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ABSTRACT 

The main obstacle in the development of hybrid vehicles is 

economic: fuel savings pain to compensate for additional 

investment costs. A new hybrid series-parallel architecture 

should improve this situation, by lowering the power of the 

electrical equipment’s, thus their costs and by reducing the 

energy conversions, thus the energy losses. The basic idea is 

to associate two planetary gear mechanisms for power 

derivation. These mechanisms have two different gear ratios, 

one dedicated for low speeds and the other for high speeds of 

the vehicle. Some arrangements make the permutation smooth 

without friction or jolt. Consequently, the whole electric 

propulsion chain can be downsized that generates major cost 

cuts. In the same time, we reduce the energy to be multi 

converted into (mechanical-electrical-chemical-electrical-

mechanical+daily leakages) which means a better global 

efficiency and less CO2. In addition high and low speed 

working conditions are improved, and sport or economic 

driving can be offered. 

With the double planetary gear mechanism (also called Dual 

Power Split Device) the unavoidable inertia of the electric 

generator can be used to store some kinetic energy of the 

vehicle at low speed. The effect is similar to an ultra-

capacitor. It can be increased in industrial vehicles by adding a 

relatively small flywheel (less than 1% of the vehicle mass). It 

can also be punctually used to increase vehicle performances 

such as acceleration or ICE start up. To decrease the electric 

power allows lower voltage that goes towards more safety 

also.   

Note: In the known multi-mode architectures, one planetary 

gear mechanism for power derivation (3 rotating shafts) is 

associated to one or more planetary gear mechanisms for 

power transmission (2 rotating shafts, same as in a gear box) 

without impacting the derived power. The present device 

alternatively used two planetary gear mechanisms of 

different and negative gear ratios to obtain two different 

levels of derived power. 

 

 

INTRODUCTION 

The main obstacle in the development of hybrid vehicles is 

economic: fuel savings pain to compensate for additional 

investment costs. The following article describes a new hybrid 

architecture which should improve this situation by lowering 

the power of the electrical equipment’s, thus their costs and by 

reducing the energy conversions, thus the energy losses.  

 

CHOICE OF HYBRID 

ARCHITECTURE FAMILY 
 

Currently, they are many hybrid architectures, which can be 

categorized in three families: series, parallel and series-

parallel. At first, we would like to remind that the series-

parallel architecture has two power propulsion chains working 

in parallel, a mechanical one and an electric one. A planetary 

gear mechanism splits and dispatches power of an internal-

combustion engine (ICE) between the two propulsion chains. 

When the vehicle speed is very low, the ICE power mainly 

goes through the electric chain like in the series architecture. 

When the vehicle speed is high, the ICE power mainly goes 

through the mechanical chain like in the parallel architecture. 

The series-parallel family has our favor for the following 

reasons: 

 The power split device (PSD), which generally is a 

planetary gear mechanism, allows a big share of the ICE 

mechanical power to drive directly the wheels without 

any energy conversion. Just a small share of the ICE 

power is directed towards the electric propulsion chain 

where it is multi converted: from mechanical into 

electrical (in a GENERATOR), then electrical into 

chemical (in a BATTERY), then chemical into electrical 

(in the BATTERY), and at last, electrical into mechanical 

(in an electric MOTOR). At each conversion step, losses 

are cumulative for which we should add the BATTERY 

daily leakages. Worst, the conversion devices scarcely 

work at their best efficiency because of necessary speed 

variations and weight challenge. Consequently, the 

electric propulsion chain may work at 60 % global 

efficiency while the mechanical propulsion chain can 

work at 92% efficiency (from the ICE output to the 

MOTOR output). More energy goes through the electric 

propulsion chain; more you take a risk to lose the 

expected benefits on the ICE efficiency, and more you 

increase the sizing of the electrical equipment’s. For 

comparison with series architecture, the whole ICE power 

goes through the electric propulsion chain where it is 

multi-converted, that means conversion losses. 

 The planetary gear mechanism allows continuous 

variation of speeds without any step and friction clutch. 

So it promises a better matching of ICE speed with its 

torque, an easier computer control and fewer friction 

losses. All these points have an impact on the global 
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efficiency. For comparison, parallel architecture always 

requires a gearbox and a clutch which are working by 

steps even in their automatic option, that means friction 

losses. 

