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veability, fuel economy, acceleration, etc.[4]. Many
researches have been carried out to study the dynamThis paper presents a detailed AMT model com- ic performance and control logic of the AMT sysposed of various components from multi-domains tems. However, many previous works considered the
like mechanical systems (clutch, gear pair, synchro- AMT actuation system as an ideal system and negnizer, etc.), pneumatic actuator systems (clutch actu- lected the transient behavior of the clutch actuation
ation system, gear select actuation system, gear shift gear box actuation due to time delays, non-linear
actuation system, etc.). The model is implemented dynamic characteristic, external disturbance and pausing the Modelica modeling language in an object- rameter uncertainty of the pneumatic, hydraulic, meoriented environment. The Modeling and simulation chanic and electric components [5, 6]. The simplifiof the AMT model was carried out on MWorks, cation of the clutch and gear box system can’t
which is developed by Huazhong University of represent a real AMT. The actuator dynamics cannot
be neglected at all, since they can affect the clutch
Science and Technology.
action and shifting performances. So some researchKeywords: modeling; simulation; automatic mechaners built more detailed model to study the AMT sysical transmission (AMT); multi-domain;
tem. Lucente [7] described detailed models of clutch
electro-hydraulic and electro-mechanical actuators
for AMT. Zhao [8] presented the modeling and si1 Introduction
mulation of clutch actuator, and addressed the analysis on the DC permanent magnet motor (power
The automatic mechanical transmission (AMT) is source). This paper presents a detailed an AMT
generally constituted by a dry clutch and a multi- model composed of various components from multispeed gearbox, both equipped with hydraulic, pneu- domains like mechanical systems (clutch, gear pair,
matic or electric actuators, which are driven by an synchronizer, etc.), pneumatic actuation systems
Electronic Control Unit (ECU). Compared to manual (clutch actuation system, gear select actuation systransmission, the AMT allows to improve driving tem, gear shift actuation system, etc.).
comfort and shift quality, and can get better fuel
economy. Compared to automatic transmission (AT), The model is implemented using the Modelica modThe AMT has the advantage of lower weight and eling language, which is a non-proprietary, objecthigher efficiency [1]. And moreover, the product line oriented, equation based language to conveniently
of manual transmission can be reused for AMT. So model complex physical systems containing, e.g.,
the AMT has attracted increasing interesting from mechanical, electrical, electronic, hydraulic, thermal,
automotive researches, and the vehicles equipped control, electric power or process-oriented subcomAMT are spreading in recent years, especially in Eu- ponents [9]. The simulation was carried out by
MWorks [10], which is developed by Huazhong
rope, Japan and China.
University of Science and Technology.
The AMT always uses electronic sensors, processors
and hydraulic, pneumatic or electric actuators to ex- The paper is organized as the follows. Section 2 inecute clutch actions and gear shifts on the command troduces the modeling for clutch, including clutch
of the driver [2, 3]. The clutch and gearbox are con- plate, diaphragm spring, clutch lever and clutch
trolled by electronic computers and hydraulic, damper, etc. Section 3 introduces the modeling for
pneumatic or electric actuators. The AMT operates gear box, such as gear pairs, synchronizer, etc. The
the clutch and throttle to match velocity according to clutch actuator and gear actuator including pneumatthe control logic. Such systems coupled with various ic cylinder and valves, etc. are discussed in section 4.
physical domains have great influence on the dynam- The simulation results and discussions are illustrated
ic behavior of the vehicle, such as shift quality, dri- in section 5. Section 6 offers our conclusions and
further study.
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Clutch Model

The function of an engaging friction clutch is to
transmit torque gradually, to avoid high accelerations
or jerks, when the engine is connected to the rest of
the driveline. As can been seen in Fig.1, the clutch
system is consists of clutch plate, diaphragm, throwout bearing, pressure plate, etc. The flywheel is connected to the engine, the clutch plate is connected to
the transmission, and the clutch lever is connected to
pneumatic clutch actuation system, which will be
described in the following. When clutch actuator
acted on the clutch lever, the throw-out bearing
pushed the diaphragm spring in sequence, then the
diaphragm spring pull the pressure plate apart away
the clutch disc, which in turn release presses against
the flywheel. So there is no torque transmit from the
flywheel to the transmissions. And when the clutch
actuation released, the diaphragm spring push
the pressure plate against the clutch disc, which in
turn presses against the clutch plate. This locks the
engine to the transmission input shaft, making them
spin at the same speed.

