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ABSTRACT

This work presents proposed design of a paralld@rilytransmission with only one electric
motor/generator (MG) and without any rotating dhéts. The proposed motor/generator integrated
hybrid transmission serves to regulate the engefééstive gear ratio (engine rotational velocity
versus vehicle velocity) by mixing the engine afeteic MG powers through a power controlling
device. The proposed design provides some of thefite and flexibility of a power-split design
but using conventional available components imgpr mechanical layout that makes the design
compact, mechanically simple, and operationallyifie. With a control unit, four major modes of
operation excluding a regenerative braking capgbédre shown to be feasible in the proposed
hybrid transmission; electric motor mode, enginedajoengine/charge mode, and power modes.
Continuously variable transmission (CVT) capabilgyprovided with the engine/charge mode and
with the power mode. The power mode can be furghedivided into three hybrid sub-modes that
correspond to the direct drive, under-drive, anderalrive of a conventional automatic
transmission.

The feasibility of the proposed hybrid transmissisndemonstrated with a numerical example
employing a simple gear train. In this work a colr is designed to vary the speed of the vehicle
for different driving conditions. All basic drivingonditions for a car are studied and identifickle T
new controller is implemented by using fuzzy logra simulated in MATLAB/ Simulink.

KEYWORDS: Fuzzy Logic, MATLAB, Mechanisms, Nomograph, Planetary Gear trains,
Simulink, Two Inputs, Transmission.
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NOMENCLATURE

Baw, The rotational loss torque of the system.

C Clutch

EGM Epicyclic gear mechanism

EGT Epicyclic gear train

ESS EZnergy Storage System

FLC Fuzzy Logic Controller

HEV Hybrid Electric Vehicle

Ky =Ky e,/ e, A constant, which is also the ratio

MG Electric Motor/Generator

N, Gear ratio defined by a planet ggawith respect to a sun or ring gear
N, , =+2,/Z,,whereZ, andZ, denote the numbers of teeth on

the planet and the sun or ring gear, respectiaglg,the positive or
negative signs depend on whetkeés a ring or sun gear.

owcC One way clutch

PGT Planetary gear train

R Reverse Clutch

SOC State of Charge

THS Toyota Hybrid System
Two-dof Two-degree of freedom
Zi Number of teeth on gear
¢ Carrier

S Sun Gear

r Ring Gear

p Planet Gear

@, Angular velocity of linki

7, =L, /R, The electrical time constant of the armature.
r,=J/B The mechanical time constant of the system.
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INTRODUCTION AND LITERATURE REVIEW

A Hybrid System combines two motive power soursegh as an internal combustion engine and
an electric motor, to achieve efficient driving feemance.

A hybrid electric vehicle (HEV) achieves fuel ecamg and improved performance by combining a
smaller than normal engine with electric motor(sdl @an energy storage system (ESS). The engine
is smaller in displacement, or downsized, so thatdverage loads that the vehicle has to meet
during acceleration and highway driving are closerthe engine's higher efficiency operating
zones, represented by the 30% efficienclgigure 1 [1].

A HEV uses the electric motors and ESS to averagddad on the engine, to achieve an efficient
use of fuel. One or two electric motors are used wariety of ways, depending on how they are
connected to the vehicle power train [2]. Motora gaovide a positive torque to drive the vehicle
alone in the forward or reverse direction, or dstie engine during acceleration. One way to
increase the average load and decrease fuel useskaut off the engine when the vehicle load is
small. Commonly this is referred to as engine &ttgp, but the engine can sometimes be kept off
for light accelerations and low cruising velocities

Peak power demands on the engine, such as a haai@ration, can be lowered by using the motors
to supply some of the additional power required discharge the batteries.

Under conditions in which motors demand negativgue, they operate as generators to recharge
the batteries.

By acting as a generator, the electric motor irswsedhe average load on the engine.

Numerous HEV configurations have been propodetin Miller's book [1] is a good resource for
more information about hybrid vehicles and hybrydtems. In the present work, only HEVs with
epicyclic-type power trains will be considered.

Tsai and Schultz [3], proposed an improved design of the novel Ipréybrid transmission
introduced earlier byTsai et al. [4, 5]. The proposed design provides the transomsshe
functional appearance of a conventional 4-spedd ditange automatic transmission. The design
needs a motor/generator unit with a conventionéraatic transmission to function; therefore it
requires more complicated controllers and extratedaics hardware than with other hybrids.