 

SCHEMA OF A SERIES-PARALLEL 

WITH ONE PLANETARY GEAR 

MECHANISM VERSUS WITH TWO 

PLANETARY GEAR MECHANISMS 

Typical series – parallel architecture 

The figure 1 represents a typical series –parallel architecture. 

The big share of the ICE power is directly transmitted to the 

wheels through the planetary gear mechanism “R” while some 

power is directed towards the GENERATOR to be converted 

into electric power. The electric energy is either stored in a 

BATTERY (not represented) or either reused in the MOTOR 

for propulsion purpose. The choice is made according to the 

best combination of the ICE torque versus speed and 

according to the BATTERY state of charge. Note that the 

GENERATOR shaft can regulate torques, speeds and powers 

of all the shafts thanks to the properties of hypocycloid gear 

trains. It is, therefore, called the “pilot shaft” in what follows. 

The “ICE shaft” is an input shaft while the “wheel shaft” is an 

output shaft of “R”. 

 

 

Figure 1 

 

New series – parallel architecture with 
two planetary gear mechanisms for power 

derivation 
 

The figure 2 schematizes the architecture of a hybrid vehicle 

with two planetary gear mechanisms “RL” and “RH” for 

power derivation.  

Note: A planetary gear mechanism for power derivation is 

characterized by 3 rotating shafts (the input shaft, the output 

shaft and the pilot shaft) in which the derived power on the 

pilot shaft is the difference between the input shaft power and 

the output shaft power. It should not be confused with a 

planetary gear mechanism for power transmission, which is 

characterized by two rotating shafts (the input shaft and the 

output shaft) in which the input shaft power equals the output 

shaft power without any derived power. This last is common 

for modifying torque and speed of shafts in gear boxes. It 

provides various operating modes but without modifying any 

derived power level. There is a huge functional difference 

between the two devices. 

The ICE simultaneously drives the two power split devices 

(the two planetary gear mechanisms). They, with the electric 

MOTOR, drive in parallel the wheels shaft, so the wheels. One 

planetary gear mechanism RH has a specific gear ratio rh 

dedicated for the high vehicle speeds while the other RL has a 

specific gear ratio rl dedicated for the low vehicle speeds. The 

pilot shafts of the two planetary gear mechanisms are 

alternatively connected and disconnected with the 

GENERATOR through a SELECTOR which can be a clutch, 

a dog clutch, a gear box….or others. The choice between 

“RL” and “RH” is made according to the vehicle speed. It 

means that we have the choice between two levels of derived 

power. We will see later how to take advantage of this 

opportunity. 

 

 

Figure 2 

 

SPEEDS DIAGRAM OF A SERIES-

PARALLEL WITH ONE PLANETARY 

GEAR MECHANISM VERSUS WITH 

TWO PLANETARY GEAR 

MECHANISMS 

Typical series – parallel architecture with 

one planetary gear mechanism (one PSD) 
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The Willis formula (ωw = r*ωp + (1-r)*ωm) gives the 

relation between the rotation speeds of the three shafts for a 

planetary gear mechanism. The rotation speed of the output 

shaft ωw depends on the rotation speed of the pilot shaft ωp, 

on the rotation speed of the input shaft ωm and on r which is 

the gear ratio of the planetary gear mechanism. On the figure3, 

the chart of this formula is a straight line, also called “the 

characteristic," having r for “slope". r is always chosen to be 

negative (decreasing function) in our dual power split devices. 

. 

 

Figure 3 

 

New series – parallel architecture with 
two planetary gear mechanisms for power 

derivation (dual PSD) 

 
The SELECTOR permutes the pilot shaft in operation when 

the speed of the GENERATOR equalizes the speed of the 

MOTOR such as seen by the planetary gear mechanism in 

operation [i.e. ωw = ωp]. Note that it is easy to know 

accurately the GENERATOR and MOTOR speeds because 

usually they are synchronous engines. For this particular 

speed, all shafts of the two planetary gear mechanisms rotate 

at the same speed (same G point). It is then easy to permute 

the two pilot shafts without friction or jolt; especially if the 

GENERATOR torque is made null during the fraction of 

second of the permutation. The MOTOR can ensure a relative 

compensation of the vehicle pushing force during this brief 

lapse of time. 