The torque capacity of the clutch is a function of its
size, friction characteristics, and the normal force
that is applied [8].
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Where µ is coefficient of friction that can be formulated as a function of clutch slip, Fn is normal force
on clutch face that depends on the apply pressure, Ro
is outside radius of friction disc, Ri is inside radius
of friction disc, n is the number of friction discs.
2.2

Diaphragm Spring

The clutch plates are pushed together by diaphragm
spring. However, it is difficult to give the equation of
the diaphragm. In this paper, a lookup table based on
experiment data is used to simulate the mechanical
character diaphragm. A linear interpolation to the
characteristic curve is used to model the diaphragm
spring. The normal actuation force on the clutch
plate through the model of diaphragm is acquired by
the diaphragm model.
2.3

Clutch Lever

The clutch lever is modeled by lever principle, and
described as follows:
FA = i * FB

(2)

S A = SB / i

(3)

Where, FA and FA are the force acted on the two
sides, and S A and S A are the displacement of the two
sides, and i is the lever ratio.
Fig. 1 The clutch system

2.4

Clutch damper

The clutch damper reduces the torque and vibration
caused by engaging the clutch pedal's effect on the
According the function of the clutch, there are three rest of the engine system. It is modeled
distinct modes of operation of clutch plate: free, as parallel torsional spring and damper. It is dewhere the two plates transmit no torque; slipping, scribed as following equation:
(4)
Td k *θ + d * w
where the two plates have differing angular veloci- =
ties; and lockup, where the two plates rotate together. Where, T is the torque transmitted by the clutch
d
The clutch system was analyzed using a lumpeddamper, k and d is the stiffness and damper of the
parameter model.
clutch damper, respectively, θ and w is the relative
The clutch plate model was developed based on angle and relative rotational speed of the two plates,
clutch model included in Modelica standard library. respectively.
The input signal u was designed as a normalized
form in the standard library. In this paper, the normal
force was designed as input signal.

2.1

Clutch Plate

2.5
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Clutch Model Assembly

The clutch library includes clutch components, such
as lever, release bearing, clutch damper, diaphragm,
clutch plate, etc., which is can be seen in Fig. 2.

(7)

Where, Tin is the torque acted on the input shaft, Tout
is the output torque, ωin and ωout are the rotary speed
of the gear, F1 and F2 are the force acted on the gear
teeth, v1 and v2 are the velocity of the gear teeth, and
r is the gear radius.
The gear library can be seen in Fig.4.

Fig. 2 The clutch library

According to the subsystem model of clutch system
mentioned above, a clutch model assembly was built
by graphic user interface, as can be seen in Fig.3.
The model includes clutch lever, throw-out bearing,
diaphragm spring, clutch plate, clutch damper, etc.
Where, the port A is connected to the engine, the
port B is connected to the input shaft of the gearbox,
and the port C is connected to the clutch actuation
system.

Fig. 4 The gear library

3.2

Planetary Gearbox

The planetary gear box is an ideal gear without inertia, elasticity, damping or backlash consisting of an
inner sun wheel, an outer ring wheel and a planet
wheel located between sun and ring wheel. The bearing of the planet wheel shaft is fixed in the planet
carrier. The component can be connected to other
elements at the sun, ring and/or carrier flanges. The
planetary gearbox is described as follows:
The resulting torque on the ring gear is:
T1 =

r2
* T3
r2 − r1

(8)

The rotary velocity of the planet carrier is:
=
ω3

Fig.3 The clutch model

r2
r
* ω1 + 1 ω2
r2 − r1
r2 − r1

(9)

The resulting torque on the planet gear is:

3

GearBox Model

T2 =

The gearbox provides speed and torque conversions
from a rotating power source to another device using gear ratios. The gearbox presented in this paper
was equipped on heavy truck with 14 speeds. The
gearbox included front sub-gearbox assembly, main
gearbox assembly, and rear sub-gearbox assembly,
which is planetary gearbox. The gear model, planetary gearbox model and synchronizer model will be
introduced in the following.
3.1

r1
* T3
r2 − r1

(10)

Where, T1 , T2 and T3 is torque on the ring gear, the
planet carrier and the planet gear, respectively, ω1 ,
ω2 and ω3 is rotary velocity of the ring gear, the planet
carrier and the planet gear, respectively, r1 is the radius of the planet gear , r2 is the radius of the ring
gear. The planetary gear can be seen in Fig.5.

Gear Model
Fig. 5 The planetary gear

A gear is a rotating machine part having cut teeth,
or cogs, which mesh with another toothed part in
order to transmit torque. The gear model is described
as:
(5)
Tin =
Tout + r *( F1 + F2 )
ωin = ωout

(6)

3.3

Synchronizer Model

The synchronizer is the most important shifting
component in a gearbox. The functions of a synchronizer are: making disappear the angular velocity difference between the synchro hub and the gear to be
engaged, impeaching the engagement of the gear

while the angular velocity difference exists, and connecting hub and gear, by gear splines, via sleeve, in
order to allow power transmission when the gear
changing is realized [11].
However, the dynamical behaviour of these three
mechanical subsystems is rather complicated to simulate because of the large number of elements. It is
not easy to study the entire gear-changing process in
detail [12]. So some simplifications were taken on
the synchronizer model. In this paper, the synchronizer model was considered as a clutch plate model
mentioned above. And the transmission torque is:
M=

µF
rm
sin α

netary gearbox, gear lever, gear efficiency, etc.
Where, the port A is connected to the clutch, the port
B is connected to the output shaft of the gearbox, and
the port C is connected to the gear actuator system,
such as gear shift actuator, gear select actuator.

