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ABSTRACT 

 

This paper describes a controller development for an electro-mechanical friction clutch 

(EMFC) system for automotive applications and especially for vehicles that use 

continuously variable transmission. The work focuses on developing an EMFC 

engagement controller based on experimental work using a Proportional Derivative 

(PID) controller algorithm to engage the dry friction clutch. The EMFC is electro-

mechanically actuated using a DC motor system, such that a smooth engagement 

process can be performed satisfactorily. To develop the controller, the dynamic 

behaviors of the EMFC system are investigated by performing tests on the EMFC 

bench-test. Results from this experiment show that the percentage of slip between the 

input and output shaft of the EMFC system depends on the input speed and output 

torque. Therefore, by applying slip control, engagement of the EMFC can be controlled 

and achieved for any input speed and torque during the standing start of a vehicle. 

 

Keywords: Electro-mechanical friction clutch; clutch engagement control; PID 

controller 

  

INTRODUCTION 

 

Drive-by-wire technology currently plays an important role in a wide range of 

automotive applications. In an automotive powertrain system, the main idea of drive-by-

wire is to replace the purely mechanical transmission system with mechatronic 

components. Most of today’s automotive transmissions have already implemented 

drive-by-wire technology with the intention of exploiting its benefits. With this 

technology, automotive transmissions such as automatic transmission (AT), automated 

manual transmission (AMT) and continuously variable transmission (CVT) offer some 

potential improvements in terms of vehicle safety, comfort, reliability and driving 

performance, together with lower consumption and emission reductions [1-3]. For 

example, a vehicle with AMT normally uses a dry friction clutch-by-wire system as a 

means of making the driver’s task easier, and this enhances the driveability of the 

vehicle. As compared to a manual transmission (MT), AMT offers improvements in 

terms of driving comfort and shift quality, due to the dry friction clutch controller 

during the engagement process. The smooth engagement process of a dry friction clutch 

is very important to ensure good powertrain performance [4, 5]. Taking advantage of a 
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clutch-by-wire in AMT, an electro-mechanical friction clutch (EMFC) system for a 

novel electro-mechanical dual-acting pulley (EMDAP)
 

CVT application has been 

developed by the Drivetrain Research Group (DRG) in Universiti Teknologi Malaysia 

[6] as a future automotive transmission with a drive-by-wire technology. Currently, 

most of the clutches used in metal V-belt CVT applications are based on torque 

converters [7-11] and electro-magnetic powder clutches [12, 13]. To the best of the 

author’s knowledge, the use of a standard dry friction clutch for CVT has never been 

explored before by automotive engineers and researchers. This could be due to the 

general perception that CVT application is always a part of automatic transmission. 

However, researchers from UTM’s DRG see the potential of the dry friction clutch for 

CVT applications, especially for starting and stopping the movement of the vehicle, 

which is why this research has been carried out. 

Basically, in a metal pushing V-belt CVT, the CVT ratio is varied 

continuously without the need for clutch engagement and disengagement. However, 

during standing start and stopping, smooth clutch engagement and disengagement are 

required to prevent the engine from stalling. This has always been a great challenge to 

transmission engineers because the torsional vibration of the vehicle powertrain 

responds sensitively to the clutch operation and influences ride comfort. It is an 

important part of clutch control at standing start and stopping, and a way to minimize 

the torque fluctuation when engaging the clutch [14]. Hence, a good control strategy is 

required to provide smooth engagement and disengagement processes and to reduce 

torsional vibration. Based on the AMT research and development, many different 

control strategy approaches have been proposed. These include Fuzzy control [15], 

optimal control [4, 16, 17], proportional control [18], and decoupling control [19, 20]. It 

should be noted that all these proposed control strategies only consider the critical 

clutch engagement process during standing start. This research intends to provide a 

contribution to drive-by-wire technology by proposing a good control strategy to 

minimize the engagement time and torque fluctuation during the EMFC engagement 

process. In designing this controller, the dynamics behaviors of the EMFC system are 

investigated by performing tests on the EMFC bench-test. The results from this 

experiment show that the percentage of slip between the input and output shaft of the 

EMFC system is dependent on the input speed and output torque. Therefore, by 

applying slip control, the engagement of the EMFC can be regulated and achieved for 

any input speed and torque during standing start of a vehicle. 

