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Abstract: Recently, a new power-split hybrid electric vehicle drivetrain has been developed by the
Corporate Research and Development Department of the Robert Bosch company and two research
cars equipped with this powertrain have been built. Owing to the loop-like arrangement of the
shafts in the newly developed Dual-E Transmission, circulating power can arise in this system. In
general, circulating power leads to high mesh losses because the power transmitted by some com-
ponents becomes greater than the input or output power. This paper presents a detailed analysis of
circulating power in the Dual-E Transmission. It is shown that the solution of the energy balance
equations is given by a linear combination of four basic power flows. The factors in this linear
combination, however, cannot be uniquely determined from the energy balance alone. Therefore,
the transmission kinematics and dynamics are dealt with in detail. Subsequently, a mathematical
description as well as a graphical representation of the circulating-power-free operating range are
derived. This elaboration provides a solid basis for the development of a fuel-efficient operating

strategy.
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NOTATION

i gear ratio

[ overall transmission ratio

Pyy, Py, power inputs by electric motors E1 and

E2 respectively

Pice power input by the internal combustion
engine

Pos power output

T torques

Ag ratio of total mechanical power of electric
machines to the transmission output
power

) angular velocity

1 INTRODUCTION

Hybrid vehicles make use of two or more power plants.
The concept of a hybrid electric vehicle (HEV') powered
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by an internal combustion engine (ICE) and one or more
electric motors has been well known for a long time [1].
During recent years, however, the interest of car manu-
facturers in HEVs has become stronger than ever. Many
car makers developed research HEVs and displayed
them at motor shows. Some even went a step further
and introduced mass-produced HEVs to the market. In
this respect, Toyota without doubt is a forerunner. After
having launched the Toyota Prius as the first mass-
produced hybrid electric passenger car in Japan in 1997
[2], 3 years later it was also introduced in the USA and
in Europe. Recently, the second generation of the Prius
was launched.

One motivation for this development is the concern
that has been raised in the scientific community and the
public at large about the climate change caused by the
increased use of fossil fuels. The environmental concerns
are mirrored in gradually tightening requirements of
national regulations with regard to the exhaust emission
behaviour of cars. In the USA, additional average fuel
economy standards, which provide requirements for auto-
mobile manufacturer sales fleet fuel economy, have been
adopted. It might be possible that, in future, regulations
of this kind will also be implemented in Europe. In this
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context, hybrids appear to be a promising near-term
option for a fuel-efficient vehicle. Consequently, HEVs
that have been developed were initially predominantly
geared to a low fuel consumption affecting the design of
the power units as well as the control of their interaction.
Often the vehicle was engineered from the ground up for
maximum efficiency [3]. Only recently have car makers
begun to shift the accent slightly more to the driving
pleasure aspect of HEVs, installing hybrid powertrains
in sports utility vehicles (SUVs) and thereby improving
their power performance [4, 5]. This elucidates the broad
area of application of hybrid systems, causing different
car makers to start to develop a single ‘practical’ hybrid
drivetrain that fits into a variety of their vehicles [5].

Regarding the powertrain topology, series, parallel
and power-split hybrids can be distinguished between
[1]. Characteristic for an HEV of the power-split type
is that power from the ICE can be split into two parts,
one of which is delivered to the wheels via a purely mech-
anical path and the other via an electrical path with one
electric machine working as a generator and feeding
another that works as a motor. The parallel arrangement
of a mechanical transmission path consisting of common
gear pairs or epicyclic gears and a non-mechanical path
allows the construction of a continuously variable trans-
mission. This principle is also known from hydrostatic
mechanical transmissions [6]. The Prius is the most
prominent representative of HEVs of this kind. Other
examples are given in references [7] and [8]. Apart
from fuel saving by stop—start operation of the ICE and
regenerative braking, fuel-efficient operation of the power
plants is facilitated by the possibility of continuously
varying the transmission ratio.

Control of the mechanical, electrical and thermal
(COMET) power train that has been developed by the
Research and Development Department of the Robert
Bosch company is shown in Fig. 1. It is a power-split
hybrid electric drivetrain consisting of a gasoline or diesel
ICE and the newly developed Dual-E Transmission.
Together with a 42 V electrical system and a nickel-metal
hydride (NiMH) traction battery pack, it has been fitted
into a common mid-size saloon with rear wheel drive.

