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HYBRID ELECTRIC VEHICLE
AND ELECTRIC MOTOR DRIVE

Outline

*Basic performance requirements of land vehicles

*Energy and energy conversion system current available for transportation
Brief review of the traction system and performance of conventional vehicle
*Battery powered electric vehicle drive train

*Hybrid vehicle drive train

*Regenerative braking of EV and HEV

«Control strategies for HEV drive train

Electric energy storage

*Basic requirements of traction motor for EV and HEV

«Commonly used motor drive

«Control of IM drive for traction



BASIC PERFORMANCE REQUIREMENTS
OF LAND VEHICLES

Requirements of users
*Good performance: such as, high speed, high acceleration
*Good Reliability
*Driving convenience:such as, ready to go, sufficient driving range, etc.
«Safety: such as: good braking and handling performance
«Cost: low initial and utilization cost
Environment issues
oL_ess pollutant emissions
Energy source issues
*Good match to energy supplies
sL_ess energy consumption
Match traffic conduction
*Road condition: such as, friction between tire and road surface, grade, curve....
sHard obstacle negotiation and soft ground mobility
Traffic management, signals for example,
Manufacturing



ENERGY AND ENERGY CONVERSION
SYSTEMS CURRENTLY AVAILABLE

FOR TRANSPORTATION
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BRIEF REVIEW OF THE TRACTION
SYSTEM AND PERFORMANCE OF
CONVENTIONAL VEHICLES

*Engine: the power producer

*Clutch (manual transmission)

or torque converter (automatic transmission): s %‘ﬂ;cuhe%ronverter ( )
coupling or decoupling the engine power to \
the driven wheels. \ - 11

*
eTransmission (gear box): modifying the [ ] -{ —|-I—I L@l
torque-speed profile of the engine in order '
to meet the requirement of torque-speed J ] |
profile on the driven wheels

Transmission

«differential: allowing two driven wheels to Differential ~ ( )
have different angular velocity, which is necessary
while vehicle driving along a curve path




BRIEF REVIEW OF THE TRACTION
SYSTEM AND PERFORMANCE OF
CONVENTIONAL VEHICLES

Forces acting on a vehicle (for traction analysis)

Fuel in Torque producing

(engine) Torque transmission

Grade
Resistance

Tractive effort ~ resistance

roducin
. . Tractive /

effort




BRIEF REVIEW OF THE TRACTION
SYSTEM AND PERFORMANCE OF
CONVENTIONAL VEHICLES

*\Vehicle Resistance

Tire (track) rolling resistance: ~ F = M .g. f.cos(x)

M=vehicle mass, g=9.81m/s? , f=rolling resistance coefficient and, a=road slope angle

1
Aerodynamic drag: P Epac p AV 2

p,=air mass density, 1.205 kg/m3 , Cy=aerodynamic drag coefficient,
A---front area of the vehicle in m?, V ---vehicle speed, m/s

«Grade Resistance: F .= M .g.sin «

dVv
eInertial resistance in acceleration: Fj —aM

dt
dV/dt = vehicle acceleration in m/s2, § = mass factor due to rotating components

Total vehicle resistance: Fres — Fr T FW 1 Fi 1 Fj



BRIEF REVIEW OF THE TRACTION
SYSTEM AND PERFORMANCE OF
CONVENTIONAL VEHICLES

*Tractive effort
» The tractive effort is the force action on the driven wheels,
which thrusts the vehicle forward.
 The tractive effort comes from the engine torque, modified by the transmission.

T, w,| Transmission | T 4 £ vV
Engine ’ (Gear ratio i T w wheel - »
efficiency 7,) |
= 1. I 1y - T
. = =
I I vV
And o
@ I
vV = @, r=—=2 = = -
l 301,

Where, T.-engine torque, N.m, o, — engine angular velocity, rad/s
n, — engine rpm



BRIEF REVIEW OF THE TRACTION
SYSTEM AND PERFORMANCE OF
CONVENTIONAL VEHICLES

*‘Ideal” torque (power) — speed characteristics for traction

* “ldeal” torque (power)-speed characteristics for
traction is the constant power profiles, but
at low speed, constant torque, which is limited
by the wheel-road adhesive ability (maximum
friction force)

Maximum torque limited
by the wheel-road adhesive

power

 Constant power characteristics can results in
the best acceleration and gradeability
performance with a given rated power.