Tsai [6] proposed an innovative approach using just mrernal combustion (IC) engine, one
electric motor/generator, and a power regulatingrigex that can provide a vehicle with six
different operating modes including a regeneratbreking capability. RecenthEsmail [7]
proposed new designs of parallel hybrid transmissigith only one electric motor/generator (MG)
and without any rotating clutches.

Toyota Hybrid System (THS) [2], which is a seriesfdlel hybrid, contains a power split devise
that splits power into two paths. In one path,gbeer from the engine is directly transmitted te th
vehicle's wheels. In the other path (electricahpathe power from the engine is converted into
electricity by a generator to drive an electric anatr to charge the battery. Since the engineas th
primary converter on the vehicle, the direct fueleingine to wheels path is the most efficient
energy path on the vehicle.

THS posses many favourable characteristics; howeneepotential disadvantages of THS design
include the need for two electrical motors and astant split of the engine power. Also, the
simultaneous dual motor operation requires somaitd control systems and intricate custom
fabrication [8].

Electric machines are used to generate mechanicak W industries. The DC machine is
considered to be basic electric machine. The airhisfwork is to use computer simulation as a
tool for conducting transient and control studiext to having an actual system to experiment on,
simulation is often chosen by engineers to testeptual designs [9].

SIMULINK is the program used to complete the madglland simulation of a model; it is a
subprogram of MATLAB. In SIMULINK, a model is a dettion of blocks which, in general,
represents a system. MATLAB/SIMULINK is used be@uws the short learning term that most
students require to start using it, its wide dottion, and its general-purpose nature. This will
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demonstrate the advantages of using MATLAB for yia system steady state behaviour and its
capabilities for simulating transients in systemsluding control system dynamic behaviour [10].
This work presents a new design of a hybrid trassimn with only one electric motor/generator
and without any clutches.

Any epicyclic gear set is considered adaptableiiibtise new design of the hybrid transmission. For
the kinematic analysis of epicyclic gear mechanigfaB&Ms) various approaches have been
proposed. In this work the new developed nomogragthod [11] will be used.

NOMOGRAPHS

A nomograph is defined as three or more axes, alescarranged such that problems of three or
more variables can be solved using a straightddgée particular case of EGTs, a homograph can
be constructed using three or more vertical pdrakes [11 and 12].

A basic EGT consists of sun gear, ring gear, plaawed carrier as shown figure 2. Figure 3
shows the basic form of the graph to be created foasic EGT. The term "gear ratio" is used in
this paper to denote the ratio of a meshing geiar Ip&s defined by a planet gepwith respect to a

sun or ring geax
N =FZ, /Z « Q)

p,X

Where £ and 4 denote the numbers of teeth on the planet anduheor ring gear, respectively,
and the positive or negative sign depends on wheatisea ring or sun gear.

Considering the kinematics of a fundamental cir¢h# fundamental circuit equation can be written
as Buchsbaum and Freudenstein [13]:

(a‘x_a‘c)/(a‘p_a‘c): Np,x (2)

Equation (2) can be re-written for the links of thasic EGT to findN ,,, N N,,and N ..

p‘s,
These values are used to place the axes of thegraptoshown irfrigure 3. TheG . axis passes at
the origin, and thex , axis is one unit apart from it. The gear ratiastfos train are

Np,r:Zp/Zr (3)
and
Nos=-2,/2, (4)

FromFigure 3 the characteristic equation can be written agvest

—w N
ez e 5)(
pr - Nops

The number of teeth of ring gear is 71, the nundfgeeth of planet gear is 16 and the number of
teeth of sun gear is 39.
By substituting these values in Equations3, 4 atiteSollowing equation is obtained

w, = 0.64566 w, + 0.35427 w, (6)

CONCEPTAL DESIGN AND MODELLING OF THE HYBRID TRANSM ISSION
The new hybrid transmission system consists ofregine and an electric motor/generator coupled
together by a simple gear train in such a way tiwdlh of the engine and electric motor/generator
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can simultaneously provide torque to the wheElgure 4 shows the new hybrid transmission
system.

The electric motor/generator can function as a mmadd torque to or as a generator to subtract
torque from that produced by the engine. The eteggnerator regulates the speed of the vehicle
by varying its loading so that the engine can berajed at a constant speed.