  

The figure 4 shows the “characteristics” of a dual PSD for 

various ICE speeds and for a high-speed gear ratio (rh= -0.6) 

and a low-speed gear ratio (rl=-0.2). In addition, we can see 

that the G points for different ICE speeds are aligned on a “G 

line” going through the origin point.  

 

 

Figure 4 

 

ADVANTAGES OF A SERIES-

PARALLEL WITH TWO PLANETARY 

GEAR MECHANISMS (DUAL PSD) 

 
 The G line splits the first quadrant of the figure 4 in 

two sectors.  

In the upper sector, where the high-speed train is in 

operation, the GENERATOR torque “Tg” is roughly 

double of that in the lower sector, where the low-

speed train is in operation. If “Ti” is the ICE torque 

[    
 

(   )
  , N.A: rh=-0.6→Tgh=0.375Ti, rl=-

0.2→Tgl=0.166Ti, → Tgh≈ 2 Tgl for the same Ti].  

In the lower sector, the derived power which is equal 

to Tg*ωp, is lowered by the weakness of Tg in this 

area. It is precisely in this zone that the electric power 

must be reduced because the speed of the pilot shaft 

ωp is high. Consequently, the design power of the 

electric propulsion chain can be lower with the low-

speed PSD. On the contrary, the derived power 

increases with the high-speed PSD in the upper sector 

due to higher torque, but we can always compensate 

by lowering the GENERATOR speed in this area. 

The slowdown of the GENERATOR could take few 

seconds, but usually we are not at the maximum 

power and; in any case, electrical equipment’s 

usually tolerate over power during few seconds. 

 In the upper sector, the speed of the ICE with rl is 

higher than it would be with rh for the same 

GENERATOR speed. It is the opposite in the lower 

sector. Consequently, we can expect higher power 

and lower efficiency with rl than with rh when we 

need the most power. It also depends of some other 

parameters, but the models confirm the trend. That 

means two different driving: one more sport and 

another more economical. Note that the driver can 



Copyright © 

 

Page 4 of 6 

 

make its own choice without taking into account the 

G line crossing. At G line, the permutation is only  

quicker and easier because we do not have to adapt 

the speed of the ICE that might take a little time. For 

the same speeds ωw & ωp, the difference between 

the two rotation speeds of the ICE, ωmh with the 

high-speed gear ratio rh and ωml with the low-speed  

rl is : [ (   –   )   
(     )(  –  )

(    )(    )
, N.A: rh=-0.6 

& rl=-0.2→  

(   –   )     (  –  )].  
Note that the difference can reach 1200 rpm.  

 The wheel shaft (so the wheels) is driven both by the 

MOTOR torque and by the torque ”Two” coming 

from the ICE through the hypocycloid train. Thanks 

to the low rl, the contribution of Two is higher in the 

lower sector. It is interesting because the MOTOR 

torque is usually limited for economic reasons, and 

ICE torque is weak at low speed. 

. [T   
  

     
  N.A: rh=-0.6→ Twoh =0.6 Ti, rl=-

0.2→ Twol=0.8Ti, →Twol≈1.33Twoh]. 

 In the upper sector of the figure 4, the 

“characteristics” cut the vertical axis “ωwo” at a 

higher speed for the same ICE speed ωm. This means 

that the ICE speed can be reduced at high vehicle 

speed with rh compare what it should be with rl 

[ωwo= (1-r) ωm, N.A: rh=-0.6→ ωwoh =1.6 ωm, 

rl=-0.2→ ωwol =1.2 ωm, ωwoh ≈1.33 ωwol]. To 

decrease the ICE speed at high vehicle speed goes 

towards a better efficiency. Moreover, it makes 

possible to increase the gear ratio between the power 

split device and the wheels which is a global 

improvement for all operating conditions. Moreover, 

it is less necessary to enter into the 3
rd

 quadrant for 

getting a higher vehicle speed. Changing of quadrant 

involves many difficulties regarding the inverter- 

motor efficiency, stability and battery capacity. The 

MOTOR has no longer to maintain the vehicle 

pushing force to compensate the perturbation also. 

