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HYBRID PROPULSION SYSTEM WITH A GYRC COMPONENT
FOR ECONOMIC AND DYNAMIC OPERATION

B, Giera, J. Helling and H. Schreck
Institute for Automotive Technlques

Introduction /5

In congested areas vehlcles are increasingly belng used 1n a
markedly stop-and-go manner. In the future thelr maximum speed
will be increasingly limited -- even on highways and freeways.
The motive energy -- in particular, fossil fuel -- 1s becoming
more expensive.

Given these changing limit conditlons the following pro-
perties of venhicle drive mechanisms are gaining in importance:
1. high acceleration with reduced cruising power;
2. high propulsive efficlency, in particular in the partlal
throttle reglon;
3. regenerative braking with high recovery efficlency;
4., low poliutant emission and
low nolse production.

These requirements are not met -- or only unsatisfactorily
80 -=- by traditional internal combustion engines.

Limits to electric power units -- as a potential alternative
to the internal combustion engine -- are set by the small energy
density and power density of electric storage batteries, by a
small recovery efficlency and by presently high production costs
[1]. Hybrid propulsions systems with an electric motor and
internal combustion engine as well as an electric power addition
[2] proved to be too heavy and too expensive, at least for
passenger vehlcles. With respect to the above requlrements a
hybrid propulsion system was designed with an additlonal gyro

# Numbers in the margin indicate pagination in the forelgn
offprint text.
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component (flywheel) ard with a mechanical power addition [3].
This is described below and discussed with respect to 1its q
propertlies for use as a propulsion system for passenger vehlcles. )

2. Hybrid Propulsion System with a Gyro Component

2.1, Structure of the Propulsion System

In contrast to suggestions which have been made [4,5], the
propulsion system consists of each of the following: a gyro
component (1) an eleztric component (2) and an internal
combustion engine component (3).l The outputs of these com- !
ponents are mechanically overlapped in a structure as shown :
in Fig. 1.
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Fiz. 1. Structure of a hybrid propulsion system with i

a gyro component. ;
1 Gyro component 5 Differential gearing i
2 Electric propulsion system 6 Shift gears {2
3 Internal combustion engilne 7 Differential gearing for the

L Battery drive shafts

s vum -‘1

The electric motor (2) is connected via a transmission 1.
with an input of the differential gear 5. The internal combustion
engine 3 1is couppled with a second input and the gyro component 1

R ESNERHIVE TN

l. In what follows, In so far as the distinction is necessary,
this hybrid precpulsion system will be referred to in aboreviated
form as the G.E.I propulslon system.
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by means of transmission 10. The output of this differential
gear 5 1s connected by means of a shift gear 6 with the usual
differential gear 7 of the drive shaft.

2.2 Function of the Propulsion System

In the case of stationary operation the positive output of 1
the 1.c. engine 3 with the positive or negative output of the :
electro machine 2 (motor or generator operation) overlap in
differential gear 5. The resulting sum or difference output 1is
transmitted via shift gear 6 and drive shaft differential 7 to
the drive gears. The gyro component 1 runs with constant rpm,
i.e. without any reduction in power. In the case of statlonary

ERERN S ST T SR

braking the flow of power 1s reversed.

B
o

With a standing vehicle the electric motor and i.2. engine
stand still or rotate in opposition (battery charging).

In order to accelerate the moment ME of the electric motor
18 increased by activating the foot pedal (gas pedal). DBecause
of the balance of moments on differential gear 5 this produces
the moment iEME on 1ts 1nputs and outputs. On the one hand,
this operates as a driving moment on shift gear 6 and &lso on the
drive gears and cn the other hand it operates on the parallel
connection of the i1.c. engine and gyro component. At full
acceleration the moment iEME is one multiple greater than the
moment MO of the 1.c. engine. The large difference in moments
i‘ME-M is thus supported by the gyro component and slows down

E 0
the latter according to the following equation:

g -

Hu l"lh == (‘l'. My hfu)“" . ( i & )

In this connection the gyro component produces the following
propulsive output:

Po = wg Mg = og (I M- Mo)/la (2)

URIGINAL PAGE 18
OF POOR QUALITY 3

i N o s e .