Torque

Speed



BRIEF REVIEW OF THE TRACTION

SYSTEM AND PERFORMANCE OF
CONVENTIONAL VEHICLES

*Multi-gear or Continuous Variable Transmission Is Required For IC Engine Power Vehicle

Engine Power, kW
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BRIEF REVIEW OF THE TRACTION
SYSTEM AND PERFORMANCE OF
CONVENTIONAL VEHICLES

*Fuel economy characteristics of IC engine vehicle

*Fuel consumption of a IC engine vehicle can be calculated by

I P ge dt (Liters)
03.6x10°

Where, P, --- engine traction power in KW
g.--- engine specific fuel consumption in grams/kW.h
v¢--- fuel mass density, kg/liter
t--- time in Sec.




BRIEF REVIEW OF THE TRACTION
SYSTEM AND PERFORMANCE OF
CONVENTIONAL VEHICLES

*Engine has a poor average fuel
utilization efficiency

Speed, km/h
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~ BRIEF REVIEW OF THE TRACTION
SYSTEM AND PERFORMANCE OF
CONVENTIONAL VEHICLES

*Energy loss in individual component

FTP 75 urban Driving cycle FTP 75 highway driving cycle

Braking loss 0.84%
Electric load 2.5%

Transmission. Loss 3.66%

Brake loss 3.45%
Electric load 5%
—Transmission . loss 6.94%
— Drag loss 7.18% Drag loss 16.1%




BRIEF REVIEW OF THE TRACTION
SYSTEM AND PERFORMANCE OF
CONVENTIONAL VEHICLES

*Basic techniques to improve fuel economy of ICE Vehicle (cont.)

*Advanced drive trains
Hybrid drive train is a good practice in development of advanced drive trains
the strategy used in HEV is to move the operating points to the optimal
operation region (down size the engine)
*Eliminate the inefficient fluid-coupling torque converter
Effective regenerative braking
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BATTERY POWERED ELECTRIC o
VEHICLE DRIVE TRAIN

«Configuration of Battery Powered Electric Vehicle

*Battery power EV has a very simple structure
*However, battery is the biggest problem

*Advanced motor drive can significantly improve (

the EV performance ( discuss later)

*Hybridized energy storage (battery-ultracapacitor)

can further improve the EV performance greatly M(?tor L | Transmission—@

(discuss later) Drive

*Optimally designed EV can meet some specific ‘

utilization |, ( )
Battery
pack

Advanced Vehicle Systems Research Program



HYBRID VEHICLE DRIVE TRAIN

*Basic concept of hybrid drive train

e s s s e | powertrain 1
(unidirectional)

i
|

!

! Energy
: Source
|

(bi-directional)

Tractive power flows

Power flows into bi-directional
energy converter and energy source

For powertrain 1:
> 0 (traction)
PPl {

= 0 (idling or shut down)

For powertrain 2:
> 0 (traction)

Pps { = 0 (idling or shut down)
< 0 energy recovery

For load:
> 0 (traction)

B { = 0 (standstill or coasting)
<0 (braking)

Constraint: Ppy + Pp, = P



HYBRID VEHICLE DRIVE TRAIN

40

*Vehicle load can be divided into two components--- Average power
Static (average) and dynamic load (zero average)
: i : 5 2
*Hybrid drive train has two power plants--- static and < ol
dynamic L
*|C engine or fuel cell serves as static power plant
Battery/ultracapacitor-electric motor serves as dynamic
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HYBRID VEHICLE DRIVE TRAIN

«Series Hybrid Electric Vehicle

Fuel tank Engine Generator Traction

4

i . motor
R |
N /
a0 ‘\ Y /
. .

