engage 
the clutch, a proper current signal is sent to the servo-valve in 
the hydraulic line to the clutch. When the servo-valve opens, 
oil flows to the clutch chamber which fills up and the 
pressure starts to raise. At a certain point, the pressure is 
sufficiently high to compress the return spring and the piston 
starts to move towards the friction plates. This is the so called 
filling phase of the engagement. It ends when the piston has 
advanced far enough to start pressing the friction plates 



together. At this moment, the slip phase begins and torque 
starts to be transferred from input to output shaft.  At the 
transition from filling to slip phase, the dynamics change 
considerably, causing the strong nonlinear dynamic 
behaviour.      

 
Figure 3: Schematic cross section of a wet clutch 

The piston positions are not measured on an industrial 
transmission. The transmission of the test vehicle is equipped 
with sensors measuring the oil pressure in the lines to clutch 
chambers, at the servo-valves. Since, these sensors are not 
present on all types of industrial transmissions, they cannot 
be used as inputs for the controller but only for development 
purposes. The only signals available as controller inputs are 
the rotational speeds of the drum, the in- and the output 
shafts. 

C. Identification of wet clutch dynamic behaviour 

A model-based approach is adopted to design the ILC-
based power shift controller. In particular, non-parametric 
frequency response functions (FRF) are used to describe the 
relation between the current applied to the servo-valve and the 
slip over a clutch. The slip si of clutch i is defined as the 
difference in rotational speed between the in- and the outgoing 
shaft: 

                    (1) 

where       and       represent the rotational speed 

between the in- and the outgoing shaft respectively.  

To estimate the FRF’s, closed loop identification 
experiments have been performed on the test vehicle for 
different mean slip values. During these experiments, a clutch 
is kept continuously in slip phase by a slip feedback controller, 
see section IV, while a broad band excitation is applied to the 
servo-valve. Two FRF’s between current and slip in the clutch 
of first gear are shown in Figure 4. These FRF’s are estimated 
with the indirect approach presented in [15]. The poor quality 
of the FRF is due to the high amount of noise on the slip 
signals, mainly induced by applying numeric differentiation 
used to calculated the speed based on the measured rotational 
positions of the transmission shafts, see II.A. The FRF’s show 
some variation in the gain. This gain also depends on the load 
of the vehicle. These variations will have to be taken into 
account during the design of the slip feedback controller, see 
section IV.    

 
Figure 4: Identified FRF’s between current and slip for clutch of 
1st gear, measured around two nominal slip values: 100 rpm and 

200 rpm 

III. INDUSTIAL FEEDFORWARD POWER SHIFT CONTROL 

In order to achieve a good power shift quality, torque 
transfer should start as soon as possible, without introducing 
torque discontinuities, peaks or oscillations. A fast response 
is realized by executing the filling phase as fast as possible, 
by sending a pulse current of a certain duration Tfill to the 
servo-valve. During that pulse, the pressure is raised to a 
constant level, the fill pressure pfill, and the piston is 
accelerated towards the friction plates. To realize a 
comfortable engagement of the clutch, the friction plates have 
to approach each other smoothly. Consequently, the current 
and hence the pressure, is reduced to decelerate the piston 
such that the friction plates do not bump into each other, 
avoiding the corresponding torque peak. The pressure at this 
point is referred to as the kiss pressure pkiss. The pressure 
level in the off-going clutch is decreased during this filling 
phase to a value poff, but only to such a level that it remains in 
sticking mode.    

The on-going clutch now starts transferring torque and 
enters the slip phase. In case of a power shift, the pressure is 
gradually increased to a value pon. At time instant Toff, the on-
going clutch transfers all torque. At the same time, the off-
going clutch is opened completely. Finally, the pressure level 
in the ongoing clutch is linearly increased to the value psync to 
achieve the synchronisation of the in- and outgoing shafts of 
the clutches. Once the shafts are synchronised, the pressure is 
increase to the nominal level. 

Figure 5 shows the desired pressure profiles and the 
parameters to perform a power shift from first to second gear. 
The selection of the right parameters and the timing 
determines the quality of the gearshift. When the on-going 
clutch pressure rises too soon, torque loops occur in the 
transmission. A too low pressure in the on-going clutch 
causes torque interruption. Both phenomena yield driver 
discomfort.  