 

EXPERIMENTAL WORK 

 

Description of EMFC Test Rig 

 

An experiment is carried out in this research by designing and developing an 

appropriate experimental test rig so that measurements can be made for further 

investigation of the actual characteristics of the electro-mechanical friction clutch 

(EMFC) system. The schematic layout of the EMFC test rig is shown in Figure 1. An 

engine output is connected to the input shaft of the EMFC. The engine is capable of 

supplying 62 kW at 6000 rpm and a maximum torque of about 109 Nm at 4000 rpm. 

The EMFC consists of a mechanical actuator, a typical dry friction clutch, clutch 

linkages and a DC motor as an actuator.  The engine power, which is transferred to the 

output shaft of the EMFC, is then absorbed by a hydraulic dynamometer capable of 

absorbing 15 to 1500 kW at angular velocities of up to 8000 rpm.  
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Figure 1. Block diagram of the EMFC experimental test rig control unit. 

 

The input torque and speed of the EMFC are measured by a torque meter 

mounted between the engine and the EMFC input shaft, while the output torque and 

speed are measured by another torque meter mounted between the EMFC output shaft 

and the hydraulics. A linear displacement sensor measures the position of the inner 

power screw during the engagement and disengagement processes, as shown in 

Figure 1. All the experimental measurements, such as engine speed, engine torque, 

clutch speed, clutch torque and the inner power screw displacement, are measured with 

the aid of a data acquisition system, computer and engineering software 

(Matlab/Simulink). 

 

Full Clutch Engagement and Disengagement Measurements 

 

The inner power screw needs to be moved outward and inward from the EMFC’s 

actuator to disengage and engage the clutch respectively. For the engagement process, 

the position of the inner power screw needs to be calibrated so that it is in the correct 

position to ensure that the release bearing, which is in contact between the diaphragm 

spring and shift fork, has a preload due to the force of the spring itself. At the same 

time, the force from the diaphragm spring for the engagement process between the 

clutch plate and the flywheel must be sufficient to prevent slippage during the full 

clutch engagement process. The position of the inner power screw also needs to be 

calibrated for the disengagement process to ensure that the output clutch has no power 

that can be transferred through it. 

 

Calibrating Full Clutch Disengagement 

 

The position of the inner power screw for full clutch disengagement is calibrated and 

initially set as a 0 mm reference position. Full clutch disengagement is achieved if there 

is no connection between the input and output clutch shafts of the EMFC system. 
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Calibrating Full Clutch Engagement 

 

The main objective of the calibration is to determine whether the clutch is fully engaged 

in conditions of full clutch engagement, or still has slippage. The possible reasons for 

slippage are either an improper engagement position of the pressure plate or insufficient 

normal force to clamp the clutch plate between the flywheel and the pressure plate. 

Calibration is carried out by moving the inner power screw from the reference position 

of 0 mm to the position where the release bearing is in the preloaded condition (about 

14 mm). To ensure that the inner power screw is in the correct position and the full 

clutch engagement condition is achieved, an experiment is carried out with the engine 

initially set at a constant speed of approximately 2000 rpm. Subsequently, the load 

torque (Nm) is gradually increased such that the engine speed (rpm) drops to about 1300 

rpm. Then the load is slowly reduced until the engine speed recovers to its initial value 

of 2000 rpm. The results are shown in Figures 2 and 3. 
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Figure  2. Full engagement speed curves of EMFC with variable load curves. 

 

0 10 20 30 40 50 60
0

1000

2000

3000

4000

Time (s)

P
o

w
er

 (
w

at
t)

 

 

Clutch Power Input 

Clutch Power Output 

 
 

Figure  3. Power generated with variable loads at initial constant speed of approximately 

2000 rpm. 

 

From Figure 2(a), it can be seen that the engine speed dropped from 1700 rpm to 

1300 rpm when the load torque was gradually increased from about 15 Nm to 25 Nm. 

When the load torque decreased gradually from 25 Nm to 10 Nm, the engine regained 

speed from 1300 rpm to 2000 rpm. In Figure 2(b), slippage has not occurred at the full 

clutch engagement of the EMFC, since the input and output velocities are the same, 

although different torques are applied to the system. Figure 3 shows that the clutch 

output power is very close to the clutch input power. This indicates that a very small 

power loss (≈ 4% max) occurred during full engagement of the EMFC. Figure 3 is used 
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to prove that there is a negligible amount of power loss due to the micro slippage that is 

lost in terms of heat inside the EMFC clutch. Therefore, the position of the inner power 

screw at 14 mm from the reference position can be considered as the exact position for 

the full clutch engagement condition. 