The Dual-E Transmission depicted in Fig. 2 consists
of an input and output shaft, two countershafts, two
identical epicyclic gears and asynchronous machines of

automated
manual gearbon: differential

k) 3
AC-compressar

Dual-E Transmission
ICE: Intemal Combustion Enging
EM: Eleciic Maching

Fig.1 COMET drivetrain
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Fig. 2 Dual-E Transmission: (a) gearbox housing; (b) internal
view

8 kW rated power each. The arrangement of the com-
ponents becomes clear from the schematic diagram in
Fig. 3. During the hybrid drive mode, typically, two gears
of the countershafts are in mesh: one gear on counter-
shaft L and one gear on countershaft H. The drive range
is selected according to an overall operating strategy
and the choice is made between the five drive ranges
given in Table 1. Gear changes, if necessary, are per-
formed automatically without traction interruption. In
all the drive ranges, the overall transmission ratio is
continuously variable.

It is known from complicated gear systems that the
power transmitted by some components can become
greater than the input or output power [9]. In those

Table 1 Drive ranges

Drive range Gear on shaft L Gear on shaft H

1 1 2
2 3 2
3 3 4
4 5 4
5 5 6
D07204 © IMechE 2004
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Fig. 3 Schematic representation of the Dual-E Transmission

cases, the circulating power incurred in the system can
lead to high mesh losses and thereby to a low efficiency
of the power transmission. The loop-like arrangement
of the shafts in the Dual-E Transmission gives rise to
the supposition that such effects may also occur in this
system. Assuming that, in principle, circulating power
can arise, it would be important to know the operating
range that is free from it: this knowledge would be
essential for developing a strategy leading to a fuel-
efficient vehicle operation and avoiding the operation
of the transmission in a range with high mesh losses. In
particular, in the case of an HEV concept that is geared
to a low fuel consumption, a high power loss of the
transmission can render a design useless.

This paper presents a detailed analysis of circulating
power in the Dual-E Transmission. In section 2, the
energy balance equations are derived for the Dual-E
Transmission and it is shown that their solution can be
expressed by a linear combination of four basic power
flows. Because it is not possible to determine all the
factors of the linear combination from the energy
balance alone, a detailed investigation of the kinematics
and dynamics follows in section 3. On this basis, a math-
ematical description and a graphical representation of
the circulating-power-free operating range are derived in
section 4. A brief summary and outlook concludes the

paper.

2 ENERGY BALANCE AND CIRCULATING
POWER

Figure 4 depicts the internal and external power flow of
the Dual-E Transmission. The ICE and the two electric
machines E1 and E2 provide the mechanical power
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Fig.4 Internal and external power flow of the Dual-E

Transmission

input to the Dual-E Transmission Picp, Pg; and Pg,
respectively. Together with the mechanical output power
Py they represent the external power flow. The power
of the combustion engine is split into power Pq; and P,
driving the carriers C1 and C2 of the two epicyclic gears
P1 and P2 respectively. The outputs P, and Py from
ring gears R1 and R2 drive the two countershafts L and
H. The internal power flow is represented by Pc;, Pc,,
P, and Py. Neglecting inertia effects, compliance of the
members and mechanical power loss, the energy balance
can be formulated by the linear algebraic equations

Ax=b ()
with
1 1 00
0 0 1 1
ATl 01 o @
0 —1 0 1
x=[Pc; Pcy PL Pyl (3)
b=[Pcg Pos Ppi Ppl' (4)

The coefficient matrix A is singular. A thorough analysis
shows that each solution can be expressed as a linear
combination of three basic solutions depicted in Fig. 5
plus a cyclic power flow shown in Fig. 6. The three
external power flows of Fig. 5 are a basis for the range
of the coefficient matrix (2); the internal power flow
of Fig. 6 spans the one-dimensional null space of this
matrix.

