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Yunxia Lia,b 
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Mechanical & Automotive Engineering, Jinan, China 

b. Shandong Institute of Mechanical Design and Research, Jinan, China 

Abstract: To improve the starting quality of automated mechanical transmission (AMT) as a soft 
starter for belt conveyors, a novel data-driven method is proposed. By analyzing the common soft-
starting acceleration curves, a segmented acceleration curve is proposed as the soft-starting 
acceleration curve for AMT. A modified model free adaptive control (MFAC) method with jerk 
compensation is proposed as a data-driven method to control the AMT output shaft’s angular 
acceleration, which consists of a MFAC algorithm and a jerk compensation algorithm. Simulation 
comparisons are analyzed between the modified MFAC method with jerk compensation, the 
prototype MFAC method, and the proportion integration differentiation (PID) method. Results 
indicate better control of the modified MFAC method with jerk compensation on the AMT output 
shaft’s angular acceleration than the other two methods. It also has excellent properties of small 
tracking error and small shock, providing a novel approach for AMT as a soft starter. 
Key words: automated mechanical transmission; data-driven method; model-free adaptive control; 
jerk compensation; soft start 

Ⅰ. Introduction 

In recent decades, the belt conveyors play an important role for the dry bulk material transport. The 
conveyor belt is composed of rubber, fiber, and metal, with viscoelastic property and complicated 
dynamic characteristics [1]. As acknowledged, the vibration of the conveyor belt may cause serious 
accidents such as belt breaking, belt slipping, and belt wear for long-distance and high-power belt 
conveyors during the starting process [2]-[5]. Therefore, softly starting the belt conveyors is very 
important. Many scholars have proposed some “S” style speed curves. From the available literatures, 
five soft-starting acceleration curves exist for belt conveyors including the constant acceleration 
curve, the sine acceleration curve, the triangle acceleration, the trapezoidal acceleration, and the 
parabola acceleration [6]-[7]. Reasonable acceleration starting curve can decrease belt vibration and 
belt accidents. 
  Currently, the common soft starters of the belt conveyors include the variable frequency and 
hydro-viscous drives. The principle of the variable frequency drives is to adjust the frequency to 
change the motor speed [8]. The hydro-viscous drives mainly use the wet clutch to change the speed 
difference between the active and driven plates [9]-[10]. The variable frequency drives are used in 
dry locations with sufficient ventilation for the use requirements of the electrical equipment. The 
hydro-viscous drives are used in cleaning and in airy places for their high-quality oil and high 
maintenance costs. The above soft starters cannot be widely used under the mine due to high price 
and high maintenance cost. 

AMT is widely used in heavy-duty trucks and proposed to be used as a new soft starter for the 
belt conveyors with 400 KW in this paper. It has good advantages of low price, low maintenance 
cost and high efficiency [11]-[12]. It can be used as a new soft starter for belt conveyors through 



gradual shifting as elaborated in the author’s published papers [13]-[14]. Figure 1 illustrates the 
AMT soft-starting system. The AMT soft-starting system includes a three-phase asynchronous 
motor, an AMT, a reducer, and a belt conveyor. The AMT control system consists of a Transmission 
Control Unit (TCU), several sensors and several actuators. 
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Figure1. Diagram of AMT soft-starting system. 
  The clutch combines or cuts the transfer of motivity by controlling the clutch engagement and 
disengagement. In particular, the clutch engagement process includes the empty, resistance, 
acceleration, and full engagement stages in this paper. Their tasks are eliminating the free clearance, 
overcoming the running resistance force, controlling the AMT output shaft’s angular acceleration, 
and separately maintaining a running speed under a certain gear position. The key stage is the 
acceleration stage in which the AMT output shaft’s angular acceleration can be controlled and the 
conveyor belt can be started up softly. 

Describing the clutch torque transmissibility is difficult due to the mechanical property of the 
diaphragm spring and the nonlinear property of the friction disk. The estimation of the clutch 
transmitting torque has been studied in recent years [15]-[17]. The clutch torque transmissibility can 
be considered to have nonlinear characteristics. Moreover, the clutch actuator has some hysteresis 
characteristics. In practice, controlling the AMT output shaft’s angular acceleration to accurately 
track the ideal given curve is difficult. 

The speed signal of the AMT output shaft changes slowly if the output shaft speed is lower than 
20 rpm. Therefore, the control methods based on model are not suitable for the clutch control. Data-
driven control methods have better control performances for the complicated and nonlinear 
actuators, thereby eliminating the need to build an accurate mathematical model. Only depending 
on the input and output data, data-driven control methods can achieve adaptive control for these 
complicated and nonlinear actuators. Some data-driven control methods such as PID，fuzzy PID, 
Active Disturbance Rejection Control (ADRC), Iterative Learning Control (ILC), and MFAC are 
widely used in industrial control [18]-[21]. Hou proposed the MFAC method which has some better 



control characteristics. In this paper, it is selected as the basic method to better control the AMT 
output shaft’s angular acceleration in meeting the requirement of the belt conveyor’s soft starting. 

The belt shock will occur if the AMT output shaft’s angular jerk exceeds a certain threshold. To 
avoid a bad situation, the AMT output shaft’s angular jerk requires restriction. Then, a modified 
MFAC method with jerk compensation is proposed as the optimal control method to control the 
AMT output shaft’s angular acceleration for AMT as a soft starter. 

