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DESIGN AND IMPLEMENTATION OF AN
ENGINE CONTROL STRATEGY DURING
GEAR SHIFTING PROCESS OF AUTOMATED
MANUAL TRANSMISSION (AMT) FOR
IMPROVEMENT OF SHIFT QUALITY AND
FUEL EFFICIENCY

Anjus George’

Abstract-Automated Manual Transmission (AMT) combines comfort of use with a reduction in energy
consumption, with production costs that are consequently lower compared to traditional automatic
transmissions. AMT is based on an electronic control unit and a mechanical system that supervise the use of
the clutch and gear shifting, allowing the driver to change gear without using the clutch, either sequentially or
fully automatically. This project aims to improve the shift quality and reduce fuel consumption by means of
control of engine speed and torque during shift process. Before shifting to neutral gear the engine torque is
reduced to a minimum level. The position of the shift motor is controlled effectively for shift off and shift on
process. Before changing to new gear position the engine speed is controlled as per shift request i.e., upshift
or downshift, after that gear engagement is performed and the engine torque is restored as per driver’s request.
A virtual torsion sensor is designed using Kalman filter for estimating the torque transmitted through the drive
shaft and a PID controller is designed to control this torque to a minimum level. The position of the gear
actuator is also driven to reference position using PID mechanism. For speed control the advantage of both
time-optimal control such as bang bang control and PID control are utilized.

1. INTRODUCTION

The engine of Automated Manual Transmission (AMT) system is a highly nonlinear, large inertia, parameter time
varying, easily disturbed complex system. The time taken for the gear shift process is very short. Therefore, the
control of the engine parameters such as speed and torque is complex and requires high performance.

The gear shift is achieved by replacing the automatic clutch by engine control. The conventional shifting process can
be divided into seven operating phases: gear engaged, clutch release, gear shift off, gear selection, gear shift on,
clutch engagement and engine torque restoration. The shifting process without the use of the clutch can be divided
into five phases: engine torque reduction, gear shifting off, engine speed regulation, gear shifting on and engine
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torque restoration [1]. First the system undergoes a torque control phase in which the engine is controlled to a torque
level corresponding to zero transferred torque in the transmission. Next in the speed synchronization phase, the gear
disengages completely, and the gear selection starts as soon as the shifting off action is completed. The engine speed
regulation is carried out simultaneously. Subsequently new gear is engaged and the engine torque is restored back to
the level that the driver has commanded by the gas pedal.

In the torque control phase the drive shaft torque is estimated using a virtual torsion sensor and is controlled using a
PID controller. To accomplish the process of gear shifting, the position of the actuator must be controlled precisely.
To account for the performance and the dynamic behavior of the actuator motor, this paper implements a PID
controller. The engine speed control is divided into downshift and up-shift process. Considering the advantages of
both time-optimal control and PID control, a combined control strategy for engine speed during the gear-shifting
process is proposed. The controller chooses between time optimal control and bang bang control through a mode
switching mechanism.

1. LITERATURE REVIEW

The engine parameters like speed and torque are controlled during the gear shift process to improve shift quality and
to reduce fuel consumption. Different methods are proposed for the optimal control of gear shift in automated
manual transmissions.

Luigi Gilelmo et. al. in Ref [7] proposed a gear shift control strategy in which a controller is designed through a
hierarchical approach by discriminating among five different AMT operating phases: engaged, slipping-opening,
synchronization, go-to slipping, and slipping closing. The control schemes consist of decoupled and cascaded
feedback loops based on measurements of engine speed, clutch speed, and throwout bearing position, and on
estimation of the transmitted torque.

Magnus Petterson et. al. in Ref [2] put forward a method of gear shifting by engine control. In this the emphasis is
given to minimize the total time needed for a gear shift, but when doing so driveline resonances may be excited.
This in turn may lead to problems with disengaging the old gear and synchronizing speeds for engaging the new
gear. Internal driveline torque control is a novel idea for handling resonances and increasing shift quality. By
estimating the transmitted torque and controlling it to zero by engine control, the gear can systematically be
disengaged with minimized driver disturbances and faster speed synchronization. In this a PID controller is designed
to control the drive shaft torsion and to damp the driveline resonances.