It is noteworthy that the solutions in Fig. 5 exhibit a
certain symmetry. In the case of the first two solutions,
the external power flow is symmetric to the horizontal,
and this symmetry is mirrored in the symmetry of the
internal power flow. The external power flow of the
third solution is symmetric to the vertical and so is the
internal power flow. Owing to this symmetry, the mesh
equation Py + P¢; — Pc, — Py =0 holds for the three
basic solutions and an arbitrary linear combination of
them, but not so for the ‘circulating’ internal power flow
P, shown in Fig. 6.
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Fig. 6 Circulating power

In general, an internal power flow is called ‘circulating’
if the power flow through all the components C,, C,, L
and H is directed in the same sense, either clockwise or
counter-clockwise. This condition is different from Py #0,
which can be seen by considering the following example.
The fundamental solution 1 in Fig. 5 is neither circulating
according to the definition given nor does P # 0. If the
cyclic power flow in Fig. 6, however, is added to it with
—0.5< Py <0.5, it is still non-circulating with respect
to the definition given, although it contains a component
with Py #0.

For a given external power flow lying in the range of
the coefficient matrix (2), the factors of the linear com-
bination of the basic solutions shown in Fig. 5 can be
determined uniquely. The factor P, of the solution
shown in Fig. 6, however, can be chosen arbitrarily. That
means that the internal power flow is not uniquely
defined by equations (1) to (4) alone, but a detailed
investigation of the kinematics and dynamics of the
transmission becomes necessary.

This is illustrated by Fig. 7 comparing two different
internal power flows but with the same external power
flow. Furthermore, assuming all the values P, to P, to
be positive, the diagram on the left-hand side exhibits a
circulating power flow enlarging the values of the
internal power at all of the components C,, C,, L and
H in the diagram on the left-hand side and, therefore,
the circulating power flow would generate higher mesh
losses. That is the reason why a circulating power flow
should be avoided. From Fig. 7 it also becomes clear

Proc. Instn Mech. Engrs Vol. 218 Part D: J. Automobile Engineering

TP,,-P1 T PP,

- <« - -«

VP P, {0 PP
—> - —> «—
PP, . P2 3) PPy PP, l‘Pz‘P1 Ps'P1? PPy
N_’ —— \_’ pep—

T P.-P,

Fig.7 Energy balance: indeterminate internal power flow

that, for a non-circulating power flow according to the
definition given, it is impossible to reduce all the values
of the internal power at the same time under the con-
dition that energy balance (1) is satisfied and the external
power flow remains unchanged. Some of the values can
be reduced, but then the others are enlarged. Various
other conditions, e.g. Py =0, which would also ensure
this feature, can be thought of. However, all these con-
ditions are stricter because they imply additional features.
For example Py, =0 implies the afore-mentioned mesh
equation. Thus, the weakest condition has been chosen
in the present paper.

3 KINEMATICS AND DYNAMICS

3.1 The epicyclic gear

For an epicyclic gear, the three angular speeds wg, w¢
and wy of the sun gear S, the carrier C and the ring gear
R respectively are constrained by one linear relationship

oc(l —iy) = ws—ijwg (5)

where i, = —zz/zg 1s the ratio of the planetary gear set
with the number zy of teeth of the ring gear and the
number zg of teeth of the sun gear. The situation can be
visualized by the nomograph shown in Fig. 8. For each
of the angular velocities, one vertical axis is introduced.
The ordinate of the carrier speed lies between the two
other ordinates and divides the distance between the
outer axes in the ratio of 1 to —i,. The linear relationship
(5) can be visualized as a straight line intersecting the
three vertical axes. The values of the angular velocities

sun gear carrier ring gear
g W R
'y A
Tr
D
Ts
Te
< -lo | N —

Fig. 8 Nomograph for the epicyclic gear
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are defined by the corresponding intersection points.
Therefore, varying the velocity state of the epicyclic gear
corresponds to a translation and/or rotation of the
straight line. Neglecting inertia effects and the power loss
of the planetary gear set, the torques Tg, 7 and Ty
acting on the shafts of the sun gear, the carrier and the
ring gear respectively can be pictured as loads that act
along the vertical axes and are applied to the straight
line. In this picture, the straight line works as a lever and
the balance equations can be derived by simply writing
down the lever law.

