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ABSTRACT−Range extender modules are one option to compensate for short drive ranges of electric vehicles. The close

interaction of combustion engine and generator poses new challenges in development. A key requirement for range extender

systems is to be light and virtually imperceptible in operation. High-speed electrical machines aim at increasing power density.

However, their introduction in a range extender requires a gearbox. The combustion engine torque fluctuations can lead to

rattle in the gearbox. The rattle can be overcome by a dual mass flywheel. An interdisciplinary model is developed and used

to analyse three different range extender systems: one with a low speed generator without gearbox, one with a high-speed

generator, and one with a high-speed generator and a dual mass flywheel. The efficiency was found to be higher for the system

with a low speed generator, whereas the power density and the costs are beneficial for the high-speed concept. A dual mass

flywheel eliminates the changes of torque direction in the gearbox. It reduces the speed fluctuations of the gearbox and

generator by over 90 % compared to the low speed setup. But it increases rolling moment and subsequently chassis excitation

compared to a setup with only a gearbox. 

KEY WORDS : Range extender, Electric generator, Combustion engine, Gearbox, Dual mass flywheel, Speed fluctuations,

Efficiency, NVH

NOMENCLATURE

c : spring constant, Nm/rad 

d : damping constant, Nm/rad/s

i : current, A

J : mass inertia, kg/m2

L : inductance, H

n : rotational speed, 1/min

P : power, W

p : number of pole pairs, 1

r : radius, m

R : resistance, Ω

T : torque, Nm

u : voltage, V

v : velocity, m/s

θ : phase angle, rad

ρ : density, kg/m3

σ : stress, N/m2

τ : time constant, s

Ψ : magnetic flux linkage, Vs

ψ : angle, rad

ω : angular velocity, rad/s

SUBSCRIPTS

I, II : primary/secondary side

a, b, c : phase quantities in the three phase system

B : combustion

CD : combustion duration

CS : combustion start

d : direct axis

DMF : dual mass flywheel

el : electrical

F : permanent magnet excitation

GB : gear box

i : current control loop

ICE : Internal combustion engine

max : maximum value

n : nominal value

R : radial

s : stator domain

ST : connecting rod

T : tangential

tot : total

PMSM : permanent magnet synchronous machine

q : quadrature axis

red : reduced
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1. INTRODUCTION

Electric vehicles are an important technology for

sustainable mobility. Fleet emission regulation and rising

awareness put pressure on OEMs to introduce electric

vehicles to the market. Until now, the market penetration of

electric vehicles has not met the desired level, as electric

vehicles do not fulfill all user requirements. Herrmann and

Matthé (2014) stated that 72 % of car journeys from and to

work in the US are less than 67 km. Eberle (2012) showed

that 80 % of the daily car journeys in Germany are less

than 50 km. Today’s electric vehicle technology is capable

of covering such distances. For longer distances, either the

battery size has to be increased or a range extender has to

be used. As a relatively small battery can cover most

journeys, a larger battery would lead to excessive weight,

which would then increase the energy consumption.

A range extender is much cheaper and lighter than a

large battery and it can be refueled significantly faster than

a battery could be charged. Heron and Rinderknecht (2013)

give an overview over possible range extender topologies.

Efficiency, weight, packaging, and cost are named as

important design criteria, which have to be weighted for

each specific application. Currently, the gasoline engine is

the most promising technology. A gasoline engine is a

comparatively cheap technology and all components are

readily available in automotive quality at competitive

prices. Examples of range extenders based on gasoline

engines are shown in Andert et al. (2012), Bassett et al.

(2012) and Fischer et al. (2009).

Very strong interdependencies of the subsystems

combustion engine, dual-mass fly-wheel, transmission,

electric motor and frequency inverter, and comprehensive

control are the most challenging part of this research. To

solve this conflict, different chairs of mechanical and

electrical engineering of the mobilEM research training

group are working together and combining their key

competencies to setup an innovative Co-Simulation

approach. The Co-Simulation environment combines the

different mechanical, electrical, and control domains to one

simulation model.

