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1. Introduction 

To improve dynamic performance and fuel efficiency of power-

train systems, some types of automatic transmissions, i.e., auto-

matic manual transmissions (AMTs), infinitely variable transmis-

sions (IVTs), dual clutch transmissions (DCTs), continuously var-

iable transmissions (CVTs), and electrically variable transmissions 

(EVTs), are used in automotive, maritime, and renewable energy 

applications [1-3]. A basic function of automatic transmissions is 

to smoothly and efficiently convert the torque from a prime mover, 

e.g., a motor, to a driven part with a continuous output-to-input 

speed ratio. Among many different technical issues for developing 

these automatic transmissions, design of their control systems are 

crucial to achieve continuous output-to-input speed ratios and su-

perior fuel efficiency [4,5]. Since AMTs, DCTs, and EVTs use 

clutch-to-clutch shifts to adjust output-to-input speed ratios, torque 

interruption occurs during shifts [6,7]. Generally, gears are manu-

factured via hobbing [8] or forming cutting [9-11] based on the 

theory of gearing. For some gears with special tooth profiles, e.g., 

concave-convex and spiral tooth profiles, their manufacturing 

methods and machine-tools are complex. Since meshing perfor-

mances of these gears with special tooth profiles are highly sensi-

tive to manufacturing errors [12,13], high manufacturing accuracy 

of gear machine-tools is required for these gears [14-16]. 

Contact patterns and transmission errors are two typical meth-

ods for meshing performances evaluation of gear systems [17-19]. 

A tooth profile modeling method was developed to improve accu-

racy of tooth contact analysis for gear tooth profiles [20]. Some 

other meshing performances, e.g., power losses, can also be eval-

uated based tooth contact analysis [21-23]. Since these gears have 

convex-concave tooth profiles, they cannot be manufactured via 

standard gear manufacturing methods. During a manufacture in 

this way, for each of the gear modules and the radius of curvature, 

a different blade size and gear holder is needed. However, it's clear 

that these gears have many advantages, if they can be produced 

sufficiently in the industry [24,25]. Since these gears have better 

load-bearing capabilities, have a balancing feature for the axial 

forces, quiet operation feature and their lubrication characteristics 

is better than herringbone gears and spur gears [26-28]. It's note-

worthy that there are number of studies carried out recently in re-

lation to these gears [29,30]. 
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A vehicle transmission transmits the rotating power of the en-

ergy source, whether an electric motor or an internal combustion 

engine (ICE), through a set of gears to a differential, the unit that 

spins the wheels. Any vehicle, ICE or electrical vehicles (EVs), 

needs more torque than speed to propel the car from a dead stop, 

and more speed than torque once the vehicle already has forward 

momentum [31,32]. The transmitting power from an EV's motor 

to its wheels is 89% to 98% efficient, depending on the vehicle, 

whereas in an ICE car, the same process from engine to wheels is 

only 14% to 26% efficient. A clutch controller is always designed 

to control the clutch during launch process. Closed-loop control is 

used to build the clutch controller. Closed-loop methods are 

mainly used to control the clutch during launch: (a) optimal control 

method, (b) fuzzy control method, and (c) sliding-mode control 

method. 

Qin [33] used linear quadratic optimal control method to achieve 

the optimum launch control of the clutch, in which the jerk is con-

verted to one of the restrain conditions, and the minimization of 

sliding friction work of the clutches is set as optimal target in con-

trol. Lu [34] found compromise between the friction loss, the 

shock intensity, the engine torque and the engine angular acceler-

ation to deduce the optimal engagement laws. He also used a fuzzy 

control theory to calculate the driver’s starting intentions. Horn [35] 

provided an electro-hydraulic clutch control system. The controller 

was based on the flatness approach. Nonlinear feed forward con-

trol was employed. Experiments were conducted by this controller, 

provided an accurate trajectory tracking of clutch positions [36]. 

Song designed a sliding-mode controller to achieve robust pressure 

control while avoiding the chattering effect of the clutch during 

launch [37]. The minimum value principle is introduced to achieve 

an optimal clutch engagement compromised in average shock in-

tensity and friction wear.  

A gain-scheduled feedback control is widely used in automatic 

transmission control [38,39]. The gain-scheduled feedback control 

is usually developed based on look-up tables. With an increasing 

number of speed ratios for different driving conditions of auto-

matic transmissions, the number of calibrated variables in the look-

up tables to guarantee smooth shifts for driving conditions quickly 

increases and the calibration time of the open-loop control is pro-

longed. Since torques generated by prime movers highly oscillates, 

desired shift performance that can represent transmission ratio 

changes of automatic transmissions also highly oscillates. To re-

duce the calibration time and improve the control performance of 

the open-loop control, some speed ratio maps [40,41] and adaptive 

algorithms [42,43] are developed for the calibration process. 