Ⅱ. Starting acceleration curve based on AMT 

The common starting acceleration expressions are illustrated below. 
  The constant acceleration curve can be expressed in equation (1). 

                             𝑎(𝑡) = 1𝑇𝑠 𝑣𝑏 (0 ≤ 𝑡 ≤ 𝑇𝑠)                         (1) 

Where 𝑣𝑏 is the belt target speed, 𝑇𝑠 is the starting time. 
  The sine acceleration curve can be given in equation (2). 

                         𝑎(𝑡) = 𝜋2𝑇𝑠 𝑣𝑏sin(𝜋𝑇𝑠 𝑡) (0 ≤ 𝑡 ≤ 𝑇𝑠)                     (2) 

  The triangular acceleration curve can be written in equation (3). 

                       𝑎(𝑡) = {4𝑣𝑏 𝑡𝑇𝑠2 (0 ≤ 𝑡 ≤ 𝑇𝑠 2)⁄4𝑣𝑏(1𝑇𝑠 − 𝑡𝑇𝑠2) (𝑇𝑠 2 < 𝑡 ≤ 𝑇𝑠)⁄                     (3) 

  The trapezoidal acceleration curve can be written in equation (4). 

                      𝑎(𝑡) = {  
  𝑣𝑏(𝑁−1)𝑡𝑠2 𝑡 (0 ≤ 𝑡 ≤ 𝑡𝑠)𝑁𝑣𝑏(𝑁−1)𝑇𝑠 (𝑡𝑠 < 𝑡 < 𝑇𝑠 − 𝑡𝑠)𝑁2𝑣𝑏(𝑁−1)𝑇𝑠2 (𝑇𝑠 − 𝑡) (𝑇𝑠 − 𝑡𝑠 ≤ 𝑡 ≤ 𝑇𝑠)                 (4) 

Where N is a natural number greater than 3, 𝑡𝑠 is the time of the ascent or descent acceleration 
stage, 𝑡𝑠 is equal to 𝑇𝑠 divided by N. 
  The parabola acceleration curve can be written in equation (5). 

                         𝑎(𝑡) = 6𝑣𝑏( 𝑡𝑇𝑠2 − 𝑡2𝑇𝑠3) (0 ≤ 𝑡 ≤ 𝑇𝑠)                      (5) 

Under the same starting time, Figure 2 presents the schematic of the above five common starting 
acceleration curves. Table 1 lists the comparisons of the characteristic parameters including the belt 
velocity, the belt acceleration, and the belt jerk (the differential of the acceleration). 
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Figure 2. Five common starting acceleration curves. 
Table 1. Comparisons of characteristic parameters for the common starting curves. 

Type Time Velocity Acceleration Jerk 

Constant 
acceleration 

0 0 𝑣𝑏 𝑇𝑠⁄  ∞ 𝑇𝑠 𝑣𝑏 𝑣𝑏 𝑇𝑠⁄  −∞ 

Sine 
acceleration 

0 0 0 𝜋2𝑣𝑏 (2𝑇𝑠2)⁄  𝑇𝑠 2⁄  𝑣𝑏 2⁄  𝜋𝑣𝑏 (2𝑇𝑠)⁄  0 𝑇𝑠 𝑣𝑏 0 −𝜋2𝑣𝑏 (2𝑇𝑠2)⁄  

Triangular 
acceleration 

0 0 0 4𝑣𝑏 𝑇𝑠2⁄  𝑇𝑠 2⁄  𝑣𝑏 2⁄  2𝑣𝑏 𝑇𝑠⁄  4𝑣𝑏 𝑇𝑠2⁄  𝑇𝑠 𝑣𝑏 0 −4𝑣𝑏 𝑇𝑠2⁄  

 

Trapezoidal 
acceleration 

0 0 0 
𝑁2𝑣𝑏(𝑁 − 1)𝑇𝑠2 𝑇𝑠𝑁 

𝑣𝑏2(𝑁 − 1) 𝑁𝑣𝑏(𝑁 − 1)𝑇𝑠 𝑁2𝑣𝑏(𝑁 − 1)𝑇𝑠2 (𝑁 − 1)𝑇𝑠𝑁  
(2𝑁 − 3)𝑣𝑏2(𝑁 − 1)  

𝑁𝑣𝑏(𝑁 − 1)𝑇𝑠 0 

𝑇𝑠 𝑣𝑏 0 − 𝑁2𝑣𝑏(𝑁 − 1)𝑇𝑠2 

Parabola 
acceleration 

0 0 0 6𝑣𝑏 𝑇𝑠2⁄  𝑇𝑠 2⁄  𝑣𝑏 2⁄  3𝑣𝑏 (2𝑇𝑠)⁄  0 𝑇𝑠 𝑣𝑏 0 −6𝑣𝑏 𝑇𝑠2⁄  

  From the perspective of peak acceleration, those of the triangular, sine, and constant acceleration 
curves occupy the first, second, and last places, respectively. From the perspective of peak jerk, 
those of the triangular, sine, and constant acceleration curves are described as the lowest, the smaller, 
and the greatest, respectively. The greater the peak jerk is, the greater the belt vibration. Therefore, 
the sine and triangular acceleration curve are generally chosen for soft starters. 