3.2 Dual-E Transmission

Combining the kinematic equations (5) of the two
epicyclic gears with the constraints imposed by the
meshing gears, equations for the angular velocities wg;
and wg, of the electric machines, depending on the
angular velocity w;cg of the combustion engine and
the angular speed wqg of the output shaft, can be derived.
For example, with iy; = wcp/Wcy, g = W /wg; and
I, = wgy/weg, for the lower gear train

WicE 1—; Wgy .,
— (1 —iy) = —— —lpiLwos
Ia1 Ig1
or
L
Wgy = —C1Wice + ¢ Wos (6)
Analogously, for the upper gear train
H
Wy = — 3010k + ¢4 W0 (7)
with the short cuts
. L . .o .
1= —Ilg1— > C(z):lEllOZL
Ia1
. H . . .
C3= — gy, s ng )= Igaloly
Ia2
(8)

The values of all gear ratios are given in Table 2. Since
the number of terminal shafts (ICE, E1, E2 and OS) is
four, whereas the number of constraints (6) and (7) is two,
the rotational degree of freedom is equal to 4—2=2.
Thus, the engine speed can be chosen independently of
the current vehicle speed. Transmissions of such kind
are referred to as infinitely variable or continuously
variable transmission.

1423

Neglecting mechanical losses and the inertia of the
transmission components, the application of the principle
of virtual power to the Dual-E Transmission gives

Ticp Owicg + Ty Owgy + Tis 0wgs + Tos Owes =0
9)

with the virtual angular speeds dw;cg, Owgy, Owg, and
Owgg and the torques Tcp, Ty and Ty, that are applied
by the combustion engine and the electric machines to
the corresponding terminal shafts. The torque Tg acting
on the output shaft results from the road resistance
(rolling and drag) and the inertia force of the vehicle.
Note that the angular speeds and the torques are positive
for the sense defined in Fig. 3.

The virtual angular speeds are subjected to the same
constraints (6) and (7) as the real speeds. Substitution
of the constraints into equation (9) yields

(Thcg — 1 Tgy — ¢3Tg,) S (10)

+(Tos + ¢ Tey + 4" Tiz) dwos =0

Since the virtual speeds dw,cg and dwqg in equation (10)
are independent, the two expressions in parentheses must
be zero and hence

Tieg=c¢1Tg1+ 3Tk (11)

(12)

L H
—Tos =Y Ty + ¢4V Tk,

4 ANALYSIS OF CIRCULATING POWER

According to the definition given in section 2, a math-
ematical condition for the occurence of circulating power
1S Py PL>0A Py Py >0 A PPy <0 (see Fig. 4). Note
that this condition implies that P, P, <0. By logical
negation a condition for non-circulating power is

PC1PL<O\/PC2PH<O\/PLPH>O (13)

In the following, it is assumed that on shaft L only one
of the gears 1, 3 and 5 is selected but not the reverse
gear (Fig. 3). Then, for positive engine speed and out-
put speed the angular velocities of both ring gears R1
and R2 and of both carriers C1 and C2 are negative.
Referring to Fig. 8, the lever law requires either that the
torques on the planetary carrier C1 (C2) and on the ring
gear R1 (R2) act in opposite directions or that they are
zero together with the torque on the sun gear. Because
power is obtained from the product of speed and torque,

Table 2 Gear ratios i

io ia1 iaz iy ) iy i3 Is i iy e
—42/12 —45/18 —40/23 44/11 30/11 —35/19 —24/27 —18/42 =i =1 =1s
D07204 © IMechE 2004 Proc. Instn Mech. Engrs Vol. 218 Part D: J. Automobile Engineering
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the power P (Pc,) of the carrier C1 (C2) and the power
Pri (Pgr,) of the ring gear R1 (R2) have opposite signs
or are both zero. With Py; = — P, and Pp,= — Py, it
follows that

PePL=0 (14a)
and
P, Py=0 (14b)

The equal signs imply torque-free planctary gears, and
thus P, =0 or Py=0. Therefore, condition (13) can
be reduced to Py Py = 0. Because the rotational speeds
of shafts L. and H have the same sign, 73,743 >0 or
Tri TR, =0. From the lever law requiring Ty; (Ty»)
and Ty, (Ty,) to act in the same direction, finally, the
following simple condition for a circulating-power-free
operation can be deduced

Tg1 Tgr 20 (15)