Given the fact that the clutch behaviour also depends 
strongly on environmental conditions, the tuning of these 
parametric control signals is a cumbersome and time 
consuming task.                  



 

Figure 5: Illustration feedforward based control strategy for 
power shift from 1st to 2nd gear. The command for the shift is 

given at 1 s. 

IV. ILC-BASED POWER SHIFT CONTROL 

To deal with the time-variant behaviour of the wet 
clutches, an iterative learning control strategy is adopted. The 
main idea behind ILC is to improve the tracking performance 
of the controlled system that executes repeatedly the same 
task, by making use of the results of previous realizations 
[16], [17]. An important advantage of ILC is that the plant 
model does not need to be very accurate to achieve a good 
tracking performance. Often, a simplified model that 
approximates the nominal plant dynamics suffices. This 
feature makes ILC particularly interesting for the control of 
wet clutches. 

The next paragraph details the design of the developed 
ILC-based gear shifting controller, while paragraph IV.B 
discusses the selection of a slip reference. In combination 
with an accurate tracking controller, the shape of this slip 
reference signal determines the achievable shift quality. The 
used jerk-limited slip profile enables achieving comfortable 
power shifts.   

A. Control structure 

In correspondence with the state-of the-art methods 
reported in literature, the applied control strategy divides the 
gear shift in two phases, a filling phase and a slip phase [9], 
[10]. For the filling phase, a feedforward controller is 
adopted, while for the slip phase a combination of a 
feedforward, a slip-feedback and an ILC controller model are 
used. In order to avoid the cumbersome recalibrations of the 
feedforward control parameters, learning control should also 
be applied to the filling phase. However, it was decided to 
demonstrate in the first part of the project on the feasibility of 
applying ILC for power shifting control on a real vehicle and 
the potential of this method to improve the shift quality. The 
controller for the filling phase will be developed in a later 
stage of the project. In literature, several approaches have 
already been presented for filling learning [11], [12], [18] and 
[20].   

Figure 6 shows a schematic representation of the ILC-
based power shifting controller structure.  

 

 

Figure 6: Schematic representation of  ILC-based gear shifting 
controller 

The feedforward control signals of this new strategy are 
the same as those applied by the industrial power shift control 
strategy, described in section III. 

The slip feedback controller is only present on the on-
going clutch and consists of  a classic lead-lag controller. The 
bandwidth of this controller is restricted to about 0.5 Hz to 
obtain a sufficiently large stability margin necessary to cope 
with the large system variations originated by the variable 
vehicle load. Despite its poor performance, it is preferred to 
apply this feedback controller since it eases the 
implementation of the ILC-controller. The feedback controller 
is activated when the filling phase is terminated, about 0.3 s 
after the start of the gear shift, and aims to track a slip 
reference profile that yields a smooth synchronisation (see 
section IV.B). 

The ILC-controller is added on top of the slip feedback 
controller adopting to the serial structure described in [17]. 
The block scheme is shown in the blue rectangle of Figure 6. 
The ILC control signal of the (m+1)

th
 iteration ic,ilc,m+1 is 

calculated based on the previous ILC signal ic,ilc,m and the 
previous tracking error eslip,m between the slip reference 
profile sref and the realized slip sm by using following linear 
update law:  

          (  )   ( ) (        (  )

  ( )       (  ))  

(2) 

with D the delay operator, tk is the time instant and Q and L 
the designed filters of the ILC-controller.  

In [17] and [16], it is shown that under the assumption of 

an exactly known plant behaviour P() perfect tracking can 
be obtained by selecting the L-filter as the inverse of the plant 

model L()=P()
-1

 and the Q-filter as Q()=1. However, in 
practice some uncertainty will be present on the system 
model due to model-plant mismatch. In case of magnitude 
uncertainty, a monotonic decrease of the tracking error can be 

guaranteed for the ILC-controller by selecting Q()=1 and 

L()= ̃( ) with 0 <  < 1 and  ̃( ) the nominal plant 

model. A lower value of  yields an increased robustness 
against magnitude uncertainty, but comes at the cost of a 
reduced convergence speed of the ILC-controller. In this way, 
any level of magnitude uncertainty can be compensated. In 



case some phase uncertainty is present, selecting Q()=1 is 
only permitted if the phase difference between the nominal 
plant model and the real system behaviour is limited to 90°. 
For those frequencies where the difference is larger, the 
magnitude of the Q-filter should be reduced to achieve a 
monotonic decrease of the tracking error. However, in these 
cases, perfect tracking cannot be guaranteed.   