To meet the requirements of the belt conveyor’s soft starting, studying which acceleration curve 
is more suitable for AMT is necessary. To reduce the clutch wear, reducing the starting times is 
reasonable. The acceleration algorithm should not be excessively complicated due to some 
hysteresis properties of the AMT actuators. Following the above analysis, the triangular and 
trapezoidal acceleration curves are practicable in reducing the starting time and the peak jerk. The 
belt acceleration can be achieved from zero to its maximum by controlling the duty ratios of the 
clutch engaging solenoid valve, and it can be accomplished from its maximum to zero by controlling 
the duty ratios of the clutch disengaging solenoid valve. Combing the above analysis, a segmented 
acceleration curve is proposed to control the acceleration process for AMT as a soft starter as shown 
in Figure 3. 
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Figure 3. Starting acceleration curve based on AMT. 
  The segmented acceleration curve can be illustrated as follows. It comprises several trapezoidal 
acceleration curves determined by the belt speed and gear positions. The first stage of the conveyor’s 
starting process is to accelerate the belt from zero to the target speed under the first gear position 
which is labeled 𝑇1 and kept running at its target speed for longer than 5s to stretch the entire belt. 
Then, the clutch should be disengaged and the gear position shifted to the second gear position. The 
second stage of the conveyor’s starting process is to still accelerate the belt from the previous speed 
to the target speed under the second gear position which is labeled 𝑇2 and kept running at its speed 
for 2s. Then, the clutch should be disengaged again and the gear position shifted to the third gear 
position. The third stage of the conveyor’s starting process is still to accelerate which is labeled 𝑇3 
and kept running at its speed for 2s. Similarly, the other stages are completed through upshifting 
until the target belt speed is reached. Finally, the conveyor’s soft starting process is completed. 

Ⅲ. AMT dynamics analysis 

A. Clutch torque transmissibility 

The clutch transmitting torque can be expressed as a third-order polynomial concerning the big end 
displacement of the diaphragm spring [22]. The clutch actuator is an air cylinder controlled by the 
solenoid valves, and the piston displacement is proportional to the big end displacement of the 
diaphragm spring. Therefore, the clutch transmitting torque can also be expressed as a third-order 
polynomial concerning the clutch actuator displacement. Normally, the clutch friction disk is often 
worn which will affect the clutch torque transmissibility. Therefore, the clutch transmitting torque 
can be expressed in equation (6). 
         𝑇𝑐(𝑥) = 𝜇′[𝐾1(𝑥 − 𝑥0 − ∆𝑥0) + 𝐾2(𝑥 − 𝑥0 − ∆𝑥0)2 + 𝐾3(𝑥 − 𝑥0 − ∆𝑥0)3]      (6) 
Where 𝜇′ is the friction coefficient of the clutch disk, x is the clutch actuator displacement, 𝑥0 is 
the clutch actuator displacement at the critical point of the empty stroke for the new clutch, ∆𝑥0 is 
the displacement increment of the clutch’s empty stroke due to wearing. 

B. Transmission dynamic model 
The input and output shafts can be regarded as two mass units. Thus, the transmission model can be 
built as a double-mass model as shown in Figure 4. 
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Figure 4. Transmission double-mass model. 
  Assuming the system damping is ignored, the transmission dynamic equation can be expressed 
in equation (7). 

              
{  
  
  �̇�𝑜 = 𝑇𝑐(𝑥)𝑖𝑔𝑖𝑔−𝑇𝑟𝐽𝑖𝑖𝑔2+𝐽𝑜�̈�𝑜 = 𝑑�̇�𝑜𝑑𝑡𝑇𝑐(𝑥) = 𝜇′[𝐾1(𝑥 − 𝑥0 − ∆𝑥0) + 𝐾2(𝑥 − 𝑥0 − ∆𝑥0)2 + 𝐾3(𝑥 − 𝑥0 − ∆𝑥0)3]𝑇𝑟 = 𝐹𝑓𝑟𝑑𝑖𝑟𝜂𝑟𝐽𝑜 = 𝐽𝑡 + 𝐽𝑐+𝐽𝑟𝑖𝑟2

       

(7) 
Where 𝐽𝑖, 𝐽𝑡, 𝐽𝑐, and 𝐽𝑟 are the moment of inertia about the AMT input shaft, AMT output shaft, 
belt conveyor, reducer’s output shaft, respectively. 𝐽𝑜 is the equivalent moment of inertia about the 
AMT output shaft. 𝜔𝑖 and 𝜔𝑜 are the input and output shaft’s angular speeds, respectively. 𝑇𝑐 
and 𝑇𝑟 are the transmitted torque of the clutch and the equivalent resistance torque of the AMT 
output shaft, respectively. 𝐹𝑓 is the running resistance force of the belt conveyor. 𝑟𝑑 is the head 
roller’s radius of the belt conveyor. 𝑖𝑔 and 𝑖𝑟 are the transmission ratio and the reducer ratio. 𝜂𝑔 
and 𝜂𝑟 are the AMT efficiency and the reducer efficiency, respectively. 
  If the sampling interval is T, the discrete model of equation (7) can be written in equation (8). 