Thus, with good efficlency, during acceleration kinetlc energy
from the gyro component 1s transmitted directly to the vehlcle.

When decelerating this process takes place in the opposite
direction. The gyro component is "recnarged." A quantitative
discussion of these relationships follows after the description
and determination of the individual components.

If necessary, the drive can also be operated Just electrically.
In this case the required supporting moment of the differentlial
gear 5 1s applied on the 1.c. engine slde by means of a non-
reversing lock.

3. Designing a Propulsion System for Passenger Venlcles

The components of the propulsion system are described and
determined below in such a way so that a thus equipped passenger
vehicle meets, as far &s possible, the very demanding FCCI
(U.S. Federal Clean Car Inititive) automotive performance figures
for vehicles with low-polluting unconventional propulsion systems:

1. acceleration from zero to 100 km per hour in 10 seconds;

2. occasional maximum velocity of v = 136 km per hour;

3. travelling up an 8 km long 8% grade at a velocity of

v = 64 km per hour and
4, a range of 320 km at a velocity of 112 km per hou

3.1 Baslec Vehlcle

As a sample vehicle a 5-passenger car of a lower medium
class European model with the following specifications 1s used
as a basis:

1. weight when empty with G.E.I. hybrid propulsion system

(this assumption 1s checked later on) Mpy = 1200 kg,

2. operating welght (including driver) for all the

following tests my,, = 1300 kg,
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wheel resistance coefficlent :R = 0,015,
. alr resistance coefficlent ¢, = 0.36,

. effective cross-sectlonal area A = 1.8 mz,

. inertia moment of all four wheels OR = 4,0 kg m2.

The road resistances for this vehi:le are shown in Flg. 2. Glven

.

Loa LS ) B — g Y

the vehicle specifications the propulsion system components are
now determined.

1000 —

" — ////27/;
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0 Lo 80 120 km/h 160
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Fig. 2. Road resistance FB " P F, + F. of the sample
vehicle (passenger car) as 1 runcgion Br the veloclity
v of the car on a level plane.

3.2 Design of the Gyro Component

Basically the gyro drive 1s supposed to supply or store the
energy for an acceleration or deceleratlon process. Tnls does
away with the problems which have to be overcome when deslgning
the gyro drive as an actual automotive propulsion system [6-9].
Disregarding alr and wheel resistance we thus get the following
equation which relates the energy lnvolved:

80 (m:l max m:l -ln)f2 - v;n‘nl ml'lz

(3)

Gmax
angular velocity and Wanin the minimum angular velocity of the
gyro drive and v'max the maximum velocity which should be

reached in one go from a standing start. This maximum veloclty

is somewhat smaller than the steady maximum velocity v

with OG the inertia moment of the gyro component, © the maximum

max’
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The inertia moment of the gyro drive and thus also 1ts
welght therefore decisively depends o) the allowed maximum angular
veloclty ®omax’ Given the above mentloned form of the gyro
drive, this is essentially limited by the permissible strain
of the gyro material and by the fan losaes. A suitable
optimization by mears of a computer program produced an easy-
to-manufacture gyro drive made of 42 CrMo 4 with the following /7
specifications:uomax = 1833 per second corresponding to
Bomax * 17,500 U/min; GG = 0,012 kg m2 and thus with a dlameter
of dG = 315 mm a mass of the gyro drive of ng = 50 kg.

3.3 Design of the Internal Combustion Engine

The internal combustion engine 1s connected in parallel to
the gyro drive by means of tne fixed transmission 10. Its
output 1s basically determined by the requirement for a range
of 320 km at a velocity of v = 112 km per hour. Because of the
fairly small energy content of the electric battery (lead
battery) the motive power of PF112 = 18 kW correspondling to
112 km per hour must nearly all be suppllied by the 1.c. englne.