For a graphical representation of the operating range
free from circulating power, it is useful to introduce
the ratio of the total mechanical power of the electric
machines to the output power
Pg +P
AE _ E1l E2 (16)
POS

With Py, + Pp, = — Picg + Pos (see Fig. 4) and Picp =
TiceWice> Pos= — Tos®os and equation (11), it follows
that

Ty ok Tgy Wi

lEzl_Cl (17)

3
—Tos Wos —Tos Wos

For A > 0 the vehicle typically is in one of the following
two operating modes:

(a) car propulsion (Pog>0) and power boost with the
aid of the electric machines (Pg; + Py, > 0);
(b) regenerative braking (Pog <0 and Pgy + Py <0).

For A5 <0:

(¢) car propulsion (Pos>0) and current generation
(Pgy + Pg, <0);

(d) vehicle coasting to stop (Ppg < 0) with ignition turned
off or engine start (Pg; + Py, >0).

The boundary of the circulating-power-free operating
range is given by the limiting case Ty, Tg, =0 of the
inequality condition (15), i.e. either Tg; =0 or Tg, =0.
For Ty, =0, equation (17) together with equation (12)
give

C3 WicE
Apg=1——= 18
B CEtH) Wos (18)

and, for Tg, =0,

€1 Wice
Ap=1—— (19)
. C(zL) Wos
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The linear relationships (18) and (19) between Ag
and the overall transmission ratio i = wycp/wog are
represented by two straight lines in Fig. 9.

So far, it is open whether the area between the two
half-lines represents the operating range free from or
associated with circulating power. The answer can be
found, for example, by evaluating criterion (15) at a
single point of the (i, Ax) plane, e.g. the point halfway
between the crossing points of the half-lines with the
axis Ap = ¢ i =5(c/c; + ¢$V/c;). Evaluation of the
kinematic equations (6) and (7) at this point leads to

Wg1 WE2 1 (C(zL) CaH)>2

= — 70103

20
wds 4 (20)

¢ 3
and, as ¢; >0 and ¢; >0, it follows that wgwg, <O0.
Together with Ap =0, finally, Tg;7g, > 0. Thus, the
area between the two half-lines in Fig. 9 represents the
operating range free from circulating power. For each
of the drive ranges given in Table 1, similar graphical
representation of the operating conditions free from
circulating power is obtained. As shown in Fig. 10, the
areas for neighbouring drive ranges are adjacent and
have one boundary in common. This is because either
on shaft L or on shaft H the same gear is put into mesh
for neighbouring drive ranges (see Table 1).

AE,
no circulating power
1_
[ . (D
cy i
; >
()
3

Fig. 9 Operating range free from circulating power

@D gy =0

(020} =0

1
2

5\\4\ /i/

drive range”™

Fig. 10 Synopsis of circulating-power-free operating ranges
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5 CONCLUSIONS

Energy balance equations have been derived for the
newly developed HEV Dual-E Transmission. It has been
shown that their solution can be expressed as a linear
combination of four basic power flows. Since the factors
of the basic solutions cannot be uniquely determined from
the energy balance alone, the transmission kinematics
and dynamics have been dealt with in detail. One of the
basic solutions is associated with a circulating power
flow. For each of the five drive ranges the circulating-
power-free operating range is represented by an angle
between two half-lines in the (7, Ag) plane, with the over-
all transmission ratio i and the ratio Ay of the total
mechanical power of the electric machines to the output
power. For neighbouring drive ranges, the correspond-
ing angles are adjacent and have one side in common.
On the basis of this knowledge, a fuel-efficient operating
strategy can be developed for the COMET car, taking
into account that circulating power leads to high mesh
losses. Indeed, such a strategy has been implemented
on two HEV prototypes that have been built by the
Corporate Research and Development Department of
the Robert Bosch company. In a first version of the
control strategy, vehicle operation is permitted only in
the circulating-power-free range. A more sophisticated
version incorporates a detailed model of the mechanical
transmission losses based on experimental data. By simu-
lation, as well as by experiments that will be presented
in a forthcoming paper, it can be verified, however, that
the difference between the operating points obtained by
the two strategies is relatively small. For the Dual-E
Transmission, therefore, the simpler strategy avoiding
the occurrence of circulating power turns out to be a
suitable approach.
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