This paper starts with an analysis of all subsystems of a

range extender. The models, except for the dual-mass fly-

wheel (DMF), are derived from existing and tested

components. In the following chapter, the electrical machine

is studied. The third chapter covers the thermodynamic and

mechanical model of the combustion engines. The fourth

chapter explains the gearbox model. In the fifth chapter, the

dual mass flywheel (DMF) is introduced. Chapter six

shows the integration of the simulation model and the

simulation results. This paper is concluded in the seventh

chapter.

2. ELECTRICAL MACHINE 

A range extender system requires an electrical machine as

generator and a starter, which has a high efficiency, high

electric power density, and a compact design. The electrical

machine is used mostly as a generator. The requirements

for use as a starter are discussed by Gebrehiwot and van

den Bossche (2015). High power densities, thus a smaller

machine space and less weight, can be achieved with

permanent magnet synchronous machines (PMSM). For

high-speed applications, embedded permanent magnets

within the rotor are used as excitation. The design

methodology of the electrical high-speed machines, which

is discussed in the following section, requires particular

attention.

2.1. High-speed Electrical Machines

The key advantage of electrical high-speed machines is

their high power density. By increasing the required speed

of a machine, the required volume is decreased. Possible

machine topologies are synchronous machines with separate

excitation or self-excitation with permanent magnets,

squirrel cage induction machines, or reluctance machines.

Very high machine efficiencies can be reached by using

PMSM (Borisavljevic et al., 2010). 

Although there are lots of advantages for high-speed

PMSM, there are some disadvantages such as higher

design costs, higher iron losses, and mechanical friction

losses as well (Bianchi et al., 2003). In addition, high

stresses due to centrifugal forces, which are dependent on

the speed and radius, require particular attention to the

mechanical component strength of the rotor:

(1)

where σT is the tangential stress component, ρ the density, v

the circumferential speed, r the radius, and n the speed of

the rotor. Within the design of electrical machines, it is

important not to reach mechanical stresses, which are

higher than the yield strength of the stack lamination

material. Mechanical stresses above the yield strength of

the electrical steel sheet material can cause plastic

deformation within the stack lamination, which influences

the machine’s operating behavior and its lifetime, and it can

lead to cracks within the stack lamination and ultimately

2 2

T
(2π )σ ρv ρ rn∝ =

Table 1. Machine specifications.

Description
Parameter/

Unit
LS-

PMSM
HS-

PMSM

Nominal speed nn/min−1 3000 10000

Maximum speed nmax/min−1 10000 25000

Nominal torque Tn/Nm 100 29

Nominal power Pn/kW 30 30

Number of pole pairs p 3 3

Estimated active mass m/kg 20.9 14.3

Estimated frame volume V/l 5.8 3.9
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destruction of the rotor (Karthaus et al., 2017).

For the study of the range extender drive train model,

two different machines are considered: The low-speed

machine (LS-PMSM) is used for the gearless operation of

the range extender. In contrast to the LS-PMSM, a gearbox

is required to operate the range extender with the high-

speed machine (HS-PMSM). 

For the following study, two of-the-shelf electric

machines are compared. The machine models are based on

data from (Grosse et al., 2014). Improved results could be

achieved with use-case specific designs. As range

extenders have to be fitted into already costly electric

vehicles, a custom design was omitted as the authors

expect a series production with already industrialized

components. In Table 1, the used machines’ specifications

are listed.

The active mass of the electric machines is defined as the

mass of the iron parts and copper windings. The magnets

are considered to have the same density as iron for this

estimation.

2.2. Specifications of Electrical Machines

Both machines use a v-shaped embedded permanent

magnet system as shown in Figure 1. When compared to

other arrangements of the rotor magnets, this topology

leads to low losses in the permanent magnets, and therefore

high efficiencies can be obtained (Finken et al., 2010).