o 4-% ________ o

Batteries  Electrical
coupling

—— Energy flow route in traction
"""" Energy flow route in battery charging

Load

Available operation modes:

*Engine alone traction mode:
Fuel-—Engine-—Generator-— Traction motor-—Load
*Battery alone traction mode :
Battery -— traction Motor -— load
*Hybrid traction mode:
Fuel -—Engine-—generator-—traction Motor-—Load
and, battery -—traction Motor -— Load
*Regenerative braking mode:
load-— Traction Motor -— Battery
*Battery charging from engine
Fuel-—Engine-—Generator-—Battery.
*Engine power split mode:
Fuel -—Engine-—Generator-— Load
Generator-— Battery.
*Both engine and load charging batteries
Fuel -—Engine-—Generator-—Battery.
Load -—Traction Motor -— Battery.




HYBRID VEHICLE DRIVE TRAIN

sParallel Hybrid Electric Vehicle

Fuel tank Engine Mechanical

/4% coupling
- I_I/ B

Batteries

Energy flow route in traction

.............. Energy flow route in battery
charging

Available operation modes:

*Engine alone traction mode:
Fuel -—Engine. -— Load
*Battery alone traction mode :
Battery -— Traction Motor -— Load
*Hybrid traction mode:
Fuel -— Engine-— Load
Battery -—Traction Motor -— Load
*Regenerative braking mode:
Load-— Traction Motor -— Battery
*Battery charging from engine
Fuel -— Engine -— Traction motor-— Battery
*Engine power split mode:
Fuel -—Engine -— Load
Eng-— Traction Motor -— Battery.
*Both engine and load charging batteries
Fuel -— Engine-— Traction Motor -— Battery
Load -— Traction Motor -— Battery




HYBRID VEHICLE DRIVE TRAIN

sParallel Hybrid Drive Train With Torque Summing

A torque summing device adds tow powers together by summing two torques
together which are independent from each other and two speeds are dependent
on each other.

Tinl 1 Wi 1
=
Torque Tout aa)out
Teis s summing -
|  Device

L a a
Tout_lein1+k2Tin2 And @, ,= i e

out k1 k2

Where, k; and k, are constants, which depend on the design of
the torque summing device




HYBRID VEHICLE DRIVE TRAIN

«Some examples of torque summing devices for parallel HEV

Gear Box Pulley or chain assembly
Tinys Oing 21 r, :
==Touta Oout T (Dinlg Zl\l e o o o -T—
i) (D u
Tin2’ (Din2__23§ Tout’ o r2/ Tout’ Dout T
%ﬂ T, o z
22 in2 in2 2
Z z ki1 k =i T|n2* Ojn2 2
K- k,=—* . 2 Z, Ting: Qiny fq r
1 22 k _r2 k r3 kl_1 kz__1

Z,Z,and z, z,and z, 1 r, 2 r, 2
---tooth number ---tooth number g R;and r, the

of gears of gears lnf2fa gl b HIE Radius of pulleys

Radius of pulleys
= 1. 0
Tin , O in2! ~in2
[ : 1/ : £// 1/ 1 k :11
shaft " v -
outr Qout k2—1
rotor %
stator




HYBRID VEHICLE DRIVE TRAIN

sParallel hybrid drive with torque summing

and two axles

Clutch

R

( ) Tractive effort profiles for various
T . .
c transmission arrangement
Device7 8 .
N —— High gear of trans.1 3- gear trans.1

Heat T
Engine —| |—Tramsm|SS|on 1 pe—

Electric

. T ramMSMiSSion 2 e
Machine

6f = Middle gear of trans. X 6 Single-gear trans.2

Tt
e | Low gear of trans. 1

Low gear

— Middle gear

Batteries

(a)
(b)
(©)
(d)

Both trans. have 3-gears

Trans. 1 has 3-gears, and Trans.2 has 1-gear
Trans.1 has 1-gear and trans.2 has 3 gears