A one-way clutch is used to transmit engine torque during shifts 

by a novel type of transmission presented in this paper. The con-

troller is designed based on optimal control method to control the 

clutch during launch. The remaining part of this paper is organized 

as follows: the structure layout of the OCAT is introduced in Sec. 

2. A dynamic model of the OCAT is presented in Sec. 3. An op-

timal clutch controller of the OCAT is developed in Sec. 4. Some 

simulation and experimental results of the proposed optimal clutch 

controller are discussed in Sec. 5. Finally, some conclusions from 

this study are presented in Sec. 6. 

2. Structure Layout of the OCAT 

The OCAT is a novel type of automatic transmissions, which 

shifts without traction interruption. The working principle of this 

type of transmission is shifting automatically by the automatic dis-

engagement and engagement characters of the one-way clutch. 

The idea behind this transmission concept is to fix two manual 

gearboxes together as a whole. One half of the OCAT, which con-

sists of a friction clutch, mainly transmits power from the engine. 

The other half, which consists of a one-way clutch, is used as 

power assistance during shifts. Each of the two halves of the 

OCAT is connected to the motor separately. The structure layout 

of the OCAT is shown in Fig. 1. 

The OCAT can be divided into two parts: an MT-type gearbox 

and an assistant input shaft. When the OCAT is in launch process, 

it seems like an AMT. Since the synchronizer of gear 1st is en-

gaged before launch, the fiction clutch is controlled to engage by 

the clutch controller. Synchronizers of other gears are disengaged 

during launch. 
 

 
Fig. 1 Structure layout of the OCAT  

 

3. Dynamic Model of the OCAT 

A dynamic model of powertrain consisting of elements, which 

transmit the motor torque to wheels, is developed, as shown in Fig. 

2. The synchronizer of gear 1st is ignored, since all parts of the 

synchronizer are connected as a static component when it is en-

gaged. It can be seen as mass spring-damper systems for both of 

input shaft and output shaft. Other components of the transmission 

are ignored since these components have slight influences to the 

OCAT under the launch condition. 

 

 
Fig. 2 Dynamic model of the powertrain in launch condition 
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The dynamic model of the OCAT in Fig. 2 is 

e e e cI T T    (1) 

where eI  is the mass moment of inertia of the rotor of the mo-

tor, e  is the rotational speed of the motor, eT  is the output 

torque of the motor, and cT  is the torque transmitted through 

the clutch. 

 c c c ct ct ct c tI T k c         (2) 

where cI  is the mass moment of inertia of the driven part of 

the clutch, c  is the rotational speed of the driven part of the 

clutch, ctk  is the stiffness of the input shaft, ct  is the ro-

tational angle difference between the driven part of the clutch 

and the drive gear of gear 1st, ctc  is the damping of the input 

shaft, and t  is the rotational speed of the input shaft. 

 
1 t

t t ct ct ct c t tw tw tw w
t t

I k c k c
i i

  
         

   


     

 (3) 

where tI  is the equivalent mass moment of inertia of the input 

shaft, the output shaft, and synchronizers on the main input shaft, 

ti  is the speed ratio of gear 1st, twk  is stiffness of the output 

shaft and the axle shafts of the EV, tw  is the rotational angle 

difference between the driven gear of gear 1st and the output 

shaft, twc  is the damping of the output shaft and the axle shafts 

of the EV, and w  is the rotational speed of the wheel. 

t
w tw tw tw w w

t

I k c T
i

 
     

 



     (4) 

where I  is the equivalent mass moment of inertia of wheels 

and the EV, and wT  is the output torque of wheels. The speed 

ratio of gear 1st , which contains the speed ratio of the gearbox 

gi  and the differential gear ratio 0i , can be represented as 

0t gi i i    (5) 

The clutch is locked at the end of the engagement. Speeds of the 

drive and driven parts of the clutch are the same, which means 

the clutch rotates as a whole component. Based on Eqs. (1) and 

(2), one has 

   e c e e ct ct ct c tI I T k c          (6) 

When the clutch is locked, the friction disc is connected to the 

input shaft, which means c t  , Eqs. (2) and (3) can be writ-

ten as 

 
1 t

c t c c tw tw tw w
t t

I I T k c
i i

  
       

   


    (7) 

 

4. Clutch Controller Design 

Jerk and sliding friction work are the most two important char-

acters to measure whether the engagement of the clutch is quick 

enough or not. The objective function is built based on jerk and 

slipping energy calculated as following: 

Jerk is the differential of the longitudinal acceleration of the ve-

hicle. The acceleration is calculated by the engine torque transmit-

ted to the wheels, which can be represented as 

0 dd

d d

g T e

r

i i Ta
j

t Mr t
 




  (8) 

where a is the acceleration of the EV, M is the mass of the EV,   

is the equivalent rotational inertia of the geartrain, rr  is the equiv-

alent radius of the wheel, and T  is the efficiency of the gearbox. 