2.3. Electrical Machine Control for Drive Train Model

2.3.1. Basic PMSM model

The machine model equations can be derived from the

general vectorial voltage equation of the three phase

system:

, (2)

with

,  (3)

where I is the identity matrix, Ψ is the flux linkage in each

phase, R1 is the stator resistance, u the voltage, and i the

current in phase a, b, and c, respectively. The dq-

transformation changes the machine model  into the

rotating coordinate system:

 

,  (4)

where Ld is the inductance in d-axis, and Lq is the

inductance in q-axis. id and iq are the currents in the rotor

synchronous frame. ΨF is the excitation flux linkage. ωel is

the radial electrical speed described by

.  (5)

where p is the number of pole pairs of the electrical

machine and ωmech is the mechanical speed of the rotor. For

the derivation of torque produced by the machine, the

transmitted air gap power P is calculated by multiplying

currents and induced voltages (Schröder, 2015):

. (6)

The factor  compensates the amplitude adjustment

used in the transformation of the three phase quantities.

Then, the resulting torque can be described by

. (7)

2.3.2. Currents control of the PMSM

The inverter converts the supplied dc voltage into the

desired ac voltage to control the electric motor. The dc

voltage is either directly determined by the battery or it is

supplied by a dc/dc converter.

The control of the rotating speed of the generator is

realized by controlling the generator torque. The reference

d- and q-axis current are generated by computing the

required torque for a given speed reference. A proper

control of the quasi dc d- and q-axis current can be realized

by conventional proportional plus integral (PI) controllers.

The d- and q-axis current set points are determined by the

maximum torque per ampere (MTPA) function. The MTPA

function maximizes the torque output for a given overall

stator current is The block diagram of a drive system

incorporating speed control, current vector control, and

flux-weakening control is shown in Figure 2.

The given reference current is can be divided into two

components:
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Figure 1. Rotor geometry (Grosse et al., 2014).
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(8)

where γ is the angle between q-axis and the current angle in

the positive direction. At any given reference current,  can

be differentiated mathematically with respect to γ to find

the γ * which yields the maximum torque:

.  (9)

The maximum torque for given reference current can be

obtained while the drive operating point can be maintained

within the voltage limitation. The flux weakening control is

accomplished above the base speed of the generator, which

is limited by the inverter voltage. Here, the dc control is

accomplished when the generator voltage exceeds the

voltage limitation. A flux weakening angle is obtained by

the standard PI voltage feedback loop. For a given

reference of id and iq, a classical anti-wind up method,

which prevents the integration of the PI controller in

saturation, is used as the current regulator. The dynamics of

the current can be expressed as:

 , (10)

where τi is a time constant determining the bandwidth of

the current closed loop. s is the Laplace frequency operator.

Δud and Δuq are voltage differences defined as

(11)

where u'd and u'q are the unmodulated voltages, whereas.

u*d and u*q are the modulated voltages. The overmodulation

strategy is applied to achieve a stable operation in the field

weakening region (Liu and Hameyer, 2016):

,  (12)

,  (13)

where umax is the voltage limitation and the subscript k

denotes sampling step. 

3. COMBUSTION ENGINE MODEL 

In the following sections, the thermodynamic and mechanic

modelling of the engine is described. The model is derived

from the range extender engine described in Andert et al.

(2012) and Köhler et al. (2012). The specifications are

listed in Table 2.

The torque output is a product of the pressure in the

combustion chamber and the cranktrain geometry. The

pressure acting on the piston is converted to torque via the

cranktrain kinematics. The kinematics depend on the

cranktrain design (i.e. connecting rod ratio) and the current

cranktrain position.

3.1. Thermodynamic Model

The pressure inside a combustion chamber depends on
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Figure 2. Control of the PMSM (Liu and Hameyer, 2016).