 

STOP AND START AND PURE 

ELECTRIC DRIVE (EV MODE) 

As our goal is to decrease the power of the electric propulsion 

chain, we specify a low maximum speed for the electric mode 

in order to get the MOTOR smaller as possible while keeping 

the main benefits of the EV mode. 30 km/h, with a reasonable 

reserve of acceleration capability, seems sufficient for traffic 

jams, car parks and city centers [Note that an electric car of 

1300 kg with a 10 KW propulsion chain requires only 2 KW 

for running at 30 km/h in EV mode, allowing acceleration up 

to 0.74 m/s²]. This specified speed is rather low, but it is 

sufficient to avoid the poor efficiency zone of the ICE below 

10 KW. With the dual split device, we do not have any other 

reason for increasing the MOTOR torque or power, except if 

we want to upgrade EV operations. Moreover, above this 

limit, the required power from the battery becomes important. 

Except some quite particular plugging cases, the energy comes 

from process implying many energy conversions whatsoever 

the energy is coming from the on-board ICE or from the 

national grid. We should not forget that electricity should be 

produced somewhere. This fact deteriorates the global 

efficiency of the EV mode which should compete with a direct 

used of the mechanical energy coming from an ICE working 

in relatively good efficiency condition. This comparison is 

negative in few countries  in the world. 

 

CONSTRUCTION 
 

The figure 5 shows a Cross-section of an alternative of the 

dual power split device. The purpose is to demonstrate that the 

DUAL TRAIN, the SELECTOR and the GENERATOR can 

be arranged in a concentric way for a compact design. In this 

option, two fixed “COILs” and a mobile armature plate make 

the GENERATOR rotor axially move of few millimeters in 

order to gear either the frontal teeth of the low-speed pilot 

shaft either the frontal teeth of the high-speed pilot shaft. Note 

that one coil can be replaced by a spring for pushing back the 

armature plate and that the frontal teeth can be replaced by 

friction disks (which operate without or very little friction). 

 

 

 

 

 

 

 

Figure 5 

 

KINETIC ENERGY RECOVERY 

 

With a single planetary gear mechanism 
 

As the gear ratio of the hypocycloid train is chosen to be 

negative, and as we can see on the chart figure 6, when the 

speed of the wheel shaft ωw decreases the speed of the pilot 

shaft ωp increases for the same ICE speed ωm. The opposite is 

also true. Consequently, when the vehicle slows down, we can 

store some kinetic energy of the vehicle into the 

GENERATOR rotor. When the vehicle speeds up, the 

GENERATOR can release its kinetic energy through the 

electric chain. We can also recover some energy through the 

DUAL TRAIN COIL COIL GENERATOR 
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planetary gear mechanism, but we are limited by the reverse 

torque allowed on the ICE. For a passenger car, we can use the 

unavoidable inertia of the GENERATOR rotor at high speed. 

For industrial vehicle, like refuse trucks or dozer, a flywheel 

can be added. Note that a flywheel can safely store 3 Wh/Kg 

(same as standard ultra-capacities), and a flywheel of less than 

1% of the vehicle mass can safely store the kinetic energy of 

this vehicle up to 50 km/h. 

 
Figure 6 

 

With a dual planetary gear mechanism 
 

The dual planetary gear mechanism is much more efficient for 

the kinetic energy recovery than the single one. At low speed 

the gear ratio rl is small, and the characteristic is quite 

horizontal; thus, the variations of the GENERATOR speed are 

big what eases the kinetic energy storage. On the other hand, 

at high speed it is better to decrease the bad effects of the 

inertia what do, the high gear ratio rh and the quite vertical 

characteristic. To get these properties at ICE constant speed is 

a big advantage because we can recover kinetic energy 

without adjusting the ICE speed. 

Note that, in most of the cases, battery cannot support the 

power of a braking at high speed without damaging its 

lifetime. [for a passenger car, an emergency braking can 

easily reach 200 KW]. Fortunately, kinetic energy recovery is 

more interesting at low speed because slowdowns are more 

frequent.  

