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Electric Hybrid Drive Systems for Passenger
Cars and Taxis

A. Kalberlah
Volkswagen AG

Wolfsburg, Germany

Abstract

Various h y b r i d  d r i v e conf igura t ions  a re
described and their  advantages and disadvan-
t a g e s  f o r  a p p l i c a t i o n  i n  p a s s e n g e r  c a r s  a r e
d i s c u s s e d ;  s p e c i f i c a l l y ,  t h e s e  a r e  t h e  s e r i e s
hybrid, t h e  p a r a l l e l  h y b r i d ,  h y b r i d  d r i v e s
w i t h  a d d e d  t o r q u e  a n d  s p e e d , s i n g l e  a n d
two-shaft hybrids.

The Volkswagen and AUDI group has deve-
l o p e d  d i f f e r e n t  v e h i c l e s  w i t h  h y b r i d  d r i v e
fo r  va r ious  app l i ca t ions .  These  veh ic les  a re
d e s c r i b e d  a n d  t e s t  r e s u l t s  a r e  p r e s e n t e d  o n
t h e i r energy consumption, emissions and
dr iv ing performance. I n  c o n c l u s i o n , some
cons ide ra t ions  a re  pursued  concern ing t h e i r
chances on the market in different scenarios.

1. INTRODUCTION

A hybr id  d r ive ,  compr i s ing  b o t h  e l e c t r i c
drive and internal combustion engine, can, if
su i tab ly  des igned ,  combine  the  advantages  of
the  convent iona l  veh ic le  d r ive  sys tem ( la rge
cru i s ing range, good performance) with those
of  a  pure ly  e lec t r i c  d r ive  ( low no ise  and  ex-
h a u s t  e m i s s i o n s , conservation of petroleum
resources) .

Vehicles equipped with such drive systems
a re t h u s  f a r  m o r e  f l e x i b l e  t h a n  e l e c t r i c
veh ic les ; they  a re  o f ten  jus t  as  versa t i l e  as
veh ic les wi th  an  in te rna l  combus t ion  eng ine
and consequently are not confined from the
outset  to the "second car" market.

Hybrid drives thus have far more extensive
p o t e n t i a l  a p p l i c a t i o n s  t h a n  e l e c t r i c  d r i v e s ;
h i g h e r  p r o d u c t i o n  r a t e s  c o u l d  i n  p r i n c i p a l
there fore  be  ach ieved ,  l ead ing  to  low manu-
fac tur ing  cos t s .

Surpr i s ing ly , the re  i s  a  wea l th  o f  poss i -
b i l i t i e s  f o r  r e a l i z i n g  s u c h  h y b r i d  d r i v e s .
Some of t h e s e  p o s s i b i l i t i e s  a r e  o u t l i n e d
below and the advantages and disadvantages of
t h e s e  d i f f e r e n t  d e s i g n s  a r e inves t iga ted  by
considering vehicles already manufactured.

2. SYSTEM ANALYSIS OF HYBRID DRIVES

2.1 SERIES HYBRID DRIVE  - Taking the purely
e l e c t r i c  d r i v e  a s a  s t a r t i n g  p o i n t ,  i t  i s
s i m p l e  t o  c o n c e i v e  o f  a  h y b r i d  d r i v e : the
b a t t e r i e s  o f t h e  e l e c t r i c  v e h i c l e a r e  r e -
charged when driving as required via genera-
to r  d r iven  by  an  in te rna l  combus t ion  eng ine .
This  i s  no t  on ly  s imple  in  concep t ,  bu t  a l so
i n  p r a c t i c e ; seve ra l  VW Elec t r i c  T ranspor -
t e r s , f i t t ed  wi th  a  su i tab le  motor /genera to r
a s s e m p l y  i n  t h e  l o a d i n g  a r e a ,  h a v e  b e e n
t rans fe r red f r o m  W o l f s b u r g  t o  E s s e n .  I n
a c t u a l  f a c t ,  n o t  o n l y  i m p r o v i s e d  v e h i c l e
d r i v e s  h a v e  b e e n  b u i l t  a c c o r d i n g  t o  t h i s
p r inc ip l e , b u t  a l s o  r e a l  d r i v e s ,  e . g .  b y
Daimler Benz (l)*  for a city bus.