Table 2. Characteristics of the combustion engine (An-dert

et al., 2012).

Description Parameter/Unit Value

Layout
Four-stroke, two 

cylinder, 90°-V, fuel 
port injection

Displacement Vh/l 0.799

Bore d/mm 80

Stroke s/mm 79.5

Nominal power P/kW 30
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many factors. Four phases have to be separated:

− Intake of fresh charge 

− Compression and expansion

− Combustion

− Exhaust of burnt mixture

The different phases of the 4-stroke Otto cycle will be

described in the following. The model is always a single-

zone model.

During the intake of the fresh charge, the properties of

the mixture are assumed to be the same as in the intake

manifold. Throttling losses are modeled depending on the

load request by assuming a cylinder pressure below

atmospheric pressure during the intake stroke. 

During compression and expansion, the thermodynamic

properties of ideal gases are used. The compression is

assumed polytropic, with a coefficient of 1.35. During

expansion, the polytropic coefficient is reduced to 1.3 to

account for the three-atom molecules of the burnt mixture.

The polytropic coefficients are lower than the isentropic

coefficients. This takes deviations from isentropic changes

of state into account, e.g. non-reversibility.

The vibe approach (Vibe, 1970) is chosen to model the

heat addition during the combustion phase. The heat added

at a specific crank angle is described with the following

formula:

(14)

where φ is the current crank angle, φCS is the crank angle at

combustion start, and φCD represents the duration of the

heat addition in crank angle domain. QB is the heat added to

the cylinder, and QB,tot is the total heat added during

combustion. The factor of 6.908 ensures that 99.9 % of

QB,tot is released after the φCD angle change. m is the form

number of the combustion. A small value of m stands for a

heat addition rate peak at the beginning of the combustion,

while a high value stands for a peak at the end. For the

following studies, a form number of 2 is chosen. This

corresponds to the maximum burn rate in the middle of the

combustion event (Pischinger et al., 2009).

To account for wall heat losses and other losses, an

empirical loss from chemical fuel enthalpy to heat addition

is introduced.

During the exhaust stroke, the pressure is set to the

exhaust manifold pressure. The cylinder pressure is ramped

down to the exhaust manifold pressure during the outlet

valve opening. This corresponds to chocked flow across

the exhaust valve orifice, which cannot balance the

pressures instantaneously. The thermodynamical parameters

are obtained by fitting the simulated pressure over crank

angle to measurements of the cylinder pressure. The

measurments are conducted on the engine presented in

Andert et al. (2012) and Köhler et al. (2012).

3.2. Crank Train Model 

The gas force acting on the piston is transferred to the

cranktrain. As the connecting rod is mechanically a

compression strut, it is limited to transmitting forces in the

connecting line of the bearings. The gas forces and inertia

forces of the piston are parallel to the cylinder bore axis. If

the connecting rod is not aligned with the cylinder bore

axis, the force component perpendicular to the cylinder

bore is compensated by the normal force of the piston. The

normal force increases the friction of the piston on the

cylinder wall. A schematic of a cranktrain is shown in

Figure 3.

The connecting rod force FST can be divided into two

components:

− A radial component FR in crankshaft domain and 

− A tangential component FT in crankshaft domain.

The radial force does not contribute to the crankshaft

torque. Only the tangential component defines the

crankshaft torque. Based on the crankshaft pin radius and
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Figure 3. Forces acting on the crankpin (van Basshuysen

and Schäfer, 2015).

Table 3. Characteristics of the transmission.

Transmis-
sion

nmax / 
min−1 Pcont/kW i m/kg V/l

Original 20,000 20 − 4.6 5,42 1,23

Adjusted 25,000 30 − 4.6 5,42 1,23

Figure 4. Architecture of the transmission.
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the connecting rod length, the torque output can be

computed.