 
{   
  
   𝜔𝑜(𝑘 + 1) = 𝜔𝑜(𝑘) + 𝑇 𝑇𝑐(𝑥(𝑘))𝑖𝑔𝜂𝑔−𝑇𝑟(𝑘)(𝐽𝑖𝑖𝑔2+𝐽𝑜(𝑘))�̈�𝑜(𝑘) = �̇�𝑜(𝑘)−�̇�𝑜(𝑘−1)𝑇𝑇𝑐(𝑥(𝑘)) = 𝜇′[𝐾1(𝑥(𝑘) − 𝑥0 − ∆𝑥0) + 𝐾2(𝑥(𝑘) − 𝑥0 − ∆𝑥0)2 + 𝐾3(𝑥(𝑘) − 𝑥0 − ∆𝑥0)3]   𝑇𝑟(𝑘) = 𝐹𝑓(𝑘)𝑟𝑑𝑖𝑟𝜂𝑟𝐽𝑜(𝑘) = 𝐽𝑡 + 𝐽𝑐(𝑘)+𝐽𝑟𝑖𝑟2

(8) 

Where 𝑘  is a natural number. 𝜔𝑜(𝑘)  and 𝜔𝑜(𝑘 + 1)  are the angular speed at No. k sampling 
time and that No. (k+1) sampling time separately.  

C. Angular acceleration curve of the AMT output shaft 
The equivalent angular acceleration curve of the AMT output shaft can be given in equation (9) 
according to equation (4). 



                    �̇�𝑜(𝑡) = {  
  𝑖𝑟𝑣𝑏𝑟𝑑(𝑁−1)𝑡𝑠2 𝑡 (0 ≤ 𝑡 ≤ 𝑡𝑠)𝑖𝑟𝑁𝑣𝑏𝑟𝑑(𝑁−1)𝑇𝑠 (𝑡𝑠 ≤ 𝑡 ≤ 𝑇𝑠 − 𝑡𝑠)𝑖𝑟𝑁2𝑣𝑏𝑟𝑑(𝑁−1)𝑇𝑠2 (𝑇𝑠 − 𝑡) (𝑇𝑠 − 𝑡𝑠 ≤ 𝑡 ≤ 𝑇𝑠)                (9) 

Ⅳ. Acceleration control method 

The ascent stage of the trapezoidal acceleration curve can be achieved by controlling the duty ratio 
of the engaging solenoid and closing the disengaging solenoid valve. Moreover, the descent stage 
of the trapezoidal acceleration curve can be accomplished by controlling the duty ratio of the 
disengaging solenoid valve and closing the engaging solenoid valve. The horizontal stage of the 
trapezoidal acceleration curve can be accomplished by closing the engaging and disengaging 
solenoid valves. Based on the prototype MFAC method, the modified MFAC method with jerk 
compensation is proposed as follows: it is used not only to control the AMT output shaft’s angular 
acceleration but also to reduce the potential shocks during AMT’s starting and shifting. 

A. Prototype MFAC method 

Figure 5 presents the block diagram of the prototype MFAC method. Given by the designed angular 
acceleration curve of the AMT output shaft, the MFAC controller controls the duty ratio u of the 
clutch solenoid valve to control the clutch displacement. Moreover, the AMT output shaft’s angular 
acceleration �̇�𝑜 can be regulated to trace the ideal angular acceleration �̇�𝑜∗. 
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Figure 5. Block diagram of the prototype MFAC method. 
  The discrete algorithm of the AMT output shaft’s angular acceleration can be expressed in 
equation (10). 

                        �̇�𝑜(𝑘 + 1) = 1𝑇 (𝜔𝑜(𝑘 + 1) − 𝜔𝑜(𝑘))                     (10) 

Where �̇�𝑜(𝑘 + 1) is the AMT output shaft’s angular acceleration at No. (k+1) sampling time.  

  The AMT system can be regarded as a dynamic linear model using the MFAC theory which is 
driven by data in equation (11). 

                         {∆�̇�𝑜(𝑘 + 1) = 𝜙𝑐(𝑘)Δ𝑢(𝑘)Δ�̇�𝑜(𝑘 + 1) = �̇�𝑜(𝑘 + 1) − �̇�𝑜(𝑘)Δ𝑢(𝑘) = 𝑢(𝑘) − 𝑢(𝑘 − 1)                      (11) 

Where 𝜙𝑐(𝑘) is the Pseudo Partial Derivative (PPD) of the system, �̇�𝑜(𝑘) is the AMT output 
shaft’s angular acceleration at No. k sampling time, ∆�̇�𝑜(𝑘 + 1)  is the increment of the AMT 
output shaft’s angular acceleration at No.(k+1) sampling time, 𝑢(𝑘) and 𝑢(𝑘 − 1) are the duty 
ratios of the solenoid valve at No. k sampling time and that at No. (k-1) sampling time separately. 
  The weighting square sum based on the forward prediction errors is used as the criterion function 
to control the input parameter in equation (12). 
              𝐽(𝑢(𝑘)) = (�̇�𝑜∗(𝑘 + 1) − �̇�𝑜(𝑘 + 1))2 + 𝜆(𝑢(𝑘) − 𝑢(𝑘 − 1))2         (12) 
Where 𝜆  is a weighting factor which is more than zero to limit the input parameter 𝑢(𝑘) , 



�̇�𝑜∗(𝑘 + 1) is the ideal angular acceleration given by the designed angular acceleration curve at 
No. (𝑘 + 1) sampling time. 
  Taking the derivative of equation (12) with respect to 𝑢(𝑘) and letting its value be equal to zero, 
the control algorithm of 𝑢(𝑘) is obtained in equation (13). 