Sliding friction work is used to evaluate the power loss, which 

can be represented as 

          
1 2

10

d d

c c

c

t t

c c c c e c

t

W T t t t T t t t t        (9) 

where 1ct  is the time when the EV begins to move, and 2ct  is 

the start time of the synchronization of the motor and the clutch. 

The control objective function can be represented as 

min cf j W       (10) 

where α and β are weighting factors of jerk and friction work, 

respectively. There are five working conditions with different 

factors group of α and β, as shown in Table 1. The lowest en-

gagement of the clutch is controlled as Condition A, and the fast-

est engagement of the clutch is controlled as Condition E. 

 

Table 1. Design parameters of the rack-pinion system 

Working conditions α  β 

Condition A 1.0 0 

Condition B 0.6 0.4 

Condition C 0.5 0.5 

Condition D 0.4 0.6 

Condition E 0 1.0 

 

5. Simulation and Experimental Results of the Clutch Con-

troller 

5.1 Simulation Results of the Clutch Controller 

Simulation based on the dynamic model of the OCAT and the 

optimal clutch controller is conducted by using Matlab/Simulink. 

The motor throttle of 10% and 100% is taken into account when 

the EV is on the level road. The mode of the clutch is set to group 

A and E, which simulate the conditions of the slowest and fastest 

engagement of the clutch. The weighting factors of α and β are set 

to (1,0) and (0,1) during two conditions. The motor speed and the 
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speed of the output shaft are used as the input signal of the clutch 

controller. As the synchronizer of gear 1st is engaged during the 

engagement of the clutch, the speed of the output shaft is related to 

the speed of the driven part of the clutch. 

The displacement of the fiction disc of the clutch is depicted in 

Fig.3. The clutch engages slowly when throttle is 10%, because 

jerk is 1 in this condition (Fig. 3(a)). The fiction clutch moves 

quickly during 1 s and 1.3 s. Then its speed comes to slow between 

1.3 s and 1.9 s. The clutch engages fast again at the end of the en-

gagement. The displacement of the clutch working in throttle of 

100% is shown in Fig. 3(b), where engagement of the clutch takes 

less time than that in Fig. 3(a). 

The clutch rotational speed is depicted, as shown in Fig. 4. 

Jerk in the two conditions are depicted, as shown in Fig. 5. The 

simulation results show the differences between two control 

logic while one is the fast launch and the other is slow launch. 

 

 
(a) Throttle of the motor is 10% 

 
(b) Throttle of the motor is 100% 

Fig. 3 Simulation results of displacement of the clutch 

 

 

(a) Throttle of the motor is 10% 

 
(b) Throttle of the motor is 100% 

Fig. 4 Simulation results of rotational speeds of the clutch and the motor 

5.2 Experimental Results of the Clutch Controller 

A bench test consists of a diesel engine, a 5-speed manual gear-

box, a clutch actuator, shifts actuators and a control unit is com-

posed in this study. Load is providing by a water-power dynamom-

eter. Sensors for the test include an engine speed sensor, an input 

shaft speed sensor, an output shaft speed sensor, a speed sensor of 

the water-power dynamometer, a position sensor of the clutch, po-

sition sensors of the gears and the accelerator pedal. The working 

principle of the test bench is shown in Fig. 6. Equipment and pa-

rameters of the test rig are reported in Table 2. 

The clutch is forced to engage and disengage by a DC motor. 

The motor’s current and voltage are observed during action of the 

clutch. The position of the driven part of the clutch is calculated by 

the clutch controller. The current and voltage of the motor during 

disengagement and engagement of the clutch is depicted in Fig.7. 

Fig. 7(a) shows the current raises up to 7 A as maximum during 

the disengagement of the clutch. At the end of disengagement, the 

currents raise up to 9 A due to the performance of the motor which 

may lead to an error. Fig. 7(b) shows that currents go to 4.2 A as 

maximum during the engagement of the clutch. At the end of the 

engagement of the clutch, the increase of currents is due to the stop 
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of the movement of the driven part of the clutch. 
 