Viet Ngo et. al. in Ref [9] suggested a design method for energy management strategy to explore the potential fuel
saving of a hybrid electric vehicle (HEV) equipped with an automated manual transmission. The control algorithm is
developed based on the combination of dynamic programming (DP) and Pontryagin’s minimum principle (PMP) to
optimally control the discrete gearshift command, in addition to the continuous power split between the internal
combustion engine and the electric machine.

Zaimin Zhong et. al. in Ref [3] put forward that in automated mechanical transmission the shift quality can be
significantly improved by means of the control of the engine speed. The engine speed control is be divided into up-
shift control and downshift control. During up-shift, the Bang-Bang algorithm and PID algorithm are integrated.
During downshift, the PID control algorithm alone is used.

G Kong et. al. in Ref [1] proposed a control algorithm that combines speed and torque control of AMT vehicle
powertrain to achieve shifting control without using the clutch. The torque control is achieved using PID
mechanism. To realize accurate engine speed control, a combined control algorithm based on feed-forward, bang-
bang and PID control is adopted. Additionally, an optimized closed-loop position control algorithm based on LQR is
proposed for the shift actuators.

111. MOTIVATION AND OBJECTIVE

The objective of the AMT is to automate the clutch and gearbox to increase driver comfort. With this approach the
clutch is replaced by engine control. It is also necessary to control the engine speed and torque during shift process
to reduce fuel consumption, engine noise, shift jerk, and clutch friction work. By the implementation of automated
clutch, the service lives of the clutch components are lengthened, while fuel consumption and the associated CO2
emissions can be reduced.

It is crucial to control engine parameters during the gear shifting process of AMT for the purpose of reducing fuel
consumption, engine noise, shift jerk and clutch friction work. The main objectives of the project are,
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1. To design a virtual drive shaft torsion sensor and a PID controller respectively, to estimate the drive shaft torque
and to reduce it to a minimum level.

2. To design a position error closed loop controller by using PID controller, for controlling the position of a shift
actuator precisely.

3. To design bang bang and PID controllers to control the engine speed during gear shift process.
4. Implement the complete strategy in LPC1768 platform.
IV. SOME BASIC CONCEPTS

* Vehicle Drive Train of AMT

In recent years Automated Manual Transmission (AMT) attracts the driver’s attention. It is mostly the same as
manual transmission except for some extra features. Compared with manual transmission, the major difference is
that the clutch actuator and synchronizers used in a gear box for a gear shift are servo-actuated hydraulically or
electro-mechanically. An AMT is composed of a dry clutch, a gearbox and an embedded dedicated control system
that uses electronic sensors, processors and actuators to actuate gearshifts on the driver’s command. This removes
the need for a clutch pedal while the driver still able to decide when to change the gear. The clutch itself is actuated
by electronic equipment that can synchronize the timing and the torque required to make gear shifts quick and
smooth. The system is designed to provide a better driving experience, especially in cities where congestion
frequently causes stop-and-go traffic patterns.

The structural diagram of automotive power-train is shown in Fig 1 which is mainly composed of engine, clutch,
wheel, main reducer and transmission which consist of five forward gears and one reverse gear.
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Figure 1. Structural diagram of vehicle drive-train with AMT.[1]

The process of shifting without using the clutch can be divided into five phases: decreasing the engine torque,
engagement of neutral gear, speed synchronization, engagement of new gear and restoring the engine torque.

First, control is transferred from the driver to the control unit, entering the torque control phase. The engine is
controlled to a torque level corresponding to zero transferred torque in the transmission. After neutral gear is
engaged, the speed synchronization phase is entered. Then the engine speed is controlled to track the transmission
speed (scaled with the conversion ratio of the new gear), where after the new gear is engaged.

Finally, the torque level is transferred back to the level that the driver demands. It is important to minimize the total
time needed for a gear shift, since the vehicle is free-rolling with zero transmitted torque in the transmission.
Furthermore, it is important to minimize the wear of the transmission, the noise, and the speed impulses[2].

* Drive Shaft Flexibility

The most critical and important part of the shift sequence is the torque control phase. Large torque change means
that driveline resonances are excited. The main flexibility in the driveline is the drive shaft [2]. The drive shaft
connects the transmission to the wheels. A simplified model of AMT drive train is shown in Fig 2. When the drive
shaft is oscillating, the transmitted torque in the transmission also oscillates.