Concretely for this power shift control application, the L-
filter is selected as the inverse of the closed loop system 
which consists of the plant and the slip feedback controller. 
The bandwidth of the L-filter is restricted to avoid a nervous 
control signal which would yield operator discomfort. For the 
reasoning mentioned before, the Q-filter is chosen as a zero-
phase low pass filter with a bandwidth of 5 Hz. Given the fact 
that the duration of the slip phase is between 0.7 to 1 s, this 
bandwidth should suffice.  

B. Jerk-limited slip reference profile 

Improving the operator comfort is one of the most 
important objectives for the design of this power shift 
controller. The approach presented in [13] is applied to 
calculate a jerk-limited slip reference profile. The second 
derivative of the slip, i.e. the jerk, is strongly related to the 
passenger discomfort [19]. Hence, a comfortable shift is 
achieved by minimizing the maximum value of the jerk in the 
slip profile. The method is detailed in the following. 

The initial values of the slip and its derivatives are known 
for a specific shift when the slip controller is activated at the 
end of the filling phase. The clutch is then already slipping 
and the slip of the on-going clutch and its derivative have a 
certain value:    

 ( )            ̇( )   ̇     (3) 

To guaranty a smooth lock-up after a predefined duration 

T,  the slip and its derivative should be equal to zero at that 
moment: 

 (  )            ̇(  )   ̇     (4) 

Under these conditions, the optimal signal of the jerk has a 
bang-bang profile: during the first period of duration T1 the 
jerk as a value of   ̈    , after which it witches to  ̈    and 

remains constant until T: 

 ̈(  )  {
  ̈             
 ̈             

  
(5) 

Double integration of (5) yield following expressions for 
the derivative of the slip,  ̇: 

 ̇(  )   {
 ̇     ̈              

 ̇(  )   ̈   (  )(    )          
  

(6) 

and for the slip: 

 (  )

  {
      ̇      ̈   

  
 ⁄           

 (  )   ̇(  ) (    )   ̈   
(    )

 

 
⁄           

  

(7) 

Applying some algebra to the equations (5) to (7) results in 
following quadratic equation in T1:  

    
   ̇                     ̇     

   (8) 

Solving equation (8) yields two solutions for T1, from 

which the value that fulfils conditions T1 ≥ 0 and T1 ≤ T is 
the only feasible one. Consequently, this value can be used to 
calculate the maximum jerk:  

 ̈    
 ̇   

      
  

(9) 

Once the values of T1 and  ̈    are calculated, equation 
(7) is used to calculate the jerk-limited slip reference profile. 
Figure 1Figure 7 shows an example of a slip reference profile 
calculated with the method described above. The initial slip 
was 600 rpm, its derivative 0 rpm/s, while the duration of the 
synchronisation was 0.5 s. In the controller implementation, 
the slip is low pass filtered to attenuate the high frequent noise 
and the derivative of the slip is estimated using a linear filter.   

 

Figure 7: Illustration of jerk-limited slip reference signal 

V. EXPERIMENTAL RESULTS 

This section presents the experimental results achieved by 
implementing the ILC-based power shifting strategy on the 
test vehicle (see section II). Firstly, it is demonstrated that the 
ILC-controller converges and hence, is able learn the proper 
control signal to track the desired slip reference profile. 
Secondly, the performance of the newly developed control 
strategy is compared to this realized with the industrial 
feedforward strategy (see section III).  

The graphs of Figure 8 show respectively the applied 
control signals (upper left), the measured driveshaft torque 
(upper right), the slip signal (lower left) and the output speed 
of the transmission (lower right) during a shift from 1

st
 to 2

nd
 

gear. The dashed black lines give the initial signals, while the 
solid black lines show the results after 20 iterations of the ILC 
algorithm. The performed tests consisted of repeated full 
throttle accelerations starting from zero initial velocity, on a 
flat road and at nominal operating temperature of the 
transmission (60 °C). The power shift is initiated at 1.9 s. 