Figure 5 shows the block diagram of the new hybrid syst@ime engine serves as one power
source and the battery as the second power sodrce. motor/generator can receive power from
the battery to drive the vehicle or take power fithi@ engine to charge the battery depending on the
driving condition.

A power controlling epicyclic gear train (PC EGE) used to control the power flow among the
engine, the motor/generator and the vehicle, sb ttlea vehicle can operate in several different
modes. These modes are shown schematicaligures 6, 7, 8 and 9

OPERATION MODES

1. Electric Motor Mode

When first started, the vehicle begins to operaiagithe motor unless the battery state of charge
(SOC) is low. The one-way clutch (OWC) is engaged #he electric motor alone drives the
vehicle in the forward direction. To drive the v&hiin the reverse direction, the reverse clutch is
engaged and the motor rotates in the oppositetitirec

The electric motor alone drives the vehicle in thevard or reverse direction to avoid low load
engine operation in which the engine experiences pdficiency. The electric motor is used to
lunch the vehicle from a standstill and for drivingcity traffic.

2. Engine/Charge or First CVT Mode

Once the engine has started, MG begins generalgatyieity, or adding power depending on the
power demand and the battery SOC.

When both of the demand for power and SOC are laWw MG functioning as a generator part of
the engine power is directed to the wheels andther part goes to the electric MG for charging
the batteries.

These conditions force the EGT to function as aguasplitting; one-input and two-output device.
Part of the engine power is directed to the whaeals the other part goes to the electric MG for
charging the batteries. The ratio of these two pews continuously variable. Therefore, it is
possible to run the engine at optimal operatingdid@ns while regulating the load of the output
shaft by controlling the load of the generator.cAl®r a given output power, it is possible to run
the engine at an optimal operating efficiency patcontrolling the load of the generatéigure

10 shows the nomograph for this mode with the upper lawer limits of the generator velocities
for certain engine velocity.

From this Figure, we can easily visualize that¢hgine can operate at any desired velocity while
the velocity of the vehicle is regulated by coringl the generator velocity. When all of the engine
power is converted to electric power then the emgnidling and the vehicle is stationary. When
MG is stationary the mode is the engine mode.

3. Engine Mode

During steady-state highway cruising and when thigeby SOC is high to handle accessory loads,
the transmission can operate in the engine mode.

The battery supplies MG with current to generatiicsent torque to lock it in place. The engine
alone drives the vehicle in the forward directielectricity generation is basically not necessary.

4. Power or Second CVT Mode
At moderate and high vehicle velocities with MG dtianing as a motor, both the electric motor
and the engine drive the vehicle simultaneousky power mode [14].
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There are three cases:

* When both of the motor and engine rotate at theesatocity, the gear set locks up
as a rigid body. A hybrid mode that correspondthéodirect drive of a conventional
automatic transmission except for the fact thahlwdtthe electric motor and engine
transmit their power to the output shaft with a-tm®ne gear ratio.

» At moderate vehicle velocities, the motor rotatksver than the engine; both of
them drive the vehicle in an under-drive.

* At high vehicle velocities, the motor rotates fadtgan the engine; both of them
drive the vehicle in an over-drive.

From Figure 11 by regulating the amount of the motor power (byywe its rotational velocity),
the motor allows the engine to operate at an optwmadition. In this regard the EGT functions as a
CVT.

In another words, the engine can be operated atdasied velocity while the velocity of the
vehicle is regulated by the electric motor.

MOTOR MODELLING AND SIMULATION

To perform the simulation of a system, an appré@nmaodel needs to be established. For this work,
the system contains a DC motor. Therefore, a mioaséd on the motor specifications needs to be
obtained.

DC machines are one of the most commonly used meshfor electromechanical energy
conversion. Converters are used continuously tovext electrical input to mechanical output or
vice versa. They are called electric machines. kctec machine is therefore a link between an
electrical system and a mechanical system. Iretheschines, the conversion is reversible. If the
conversion is from mechanical to electrical, thechiae is said to act as a generator. If the
conversion is from electrical to mechanical, theehnae is said to act as a motor.