Since no sensor is there to measure the torque transmitted in the transmission, other indications like amplitude of the
oscillations in transmission speed, time delay from commanded to accomplished disengaged gear etc must be used.
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Low amplitude of oscillations indicate less time delay and hence small transmitted torque. In Ref [5] it is proved that
the amplitude of the oscillations in transmission speed increases due to increased drive shaft torsion. Therefore to
reduce oscillations (to minimize transmission torque) it is sufficient to control drive shaft torsion to zero.

Shifting to neutral gear in a torque free state is very much difficult. In order to minimize the time needed for the
torque control phase, the oscillations must be damped, which can be done by controlling the engine in an appropriate
way. The torque control phase is even trickier if the driveline is oscillating prior to the gear shift, which sometimes
happens with towed trailers or road roughness. If a gear is disengaged at a torque level different from zero, a speed
impulse will follow which increases the wear of the transmission and disturbs the driver.
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Figure 2: Simplified model of AMT drive train.[3]

* Drive Shaft Model
Magnus Petterson in Ref [5] proposed one simple model with drive shaft flexibility. The drive shaft can be modeled
as a damped torsional flexibility which leads to the driveline model shown in Fig 3.
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Figure 3: Driveline model before and after gear shift.[5]

In Fig 3, the engine, the clutch, the transmission, and the propeller shaft are lumped together as one rotating inertia
J1, and the drive shaft connects this inertia to the inertia of the wheel J2. The wheel inertia is affected by the load I,
which consists of the air drag, rolling resistance, and vehicle mass. In Fig 3, u is the throttle input and k and ¢ are
torsional stiffness and torsional damping of the drive shaft respectively. Viscous friction is assumed for both the
rotating inertia with labels bl and b2. Fig 3 also describes how the driveline model changes after neutral gear is
engaged. The main flexibility is still the drive shaft, but the first inertia J1, is separated into two parts. The left
model is the engine and left part of the transmission (characterized by J11, b11). The right model is a similar spring-
mass model as before the gear shift, but with a significantly smaller first inertia (characterized by Jt, bt). The model
prior to the gear shift is called the lumped drive line model, and the model after disengaged gear is called the
decoupled model.

* State Space Model
Based on the above model (Fig 3) a state space model is derived which is used in the design of virtual torsion sensor.
The state space representation of this model is,

= At + Bu+ Hl (1)
where A, B, H, x and | are defined as,

Ty l'.l',“ r. !.Ir — (2)

T3 r';'-.—: (3)
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where the parameters are defined as,
i= iy ©)
By = do+ LfG + T fi5;

()
Ja = o+ mrd @)
by = '5'*4"1? T 'b;'_-"l'f:zi_zr 9)
by = By, + meart (10)

where,
i = Rotational displacement of engine crankshaft {rad)

#y = Rotational displacement of wheel (rad)
i = Angular velocity of engine (rad)'s)

#l, = Angular velocity of wheel (rad/s)
rw = Radius of the Tyre (m)

i = Mass of vehicle (kqg)

1. 0z = Rolling resistance coefficients

g = Acceleration due to gravity (m/s?)

&y = Air drag coefficient

A, = Vehicle cross section area (m?)

o = Angle between horizontal surface and slope plane (road slope) (rad)
Pa = Air density (kgm?®)
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Jm = Mass Moment of inertia of engine {kgm®)

J, = Mass Moment of inertia of transmission {kgm”)

i; = Transmission conversion ratio

i ; = Final drive conversion ratio

k= Torsional stiffness of drive shaft ( N'm/rad)

¢ = Torsional damping of drive shaft (Nm /(rad/s))

J¢ = Mass Moment of inertia of final drive (kgm?)

Jw = Mass Moment of inertia of wheel {kgm?)

b = Viscous friction component of transmission { Nms)

by = Viscous friction component of final drive { Nms)

by, = Viscous friction component of wheel | N ms)
This model is described by three states which are drive shaft torsion (x1), engine speed (x2) and wheel speed (x3).
The output torque of the engine is the driving torque (Mm) subtracted by the engine friction (Mfr). The signal,
u = Mm-Mfr is treated as control signal, since Mm can be controlled by injecting different amounts of fuel in the
cylinders. The engine friction Mfr is function of engine speed and engine temperature [2]. The total torque
transmitted in the drive shaft is given by kx1 + c(x2/i-[1x3).