                       𝑢(𝑘) = 𝑢(𝑘 − 1) + 𝜌𝜙𝑐(𝑘)(�̇�𝑜∗(𝑘+1)−�̇�𝑜(𝑘))𝜆+𝜙𝑐2(𝑘)                   (13) 

Where 𝜌 is a step factor which is more than zero and less than or equal to 1 to adjust the increment 
of Δ𝑢(𝑘). 
  The estimation criterion function about 𝜙𝑐(𝑘) can be expressed in equation (14). 
      𝐽(𝜙𝑐(𝑘)) = (�̇�𝑜(𝑘) − �̇�𝑜(𝑘 − 1) − 𝜙𝑐(𝑘)Δ𝑢(𝑘 − 1))2 + 𝜇(𝜙𝑐(𝑘) − �̂�𝑐(𝑘 − 1))2  (14) 
Where 𝜇 is a penalty factor which is more than zero to limit the changes of 𝜙𝑐(𝑘). 
  Taking the derivative of equation (14) with respect to 𝜙𝑐(𝑘) and letting its value be equal to 
zero, which means to minimize the estimation criterion function expressed by equation (14), then 
the estimation algorithm of �̂�𝑐(𝑘) is obtained in equation (15). 

            {�̂�𝑐(𝑘) = �̂�𝑐(𝑘 − 1) + 𝜂Δ𝑢(𝑘−1)𝜇+(Δ𝑢(𝑘−1))2 (Δ�̇�𝑜(𝑘) − �̂�𝑐(𝑘 − 1)Δ𝑢(𝑘 − 1))Δ�̂�𝑐(𝑘) = �̂�𝑐(𝑘) − �̂�𝑐(𝑘 − 1)       (15) 

Where 𝜂 is a step factor which is more than zero and less than or equal to 1 to adjust the increment 
of Δ�̂�𝑐(𝑘). 
  To make the parameters estimation algorithm achieve a good time-tracking feature, the relevant 
parameters are reset in equation (16) below. 

                           {  
  �̂�𝑐(𝑘) = �̂�𝑐(1)𝑖𝑓 |�̂�𝑐(𝑘)| ≤ 𝜀𝑜𝑟 |∆𝑢(𝑘 − 1)| ≤ 𝜀𝑜𝑟 𝑠𝑖𝑔𝑛(�̂�𝑐(𝑘)) ≠ 𝑠𝑖𝑔𝑛(�̂�𝑐(1))                     

(16) 
Where �̂�𝑐(1) is an initial value of �̂�𝑐(𝑘), 𝜀 is a very small positive number which provides the 
flexibility for �̂�𝑐(𝑘) and ∆𝑢(𝑘 − 1). 
  If ∆𝑢(𝑘 − 1) equals zero at No. k-1 sampling time, the time should be moved backward until 𝑢(𝑘 − 1) is not equal to 𝑢(𝑘 −𝑚) at No. (𝑘 −𝑚) sampling time. Therefore, the AMT system can 
be generally transformed into a dynamic linear model based on equation (15). 
  In conclusion, the algorithm of the prototype MFAC method comprises equations (13), (15), and 
(16). 

B. MFAC method with jerk compensation 

The AMT output shaft’s angular jerk is defined as the change in the AMT output shaft’s angular 
acceleration per unit time. The jerk compensation is used to improve the starting quality if the 
absolute value of the jerk exceeds the set threshold. Figure 6 presents the block diagram of the 
modified MFAC method with jerk compensation. 

The jerk compensation algorithm can be described in equation (17).  

                �̃̇�𝑜(𝑘 + 1) = �̇�𝑜∗(𝑘 + 1) ± 𝜉 (|�̈�𝑜(𝑘)|−�̈�𝑜𝑚𝑎𝑥)�̈�𝑜𝑚𝑎𝑥 �̇�𝑜∗(𝑘 + 1)             (17) 

Where 𝜉  is a weighting factor which is greater than zero and less than 1, �̃̇�𝑜(𝑘 + 1)  is the 
modified ideal angular acceleration of the AMT output shaft at No. k sampling time, |�̈�𝑜(𝑘)| is the 



absolute value of the AMT output shaft’s angular jerk at No. k sampling time, �̈�𝑜𝑚𝑎𝑥 is the set 
threshold. “-” and “+” are used during the ascent and descent acceleration stages, respectively. 
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Figure 6. Block diagram of the MFAC method with jerk compensation. 
  Now, the algorithm of the modified MFAC method with jerk compensation for AMT is given 
including equations (13), (15), (16), and (17). 

Ⅴ. Simulation and analysis 

To prove whether the modified MFAC method with jerk compensation is efficient for soft starting, 
the simulation experiments are thoroughly studied under the first gear position and compared with 
the prototype MFAC method, the modified MFAC method with jerk compensation, and the PID 
method. 

A. Parameters description 

The basic parameters of the driveline are described below. The power of the three-phase 
asynchronous motor is 300 KW. The driven roller radius of the belt conveyor is 0.5 m. The motor 
rated speed is 1,480 rpm. The belt conveyor’s equivalent running mass and equivalent running 
resistance force with full load are 248,696 kg and 50,819 N, respectively. The first gear ratio of 
AMT is 14.28. The transmission efficiency of AMT is approximately 0.96. The equivalent moment 
of inertia about the AMT output shaft is 10 kg·m². The moment of inertia about the clutch active 
parts (the pressure plate and the flywheel) and that of the clutch disk are 1.3 kg·m² and 0.135 
kg·m², respectively. The transmission efficiency of the reducer is approximately 0.97. 