The main advantage of the series hybrid:

I t  i s  p o s s i b l e  t o  o p e r a t e  t h e  i n t e r n a l
combustion engine  a t  a  f ixed  opera t ing  po in t
wi th in i t s  e n g i n e - s p e e d / t o r q u e  m a p . This
point c a n  b e  s e l e c t e d  s o  t h a t  t h e  e n g i n e
f u n c t i o n s  w i t h  t h e  g r e a t e s t  e f f i c i e n c y  o r
produces particularly low emissions.

Nevertheless, t h e  e f f i c i e n c y  o f  t h e  e n t i r e
d r i v e  i s  n o t  s a t i s f a c t o r y .  A s  t h e  s t r u c t u r e
o f  t h i s  s o - c a l l e d  s e r i e s  d r i v e  i n  F i g .  1
c l e a r l y  s h o w s , the 3 components V (internal
combustion eng ine) , G  ( g e n e r a t o r )  a n d  E
( e l e c t r i c motor )  a re  a r ranged  in  se r i e s :  the
mechanica l  energy  genera ted b y  t h e  p e t r o l

*Numbers in parentheses designate references
at  end of paper
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engine is converted into electrical energy by
t h e  g e n e r a t o r  and t h i s  i s  again converted
back  in to  mechanica l  energy  in  the  e lec t r i c
motor. Each process of conversion is affl ic-
t e d  w i t h  l o s s e s  r e s u l t i n g  i n  re la t ive ly  bad
e f f i c i e n c y .  T h i s  i s  a l s o  c o n f i r m e d  b y  t e s t
r e s u l t s  f r o m  a  f l e e t  o f  h y b r i d  b u s e s  w h i c h
were operated in Esslingen.

Fig 1 Structure of the series hybrid drive

A  f u r t h e r  d i s a d v a n t a g e  o f  t h i s  s e r i e s
hybrid drive is i ts heavy weight.

I f  p o w e r  P max i s  r equ i red  a t  t h e  d r i v e
ax le  e .g .  for the maximum speed, the electric
motor must be designed to produce this power
Pmax .  I f  t h e  d r i v e r  w i s h e s  t o  d r i v e  l o n g
distances at  this maximum speed, the power,
which the  ba t te ry  cou ld  con t r ibu te ,  can  be
d i s regarded  so  tha t  bo th ,  the  genera to r  and
the internal combustion engine must be de-
signed for the power P max  (because of the
convers ion  losses  in  the  e lec t r i c  motor  and
the  genera to r ,  the  power  to be employed by
the internal combustion engine would be even
g r e a t e r ) .  A total power of over 3 Pmax is
required t o  d r i v e  a t  P max .  T h a t  m a k e s  t h i s
dr ive  d i f f icu l t  to  use  in  a  un iversa l  veh ic le
( e . g .  passenger cars)  and expensive -  part i -
cularly due to the two electric components.

F o r  a  v e h i c l e ,  w h i c h  o n l y  t r a v e l s  i n  t h e
c i t y ,  e . g .  a  de l ivery  van  or  c i ty  bus ,  i t  may
s u f f i c e ,  i f  t h e  i n t e r n a l  c o m b u s t i o n  e n g i n e
a n d  g e n e r a t o r  o f  t h e  s e r i e s  h y b r i d  a r e  d e -
s i g n e d  f o r  a v e r a g e  p e r f o r m a n c e ,  s i n c e  t h e
b a t t e r y  c o u l d  t h e n  p r o v i d e  f o r  t h e  p o w e r
peaks. I f  th i s  average  per formance  i s  se t  a t
1 / 2  P max,  i t  can  be  seen  tha t ,  even  in  these
urban veh ic les ,  engines would have to be
installed with power of more than 2 Pmax.

O n l y  i f  the combustion engine and the
g e n e r a t o r  a r e  v e r y  s m a l l  c o m p a r e d  t o  t h e
e l e c t r i c motor  -  e .g .  l ike  in  a  range  ex ten-
d e r  f o r  e l e c t r i c  v e h i c l e s  ( 2 ) , the  se r i e s
hybr id  s t ruc tu re  may  be  accep tab le  because
addi t iona l weight, volumes a n d  c o s t s a re
small .