Two inertias model the cranktrain dynamics: the

translational mass of the connecting rod and the piston as

well as the inertia of the rotating part of the connecting rod

and the crankshaft. The translational inertia force is

imposed on the piston together with the gas force. 

The rotational inertia torque is added to the combustion

engines output torque. The friction is accounted for by an

average friction torque, which is imposed on the cranktrain

regardless of crankshaft position.

4. GEARBOX MODEL 

For the high speed concept, a transmission consisting of

one planetary gear stage with three planetary gears and a

ratio of − 4.6 is utilized.

The sun gear is connected to the electrical machine and

is therefore applied with a maximum rotational speed of

20,000 min−1. The transmission was originally developed

for a high speed electrical drive for mobile machinery

(Schröter et al., 2015). Nevertheless, it can be used in this

range extender concept, because its architecture (Figure 4)

is advantageous for high rotational speed.

Since the planet carrier is fixed, no paddling losses of the

carrier occur and no centrifugal loads act upon the planet

bearing. A helical gearing is chosen in order to achieve a

high running smoothness. For all gear wheels, roller

bearings are used. Radial shaft seals are used for the dynamic

sealing locations. Further details for the transmission’s

design are described in Schröter and Jacobs (2014). The

transmission’s characteristics are listed in Table 3. The

gearbox mass refers to the active parts, such as shafts and

gears. The housing, bearing and seals were neglected as

their masses strongly depend on the integration level of the

components.

The transmission’s efficiency map was measured in

Schröter et al. (2014). Losses of all bearings, seals, gear

meshing, and the injection lubrication are included.

Efficiency reaches 98.1 % in the full load range at low

rotational speed (5,000 min−1) and 96.2 % in the full load

range at high speed (20,000 min−1).

For the simulation model, this measured efficiency map is

scaled from 20 kW to 30 kW using FEV TopExpert FACE. 

The efficiency map’s deviation is 0.3 % at maximum

torque and increases towards lower torque. At ten percent

of maximum torque, the deviation is at 3.0 %.

5. DUAL-MASS FLY-WHEEL MODEL 

Dual-mass fly-wheels (DMF) are a state of the art

technology to reduce speed fluctuations in a drivetrain (van

Basshuysen and Schäfer, 2015). A DMF splits the drivetrain

into two parts. The primary and secondary side are usually

connected by an arc spring. If the parameters are chosen

correctly, the system’s resonance frequency lies below the

idle speed of the engine. The drivetrain is then operated

overcritically, which leads to a decoupling of the primary

and secondary side. The torque and speed fluctuations are

significantly reduced on the secondary side. As a result,

gear rattle is virtually eliminated and the stress acting on

the gear decreases (Reik et al., 1998).

Damping is caused by friction between the arc spring

and the case. The spring rate and friction coefficient are

non-constant, as dynamic forces act on the spring and the

spring usually has a clearance. 

To model the nonlinear characteristics, the arc spring can

be discretized into mass and spring elements as proposed

by Stier et al. (2009). The friction is calculated using the

sum of the centrifugal force and the spring force normal to

the case. The variation losses and the changing magnifying

function are reproduced as a function of rotational speed.

The DMF-model used in the following is a linear model

similar to Walter et al. (2007) and clearance is neglected. A

schematic of the model is shown in Figure 5. Friction is

modeled by the damping constant d, and the spring

constant is c. The inertias of the combustion eninge and

generator side are JI and JII respectively. With the

Table 4. Characteristics of the DMF.

Description Parameter/Unit Value

Primary mass inertia JI/kgm2 0.0074

Secondary mass inertia JII/kgm2 0.0067

Spring constant c/(Nm/rad) 53.7

Damping constant d/(Nm/rad/s) 0.147

Figure 5. Architecture and hysteresis curve of the DMF. Figure 6. Magnifying function of the secondary side.
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simplified model, it is possible to evaluate potentials of a

DMF in a range extender application, whilst the parameter

numbers and compuatational effort stay low. The DMF is

designed for overcritical operation. Table 4 shows the

parameters used for the simulations.