 

Matlab/Simulink Block Diagram of the Actual EMFC System 

 

A Matlab/Simulink block diagram of the EMFC system has been developed, as shown 

in Figure 4, where: 

 

Xd : Desired inner power screw position to engage and disengage  

Xa  : Actual inner power screw position to engage and disengage 

ωe  : The crankshaft rotor speed 

ωc  : The clutch disk rotor speed 

Te  : Engine torque 

Tc   : Clutch toque 

 

PID

controller
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actuator
EMFC 

dry clutch
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ωcXaXd
+

_

 
 

Figure 4. Block diagram of the actual EMFC system. 

 

Tuning Parameters of the Proposed PID Controller 

 

A method for automatic tuning of simple regulators introduced by Astrom and 

Hagglund [21] has been used as the tuning parameters of the PID controller in 

simulation studies of the EMFC control system. This method is also used as the tuning 

parameter of the PID controller in the experimental studies. It is used to determine the 

critical period of waveform oscillation (Tc) and the critical gain (Kc) from a simple relay 

feedback experiment, and whether it can be used in the simulation or actual system. 

Based on knowing both the critical period of waveform oscillation and the critical gain, 

the Ziegler–Nichols formula is then applied to determine the suitable values of three 

PID parameters, namely Kp, Ki, and Kd to satisfy certain control specifications. Figure 5 

shows the output response curves of the inner power screw during application of a step 

input to engage and disengage the EMFC system with the PD controllers. From 

Figure 5, it can be seen that the time taken by the PD controllers from the engagement 

process of 14 mm to 0 mm is about 0.68 seconds, while the time taken to go from the 

disengagement process of 0 mm to 14 mm is about 0.73 seconds. This difference can be 

understood, since during the engagement process, the force from the DC motor of the 

EMFC’s actuator worked together with the clutch spring force which acted in the same 

direction as the motor to engage the clutch plate to the flywheel. Conversely, during the 

disengagement process the clutch spring force acted in the reverse direction to that of 

the DC motor, so the EMFC motor required a bigger force and more time to disengage 
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than to engage the clutch. The response times from Figure 5 are an important indicator 

of the performance of the EMFC actuator to control the engagement and disengagement 

of the EMFC clutch. 
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Figure  5.  Response curves of the inner power screw to disengage (a) and engage  

(b) the EMFC. 

 

Experimental Procedure 

 

By performing a closed loop control application, the dynamic behavior of the clutch is 

investigated with a constant initial engine speed of 1000 rpm with increments of 500 

rpm until reaching 2000 rpm. For each engine speed, the experiment is conducted with 

an applied torque starting from a minimum value of 10 Nm with increments of 5 Nm 

until the applied torque causes the engine to stall. The clutch is controlled in such a way 

that it is initially fully engaged, slipped, fully disengaged, slipped again and finally fully 

engaged again. During this process, the data are collected by the data logger system and 

recorded by the computer for 60 seconds. The dynamic behaviors of the EMFC for each 

engine speed with the applied torque approximately between 11 Nm until 21 Nm are 

compared and presented in terms of input and output clutch speed and clutch torque.  

 

RESULTS AND DISCUSSION 

 

Clutch Engagement and Disengagement Time 
 

Figure 6 shows the behaviors of the EMFC clutch engagement and disengagement 

processes. These processes consist of full disengagement, slipping and full engagement 

between ICE speed and clutch speed. The clutch engagement time is the time required 

by the EMFC to operate from full disengagement to full engagement, while the clutch 

disengagement time is the time required to operate from full engagement to full 

disengagement. The times taken by the clutch for the engagement and disengagement 

processes are shown in Figure 6 and also presented in Table 1. From this table, it can be 

seen that the time required for the EMFC to engage is almost half that required to 

disengage. This difference is expected, since during the engagement process, the force 
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from the DC motor of the EMFC’s actuator acts in the same direction as the clutch 

spring force to engage the clutch plate to the flywheel. Conversely, during the 

disengagement process the clutch spring force acts in the opposite direction to that of 

the DC motor, so a bigger force is required and hence a longer time to disengage the 

clutch [3, 18]. It can also be seen that for each constant initial engine speed with the 

applied torque values increasing, the time taken by the EMFC to achieve full clutch 