 
(a) Throttle of the motor is 10% 

 
(b) Throttle of the motor is 100% 

Fig. 5 Simulation results of jerk of the EV 

 

 

Fig. 6 Layout of the experimental setup of the OCAT testing 

bench 

 

 

 

 

 

 

Table 2. Equipment and parameters of the experimental setup of the 

OCAT 

Items Type or Parameters 

Load 
Taian, 12PSB-HT, Water 

power dynamometer 

Accelerator pedal Nissan, 3000 H 

Position sensor of the clutch 
Rotary slide rheostat, ac-

curacy 0.1% 

Throttle sensor 
Rotary slide rheostat, ac-

curacy 0.1% 

Gear position sensor 
Linear slide rheostat, ac-

curacy 0.1% 

Motor speed sensor 
Magneto-electrical, Volt-

age peak: 5.4 V 

Input speed sensor of gearbox Hall, Voltage peak: 12 V 

Output speed sensor of gearbox Hall, Voltage peak: 12 V 

 

Table 3. System parameters of the OCAT 

Items Values 

Mass moment of inertia of the 

driven part of the clutch cI  
2.9 kg m2 

Equivalent mass moment of iner-

tia of the input shaft, the output 

shaft, and synchronizers on the 

main input shaft tI  

36 kg 

Damping of the input shaft ctc  0.21 

Stiffness of the input shaft ctk  2,600 N/m 

 

Sensors of engine speeds, speeds of the input shaft of the gear-

box, and positions of the driven part of the clutch are indicated as 

dynamic characters of the powertrain. Rotational speeds and dis-

placement of the driven part of the gearbox are depicted in Fig. 8. 

The control algorithm profiles of the test are based on the simula-

tions presented in the Section 4. The differences between the sim-

ulations and tests are the throttle of the engine, because of the en-

gine speed is too high in the condition of full-throttle. Weighting 

factors of α and β are defined to (1, 0) as the throttle is 5%, and to 

(0.6, 0.4) as the throttle is 10% in the test. 

The speed of the input shaft of the gearbox synchronizes the en-

gine speed at 0.26 s when the throttle is 5% (Fig.8 (a)), while the 

time of synchronization is 0.15 s when the throttle is 10% (Fig.8 

(c)). The clutch is forced to engage following the rule of ‘fast-slow-

fast’ in the both two conditions (Fig. 8(b) and (d)), which is similar 

to the control algorithm profile of the clutch on AMT. Speed fluc-

tuations of the output speed of the OCAT are caused by the im-

pulse rate and oscillations of the OCAT, as shown in Fig. 8. The 

impulse rate and oscillations of the OCAT can be decreased with 

reduction the calibration time and improvement the control perfor-

mance of the clutch control. 
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(a) Disengagement 

(b)  

 
(b) Engagement 

Fig. 7 Current and voltage of the motor during action of the clutch 

 

 
(a) Rotational speed at throttle of 5% 

 
(b) Displacement at throttle of 5% 

 
(c) Rotational speed at throttle of 10% 

 
(d) Displacement at throttle of 10% 

Fig. 8 Test results of the dynamic characters during launch 
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6. Conclusions 

As a novel type of automatic transmission, the OCAT has the simi-

lar dynamic characters with that on AMT during launch. The dynamic 

model presented in this paper is appropriate to simulate the process of 

launch. A new optimal control strategy for the OCAT is developed for 

high-performance clutch control of the OCAT system. The primary 

merit of the proposed optimal controller for the OCAT lies in the fact 

that an accurate and complete model-based approach can establish a 

tracking error model for desired control values in varying operating 

conditions with arbitrary input speeds.  

The proposed control strategy with the tracking error model exhibits 

good control performance of the speed ratio of the OCAT system with 

a variable input speed. The proposed optimal controller for the OCAT 

could control the engagement and disengagement of the clutch in 

launch conditions under different throttle angles. Experimental results 

show that the control strategy can adjust and stabilize the speed ratio 

of the OCAT system for the desired output speed. The control strategy 

of the OCAT system can achieve fluctuations of the output speed and 

the speed ratio within 2% and 3% for constant and variable input 

speeds, respectively. The proposed control strategy can be used to pro-

mote commercialization of the OCAT for EV applications. 
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Nomenclature 

eI   : Mass moment of inertia of the rotor of th

e motor 

cI  : Mass moment of inertia of the driven part

 of the clutch 

tI   : Equivalent mass moment of inertia of the 

input shaft, the output shaft, and synchroniz

ers on the main input shaft 

I  : Equivalent mass moment of inertia of whe

els and the EV 

e   : Rotational speed of the motor 

c
  

: Rotational speed of the driven part of the 

clutch 

eT   : Output torque of the motor 

cT  : Torque transmitted through the clutch 

wT  : Output torque of wheels 

ctc   : Damping of the input shaft 

twc  : Damping of the output shaft and the axle 

shafts of the EV 

twk  : Stiffness of the output shaft and the axle 

shafts of the EV 

ctk  : Stiffness of the input shaft 

ti  : Speed ratio of gear 1st 

0i  : Differential gear ratio 

gi  : Speed ratio of the gearbox 

ct  : Rotational angle difference between the dri

ven part of the clutch and the drive gear of

 gear 1st 

tw  : Rotational angle difference between the dri

ven gear of gear 1st and the output shaft 
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