Figure 6 shows the magnifying function of the rotational

acceleration on the secondary side as a function of the

engine speed.

The dampened natural frequency is equivalent to ca. 735

min−1 engine speed. In the operation speed range, the

system is supercritical and the secondary side is sufficiently

isolated from the engine’s excitation.

6. CO-SIMULATION 

In this section, the overall simulation model is described.

The effect of a high speed generator on the efficiency is

investigated. As a further aspect, the influence of a dual-

mass flywheel on gear excitation and vehicle body

excitation is analyzed.

6.1. Simulation Model 

The system layout is shown in . The component models are

described in the previous chapters. All component models

are derived from existing components which were chosen

to harmonize in terms of speed, torque and power. The

models were validated individually, as described in the

respective chapters. Only the DMF model was derived

from literature. 

MATLAB/Simulink is used for the simulation. All

component subsystems are interconnected using the

SimDriveLine physical blockset. The combustion engine

and generator torque are calculated in the respective model

and exerted on the shafts. The gearbox and the dual mass

flywheel are entirely modeled with the physical blockset.

The gearbox efficiency is introduced with an equivalent

map based loss torque. The rotational speed calculated by

the mechanical subsystem is the input to the combustion

engine and the electrical machine. The torque is controlled

by the combustion engine. The electrical machine operates

in speed control mode. This research focuses on two

operating points. The aim is to compare range extender

topologies. Implications of the topologies on driving cycles

can be studied in future research.

6.2. Influence on Efficiency 

In this paragraph, the effect of equipping a range extender

with a low or high speed generator is evaluated. If the

range extender uses a low speed generator, no gearbox is

used. For a high speed generator, a gearbox is used to

reduce the generator speed level to the combustion engine

speed level. The study was carried out for two operating

points: the point of optimum brake specific fuel consumption

(ICE: 3,000 min−1/55 Nm; abbreviation OB) and the

maximum power point (ICE: 4,500 min−1/50 Nm;

abbreviation MP). The efficiencies for the combustion

engine (ICE), the gearbox (GB), and the dual mass

flywheel (DMF) are stated in Table 5. The efficiencies are

averaged over 720° crank angle to eliminate all cyclic

influences on the efficiency calculation.

The low speed setup does not have gearbox losses,

Figure 7. Component interaction and controllers used in the simulation model.

Table 5. Efficiency impact of low speed and high speed

generator.

EM
Power
train

ηICE/% ηDMF/% ηGB/% ηGEN/% ηtot/%

LS - OB 29.95 - - 95.92 28.73

HS GB OB 29.16 - 96.70 93.93 26.49

HS
GB+
DMF

OB 29.20 99.95 96.71 94.40 26.64

LS - MP 27.47 - - 96.50 26.51

HS GB MP 27.46 - 96.38 90.27 23.89

HS
GB+
DMF

MP 27.49 ~ 100 96.38 90.47 23.97
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whereas the high speed setup suffers from gearbox losses.

In order to improve the system efficiency for the range

extender system, the gain in electric machine efficiency

would have to overcompensate the gearbox losses. As can

be seen in Table 5, the total efficiency decreases by 2.1

percentage points at the optimum break specicifc fuel

consumption point and decreases by 2.5 percentage points

at the maximum power point when switching from a low

speed to a high speed generator. 

This is caused by the lower efficiency of the HS-PMSM

and the gear losses, while the DMF’s impact on efficiency

is negligible. 

The efficiency of the high speed and low speed generator

is comparable for the OB operating point. For the MP

operating point with higher speed, the iron losses increase

in the high speed machine. This leads to an efficiency

decrease of about 4 %. If the electrical machine was

specifically designed for this application it would provide

an essentially higher efficiency for this operating point.