engagement also increases. This is because the friction force needs more time to 

produce the transmitted torque exerted by normal force to be equal with the applied 

torque based on the Coulomb friction model [19]. Inversely, for the EMFC to achieve 

the full clutch disengagement process, for each initial engine speed with the applied 

torque values increasing, the time taken by the EMFC to achieve the process decreases.  
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(a)  1000 rpm 
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(b) 1500 rpm 
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Figure 6.  EMFC clutch response times during engagement and disengagement 

processes at constant initial engine speed of approximately 2000 rpm. 
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applied torque during the engagement process. When the applied torque increases for 

constant initial input engine speed, the slipping phase also increases because it requires 

more time to slip to achieve the same input torque and speed. For the disengagement 

process, the slipping phase decreases when the applied torque and input speed increase. 

This is because, once the input and output clutches disengage, the applied torque 

counters the slip between the input and output of the clutch. 

 

Table 1. Engagement and disengagement times. 

 

Torque 

(Nm) 

Speed 

(rpm) 

Engagement 

time (s) 

Disengagement 

time (s) 

Percentage of clutch torque overshoot 

during engagement POSt (%) 

10 

1000 

1.20 2.55 3.90 

16 1.30 2.00 1.50 

20 1.45 1.78 0.90 

11 

1500 

1.19 3.06 8.39 

15 1.35 2.48 5.01 

21 1.47 2.24 4.60 

11 

2000 

1.45 2.52 13.20 

15 1.54 2.30 5.30 

20 1.65 1.78 4.90 

 

Applied Torques for EMFC Engagement and Disengagement  

 

With a constant applied load of 11 Nm, the dynamic behavior of the clutch is observed 

when the initial engine speed is tested with 1000 rpm, 1600 rpm and 2000 rpm. Figure 7 

shows that the output torque overshoot is directly proportional to the initial engine 

speed. With a constant movement of the EMFC actuator to actuate the clutch 

engagement and disengagement process for the constant clutch output torque, in this 

case of 11 Nm, the higher the initial engine speed is tested, the bigger the output torque 

overshoot generated. For the initial engine speeds of 1000 rpm, 1600 rpm and 2000 

rpm, the generated output torque percentage overshoots are 3.6%, 10.9% and 13.2% 

respectively. These clutch torque overshoots get smaller as the applied torque increases 

with an initial engine speed of 1500 rpm. The dynamic behavior of the clutch is initiated 

by applying loads of 11 Nm, 15 Nm and 21 Nm.  For these applied loads of 11 Nm, 15 

Nm and 21 Nm, the percentage overshoots were 8.4%, 5.0% and 4.6%, respectively. 

Basically, during the sliding phase of the clutch torque, these are given by the Coulomb 

approximation of dry friction, where Tcl = 2Np.µd.Rc.Fa(x) where Tcl is clutch torque, Np 
is the number of clutch disks, µd dynamic friction coefficient, Rc the mean radius of the 

friction plate pads on the clutch disks and Fa(x) is the normal force acting on the friction 

surfaces, a function of actuator position x [22]. The significant overshoots occurred at 

low applied torque for each initial engine speed because the normal force acting on the 

clutch is enough to transmit low torque in a shorter engagement time during the sliding 

phase between the input and output of the clutch. The shorter engagement time and 

driving comfort requirements are different and in conflict with each other. The shorter 

engagement time usually implies a higher fluctuation level, as shown in Table 1. 
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Figure  7.  Clutch torque curves of the EMFC at certain constant engine speed. 
 

CONCLUSIONS 

 

The dynamic behaviors of the EMFC system have been investigated by performing tests 

on the EMFC bench-test. Based on the experiment of the proposed control strategy with 

PID controllers on the engagement and disengagement processes of the EMFC system, 

the characterization of the EMFC system has been studied in terms of the time response 

of the EMFC’s actuator inner power screw, clutch engagement and disengagement 

times, clutch input and output speed behaviors and clutch torque behaviors. Both the 

engagement and disengagement periods are affected by these parameters, such as engine 

speed and applied/load torque. In order to achieve a smooth EMFC engagement process 

with the minimum engagement time at any initial engine speed for standing start of a 

vehicle, an appropriate clutch–speed–ratio control strategy based on actuator 

displacement has been developed. This strategy would be able to control an excessive 

torque of the EMFC during the engagement processes between an ICE and a CVT.  
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