Both trans. have 1 gear

Tracive effort, kN
N
T
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HYBRID VEHICLE DRIVE TRAIN

sParallel hybrid drive with torque summing
( single axle and one transmission)

F F
- e ) Features:
Clutch v \‘ v sCompact design
\ *Multi-gear transmission can adjust
neine 1= = Transmission # # ) . the operation of the engine
\R\ *This design may be a proper design in
_ which a small engine and large motor
Batteries
v are used




HYBRID VEHICLE DRIVE TRAIN

sParallel hybrid drive with torque summing (Separated-Axle drive)

C i ( -

Heat
Engine

|
( )— Transmission 1 Transmission 2 —( )

: Electric
Batteries [~ Machine

\( ) ( )/

Features:

*The vehicle body acts as the torque combination device

sFour-wheel driving

Electric traction system are independent from IC engine traction system

*\When Trans. 2 is single-gear, two motors may be used and put into wheels
thus leading to a very simple construction




HYBRID VEHICLE DRIVE TRAIN

sParallel Hybrid Drive Train with Speed Summing

A speed summing device adds tow powers together by summing two speed
together which are independent from each other and two torques are dependent
on each other

Tin1’ Din1 >
il Tout » Dout
Summing ————— P
Ting » Oing | Device
Tout . leinl = k2Tin2 il i s
kl k2

k, and k, are constants



HYBRID VEHICLE DRIVE TRAIN

sExamples of speed summing devices

Planetary gear unit

N
i P o
- o
Rl R2
R
e

Electric motor with float stator
(transmotor)

/ TS
/ . [OR
Stator —/RotorJ ‘
=1

Wy =W + Wy

o, 1S the relative speed of the rotor
to the stator




HYBRID VEHICLE DRIVE TRAIN

*Hybrid drive train with speed combination device of a transmotor

Clutch

\

Heat
Engine

Lockl

\

i

Transmission

Lock2

*This drive train has the exact same operation modes as that

Controller

Batteries

a)e
o L(l
k, =1

=
I

with speed combination device of planetary gear unit, but with much
simpler construction



HYBRID VEHICLE DRIVE TRAIN

sParallel hybrid drive train with engine power splitting

Planetar
*The planetary gear unit (speed summing) can split the engine gear uni%/
power into two parts. . e
*One part goes to the wheels HEEE o -
another part goes to the generator o }—Ej L
*The engine speed can be adjusted by adjusting the —H {IT&
generator speed, so that the engine can operate T |71
In a nor raw speed region, similar as in series hybrid = ::)
drive train = iy
*The generator can also supply power to the drive train motor 1 ®
*Better performance and fuel economy are expected -

*But, suffer complicated construction and control )



HYBRID VEHICLE DRIVE TRAIN

sParallel hybrid drive train with engine power splitting
using a generator with float stator (transmotor)

sTransmotor can split the engine into two transmotor
part , one part directly goes to drive train [ /
and other part to batteries Engine —H }7 -ﬂ |
«Transmotor functions as a generator =
eTransmotor functions as a starter i
*Adjusting the transmotor speed can

adjust the engine speed so that the Traction .

motor o

engine can operate in its optimal speed

region
sTransmotor can also function as a traction motor
*Much simpler construction than using planetary gear
unit and generator




HYBRID VEHICLE DRIVE TRAIN

*Integrated speed and torque combination hybrid drive train
(patented by our research group)

Lock 2 ( )

Lock 1 \_
Clutch 1 Clutch3—
X A B

L
s
Heat —{ Transmission = | i
| | :
L
e

Engine

Electric
Machine

Controller

P

|
e

Clutch 2 ( )

Batteries




HYBRID VEHICLE DRIVE TRAIN

*Fuel Cell Powered Hybrid Drive Train

Fuel cells supply static power

*Electric peak power source

(battery/ultracapacitor ) supplies 3)

dynamic power

#/u<m ( )

4)

FC system

T|_+(6)
)

10

)