Taking into consideration the transmission efficiency,
we get the following:

P, = 20 kW.

0

In light of noise and vibratlon characteristics, welght,
volume and costs, a single-disc Wankel engine was selected for
the internal combustion engine. The characteristic curves for
its maximum power moment and torque are shown in Fig. 3. The
parallel hookup tQ the gyro drive makes possible a "stabilized,"
i.e. low emissions, control of the englne durlng load changes
[10]. The transmission between the gyro drive and the Wankel
engine turns out to be the followilng:

la = My 6fNmag o = 347,
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3.4 Electric Motor and Battery
Deslgn

The electric components

¥ 10 1 BTN of the hybrid propulsion system
& Ful 1% (electric motor with power con-
J trol and battery) are the
ST T 4 ime 7 largest in terms of welght and
bl e costs [11]. The minimum power
Fig. 3. Maximum torque and to be supplied by the electric

maximum power of the internal motor is given by the require-
combustlion engine as a function
of rpm.

1 Mo(no)

ment for an occasional maximum
velocity of 136 km per hour.
The corresponding motive power
(PF136 = 30 kW) 1s to be Jjointly suppllied by the Wankel engine
and the electric motor.

2 Po(no)

Allowing for the transmission efficiency, we get a crulsing
power of
PE = 11 kW.
A direct current shunt motor 1s selected for an operational
voltage of 144 V. In conjunction with a suitable direct current

regulator we get the measured performance graph shown in Fig. 4.
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maximum power consumption of the
electric motor which for brief
periods (during acceleration
Bmax <3 kN
For 12 starter
batteries connected in series

processes) takes P
from the batter.

Fig. 4.
electric motor as
rpm for contlnuous and brief
operation of 11 kW and 20.6 kW EIR 15
respectively.

a maximum specific short-time

output of 0.17 kW/kg 1s assumed
Thls results in a battery
mass of: m, = 150 kg and, in the

Torque (n,) of the
ME fﬁnction of

B
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case of l=hour discharging, an energy content of

l'l‘ = l.IlWh.

For faster discharge rates, l1.e. greater load, the avallable
energy content decreases [13].

This relationship was measured for each of twelve l2-volt
starter batteries of different manufacturers connected 1ln serles.
The result is plotted in Fig. 5 for a battery welghing 150 kg.

It 1s used as a basis below for steady energy and range con-
sideratlons.

‘. .-1 '.._..._A - m. —

A gl i 7l In all steady operational

= ~’{“ conditions below v = 112 km

10 -, = S per hour and for intermittent

: 4% e 1 operation the battery can be

T e T ' selectively charged or dlscharged
' [~ A It by sultably regulating the rpm
i et of the Wankel engine, thus has

NSRS ’{ no effect on the range.

.._/2____ =

“ o - A .

Silabli / T 3.5 Gear Deslgn and Transmisslons
I ;///;VK]’J' The differential gearing
.%;m|”4uz““_a_}§;l for overlapping the outputs 1s

i - constructed in the form of spur
Flg. 5. Battery output as a gear - planetary gearing because

function of energy removal with
the discharge time t as the in this way the transmission 1

parameter for a specific output can be integrated into the
of 0.17 kW/ke. differential and -- for adjust-
ment purposes-- can be changed in a simple manner. For the
differential gearing the following relationships apply in
accordance with Flg. 1:

Balance of Moments

E

My My iy = Mg+ Mylig,

(4)

Limdrtiaiity A D
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rpri addition

B [ (5) I

Multiplying equations (4) and (5) results in the following out- .

put power at the differential: '
Py oy My o My (o 4 o) (6)

To achleve a high output power for a glven power PE = ME“’E of ?

the electric motor a large iE should be selected. A second cri- g

terion in the selection of 1E is the desire, for steady /8 ?

operation conditions, to achleve a halance of moments of the
electric motor and 1.c. engine !