These test results demonstrate that the ILC algorithm is 
able to learn the appropriate control signal to perform a 
smooth power shift. The slip signal tracks the reference pretty 
well, only at the initial part there exist dome deviation. This is 
however a result of the controller signal applied during the 
filling phase. This issue could be resolved by extending the 
currently applied feedforward controller of the filling phase 
with a learning module. This extension will be developed 
during a later phase of the project. Between 2.3 s and 2.6 s, the 



transmitted torque for shift with the convergence of the ILC 
controller is about 5 % higher than initially, resulting is a 
faster acceleration of the vehicle (see right graph of Figure 8). 
The realized torque profile exhibits also less oscillations, 
reducing the excitation of the driveline and hence, yielding a 
higher comfort level.  

 

Figure 8: Results experimental validation of ILC-based power shift 
control on test vehicle for shift from 1st to 2nd gear on a flat road 

Next, the performance of the ILC-based strategy is 
compared to the industrial strategy. The left graph of Figure 9 
shows the output torques of the transmission measured when 
applying respectively the ILC-based and industrial control 
strategies, while driving on a flat test track. At the time instant 
t = 2 s, the command for the upshift from 1

st
 to 2

nd
 gear is 

given to the controller. The torque realized with the ILC 
controller clearly is much smoother and is characterized with a 
much smaller drop during the slip phase. Similar phenomena 
can be seen on the right graph of Figure 9, which shows the 
slip over the ongoing clutch during these manoeuvre.   

 

Figure 9: Comparison ILC-based to industrial feed forward 
control strategy: (left) output torque of the transmission; (right) 

slip of  the ongoing clutch (2nd gear). 

 These observations are in correspondence to the 
subjective evaluations of different test drivers. 

Table 1 gives some power shift quality metrics for both 
control strategies. The used metrics are the minimal value of 
the transmitted torque and the maximal value of the second 
derivative of the slip. The first metric is a performance 
criterion and has an inherent safety aspect, since torque output 
should at all times by high enough to propel the vehicle. The 
second metric is a measure for the operator comfort. The table 
contains values for two test conditions: shift performed on a 
flat road and on a slope of 20 %, respectively. The minimal 
transmitted torque is about 50 % higher in case of the ILC-
based gear shift strategy, while the second derivative of the 

slip is a factor 3 lower than the industrial control strategy. 
These observations are in correspondence to the subjective 
evaluations of different test drivers. 

Table 1: Shift quality metrics for the ILC-based and industrial 
strategy for shifts performed on flat road and a slope 

Controller Flat Slope 

Tmin 

[Nm] 
 ̈    

[10
4
rad/s

3
] 

Tmin  

[Nm] 
 ̈    

[rad/s
3
] 

ILC-based 160.8 0.37 218.2 0.5 

Industrial 105 1.13 144.4 1.5 

 

VI. CONCLUSIONS AND FUTURE WORK 

This paper presented the experimental validation of an 
ILC-based control strategy for power shifting of a 
transmission with wet clutches. The controller structure 
consists of a parametric feedforward module, a slip feedback 
controller, an ILC-module and a jerk-limited slip reference 
generator. The control strategy was successfully implemented 
on a fully instrumented test vehicle and compared to an 
industrially used feedforward control strategy. The test results 
demonstrated that the transmitted torque during a shift is up to 
50 % higher than the industrial approach. As such, this 
controller enhances the performance and safety of the vehicle. 
Furthermore, the jerk during the slip phase could be reduced 
by a factor of 3, yielding a substantial improvement of the 
operator comfort.  

This work focussed on the development of a learning 
controller for the slip phase. For the filling phase, a parametric 
feedforward control was used. Hence to overcome the need for 
the costly and cumbersome recalibrations, the controller 
structure should be extended with a learning module for the 
filling phase. In literature, different learning control methods 
have proposed for the filling phase [11], [12], [20]. However, 
the optimal control signals might depend on the load and on 
the oil temperature. To the authors knowledge, no approaches 
have been reported in literature about how to deal with these 
dependencies. 
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