1— Accelerator pedal,2 — Brake pedal, 3 Vehicle controller, 4 — Fuel cell system
5— Peaking power source, 6 —  Electronic interface, 7 — motor controller
8— Electric motor, 9 -- Transmission, 10 — Wheels

(1) -- Traction command signal, (2) Brake command signal,
3)- Energy level signal in the peak power source, (4) -~ Fuel cell power signal
(5)--  Electronic interface control signal, (6) -- Motor control signal (7) -- Vehicle speed signal



Fuel cell system net efficiency

HYBRID VEHICLE DRIVE TRAIN

*Fuel cell operating efficiency of hybrid drive train is much higher
than fuel cell alone power vehicle.

Fuel alone powered Hybrid
06 0.6

0.5 WWWWWW’H‘H‘““—Q : .
0.4 /

7/ Operating points

0.5 - ‘ meemny

Fuel cell system net efficiency

04 ‘\O
perating points

0.3

Fuel cell system net efficiency

0.3
Fuel consumption: o
. . / Fuel cell system efficiency U Splion
' 4.4 L/100km, or . 2.93L/100km, or
53 mpg (gas. equi.) 80 Lo
0.1 mpg (gas. equi)
1.155kg H,/100 or 0.1 0.765kg H,/100, or
53.7’m|Ies/kg H 80.4 miles/kg H,
. 0 10 20 30 40 50 60 70 80 0 ) ‘
0 5 10 15 20 25 30

Fuel cell system net power, KW Fuel cell system net power, kKW



REGERATIVE BRAKING v
OF EV AND HEV Y

*In urban driving, significant amount of energy is consumed by braking

oIt is expected that effective regenerative braking can significantly improve the vehicle
fuel economy

FTP urban driving cycle.

1.2

Energy from power
plant (traction

Energy, kW.h
o
(o0]

0.4-
0.2 Energy consumed
by braking
o 1 | 1 1 1 1
0 200 400 600 800 1000 1200 1400

Time, Seconds



REGERATIVE BRAKING
OF EV AND HEV

In normal driving, the braking power is well in the range
that the electric motor can handled.

oIt is expected that most of the braking energy is possibly recovered

15 \ 15
> 1500kg car 1500kg car
2 2
) @
& 10| % 10
@ )
= 5 2 5
o o
© ©
5 5
m m
0 0
0 100 0 50 100

50
Vehicle speed, km/h Vehicle speed, km/h



REGERATIVE BRAKING
OF EV AND HEV Y

*Hybrid braking system---mechanical and electric brake

*Mechanical brake is used in emergency (for safety)
*Electric braking is used in normal braking (energy recovering)

Brake pedal Master cylinder Controller

-
Pressure sensor J
Lty
Speed sensor
Brake clipper ~ Brake plat L

Electrically t[i)
powered
brake actuator

Three port
switch // -y
Motor drive and

transmission F‘
—

Regenerative Fluid

braking Accumulator
torque

{4

U

=

i
LT
=

0
0




REGERATIVE BRAKING
OF EV AND HEV

*Hybrid brake system control

Commanded
total braking
force

Fy

eFunction as:

*Regenerative braking '
Calcatlate the front braking force ,

'Emel’gency Bl’aklng according to the preset actual braking

i o force distribution curve
«Antilock braking -

Regenerative mechalnical
braking braking

Front wheels locked ?

Set the front braking force at its
maximum unlocked braking force

!

Set the rear braking force to meet the
total braking force commanded

A

Calcatlate the rear braking force ,
according to the preset actual braking
force distribution curve

No
Rear wheels locked ?

Set the rear braking force at its
maximum unlocked braking force

Hold

Fir= Focom ™ For

Hold




REGERATIVE BRAKING
OF EV AND HEV

*Antilock Braking Simulation
*Maintain all the wheel slip less than 25%,

m/s

20

10¢

Vehciel speed

Wheel speed

1 2

10+
5!""