Iy My, = M

which 13 close to the rated speeds of these motors. Given the :
characteristic curves of voth motors from Figs. 3 and 4 iE is {
chosen equal to 2. The total transmission in the lowest gear of
the shift gear determines the maximum tractive fo.ce le on the

drive gears, hence the climb and acceleration capacity in first '
gear:

Fyyo= My iy bsy b/ Rygn (7)

with iD the transmission of the differential gear for the drive
shaft, 1Sl the transmission of the s.nift gear in first gear and

M

R the dynamic wheel radius =- here 300 mm. Pg
dyn y
The total transmission in the highest gear results 1in an '?
analogous manner from the road resistances at maximum velocity. P
=

The maximun progression 1S,n/is,n+l between two adjacent z;

gears 1s glven by the characteristic curve s (“E) of the electric

et el
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motor if it is assumed that the take-off moment immedlately

before and after a shift should be equal in size (uniform
acceleration).

Under these conditions two gears in the first 1lnstance
prove to be sufficient with the following transmission ratlios:

Igy =220, gg= 10, Ilyp = 6,18,

Thus all the components and design specifications of the pro-
pulsion system are determined.

4, Propulsion System and Motive Outputs

The outputs of this hybrid propulsion system and the
resultant motive output of the selected passenger car are
considered jJointly below.

4.1 Steady Driving Conditions

Steady driving conditions which are characterized by an
inactive gyro component. can -- for the time belng ignoring the
transmission losses -- be described by means of a nomogram
which 1s based on the already known performance graphs of the

components and of the vehicle (Figs. 2-4). This nomogram is
shown in Fig. 6.

The performance graph of the electric motor 1s plotted 1n
section (a, and that of the 1.c. engine in section (c¢). In the
middle section (b) 1is plotted the resistance grapn of a vehlcle
with two gears. The distances on the two speed axes for the
electric motor and che 1.c. engine are divided in a ratio of iE
to the velocity axis. If one connects auny twoe motor speeuz n
and Ny by a straight line, the intersection of this line with
the velocity axis gives the accompanylng veloclty v of the

£
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Fig. 6. Nomogram of the hybrid
propulsion system for deter-
mining motove output under
ste.dy operating conditlons.
The zraph plots the road
reslstances Fgeq over the velo-
city v of the passenger car as
well as the torque M over the
speed n of the electric motor
a:id the 1.c. engine

a) For the electric motor, llkW
under steady operating condi-
tions and 2.6 kW for short
period operation,

b) road resistances for a
vehicle welghing 1300 kg,

¢) for a 20 kW 1i.c. engine

Key: A) gear

vehlcle in first or second gear
(Fig. 6 b).
mo corresponding to a glven

steady driving state are given

by the corresponding road re-
sistance Fded and gear (nomo-

gram section b). For a few
driving conditions the ac-
companying operating levels A-F
are plotted in the two poerformance
graphs. The pcints along line

A characterize the charge of the
battery in the case of a

standing vehicle.

The torques m, and

The moment
ME < AE correspornds to an out-
prt of T kW.
line B correspond to a speed of
v = 50 km per hour in second

The points along

gear with the 1.c¢c. engine
turning at Ny = 3000 rpm.
these driving conditions the

Under

electric motor 1s still being
operated in the generator range,
l.e. “he battery 1s charged
with a small output.l

Also plotted in the nomo-

gram are the FCCI driving output

1. The 1deal speed of the Wankel
engline n is set by a
regulatogigga% function of the
charging state of the battery and
external operating conditions. A
description of the regu.ator 1is
not given here.
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requirements 2-4 for steady driving conditions (lines D, E and
F):

FCCI requirement 2: occasional maximum veloclty of v =
136 km per hour. This requirement is fulfilled in the nomogram
by the operation characterized by line E. With respect to time
it is not limited by the electric motor (long term output, 11 kW),
but by the battery capacity. On the basis of the graph in Flg. 5
we get for v = 136 km per hour an operation time t2 = 0,38

max
hours, i.e. a distance of s, = 51 km.