Therefore, the same electric machine can be madpdmte as a generator as well as a motor [9].
DC machines may also work as brakes. The brake msoalgenerator action but with the electrical
power either regenerated or dissipated within tlzehime system, thus developing a mechanical
braking effect. It also converts some electricain@chanical energy to heat, but this is undesired.
The major advantages of DC machines are easy gpektbrque regulation. The major parts of any
machine are the stationary component, the stabor tl@e rotating component, the rotor. Assuming
magnetic linearity [9], the basic motor equatiores a

T=K,ii,=K,_i, @)

e=K;li;.a, =K, &, (8)

m

The Laplace transforms of Equations (7) and (8) are
T(s) = Km'ia(s) (9)
E,= Km.am(s) (10)

Let the switch SW be closed at t = 0. After thetslwvis closed,

di,

dt (1D

V,=e, +Ri, +L,

From Equation (8) and (11)
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V, = K0, + Ryi, + L, I (12)
dt
The Laplace transform of Equation (12) for zer¢iahiconditions is
Vi = K@ + Ra-lae + LagSlag (13)
Or
Vig) = K-ty + Ralgs)-(L+57,) (14)

The dynamic equation for the mechanical systerapsasents the rotational loss torque of the
system

T=kK_ i =39%n 54 4+, {15
dt
The Laplace transform of Equation (15) is
Ty =Koy =38W0 + By +T (16)

From Equation (15) and (16)
W . = Tis) ~Tigs) - Kilaw = Tis)
" B(l+s.J/B) B(l+srt,)
From Equation (16) and (17),

(17)

V.. - K. w

t(s) m~“m(s)

Vt(s) - Ea(s)
| = =
) R @+sr,) R, @A+sr,)

(18)

A block diagram representation of Equation (17) &h8) is shown inFigure 13. This block
diagram can be simplified and implemented in SIMNKIand the model window shown Figure
14 should appeawhereL = R,.r,andJ = B.7,, .

For DC motor and as given by reference [15], thiedong parameters are used:

J=0.01 N.m.s"2/rad

B=0.1

km=10 N.m/A (Engine-motor constant)

km=8 N.m/A (DC-motor constant)

R=1 ohm

L=05F

Load =0.001 N.m

The engine is simulated as a motor in the operakiblock diagram of the speed control system.

INTELLIGENT CONTROLLER DESIGN
The intelligent speed control system should begiesl to provide smooth ride and robustness of
the system to varying operating conditions [15 &6H In this work a controller has been designed
to vary the speed of the vehicle for different gy conditions. The block diagram identifying all

necessary functional relations between the coetralhd other subsystems of the mobile is shown
in Figure 15. The controller is used as an interface betweenvétecle driver and two power
sources, IC engine and DC motor. Driver controks ¥ehicle by pressing accelerator/decelerator
pedal. The controller responds to the driver conasand selects an optimal driving condition for
the car vehicle mixing intelligently the energiesm the two power sources by means of epicyclic
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gear train. The feedback loop is used additiortallgnonitor the actual speed of the DC motor. All
basic driving conditions for the car have beeniified as follows:

i) Vehicle idling -engine runs, car is still statery, pedal is untouched.

i) Vehicle accelerates — accelerator pedal isdgppmessed to some extent.

i) Vehicle runs with constant speed — no chamgpasition of the accelerator pedal.

iv)Vehicle decelerates —pedal is being pressedd®s éxtent.

V) Vehicle stops — pedal has been released.

vi) Vehicle reverses — reverse switch is on, acaébe is being pressed.

The new controller is implemented by using fuzzgidcoand simulated in MATLAB/SIMULINK.
The operational block diagram of the speed corgystem is shown ifrigure 16. The default
settings are used when running fuzzy logic.

The apparent success of fuzzy logic controller (JFc@&n be attributed to its ability to incorporate
expert information and generate control surfacesselshapes can be individually manipulated for
different regions of the spaces with virtually niéeets on neighbouring regions. FLC is ideal for
the velocity control problems, since there is nonptete mathematical model of the engine and
other components of the car [17]. However, somedwunriving experience and visual feedback
can be used in the design of control system as[d@H23]. Human operators control the velocity
of the car by pressing the accelerator pedal. Rrmse human actions, fuzzy rules were formulated
using the amount and the rate at which the acdeleaad decelerator pedal is pressed [24—-26].
The membership functions to represent the inputisthe outputs of FLC are symmetric triangles
with equal distribution over the entire range og tiniverse of discourse. For example, the input
values to the controller from the accelerator/deregbr pedal are divided into ten membership
functions to describe pedal position in terms afiggation or taking electricity, the negative sign
refers to the generation of electricity and theitpas sign refers to absorbing electricity from
batteries. They are ‘very high generation’, ‘higlengration’, ‘medium generation’, ‘low
generation’, ‘very low generation’ ‘very low motoriow motor’, ‘medium motor’, ‘high motor’,
‘very high motor’. Similar functions are developked the feedback velocity.