Max. braking force that

Commanded brakign force
the ground can supply

—_— ) — . e— . ——. —— . — -

: Actual braking force

m/s? 0

1 2

500

Vehicle deceleration

L

U

Wheel deceleration

-500
0

1 2

0.4

0.2}

Wheel slip ratio

1 2
Time, Seconds

Front Wheels

m/s
20 ;
Vehciel speed
10
Wheel speed
0 . .
0 1 2
kN | :
10| Max. braking force that Commanded brakign force |
1he dround ceh 5upply Actual braking force
S |
\ -
0 . .
1 2
m/s? :
500 Vehicle deceleration
0 /'_\\’1-\V
Wheel deceleration
-500 : :
0 1 2
04 : ‘
Wheel slip ratio
0.2}
0 i y
0 1 2

Time, Seconds

Rear Wheels

Adhesive coefficient, p

longitudinal

Operating region of
tire slip ratio

Lateral

0.4 0.6 08
Slip ratio of tire, s



CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

A control strategy Is an algorithm, a law regulating the operation of
the drive train.

oIt inputs measurements of the vehicle operation (speed,
acceleration, grade, etc...) and makes decisions to turn on or off
certain components or to increase or reduce their power output.

sAccording to the preset control strategy, the drive train controller
commands engine and motor to operation to produce proper
torques.



CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

A hybrid drive train control strategy has the following objectives :
_Meeting the driver’s demand for the traction power
_Minimizing the fuel consumption

Control Strategies for HEV drive train:

_Maximum state of the charge control
_Engine turn-on and turn-off control strategy
_Intelligent energy management

_Scheme based on optimal control theory



CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

*Maximum Battery SOC Control Strategy

Try to maintain the battery SOC at high level by regenerative braking
and engine charging

Advantage is that high power demand can be always guaranteed by
high SOC battery. This is very important for some specific vehicles,
such as, military vehicles

Disadvantage is that in long trip with mostly constant speed, fuel
consumption would be higher, compared with other strategies



CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

Maximum battery SOC control strategy
1—Max. power with hybrid traction mode

. 2—NMax. motor power

A 3—Engine power with near full throttle
= —‘.4—r 2 4—Partial engine power
S P, l : 5 --Max. motor regenerative
= M E‘ braking power
= mc
5  amen . .
£ : P P P ---Load power, traction or braking
i lL le vehicle P.--- Engine power
. speed P—Motor power
o pee . : :
% P T T P..,— Regenerative braking power
Q. | P of the motor
c D lmb 5 P..—Mechanical braking power
‘Es P..—Battery charging power
- V,,—Vehicle speed, below which, only

me v
e electric traction available



CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

Maximum battery SOC control strategy

Motor-alone Mode (V<Veb):

Pe=0
Pm=PL/Etm
Pbd=Pm/(Em.Ebd)

Etm: transmission efficiency from motor to driven wheels
Ebd: battery discharge efficiency
Em: motor efficiency

Hybrid Mode :
Pm=(PL-Pe.Ete)/Etm
Pbd=Pm/(Em.Ebd)

Ete: transmission efficiency from engine to the driven wheels




CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

Maximum battery SOC control strategy

Battery Charging Mode:

Pm=[Pe-(PL/Ete)].Ete.Em
Pbd=Pm/Ebc

Engine Alone Mode:

Pe=PL/Ete
Pm=0
Pb=0




CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

 Maximum battery SOC control strategy

Regenerative Braking Mode:

Pmb=PL.Etm.Em
Pbc=Pmb.Ebc

Hybrid Braking Mode:

Pmb=Pmb,max.Em
Pbc=Pmb.Ebc




CONTROL STRATEGIES FOR X
HEV DRIVE TRAIN " et

 Engine turn-on and turn-off control strategy
(Thermostatic engine control)
Battery SOC top line

*Battery SOC is always maintained
between its preset top line and bottom
line by turn on and turn off the engine

Battery SOC

W

*Advantage is that in long trip with i Battelrry soC bott:bm line !
constant speed, the engine operation '
can be optimized.