FCCI requirement 3: 8 km long 8% climb at a speed of
v = 64 km per hour. To Lie air and wheel resistance at a speed
of 64 km per hour 1s added in this case a climb resistance of
1020 N. The total resistance of 1320 N (beyond the range of
the nomogram) 1s shown by the performance graph line F in
first gear. The possible operating times or distances are agaln
determined on the basis of Fig. F as t3 = 0.41 hours and
54 = 26 km respectively. Thus this requirement, i.e. 8 km,
le easily fulfilled.

FCCI requirement 4: range of 320 km at a speed of v = 120 km
per hou~. This rcoquirement 1s fulflilled by the operating
conditions characterized in the nomogram by line D. After this
distance elther the tank must be fllled or the battery charged
or -- if the car 1s only refueled -- the motive output under
steady operating conditions must be slightly reduced so that the
battery can be recharged by the Wankel engine when the car is
unde rway again.

Thus the FCCI motive output requirements under steady
operating conditions are fulfilled.

< - _'W e — e — - ———— - — e s S
" . ¥ ¥, v i 3 - 1
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4,2 Intermittent Driving Conditions

Intermittent driving conditions which are critically affected
by the gyro drive can be 1llustrated only qualitatively in the
nomogram.

] Thus, for example, when
\ > 'r1_|“& " e ?. 5 starting up with maximum acceler-
. :\ ..7‘1 (5 g '.",.,‘,_ t.ion == beginning from the
¥ 1 ) “: --4-.;(ﬁ‘ 1 initial situation A -- the maxi-
7 st 4 mum torque curve for the
e : ¥ .8  electric motor will follow the
b L‘;&‘ ) ':’"'ﬂ line denoted by arrows and the
ey number 1 in first gear. At
i s ittt & np = 2800 rpm the car is shifted

Fig. 7. View of “he analog into second gear whereby the

computer with computer console speed of the electric motor
for propulsion system studles. decreases to ny = -2600 rpm
(transition from snift point SP,

to SP2, and for the rest of the acceleration the maximum moment
of the electric motor 1s avallable. During this process the
"deflcient" difference of moments iEML—MO on the Wankel side of
the differentlal s bolstered by the gyro drive and decreases

its speed while it supplies a high gyro output.

In order to give a proper quantitative description of the
various intermittent driving conditions and be able to simulated
them 1n real time a model of the propulsion system and vehicle
was formulated and reproduced on an analog computer. This
model takes into consideration the efficiency or power losses of
all the components in good approximation Lo the actual situation.
Fig. 7 shows the computer with computer console.

To determine fuel consumption and pollutant emission of the
Wankel engine the computer can also be cperated on-line as a real
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Fig. 8. Different events rep-
resented by an analog computer.

a)

from 0 to 80 km per hour

with an initlal speed of the

1.
b)

¢c. engine ng = 2500 rpm,
firom 0 to 100 km per hour

with an initial speed of ng =
3350 rpm.

1.

energy consumption (battery)

EB(t)

2.

3
i
p)
6.
1
8
9

Torque (electric motor) Mg(t)
Output (battery) Pg(t)

rpm (electric motor) n.(%)
rpm (i.c. engine) no(t7
Veloelty v(t)

Start of acceleration

. End of evaluation
. Shift point

component.

As examples of Intermittent
driving conditions acceleration
events are first consldered. For
the case in which the speed of the
Wankel engine at the beginning
of the acceleration process 1s set
fairly low at No4deals * 2500 rpm
(e.g. in city traffic) we get the
velioclity-time curve v(t) no. 6
as shown in Fig. 8§ a. The increase
in velocity, 1.e. the acceleration,
is at first not very high up to
10 km per hour because the electric
motor has not yet reached the
rpm range of 1ts maximum moment
ME(tJ (curve 2). Above 10 km
per hour the acceleratisn its
maximum of 4 m/sz. At v = 25 km
per hour the shift 1s made into
second gear.