T h e  p r o b l e m  o f  e n e r g y  e f f i c i e n c y  i s  n e -
g l e c t a b l e  i n  t h i s  c a s e  b e c a u s e  m o s t  o f  t h e
dr iv ing  energy  comes  as  e lec t r ic i ty  f rom the
p u b l i c  n e t w o r k  o v e r  t h e  b a t t e r y  a n d  t h e
electric motor to the wheels and only a small
amount c o m e s  o u t  o f  t h e  f u e l  t a n k  o v e r  t h e
IC-engine, t h e  g e n e r a t o r a n d  t h e  e l e c t r i c
motor.

Another situation would be given, i f  t h e
e f f i c i e n c y of  the  genera to r  and  the  e lec t r i c
motor together are as good as the efficiency
o f the conventional gearbox. In  th i s  case ,
n o t  o n l y  a  s e r i e s  h y b r i d  c o u l d  m a k e  s e n s e ,
but even a generator-motor-set  instead of the
mechanical gearbox. Some companies hope to be
a b l e  t o  d o  t h i s  b y  u s i n g  h i g h  s p e e d  s y n -
chronous g e n e r a t o r s  a n d  m o t o r s  w i t h  n e w
permanent magnets having a very high magnetic
energy density (3).

B u t  r e g a r d i n g  F i g  2  s h o w i n g  t h a t  t h e
e f f i c i e n c y of  a  mechanica l  gearbox  i s  in  a
wide range over 90 %, it seems to be a long
way to the "electrical  gearbox".

F ig . 2  E f f i c i e n c y  o f  a  t y p i c a l  m e c h a n i c a l
gearbox  over  the  to rque  o f  the  inpu t
shaf t  fo r  d i f fe ren t  ro ta t ion  numbers .
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2.2 PARALLEL HYBRID DRIVES - Fig. 3 illus-
t r a t e s  a  p a r a l l e l  h y b r i d  d r i v e .  H e r e ,  t h e
internal combustion engine V and the electric
motor E a re  not arranged i n  s e r i e s
(considering their  power f low) but in paral-
l e l .  The power provided by the two motors
cou ld  be  added  to  the  veh ic le  d r ive .  In  th i s
way, the power Pmax requ i red  to  d r ive  a  c i ty
veh ic le ,  could be provided by designing e.g.
bo th  the  in te rna l  combus t ion  eng ine  and  the
e l e c t r i c
each.

m o t o r  t o  g i v e  t h e  p o w e r  l / 2  P m a x
( F o r  a  s e r i e s  h y b r i d  u n d e r  t h e  s a m e

condi t ions , a t  l e a s t  2  P max would have to be
i n s t a l l e d . )

Fig.  3  Structure of  a  paral le l  hybrid drive

Whilst the  se r i e s  hybr id  r equ i res  2  e l ec -
t r i c machines, only o n e  i s  p r e s e n t  i n  t h e
para l l e l  hybr id .  Never the less ,  even  wi th  the
para l l e l  hybr id , ne i the r  r egenera t ive  b rak ing
nor r e c h a r g i n g  t h e  b a t t e r y  w h e n  d r i v i n g
s h o u l d  b e  d i s r e g a r d e d , s ince  the e l e c t r i c
motor E  c a n  a l s o  f u n c t i o n  a s  a  g e n e r a t o r ,
e . g . i f  t h e  t o t a l  p o w e r  o f  t h e  i n t e r n a l
combustion engine  i s not required to drive
the  ax les .

Turn ing  to  a  pa ra l l e l  hybr id  fo r  a  un iver -
sal vehicle requires the drive power Pmax for
l o n g e r  p e r i o d s ,  e . g .  fo r  long  d i s tances  on
the  motorway.  In  th i s  case ,  the  power  of  the
internal combustion engine must be Pmax  . The
power of the electric motor could be selected
from this completely independently. If Pmax
i s  s e l e c t e d  f o r  t h i s
hybrid

too ,  s ince  the  se r i e s
-  i f  the  ba t t e ry  power  pe rmi t s  -  can

d r i v e  p u r e l y  e l e c t r i c a l l y  a t Pmax,  a  t o t a l
d r i v e  p o w e r  o f  o n l y  2  P max n e e d s  t o  b e  i n -
s t a l l e d . For a series hybrid under the same
condi t ions , th i s  would  requ i re more than 3
Pmax.