*Disadvantage is that when battery SOC
happens to reach bottom line and

high power happens to be needed for

a period, battery soc would drop too
much and performance would be hurt

Engine operation




CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

« Intelligent Energy Management

Driving Situsdion
e miier (D3)
Df‘l'ﬂ'lﬂﬂ Elgrln i nsp
Identifier
Driving Information (Dl I
Extraciod (CHE) T
Torque Distribusor £
Infermation Hﬂm:?;l:rm Fuzzy Torgue
Extractor == AT Diatributor T
(FTD) T 2,10
‘ ec FTI
’ )
Driving Trend S0C Compansator ‘_.P “
| | Driving Data \dsntifler
Repository Tl T
o0 SOC
S0C Compensator
(5CC)
Speed profile Driving Mode
Identifier

(DI




CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

 Control Strategy Based on Optimal Control Theory

The problem is to minimize the following cost function
N-1
J =Y m(T, (1), 0,(1).A
t=0

with the following constraints:

@ <w,(l)<w

e _min e __max

O<ow,()<w

m _ max

Tm_min (wm (t)) < Tm (t) < Tm_max (mm (t))
0<Te (V) <Te_max (@ (1))



CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

 Control Strategy Based on Optimal Control Theory

And

X(N)—x(0) = ASOC
While the state of the charge of the battery, x(t), is updated as following

X(t+1) = X(8) + P, (T, (8), @, (£)).A

Where

M(T, (t), @, (t)) : Fuel consumption required producing torque T (t) atspeed @, (t)

Pm (Tm (t), @, (t)) : Power required producing the torque Tm (t) at speed (U, (t)



CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

 Control Strategy Based on Optimal Control Theory

ASOC :is the desired electric energy consumption over the speed cycle

Te (t) : IC engine torque

T, (t) : Electric motor torque

@, (t) :IC engine speed

@, (t) : Electric motor speed



CONTROL STRATEGIES FOR
HEV DRIVE TRAIN

* Braking Strategies:
_ Series Braking Optimal Feel:
The controller determines the fron/rear balance that will
minimize the stopping distance and optimize the driver’s
feelings.

_Series Braking Optimal Energy Recovery:

The braking balance is such that the maximum Kinetic
energy is recovered.

_Parallel Braking:

The electric braking system supplies the additional braking
force to the mechanical system with a fixed relation.



ELECTRIC ENERGY STOARGE

*Hybrid electric energy storage with battery and ultracapacitor

sUltracapacitor supplies peak power
*Battery supplies energy

Electronig
B interface

L
L

The DC bus voltage is equal to the ultracapacitor voltage
The battery current can be controlled
Terminal voltage varies with large magnitude

| (

L Electronic B
e C interface L

The DC bus voltage is equal to the battery voltage
The ultracapacitor current can be controlled
Terminal voltage varies with small magnitude
Capacitor’s energy storage can be fully used




ELECTRIC ENERGY STOARGE

Directly connected batteries and Ultracapacitors
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BASIC REQUIEMENTS TRACTION
MOTOR FOR EV AND HEV

*Good speed-torque (power) characteristics that is close to “ideal”’characteristics
*High efficiency

*High specific power (power per unit weight)

*High reliability and ruggedness

«Safety

eL_ow cost



BASIC REQUIEMENTS TRACTION

MOTOR FOR EV AND HEV

*The impact of speed-torque characteristics to the motor power rating

*Electric motor usually has a characteristics close
to be “ideal” for traction. Thus, single gear transmission
is used

*The typical data that represents the motor chrematistics
IS the speed ratio (maximum speed/base speed)

*For a given acceleration performance, increasing the speed
ratio (reduce the base speed or extend the constant power
region) can significantly reduce the power rating of the
traction motor

*Speed ratio of 4 may be the proper design. Further
increase beyond that will reduce the motor power rating
slightly and the maximum torque may be over the torque
limited by the friction between tire and road and cause
tire slip on the ground