AL v = 52 km per hour we
leave the speed range of the
maximum moment ME(t) and the rpm
curve nE(t) thus becomes flatter.
At v = 86 km per hour, corres-
ponding to a motor speed of
n, = 6700 rpm (curve 4), the
acceleration has stopped. The
speed of the 1.c. engine has

dropped from n, = 2500 rpm to 1300 rpm (curve 5). The battery
output PB(t) (curve 2) changes within the limits P, = =22 kW

B



(generator operation) and PB = +25 kW (motor operation). An
amount of energy equal to EB = 51 Wh is removed from the
battery for the entire acceleratlon process.

Fig. B8b shows an acceleration process with an initial
speed of the 1.c. engine of Noideal ™ 3350 rpm. After 20 seconds
a velocity of approximately 100 km per hour 1is reached. It 1s
limited by the maximum speed of the electric motor. A further
velocity increase -- maximum 136 km per hour -- can only be
achleved by increasing the speed ng of the 1i.c. engine.

The FCCI recquirement 1 of reaching a velocity of 100 km
per hour in 16 seccnds from a standing start is thus not
fulfilled. This woild require, for example, a third gear.

Fig. 9 shows curves in which all the events start wlth a
steady velocity of v = 20 km per hour and a Wankel engine speed
of No4deal - 5000 rpm. At v = 35 km the shift 1s made into
second gear (curve 4), After 9.5 seconds a speed of v = 100
km per hour is reached, and only above v = 105 km per hour does /10
the battery give off more energy than it had previocusly
accumulated (curve 1).

The veloclity curves for two acceleration events are plotted
in Fig. 10 and, for purposes of comparison, are shown with the
curves for two medium class passenger cars (Opel Rekord 1900 and
Daimler Benz 200/8D) and with a test point of a comparable electric
car (BMW 1600 E).

The comparison with the vradltional passenger cars shows
that indeed the maximum acceleration of the hybrid passenger
car 1s fairly good, however the total acceleration time is rather
large because of the low acceleration at the start and in the
upper velocity range. Here too, for example, a third gear would
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W oy (] Fig. 10. Acceleration comparison
$ l '_/Vﬁ:“ for various cars.
0000 - 1. Passenger car with hybrild
4000 =t~ propulsion system with ng =
Wi | | N 2500 rpm
§ ' 25001 =5 2. Passenger car with hybrid
Mo S propulsion system with n, =
(] 4t - 0
3350 rpm
.3:- 3. Daimler Benz 200 D
s} w /'_" 4, Opel Rekord 1900
v S = 5. Test point of a BMW 1600 E
(i3 s 1a) ot electric passenger car.
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533123 kmAggilggﬁiizgtLrgg result In a considerable im-

initial engine speed of np = provement.

5000 rpm (analog computer

result). For data not shown

here see the key to Fig. 8. The acceleration 1s already

at thils time clearly better than
that of the BMW 1600 E electric passenger car.

To conclude thls discussion of steady and intermittent
motive outputs a few figures on the basic propulsion system out-
puts should be given. Ignoring the gyro drive losses and gear
losses they are obtalned from the nomogram (Fig. 6) or by means
of equation (6) and are tabulated in 7'able 1 as a function of
the initlal speed of the 1.c. englre Noideal’

The share of the maximum acceleration output of 125 kW at
No4deal - 5000 rpm contributed by the gyro drive at the beginning

|
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of the acceleration process isabout 100 kW, since the output of
the 1.c. engine is regualted (stabilized) very slowly for
emission reasons. The maximum specific output of the gyro
drive is thus about 2 kW/kg. It 1s one multlple higher than
that of the 1.c. engine (0.7 kW/kg) and that of the electric
motor (0.3 kW/kg without direct current regulator and battery).
In spite of the rather heavy electro components tnis high
specific output of the gyro drive results In a completely
satlsfactory weilght per output of the complete hybrid pro=-
pulsion system.