In AMT for gear change, the position of the shaft of these motors must be accurately controlled. In order to design
such position control systems it is necessary to obtain, a mathematical model for the motor or system to be
controlled. The main control mechanisms used in this paper are PID control and Bang bang control.

The PID controller is the most common form of feedback. The PID algorithm is described by:

uft) = Kiel(t) 4 ]..-"f'.fff-‘:'rl'f-‘l : '!k(‘:.'lll'l

@l e} (11)

where e is the error signal that is difference between the measured process variable and the reference variable. The
control signal is thus a sum of three terms: the P-term which is proportional to the error e, the I-term which is
proportional to the integral of the error e, and the D-term which is proportional to the derivative of the error e. The
controller parameters are proportional gain K, integral time Ti, and derivative time Td.

In control theory, a bang—bang controller (on—off controller), also known as a hysteresis controller, is a feedback
controller that switches abruptly between two states. In optimal control problems, it is sometimes the case that a
control is restricted to be between a lower and an upper bound. If the optimal control switches from one extreme to
the other at certain times then that control is referred to as a bang-bang solution.

A Kalman filter is an optimal estimator, i.e., infers parameters of interest from indirect, inaccurate and uncertain
observations. It is recursive so that new measurements can be processed as they arrive. If all noise is Gaussian, the
Kalman filter minimizes the mean square error of the estimated parameters. Given only the mean and standard
deviation of noise, the Kalman filter is the best linear estimator. Non-linear estimators may be better. The process of
finding the best estimate from noisy data amounts to filtering out the noise. However a Kalman filter also doesn’t
just clean up the data measurements, but also projects these measurements onto the state estimate.

V. BLOCK DIAGRAM AND CONTROL STRATEGY

The block diagram of proposed strategy is shown in Fig 4.

Shift Shift request | Engine torque Gear
request » : af T di
analysis control disengagement
A
Speed I Gear selection
regulation D
.
Gear Torque
engagement restoration

Figure 4: Block diagram of the proposed strategy
The clutch and the synchronizer stay engaged before shifting. Thus, the powertrain can be considered a closed
system, and the clutch rotational speed is proportional to the transmission output shaft speed. The main
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characteristic of shift off phase is that the clutch is kept closed from shifting off until the gears engage again. Thus,
the inertia of the driving components of the synchronizer includes the inertias of the engine, the clutch, the
transmission input shaft and the constant-mesh gears. The engine speed regulation should be started soon after
shifting off, and gear selection can be performed in parallel with the speed regulation. Generally, the speed
regulation process takes longer than the gear selection, and thus the shifting on action can proceed after the speed
regulation is accomplished.

Shifting off can be easily achieved without excessive wear of the gear faces when zero torque is transmitted to the
driving shaft of the synchronizer. It is easy to shift off in the conventional shifting process because the clutch is
released, and no torque exists on the driving shaft of the synchronizer. Thus, the engine torque should be decreased
as much as possible, when shifting off without using the clutch such that the engine output torque is sufficient only
to overcome its internal resistance and no torque is transferred to the driving shaft of the synchronizer.

In the speed regulation phase, the gear disengages completely, and the gear selection starts as soon as the shifting off
action is completed. The engine speed regulation is carried out simultaneously. The goal of this phase is to adjust the
engine speed as quickly as possible to the ideal velocity required by each gear ratio. The connection between the
engine and the wheel is assumed to be rigid.

The goal of the torque restoration phase is to complete the gear shifting on process as quickly as possible and
subsequently to restore the engine torque to the level that the driver has commanded by the gas pedal. The shift on
action can be performed soon after the engine speed reaches the target engine speed. The engine torque should be
restored to the commanded level at an appropriate rate to avoid affecting the quality of the shift.

In shift request analysis two blocks are used. Up/down finder and speed finder. The up/down finder is implemented
as a comparator which compares the current and target gear no. and finds whether the request is for upshift or
downshift. The speed finder block has inputs current vehicle speed, current gear ratio, target gear ratio, final drive
ratio and radius of tire and the outputs are current engine speed, target engine speed and the speed difference
between the two.