Power, kW

140 ‘ "~ speed ratio: 560
SR=max. speed/base speed
1207 }\ 480
I
100 f
} power o
80/ | 1320
I
60 } Torque 240
I
40} } 1160
I
20! ' Base Maximum |gg
L speed speed
0 ‘ ‘ ‘ 0
0 1000 2000 3000 4000 5000 6000
Motor speed, rpm
300 i i i i
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X
g 200}
o
o
2150
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Torque, N.m



BASIC REQUIEMENTS TRACTION
MOTOR FOR EV AND HEV

. - 0.95
High efficiency 0.9

Large area 0.85

*High peak efficiency (maximum value) 8?5
a7

*More important is the large high efficiency area 0.65
0.6

*And coinciding high efficiency area with mostly 0.55
operating area 82
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COMMONLY USED MOTOR DRIVES

//
ELECTRIC MACHINES
| |
DC AC
| |
| | |
COMMUTATOR HOMOPOLAR SYNCHRONOUS INDUCTION
| |
| | | | | |
WOUND FIELD PM BRUSHLESS DC SINE WAVE STEP HYSTERESIS RELUCTANCE 1-PHASE 3-PHASE
|
| | |
SERIES SHUNT COMPOUND SEPARATELY EXCITED PM WOUND FIELD SWITCHED RELUCTANCE SYNCHRONOUS RELUCTANCE
|
| L
SURFACE-MOUNTED INTERIOR-MOUNTED PM HYBRID VARIABLE RELUCTANCE WOUND ROTOR SQUIRREL CAGE

CLASSIFICATION OF ELECTRIC MACHINERY



COMMONLY USED MOTOR DRIVES

=DC Motor Drive

»Permanent Magnet Motor Drive
=|nduction Motor Drive

=Switched Reluctance Motor Drive



COMMONLY USED MOTOR DRIVES

DC Motor Drive

= Advantages:
-Simple and Low Cost Converter Topology
-Simplicity in Control

»Disadvantages:

-Requirement of Maintenance

-Difficulty for High Current, High Voltage Application
-Limited di/dt due to the Brush

-Unacceptable in some Environments



COMMONLY USED MOTOR DRIVES

*Permanent Magnet Motor Drive

= Advantages:
-High Torque and Power Density
-High Efficiency

»Disadvantages:

-High Cost

-Difficulty for Field Weakening Operation

-Difficulty for High Speed Low Voltage Operation

-Lock Rotor Problem

-Possibility of Demagnetization at High Temperature or Under Fault



COMMONLY USED MOTOR DRIVES

e|nduction Motor Drive

= Advantages:
-Low Cost
-Low Torque, Noise and Vibration

»Disadvantages:

-Complexity in Control

-Difficulty for High Power Low Voltage Operation
-Possibility of Mechanical Failure of the Rotor Winding



COMMONLY USED MOTOR DRIVES

Switched Reluctance Motor Drive

= Advantages:

-Low Cost and Rugged Motor Structure
-Reliable Converter Topology
-Simplicity in Control

-High Speed Operation Capability

»Disadvantages:
-Torque Ripple, Vibration and Noise
-Requirement of Rotor Position Information



COMMONLY USED MOTOR DRIVES

«Comparison Between Different Motor Drives

IM BLDC SRM
SM IPM
Robustness + +
Motor Cost + +
Efficiency t +
Open-loop Control + +
Closed-loop Simplicity + £
Torque Ripple 5 + .
Wide Speed Range 4 o

No Position Sensor . . .
Acoustic Noise -



CONTROL OF IM DRIVE FOR TRACTION

.m "
f.. E— "q.'c —H

L] e
Flux —— 14y —>

il -
Irff"‘_ li.||| .‘-o .'-q.
e @:’1)3 as” be s | Switch
s NG Control
A
FY
Sk
x]
+ ¥ i )
" & s s
sin(B ) A ar
i Algebra
Generator [,
o &
- }v
cos(B,) dr

e

!H't,l




CONTROL OF IM DRIVE FOR TRACTION
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