 

Punctual usages of the GENERATOR 

inertia to improve vehicle performances  
 

As we have seen here above, the dual split device increases 

the effects of the GENERATOR inertia at low speed while it 

is the opposite at high speed. So, we can punctually use these 

properties to improve the vehicle performances at low speed. 
For example, the figure 7 illustrates acceleration of the vehicle 

from 50 to 60 Km/h with an ICE speed originally set at 3000 

rpm, for various ratios of the speed variations Δωp /Δ ωw and  

for various GENERATOR inertias. The ratio Δωp/Δωw 

represents how we decide to move on the characteristics figure 

4. The quadrants 1&2 show the impact on the acceleration of 

the vehicle. The quadrants 3&4 show the impact on the power 

supplied by the ICE. Thus, it is punctually possible, to 

increase the vehicle acceleration if the ICE has enough power 

and to decrease the power of the ICE if the acceleration is still 

acceptable.  

 

 
Figure 7 

 

THE 5 OPERATING MODES WITH A 

DUAL PLANETARY GEAR 

MECHANISM (DUAL PSD) 

 

The figure 8 shows a Cross-section of an alternative of a dual 

power split device. Here, the dog clutch for selecting the pilot 

shaft in operation has been replaced by a two speeds gearbox 

in order to increase the GENERATOR speed at the same time. 

The sliding pinion on the GENERATOR shaft can gear 

earthier the gear of the pilot shaft dedicated to the low speeds 

either the gear of the pilot shaft dedicated to the high speeds. 

While geared, the sliding pinion can also move a little further 

to engage also some fixed teeth in order to lock the 

corresponding pilot shaft obviously when its speed is null. So 

we can have 5 positions corresponding to 5 modes: A= neutral 

or pure electric mode, B= hybrid mode for low speed, C= 

hybrid mode for high speed, E= parking mode or thermal 

mode at low speed, D= thermal mode at high speed.  

Note that the hybridization improves little the ICE efficiency 

at high speed; thus, it might be better to lock the 

GENERATOR and to have only the MOTOR (sometime as a 

generator) for modifying the ICE load according to its best 

efficiency. 

 

 

 

 

 

A B C D E 

 

MOTOR 

GENERATOR ACTUATOR 

ICE 
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Figure: 8 

 

SIZING OF THE ELECTRIC CHAIN 

WITH A DUAL SPD 

Only simulation provides an accurate sizing of the system, but 

we can have some good estimations with the following 

considerations. 

GENERATOR torque:  
The main function of the GENERATOR is to provide a 

resistant torque to the ICE through the planetary gear 

mechanism. [   
 

(   )
  , N.A: if Ti Maxi= 150 mN & r=-

0.6→Tg maxi=56 mN]. 

MOTOR torque:  
The MOTOR torque ”Te” is mainly determined by the 

specification of the maximum grade for the vehicle start-up in 

EV mode. [N.A: if Te= 150 mN & vehicle Mass=1300 kg→ 

maximum grade =20%]. 

In hybrid mode, the ICE provides an additional torque “Two” 

on the wheel shaft through the planetary gear mechanism. 

[    
   

      
, N.A: if Ti=105mN @ 1000-2000 rpm, Te 

+Two=237 mN, M=1300 kg→ maximum grade =31%]. 

Power of the electric propulsion chain: 

This parameter is mainly defined by the maximum speed in 

EV mode with a reasonable reserve of acceleration. As we 

have seen [an electric propulsion chain of 10 kilowatts] is 

sufficient for a passenger car for this point.  

 

SUMMARY/CONCLUSIONS 

A hybrid vehicle, with two planetary gear mechanisms, 

requires a quite standard electric propulsion chain. But, this 

chain is much less powerful than those of its competitors with 

a single power split device. 

So it allows: 

 A reduction of the electrical equipment’s sizing, thus 

the investment costs,  

 Fewer energy conversions, thus a better global 

efficiency, 

 Better working conditions for the ICE at low and 

high speeds, 

 An increase of the gear ratio between the power split 

device and the wheels for higher torques, 

 To have the choice between a sport or an economic 

driving, 

 To reduce the electric power, thus the voltage for 

more safety. 

On the top of that, by using the GENERATOR inertia we can: 

 Cheaply recover the kinetic energy of the vehicle at 

low speed or protect its battery, 

 Punctually improve the vehicle performances such as 

acceleration, 

 Help the ICE start up for stop and start operations. 

The dual PSD is also advantageous for the industrial vehicles, 

especially those which have two different operational speeds: 

one low speed for works and another high speed for transfers. 

As we can see, the dual PSD impacts hybrid vehicle 

economics regarding the two main parameters: investment 

costs and fuel savings. 

. 
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