In Ref [5] it was shown that the oscillations in the transmission speed could be explained by a nonzero drive-shaft
torsion. Hence the aim is to control the drive shaft torsion. The estimation of the drive-shaft torsion is more easily
performed than estimating the transmission torque, since the different behavior for each gear can be neglected, as the
drive shaft is the same for all gears. Thus the torque control phase consist of two sub phases: estimation of torque
and control of the same. It consists of two blocks, a virtual torsion sensor and a PID controller. The virtual torsion
sensor is used to estimate the drive shaft torsion and is implemented using kalman filter. The inputs to the sensor are
engine speed or wheel speed. The output of the sensor is the estimated drive shaft torsion. The PID controller will
make the estimated torque to zero.

Estimated
torque

Engine - i > i
T 5 D
coosd————* Virtual torsion PID controller torque

sensor

Figure 5: Torque control strategy.

The position of the motor actuator is controlled in the gear disengagement, selection and engagement phase. The
gear is selected according to the target gear position. Then the dc motor is actuated to that selected gear position. For
position control a PID controller is used. The current gear position and target gear position are compared and the
error is minimized using controller.

The speed regulation phase is implemented to control the engine speed during gear shift. If upshift is initiated then
engine speed should be reduced. Therefore a combined algorithm using bang bang and PID control is implemented
during up-shift. During downshift the engine speed should be increased. Since this is comparatively easier than up-
shift only PID controller is implemented during downshift. In both cases the error between current speed and target
speed are calculated and controlled. During up-shift if the error is greater than a threshold value bang bang controller
action takes place. Otherwise mode is switched to PID controller. The bang bang controller controls the torque
whereas, the PID controller controls the speed.

After the new gear is engaged the torque is restored as per driver’s request. Each gear has a different torque
requirement. This torque is called stable torque. The stable torque is predetermined and saved. Next this torque is
given as the the input to the actuator.

The driver torque map is plotted as a function of engine speed and accelerator pedal position. The engine torque map
is plotted as torque delivered by engine as a function of engine speed and engine throttle position. The engine torque
map is used to position the engine throttle to match the driver’s torque demand.

VI. SYSTEM DESIGN AND IMPLEMENTATION
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The proposed model consists of four forward gears. Therefore the current and target gear number can be from one to
four. The up-shift considered for the design process is sequential. The speed finder will check the current and target
gear combinations and using corresponding vehicle speed and gear ratios it will calculate target engine speed and
current engine speed. The formulas used to calculate current engine speed, speed difference target engine

speed are given below.

An (igys —ige) * iy xv(k)
0.377 % ry (12)
wl k) ""-*_;":' * ig, *if
A D377 *+ry (13)
welk + 1) = w,(k) + An (14)
where,

An = Speed difference (rpm)

ig,,, = Target gear ratio

ig, = Cumment gear ratio

v{ k) = Vehicle speed (kmph)

(k) = Current engine speed (rpm)

w.(k + 1) = Target engine speed (rpm)

The virtual drive shaft torsion sensor is implemented using Kalman filter. The linearized model with disturbances is
given by,

= AAT + BAu+ Gw (15)
and
y=CAr+v (16)

where the matrices A, B, G, C are given by,
—0.2348 -3805 -—-3.13
A —0.05674 4584 4476
1.781 —-G.631 —549

T.604e + 08
B —1.208¢ + 09 |
BEIe + 08

1 0 0
c 0 1 0
\Jﬁ il 1J
where the first, second and third rows of C can be taken according to the outputs drive shaft torsion, engine speed

and wheel speed.