In the design of the controller the output is présd in the form of voltage signal. Therefore, the
output membership functions are named as ‘very higfpative voltage’, ‘high negative voltage’,
‘medium negative voltage’, ‘low negative voltagevery low negative voltage’, ‘very low positive
voltage’, ‘low positive voltage’, ‘medium positiveoltage’, ‘high positive voltage’ , ‘very high
positive voltage’. There are total of 100 rulesnfatated for the controller design using Mamdani
implications.

SIMULATION RESULTS

In order to test the performance of the designedrotier, the MATLAB software and its Fuzzy
Logic Toolbox (V7.6.0.320) is used. The toolbox ypdes a friendly Graphical User Interface
(GUI), which makes the testing faster and moreciffit.

1. Power Mode

The first step in testing the controller is to gete an operator signal for testiklgure 17 shows

a motor/generator signal that begins to work abseédwo as a motor till the eight second. The
response of the motor is shown in blue and thatHerengine is shown in yellow. The total speed
of the vehicle is shown in purple colourkigure 18 The engine is energized and picking up the
speed until it begins to rotate in a constant vglodhe DC motor is still off till the time when i
begins to pick up speed. The results of simulatieshown irFigure 18 andFigurel9, for power
mode in which the vehicle accelerate, run with tamisvelocity or decelerate.

2. Engine/Charge Mode and Power Mode
Figure 20 shows another motor/generator signal that begingork as generator, then after second
two it begins to work as a motor till the eight @ed. The response of the motor is shown in blue
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and that for the engine is shown in yellow. Thaltspeed of the vehicle is shown in purple colour
in Figure 21 The engine is energized and picking up the speétlit begins to rotate in a constant
velocity. The DC motor is still off till second twahen it begins to pick up speed. The results of
simulation are shown iRigure 21 andFigure 22 for a power mode in which the vehicle accelerate,
run with constant velocity or decelerate.

CONCLUSION

This work successfully introduces a new hybrid $rarssion design for hybrid vehicles recently
immerged in automotive industry. The system dagequire a physical braking subsystem which
will reduce the overall cost of a car.

The paper presents a new control approach in dyi@imehicle. The controller is built on the speed
mixing capability of a two degree of freedom eploycgear train. Signals from the
accelerator/decelerator pedal and reverse but®nnélligently treated in FLC to generate input
signals for two driving actuators — car engine auldlitional DC motor. They, in turn, jointly
control the speed of vehicle wheels according ¢odimaracteristic equation of the selected epicyclic
gear train.

This work illustrates the simulation results of ibadriving conditions of a car, such as engine
idling, car acceleration, deceleration, stop, awkrse.
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Figure 3 Nomograph for the basic epicyclic gear train [8].
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Figure 12 Schematic diagram of a DC motor
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Figure 13 Block diagram representation of a DC motor.
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Figure 14 Block diagram representation of a DC motor in SIMNK.
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Figure 19 Simulation results for acceleration, deceleratiorruising of the car.

75



Al-Qadisiya Journal For Engineering Sciences

Vol. 5 Nb. Year 2012
uag “’r\f’?‘]’" u.;:u f :'t __m rﬁ— J-m :'; T ;‘E.Ei@l
File Edit Group  Signal  Axes Help .

BH| s RE| oo m.r&:.!@"&i?'igfa' R

/ Group 1

1____S|gn:cl|1____ : s rencg

o T Lo Sonson brssorarmend s brnenatmen —

1 PR LI | PR (R, RN AR —
| | i i | I | i i i

0 1 2 3 4 5 6 7 a 9 10

Time (sec)

— ot Coordinaes

Foint Coordinates

Harme: Slgnal1 i:| | 1

Index: |1 | e | | i
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Figure 22 Simulation results for idling, acceleration, decation or cruising of the car
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