If 𝑥𝑑 is the big end displacement of the diaphragm spring, the transmitted torque of the clutch is 
a function about the big end displacement of the diaphragm spring in the literature [23] which can 
be expressed in equation (18). 
               𝑇𝑐 = 𝜇′(3464.483459𝑥𝑑 − 336.521878𝑥𝑑2 + 7.775271𝑥𝑑3)          (18) 
  If the friction coefficient 𝜇′ equals 0.25, the lever ratio between the clutch actuator displacement 
and the big end displacement of the diaphragm spring is 6, the value of 𝑥0 is 10 mm, and 𝑥(𝑘) is 
the clutch actuator displacement at No. 𝑘  sampling time. Then, the discrete model of the 
transmitted torque of the new clutch can be expressed in equation (19) according to equation (6). 𝑇𝑐(𝑥(𝑘)) = 144.353477(𝑥(𝑘) − 10) − 2.336957(𝑥(𝑘) − 10)2 + 0.008999(𝑥(𝑘) − 10)3 (19) 
  The engaging solenoid valve can be fully closed if the duty ratio is less than 0.2 and can be fully 
opened if the duty ratio is greater than or equal to 0.8. In the paper, the relationship between the 
engaging velocity of the clutch actuator and the duty ratio is approximately a linear expression. Thus, 
the engaging velocity of the clutch actuator can be described in equation (20).  

                         𝑣𝑒(𝑘) = 𝑣𝑒𝑙 + 𝑣𝑒ℎ−𝑣𝑒𝑙0.6 (𝑐𝑒(𝑘) − 0.2)                     (20) 



Where 𝑣𝑒(𝑘) is the engaging velocity of the clutch actuator at No. k sampling time, 𝑐𝑒(𝑘) is the 
duty ratio of the engaging solenoid at No. k sampling time, 𝑣𝑒ℎ is the maximum of the engaging 
velocity of the clutch actuator which is equal to 20 mm/s if the duty ratio is equal to 0.8, and 𝑣𝑒𝑙 is 
the minimum of the engaging velocity of the clutch actuator which is equal to 1 mm/s if the duty 
ratio is equal to 0.2. 
  Then, the clutch actuator displacement can be calculated in equation (21) if the engaging solenoid 
valve is used while the disengaging solenoid valve is closed. 
                           𝑥(𝑘) = 𝑥(𝑘 − 1) + 𝑇𝑣𝑒(𝑘 − 1)                      (21) 

  Similarly, the disengaging velocity of the clutch actuator can be described in equation (22).  𝑣𝑑(𝑘) = 𝑣𝑑𝑙 + 𝑣𝑑ℎ−𝑣𝑑𝑙0.6 (𝑐𝑑(𝑘) − 0.2)                     (22) 

Where 𝑣𝑑(𝑘) is the disengaging velocity of the clutch actuator at No. k sampling time, 𝑐𝑑(𝑘) is 
the duty ratio of the disengaging solenoid at No. k sampling time, 𝑣𝑑ℎ is the maximum of the 
disengaging velocity of the clutch actuator which is equal to 60 mm/s if the duty ratio is equal to 
0.8, and 𝑣𝑑𝑙 is the minimum of the disengaging velocity of the clutch actuator which is equal to 1 
mm/s if the duty ratio is equal to 0.2. 
  Then, the clutch actuator displacement can be calculated in equation (23) if the disengaging 
solenoid valve is used while the engaging solenoid valve is closed. 
                           𝑥(𝑘) = 𝑥(𝑘 − 1) − 𝑇𝑣𝑑(𝑘 − 1)                      (23) 

The interval time T is 0.01s. The belt target velocity under the first gear position is 0.54 m/s and 
the AMT output shaft’s target angular speed under the first gear position is 103.18 rpm 
correspondingly. The maximum value of the belt acceleration is 0.15 m/s² and that of the AMT 
output shaft’s equivalent angular acceleration is 3 rad/s² correspondingly. The ideal time of the 
acceleration process under the first gear position is 4.8s that the ascent acceleration stage or the 
descent acceleration stage should be 1.2s calculated by equation (9) if N is 4. The ascent acceleration 
stage will be finished if the value of the ideal angular acceleration of the AMT output shaft reaches 
3 rad/s². By calculating, the descent acceleration stage will begin if the AMT output shaft’s angular 
speed reaches 85.98 rpm. The half engagement point of the clutch actuator for the belt conveyors 
with full load under the first gear position is 11.35 mm where the transmitted torque of the clutch is 
256.94 N·m correspondingly. Considering the delay property of the clutch actuator and avoiding 
the AMT output shaft’s angular acceleration being less than zero during the descent acceleration 
stage, the duty ratio of the disengaging solenoid valve will be set zero if the clutch actuator 
displacement is equal to or less than 11.41 mm. To simulate the variation of the belt conveyor’s 
resistance torque in real situations, a white Gaussian noise is added in which the mean and the 
variance are zero and 10, respectively.  

B. Simulation results based on the prototype MFAC method 

The relevant parameters about the prototype MFAC method during the ascent acceleration stage are 
described below. The values of 𝜌, 𝜂, 𝜇, and 𝜆 are 1, 1, 1, and 0.01 respectively. The initial values 
of 𝜙𝑐(1)  and 𝜙𝑐(2)  are both 0.5. The values of 𝑐𝑒(1)  and 𝑐𝑒(2)  are both 0.2. The relevant 
parameters about the modified MFAC method during the descent acceleration stage are described 
as follows. The values of 𝜌, 𝜂, 𝜇, and 𝜆 are 1, 1, 2, 0.01 separately. The values of 𝜙𝑐(1) and 𝜙𝑐(2) are both -0.5. The values of 𝑐𝑑(1) and 𝑐𝑑(2) are both 0. 