I n  r e a l i t y  i t  i s  m o r e  s e n s i b l e  t o  s e l e c t  a
much  lower  va lue  fo r  the  power  o f  the  e lec -
t r i c  d r i v e  i n  s u c h  a  p a r a l l e l  h y b r i d ;  i . e .  a
l eve l  which  pe rmi t s  pure ly  e lec t r i c  inner -c i -
ty driving with acceptable performance. This
i s  a n o t h e r  p o i n t  i n  f a v o u r  o f  t h e  p a r a l l e l
hybrid.  The advantages of the parallel  hybrid
over the series hybrid can be summarized as

follows:

- Improved efficiency and thereby lower fuel
consumption i n  t h e  i n t e r n a l  c o m b u s t i o n
engine, s i n c e  i t s  m e c h a n i c a l  e n e r g y  i s
d i rec t ly  passed  on  to  the  d r ive  ax le .  (Only
i f  the  ba t te ry  i s  charged  dur ing  dr iv ing  -
which s h o u l d  b e  a v o i d e d  f o r  r e a s o n s  o f
conserv ing  energy  - i s  the  same unfavour -
able e f f i c i e n c y c h a i n  p r e s e n t  a s  i n  t h e
se r i es  hybr id . )

-  The generator is  no longer required

- The weight is lower

- Costs  are lower

2.3 STRUCTURES OF PARALLEL HYBRID DRIVES -
Para l l e l  hybr id  d r ives  can  be  rea l i zed  in  the
most diverse forms, since the two mechanical
power plants can be combined in various ways.

The  vers ion  a l ready  d i scussed  i s  i l lus t ra -
ted  a t  the  fa r  l e f t  o f  F ig .  4 .  Because  of  i t s
two  para l l e l - runn ing  dr ive  shaf t s ,  we  l ike  to
ca l l  th i s  the  two-shaf t  conf igura t ion .

In  the  nex t  s t ruc tu re  bo th  d r ive  un i t s  a re
a r r a n g e d  a r o u n d  a  s i n g l e  s h a f t .  A s  i n  t h e
two-shaft conf igura t ion , the torques a re
a d d e d  ( o r ,  i n  g e n e r a t o r  o p e r a t i o n ,  s u b t r a c -
ted) ,  and  th i s  p rov ides  a  f ree  cho ice ,  wi th in
c e r t a i n l imi t s ,  in  de te rmin ing  the  ex ten t  to
which  the  two  un i t s  con t r ibu te t o  t h e  t o t a l
drive torque.  This provides e.g.  the opportu-
n i t y to compensate for rapid changes in the
desired torque with the electric motor torque
and to permit only very slow changes in the
t h r o t t l e - v a l v e s e t t i n g  i n  t h e  i n t e r n a l  c o m -
b u s t i o n  e n g i n e . T h i s  s l u g g i s h n e s s  i n  t h e
t h r o t t l e - v a l v e  h a s  t h e  e f f e c t  o f  r e d u c i n g
exhaust emissions. However, the engine speeds
are  de te rmined  by  the  gearbox  t ransmiss ion .
There is  no opportunity for selection here.

T h e  s i t u a t i o n  i s  r e v e r s e d  i n  t h e  t h i r d
s t r u c t u r e i l l u s t r a t e d  i n  F i g .  4 .  H e r e ,  t h e
power combination i s  p e r f o r m e d  b y  a d d i n g
together t h e  s p e e d s o f  r o t a t i o n o f  b o t h
d r i v e s  i n  a  d i f f e r e n t i a l  g e a r b o x  p o s i t i o n e d
be tween  the  two  un i t s .  There  i s ,  the re fore ,  a
certain freedom in dividing the speed between
t h e  t w o  u n i t s ,  b u t  t h e  t o r q u e s  a r e  f i x e d  b y
the desired drive torques.  In consequence,  i t
i s  imposs ib le  to  re ta rd  the  th ro t t l e  va lve .  A
f u r t h e r  d i s a d v a n t a g e a r i s e s  f r o m  t h e  f a c t
t h a t the  e lec t r i c  motor torque,  on the one
hand, and  the  pe t ro l  eng ine  to rque ,  on the
o ther  hand ,  mus t  a lways  be  equa l ,  a l though
the  to rque - speed maps o f  b o t h  u n i t s  a r e
vas t ly  d i f fe ren t .  Therefore ,  i t  i s  imposs ib le
t o  u t i l i z e  e . g . the  h igh  to rque  of  the  e lec -
tric motor at  low speeds of revolution, which
would basically be advantageous for traction.
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