5. Energy Balance During Intermittent Driving Conditions

Definite and reproducible driving cycles are cuitable for
energy considerations. The following tests are based on the
Europe cycle.

In Fig. 11 the velocity v corresponding to the Europe
cycle for the car in question with a hybrid propulsion system
(1300 kg) is plotted (curve 6). The speed n, of the i.c.
engine (curve 5) 1is No4deal = 2500 rpm at the start, changes
during the cycle between the limit values of 2630 and 1500
rpm, and at the end of the cycle has again reached tne 1lnitlal
engine speed. The output PO of the 1.c. engine (curve 4
fluctuates between 0.5 and 3 kW, and that of the battery (curve
3) between PB = 10 and -12 kW. For the 1deal engine speed
N6gdeal selected here, the i.c. engine supplies an amount of
energy during the cycle equal to E0 = 7500 Wh (curve 2) and

the battery supplies EB = 5 Wn (curve 1).

Thus for driving once through the cycle the energy
expended 1is E'cycle = E, + EB = 80 Wh. This takes into account
all output losses wlth the exception of the mechanical losses
in the gears. With these the actual energy expended comes out
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Fig. 11. Output and energy

exchange when driving through
the Europe cycle (analog com-
puter result)

1. Energy ccnsumption (battery)
Eg,(t)

<. Energy consumption (i.c.
engine) Eo(t)

3. Output (battery) PB(t)

. Qutput (i.c. engine)PO(t)
. Speed (i.c. engine) no(t)
Velocity v(t)

Start of cycle

End of cycle

. Shift point

O -1 OV =
-
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dcycle = 91 Wh.

On the other hand, for
this cycle and for this vehicle,
taking into consideration the
mechanical gear losses, we get
the following energy vreakdown:

for accelerations

for alr and
wheel reslilstance

total energy to be
spent without recovery

B, = 58Wh

B4 By e 64Wh

122 Wh.

The energy expenditure is
thus reduced due to recovery
(regenerative braking) by an
amount equal to 122 Wh-=91 Wh =
31 Wh or 25.4% (the comparable
figure for the electric car is
about 10%).
acceleration energy winich can
maximally be recovered, thls

With respect to thne

gives a recovery efficiency of
Ry T 0.71. i.
The fact that with this

nybrid propulsion system the

predoninant portion of the

acceleration energy without 1
converslon into other forms of E
energy 1s exchanged mechanlcally i
between the vehicle and tne i
gyro drive nas, as expected, a

Wt



very favorable effect on the recovery efficlency.

The ratic of the portion of the energy - EE/EO to the /11
total cycle energy (80 Wh) is Vg = 5 Wn/75 Wh = 0,067 in the
example in Fig. 11. For any glven propulsion system, by
appropriately selecting the gear ratios 1 the speed of the l.c.
engine Nyideal and the shift speed can be controlled approximately
within the following limits:

0 v, 500,

The case of Ue = ) means that energy -- at for a vehicle with
an internal comoustion engine -- can only be stored in the form
of fuel, whereas 1in the case ol Ue = 0,6 40% of tne energy can
thus be stored in the form of electricliy by recharging the
battery.

Table 1. Comparison of outputs for a hybrid passenger car.

Jnit Initlial engine speed
Type of output No4deal in rpm

2500 3350 5000

maximum output for

acceleration (short

period peak output) _ '
Pmax-P0+PE+PG kW T4 92 125
medium term output of

the 1.c. engine and

electric motor (until

battery 1s discharged) -

Pmed = PO+PE KW 21 25 31
long term output (until

tank 1s empty)

Plong- PO kW 10 14 20
ORIGINAL PAGE 18
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Takle 2, Energy comsumption for extrapolated Europe cycle.