G=~R (17)
where w and v are state disturbances and measurement disturbances respectively. The estimated error covariance is
found by solving the Riccati equation which is given by,

[ 0.7486 —1.3880 (.5600 l
P;= |-13880 26328 —0.8858
.5600 —0.8858 —0.E402

The measurement noise vectors w and v are generated using random signals. The covariance matrices W and V
corresponding to w and v are given by,

W =104 (18)
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V=11
(19)

The vehicle specifications used for the design of Kalman filter are given in Table 1.
Mass of vehicle (kg) m = 1200
Torsional stiffness of drive shaft ( Nm /frod) ke = 200000
Torsional damping of drive shaft ( Nm/({rad/s)) c=0.01
Mass Moment of inertia of engine (kgm”) Jo=0l86
Mass Moment of inertia of transmission [Egm®) J, = 0,034
Mass Moment of inertia of final drive (Egm™) Jr=0.034
Mass Moment of inertia of wheel {Egm®) J.=08
Final drive ratio ip=3.1
Radius of the Tyre (m) rw =04
Viscous friction component of transmission (Nms) | b =004
Yiscous friction component of final drive [ Nms) by = 0.04
Yiscous friction component of wheel (Nms) by, = 0.06

Table 1: Vehicle driveline specifications.
The Kalman gain is found using these specifications which is given by,

—173.7408
Ky 213.2491
—350.8197
The PID controller is designed to minimize the torque estimate by Kalman filter. The transfer function of the plant is
found using the proposed state space model, which is given by,
H(s) = (—1.358:+ 07" + 2114+ 075+ 1.307e + 07) /(s*+ 1.1415* + 10.00s — 5. 523) (20)

VIl. CONCLUSION AND RESULTS

A model of manual transmission with engine, clutch, gear box, drive-shaft and vehicle body is constructed in
simulink. Specifications for engine and all other components are given manually. Using this model different gears
are engaged with corresponding clutch and throttle inputs. Then engine speed, fuel consumption, engine power,
clutch speed, wheel speed etc are obtained from the model.
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Figure 6: Model of Manual Transmission in Simulink.
The various inputs given by the driver such as gear engage and disengage, clutch engage and disengage, throttle
action are given in Fig 7.
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Figure 7: Inputs given by driver.

Using fuel consumption and measured engine speed as input and output, one system model is formulated in matlab.
First the values of input-output variables are imported to matlab workspace and represented as iddata objects. Using
the measured input and output, the parameters and states of the system are estimated. The obtained model is
validated by comparing measured and simulated engine rpm values. After simulation in MATLAB, the strategy is
implemented in LPC1768 using the development platform . The LPC1768 is an ARM Cortex-M3 based
microcontroller for embedded applications featuring a high level of integration and low power consumption. The
strategy should be tested in real vehicle environment. Such an environment is simulated using a LABCAR
connected with ECU and PC. The LPC board is connected with ECU using CAN bus. First the LABCAR is
connected with physical ECU using ecu harness. The LABCAR is connected with real time PC for viewing its
response to the software, which is flashed in the ECU. After making all the connections power on the LABCAR.
The program code needs readings from four sensors in the LABCAR. Therefore before powering it up, the working
status of engine torque sensor, gear position sensor, engine speed sensor and wheel speed sensor are ensured and
calibrated properly. The software for the complete operation of the vehicle is flashed into the ECU. The vehicle runs
from start condition and gear change occurs according to the speed variation. The ECU is configured such that the
sensors in LABCAR measure torque, speed values, store them in ECU ROM during the complete test and display in
INCA if requested. After powering up the system, the vehicle (LABCAR) is allowed to run for 440 seconds. Gears
are automatically engaged as per the speed variation. Keeping the clutch signal at zero level, torque, speed and other
values are measured from sensors. For all\ measurements, x axis represents time in seconds.
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Figure 8: Engine speed.
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Figure 9: Vehicle speed
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Figure 10: Accelerator pedal position.
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Figure 11: Clutch signal.
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Figure 12: Gearbox output shaft speed
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Figure 13: Driver demand torque.
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Figure 14: Actual engine torque.
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Figure 15: Fuel rate.
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Figure 16: Instantaneous fuel economy.
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Figure 17:Average fuel economy.

* Fuel Efficiency

Fuel efficiency is the work output of an engine in terms of vehicle travel as a function of the energy content of the
fuel expended in the operation of the vehicle. The fuel economy of a car can be enhanced by improving the fuel
efficiency. To calculate the fuel efficiency, first the actual engine torque (Nm), engine speed (rpm) and fuel
consumption rate (gm/s) are loaded from the graphics window to the trace window in INCA. For each variable
sufficient number of samples are taken from the trace window. The engine power (kW) is calculated from engine
torque and engine rpm. Later efficiency is calculated from fuel consumption rate and engine power.
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