The entire acceleration process is finished in 4.83s. The times of the ascent, horizontal, and 



descent acceleration stages are finished in 1.20s, 2.16s, and 1.47s, respectively. Figures 7, 8, 9, and 
10 present the analyses of the control characteristics, the tracking, tracking error, duty ratio, and 
angular jerk curves, respectively. 

As shown in Figure 7, the angular acceleration tracking curve can better track the ideal angular 
acceleration curve. The absolute maximum of the AMT output shaft’s angular acceleration error is 
0.22 rad/s² during the ascent acceleration stage, and that during the descent acceleration stage is 
0.26 rad/s² in Figure 8. The duty ratio of the engaging solenoid valve during the ascent acceleration 
stage ranges from 0.20 to 0.59, and that of the disengaging solenoid valve during the descent 
acceleration stage ranges from 0.20 to 0.51 in Figure 9. The absolute maximum of the AMT output 
shaft’s angular jerk is 30.60 rad/s³ during the ascent acceleration stage, and that during the descent 
acceleration stage is 32.45 rad/s³ in Figure 10.  

 

Figure 7. Tracking curve based on the prototype MFAC method. 

 

Figure 8. Tracking error curve based on the prototype MFAC method. 



 

Figure 9. Duty ratio curve based on the prototype MFAC method. 

 

Figure 10. Angular jerk curve based on the prototype MFAC method. 

C. Simulation results based on the modified MFAC method with jerk 

compensation  

The related parameters about the modified MFAC method with jerk compensation are identical to 
those about the prototype MFAC method. The values of �̈�𝑜𝑚𝑎𝑥  and 𝜉  are 20 rad/s³ and 0.5, 
respectively. The entire acceleration process is finished in 4.90s. The times of the ascent, horizontal 
and descent acceleration stages are finished in 1.20s, 2.22s, and 1.48s respectively. To show the 
advantages of the modified MFAC method with jerk compensation, Figures 11, 12, 13, and 14 show 
the tracking, tracking error, duty ratio curve, and angular jerk curves, respectively. 

Figure 11 shows that the angular acceleration tracking curve can track the modified ideal angular 
acceleration curve well. The absolute maximum of the AMT output shaft’s angular acceleration 
error is 0.17 rad/s² during the ascent acceleration stage, and that during the descent acceleration 
stage is 0.18 rad/s² in Figure 12. The range of duty ratio of the engaging solenoid valve during the 
ascent acceleration stage is from 0.2 to 0.46, and that of the disengaging solenoid valve during the 
descent acceleration stage is from 0.2 to 0.40 in Figure 13. The AMT output shaft’s angular jerk 
curve can be efficiently controlled in Figure 14, in which the absolute maximum of the AMT output 
shaft’s angular jerk is 21.87 rad/s³ during the ascent acceleration stage, and that during the descent 



acceleration stage is 21.79 rad/s³. Obviously, the absolute maximum of the AMT output shaft’s 
angular jerk based on the modified MFAC method with jerk compensation in Figure 14 is less than 
that based on the prototype MFAC in Figure 10. Specifically, the modified MFAC method with jerk 
compensation can control the AMT output shaft’s angular acceleration and the AMT output shaft’s 
angular jerk better. 

 

Figure 11. Tracking curve based on the modified MFAC method with jerk compensation. 

 

Figure 12. Tracking error curve based on the modified MFAC method with jerk compensation. 

 

Figure 13. Duty ratio curve based on the modified MFAC method with jerk compensation. 



 

Figure 14. Angular jerk curve based on the modified MFAC method with jerk compensation. 

D. Simulation results based on the PID control method 

To illustrate the advantages of the MFAC method, the simulation results based on the PID method 
are given under the same condition of full load. After repeated tests, the better PID parameters are 
obtained: the proportion coefficient is 5, the integral coefficient is zero, and the differential 
coefficient is 0.01 during both the ascent and descent acceleration stages. The acceleration process 
is finished in 4.82s. The ascent, horizontal, and descent acceleration stages are finished in 1.20s, 
2.27s, and 1.35s, respectively. Following the PID control method, Figures 15, 16, 17, and 18 present 
the tracking, tracking error, duty ratio, and angular jerk curves, respectively. 

As shown in Figure 15, the angular acceleration tracking curve can sensitively track the ideal 
angular acceleration curve. The absolute maximum of the AMT output shaft’s angular acceleration 
tracking error is 0.22 rad/s² during the ascent acceleration stage, while that during the descent 
acceleration stage is 0.32 rad/s² in Figure 16, which is obviously greater than that based on the 
prototype MFAC method in Figure 8 and that based on the modified MFAC method with jerk 
compensation in Figure 12. The duty ratio of the engaging solenoid valve during the ascent 
acceleration stage changes from 0.2 to 0.55, and that during the descent acceleration stage changes 
from 0.2 to 0.59 in Figure 17, which is obviously greater than that based on the prototype MFAC 
method and that based on the modified MFAC method. The absolute maximum of the AMT output 
shaft’s angular jerk based on the PID method during the ascent acceleration stage is 28.11 rad/s³, 
and that during the descent acceleration stage is 44.40 rad/s³ in Figure 18. By contrast, the absolute 
maximum of the AMT output shaft’s angular jerk based on the PID method is obviously greater in 
Figure 18 than that based on the prototype MFAC method in Figure 10 and that based on the 
modified MFAC method with jerk compensation in Figure 14. 