Fuel consumption electric energy
Operation with consumption
1/100 km kWh/100 km
., . 0 0.5 -
i . 0.8 5.2 1.9
v, = 0.6 3.9 3.8

Extrapolating the Europe cycle (Vaverage = 18 km per hour,
g = 975 m) tu a driving distance of 100 km we get the following
energy consumnption levels with a partial throttle consumption
of the 1.c. engine of 450 g/kWh (these values are listed in Table
2)i

In the case where iy = 0, with 6.51 1/100 km, we thus get a
fuel consumption of abcut 50-60% of the consumption of a comparable
passenger car with a traditional propulsion system (fuel con-
sumption in stop-and-gzo operation about 11-13 1/100 km).

When the hybrid car is using only electric energy (Ue = 1)
the gyro effect cannot be used. Therefore this mode of operation
is sensible only 1in special cases.

To be sure, an alternative t»> the electric car arises
when the i.c. engine of the G.E.I. nybrid propulsion system
discussed here 1s replaced by a second electric motor (G.E.:.
hybrib propulsion system). Analysls of such a hybrild propul-
sion system on an analog computer resulted in a longer range
than that for a comparable electric car because of the high
recovery efficiency and the reduced peak load of the battery
with better motive outputs. Since the second, larger electric
motor needs to be operated only with field control, l.e. the
direct current regulator 1s to be regulated only for the smaller
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output of the first electric motor, such a G.E.E. hybrid verslon
may also be more advantageous, with respect to productlon costs,
than a car with Just an electric propulsion system.

o

€. Completed Experimental Propulsion System
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Based on the positive results of these theoretlical studles
a G.E.I. hybrid propulsion system was constructed and, to begln
with, installed in a few test cars for bench testing and actual

driving tests.

The arrangement of the components was chosen in
such a way so that the compact propulsion block was obtalned wnlcn

can be subsequently installed in a few assemily-line produced
passenger cars and buses in place of the internal combustlion
engine. Flg. 12 shows a picture of the propulsionl. The gyro /12
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o
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Fig. 12. Propulsion system,
completed test verslon.

L

component sits on top of the
differential gear.

The mass of the propulsion
system is 240 kg. This nign

. pemee
‘. ol iy = :‘-‘\}5 '-’} welght is due to the fact that

in the construction and design
of thils experimental propulsion
system and 1ts components con-
siderations sucn as flexibility
with respect to gear ratios and
adaptability to various types of

components and vehicles had priority. 1In a final version taking
into consideration the welight factor (e.g. constructing the
propulslon casing out of light metal lnstead of cast 1iron) the
welght of the propulsion system consisting of the electric motor,
i.c. engine, gyro component, differential and shift gears, will

be reduced to about 160 kg.

This value corresponds to chat of a

1. The output of the Wankel engine installed here 1s only 15 kW.

AL PAGE 15
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comparable internal combustion
engine with all accessory ap-

paratus for a passenger car.
-

In this welght comparison,
power electronics and battery
were not yet taken into account.
As a basis for evaluatlion it
can be assumed that the welght

e L Pres

of the power electronics 1is
compensated for Lty reductions in
the weight of the vehicle (e.g.
by reducing the size of the tank
and radlator). However, the

mm‘..; e

PR I e —

Fig. 13. Hybrid propulsion
system in the experimental

vehicle. welght of the battery (i.e. 150 kg
’ ey - ;1 -1 ' = in the case of thne lead battery
- - *fii_ selected here) in this hybrid
4 ‘ "{‘\h- {| propulsion system is added to the

empty welight of the vehicle and
thus reduces the disposable load.

i
i

for example from 450 to 300 kg.

[

s

RIS S v TR The conservative assumption

Fig. 14. Battery for the hybrid
propulsion system 1n the ex- of an empty Weight of 1200 kg

perimental vehicle. discussed 1n section 3.1 thus
turns out to be completely realizable -- the empty welght of the
Audil 100 1is 1050 kg. An example of thls experimental propulsion
system was firs% of all installed in a VW bus in the context of
a demand-bus project [14]. Fig. 13 shows the installed pro-
pulsion system and fig. 14 shows the installation of the
accompanying battery underneath the middle seat.
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