(11)

Where µ friction coefficient between conical surfaces of the ring and the gear, α is the taper angle of the
cone ring, rm is mean radius of the cone, F is the
gearshift force calculated by the gear actuator model.
More details about the synchronizer can be referred
to paper [12, 13].
The synchronizer library includes thrust piece, gear
mesh, bumper stop, friction cone, etc., which is can
be seen in Fig.6. The synchronizer model was shown
in Fig.7.

Fig. 6 The synchronizer library

Fig.8 The gearbox assembly model
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Actuator Model

The pneumatic actuator of AMT is consists of pneumatic source, pneumatic actuator of clutch, gear select actuator, gear shift actuator, and other components. The clutch actuator was controlled by the
clutch control logic to exert a displacement on the
clutch lever, and make the clutch engaged or disengaged by the control logic. The gear select actuator
and shift actuator were connected to the gear box,
and exert a force on the gear box to select or shift the
gears according by the gearbox control logic. The
pipe is neglected because it is very short.
The flow chart of the pneumatic actuator can be seen
in Fig.9. Where, the reservoir is the air source of the
pneumatic actuation system, the clutch cylinder is
connected to the clutch lever, the gear shift cylinder,
the gear select cylinder, the front and rear subgearbox cylinder were connected to the gearbox. The
cylinder was controlled by the directional control
valves to move to certain position with certain velocity. The valves were get signals by the control logic.
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Fig. 7 The synchronizer model
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3.4

Gearbox Assembly Model

Front Sub-gearbox
Cylinder
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The gearbox presented in this paper was a 14-speed
gearbox. According to the subsystem model mentioned above, a gear box model assembly was built
by the structure of the gearbox, as can be seen in
Fig.8. The model includes gears, synchronizers, pla-

Rear Sub-gearbox
Cylinder

14
Directional Control
Valves
15

Power Takeoff Cylinder

Fig.9 The Flow chart of the pneumatic actuator
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Simulation and Results

To analysis the performance the AMT systems, the
simulation about the clutch actuation system, the
synchronizer and overall vehicle equipped AMT assembly were carried out in the following.
5.1

Synchronizer Simulation

In this model, the synchronizer body and sleeve have
an initial rotational speed of 1500 rpm and the idle
gear has an initial speed of 1000 rpm. The sleeve
moves to the teeth of the synchronizer ring, the synchronizer body and sleeve synchronize with idle gear,
the sleeve moves further until it meets the teeth to
the idler gear and finally the idler gear is positively
locked.
Fig. 10-12 shows the work phase of the synchronizer.
When the synchronize ring was shifted, the normal
force on the cone ring will increase, then down to
zero, and the synchronizer ring will hold at the gearmesh position for some time before the two side
achieved the same speed.

Fig.12 displacement of the synchronizer ring

5.2

Clutch System Actuation Simulation

This model tested the clutch response when the
clutch actuator pushed the clutch lever, and disengage the clutch plate. The model can be seen in
Fig.13. Fig.14 shows the control signal of clutch actuator. Fig.15-17 shows the performance of the
clutch. The red line was the simulation results, and
the blue line is the experiment results. The simulation results fit the experiment results very well.

Fig.13 Clutch System Actuation Simulation

Fig.10 Rotational speed of two sides

Fig.14 Input signal of clutch actuator
Fig.11 Normal force acted on the cone ring

Fig.15 The displacement on the clutch lever

Fig.18 The pressure in the cylinder

Fig.19 The s-function model
Fig.16 The Force on the clutch lever

Fig.20 The overall vehicle model

Fig.17 The pressure in the cylinder

5.3

Co-simulation with Vehicle Model

According to the topology of the AMT, the pneumatic actuator, clutch, gear box model were assembled
together to get the AMT model, as can be seen in
Fig.18.
The vehicle model was developed with Matlab/Simulink. To connect the AMT model with the
overall vehicle model, the modelica model must be
translated to simulink model. MWorks can complile
the modelica model to s-function model, seen in
Fig.19.

The input signal to AMT model include the clutch
command, select gear command, shift gear command,
front sub-gearbox shift command, rear sub-gearbox
shift command, engine speed and torque, etc. The
output signal to the vehicle model and control logic
include the clutch cylinder position, the gear select
actuator position, the gear shift actuator position, the
front sub-gearbox shift actuator position, the rear
sub-gearbox shift actuator position, output speed of
the gearbox, etc. The overall vehicle model can be
seen in Fig.20. The simulation was carried out to
follow a given speed.

Fig.21 The vehicle speed
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Fig.22 Gear number

Fig.23 Throttle position

Conclusions and Further Study

The paper addressed the problem of modeling AMT
system. A detailed model of the driveline of a heavy
truck with automated mechanical transmission was
been developed. It considers both the dynamics of
the transmission shafts, and the servo-actuated clutch
and gearbox. Detailed models of the pneumatic actuators and its effects on driveline behavior and on performance during gear shift can be evaluated. The
simulation results show that the detailed model can
be used to estimate the influence of the clutch and
gearbox actuation systems on the vehicle performance. The influence affected by the actuator on the
dynamic behavior of the vehicle, such as shift quality,
driveability, fuel economy, acceleration, etc. will be
researched in the future.
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