 

Figure 15. Tracking curve based on the PID method. 

 

Figure 16. Tracking error curve based on the PID method. 

 

Figure 17. Duty ratio curve based on the PID method. 



 

Figure 18. Angular jerk curve based on the PID method. 

E. Comparisons of the three control methods 

Table 2 lists the main data comparisons among the three data-driven methods. 
Table 2. Data comparisons among the three data-driven methods 

Characteristic parameter Stage 

Modified MFAC 

method with jerk 

compensation 

Prototype 

MFAC 
PID 

Absolute maximum of the 

AMT output shaft’s 

angular acceleration error 

(rad/s²) 

Ascent stage 

 

0.17 

 

0.22 

 

0.22 

Absolute maximum of the 

AMT output shaft’s 
angular acceleration error 

(rad/s²) 

Descent stage 

 

0.17 

 

0.26 

 

0.32 

Absolute maximum of the 

AMT output shaft’s 

angular jerk (rad/s³) 

Ascent stage 

 

21.87 

 

30.60 

 

28.11 

Absolute maximum of the 

AMT output shaft’s 
angular jerk (rad/s³) 

Descent stage 

 

21.79 

 

32.45 

 

44.40 

As seen from Table 2, the absolute maximum of the AMT output shaft’s angular acceleration 
tracking error based on the modified MFAC method with jerk compensation is lower than the other 
two control methods. By calculating, the absolute maximum of the AMT output shaft’s angular 
acceleration tracking error based on the modified MFAC method with jerk compensation accounts 
for approximately 77.41% of that based on the prototype MFAC method and the PID control method 
during the ascent acceleration stage. In addition, the absolute maximum of the angular acceleration 
tracking error accounts for approximately 67.09% of that based on the prototype MFAC method and 
approximately 55.04% of that based on the PID control method during the descent acceleration 
stage. Thus, the modified MFAC method with jerk compensation is an optimal control method to 
track the ideal angular acceleration curve. 

Moreover, Table 2 indicates that the absolute maximum of the AMT output shaft’s angular jerk 



based on the modified MFAC method with jerk compensation is lower than that based on the 
prototype MFAC method and that the PID control method. By calculating, the absolute maximum 
of the AMT output shaft’s angular jerk based on the modified MFAC method with jerk 
compensation accounts for approximately 71.16% of that based on the prototype MFAC method 
and approximately 77.79% of that based on the PID method during the ascent acceleration stage. 
Furthermore, the absolute maximum of the AMT output shaft’s angular jerk based on the modified 
MFAC method with jerk compensation accounts for approximately 67.16% of that based on the 
prototype MFAC method and approximately 49.08% of that based on the PID method during the 
descent acceleration stage. Consequently, the absolute maximum of the AMT output shaft’s angular 
jerk based on the modified MFAC method with jerk compensation is the least, that of the AMT 
output shaft’s angular jerk based on the prototype MFAC method is bigger, and that of the AMT 
output shaft’s angular jerk based on the PID control method is the largest. The jerk compensation is 
proven effective for reducing the transmission shock. 

In sum, the modified MFAC method with jerk compensation can clearly enhance the reduction 
of the AMT output shaft’s angular jerk and has smaller angular acceleration tracking error. Thus, 
the modified MFAC method with jerk compensation can be used as the appropriate method for 
controlling the AMT output shaft’s angular acceleration and angular jerk, providing better 
performances for AMT as a soft starter. 

Ⅵ. Conclusions 

A new data-driven control method named the modified MFAC method with jerk compensation is 
studied for AMT as the soft starter in the paper. First, based on the clutch characteristics, using the 
segmented acceleration curve comprising several trapezoidal acceleration curves is proposed as the 
ideal acceleration curve for AMT as the soft starter. Second, the dynamic analysis of AMT is 
discussed. Third, based on the prototype MFAC method, the modified MFAC method with jerk 
compensation for controlling the AMT output shaft’s angular acceleration is proposed. Finally, the 
simulation results are analyzed on the bases of the three data-driven methods including the prototype 
MFAC method, the modified MFAC method with jerk compensation, and the PID control method. 
The results confirm its effectiveness for using the modified MFAC method with jerk compensation 
to control the AMT output shaft’s angular acceleration with less tracking error and smaller shock.  
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Figures

Figure 1

Diagram of AMT soft-starting system.



Figure 2

Five common starting acceleration curves.

Figure 3

Starting acceleration curve based on AMT.



Figure 4

Transmission double-mass model.

Figure 5

Block diagram of the prototype MFAC method.



Figure 6

Block diagram of the MFAC method with jerk compensation.

Figure 7

Tracking curve based on the prototype MFAC method.

Figure 8

Tracking error curve based on the prototype MFAC method.



Figure 9

Duty ratio curve based on the prototype MFAC method.

Figure 10

Angular jerk curve based on the prototype MFAC method.



Figure 11

Tracking curve based on the modi�ed MFAC method with jerk compensation.

Figure 12

Tracking error curve based on the modi�ed MFAC method with jerk compensation.



Figure 13

Duty ratio curve based on the modi�ed MFAC method with jerk compensation.

Figure 14

Angular jerk curve based on the modi�ed MFAC method with jerk compensation.



Figure 15

Tracking curve based on the PID method.

Figure 16

Tracking error curve based on the PID method.



Figure 17

Duty ratio curve based on the PID method.

Figure 18

Angular jerk curve based on the PID method.