6.3. System Comparison 

Switching from a high speed generator with a gearbox to a

low speed generator does not only influence the system

efficiency. As a high speed generator has a higher power

density, the cost for active magnet material and the

machine weight can be reduced. 

Table 6 shows the comparison of the high speed and the

low speed concept regarding the total efficiency, the

volume and mass. The high-speed concept offers a lower

efficiency, whereas the total volume could be decreased by

11.6 % and the mass by 5.6 %. Therefore, the total system

weight is lower and the mass of the cost intensive

materials, such as permanent magnets (decrease of 28.4 %)

and copper (decrease of 55.3 %) is reduced further.

By a highly integrated design, the benefit for both

weight and volume can be improved even more. 

6.4. Influence on Speed Fluctuation 

The speed fluctuation refers to the relative difference from

minimum to maximum speed of a component. The speed

fluctuation of the range extender system is given in Table 7

for the different setups. It decreases when switching from a

low speed generator to a high-speed generator with a

gearbox, as the high-speed system has a higher reduced

inertia. The DMF further reduces the speed fluctuations on

the secondary side as intended. The speed fluctuations on

the primary side increase, as the DMF decouples the high

secondary inertia from the low primary inertia. 

As the gearbox changes the direction of motion, the

rolling moment of the generator and the combustion engine

interfere destructively. This corresponds to the solid line in

Figure 8. If the DMF is introduced to the system, the rigid

link between combustion engine and generator side is

replaced by a spring. This allows the two inertias to

accelerate independently. Subsequently, the destructive

interference of inertia torques is not present anymore. The

rolling moment increases, as shown in the dashed line in

Figure 8. This leads to an increased excitation of the

vehicle body. 

It is important to look at the load situation in the gearbox

Table 6. System comparison regarding total efficiency,

volume and mass.

Concept ηtot/% Vtot/l mtot/kg

LS 28.73 5.8 20.9

HS 26.49 5.13 19.72

Table 7. Speed fluctuations of the different power trains.

EM
Power
train

dem/% dice/%

LS - OB 6.037

HS GB OB 3.200

HS GB+TMF OB 0.126 10.936

LS - MP 2.847

HS GB MP 1.383

HS GB+TMF MP 0.026 4.919

Figure 8. Influence of the DMF on the rolling moment.

Figure 9. Influence of the DMF on the torque acting on the

crankshaft and the gear contact.
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to evaluate the danger of gear rattle. Figure 9 shows the

load acting on the gear contact over 720° CA. The solid

line shows the torque on the connection flange between the

combustion engine and the gearbox without DMF. The

dashed line shows the torque in the gear contact without

DMF. The gears change their active flanks back and forth,

as the torque changes its sign, which causes gear rattle. The

gray dot-dashed line in Figure 9 shows the torque on the

connection between ICE and gearbox with DMF. The

DMF reduces the torque fluctuations at this point as the

accelerations and deceleration of the crankshaft increase.

The grey dotted line shows the gear contact torque with

DMF. The gear contact torque does not change its sign. The

DMF helps to eliminate the gear rattle. An approach to

avoid gear contact torque sign changes while eliminating

the rolling torque is discussed in Pischinger and Andert

(2014) and Andert et al. (2017).

7. CONCLUSION

An interdisciplinary simulation model for a range extender

consisting of a V2-internal combustion engine, a dual mass

flywheel, a gearbox, and a permanent magnet synchronous

machine has been developed.

Using this model, the efficiency and speed fluctuations

for different range extender system configurations and

operating points were evaluated. The optimal system

design is a tradeoff between efficiency and power density.

The total efficiency is the highest for the LS-PMSM system

without a gearbox or DMF. Changing to a HS-PMSM with

a gearbox and a dual mass flywheel leads to a decrease of

2.1 percentage points to 2.5 percentage points in efficiency

depending on the operating point. This data is based on a

PMSM design, which is not optimally fitted to the

investigated application. Therefore, it offers a poor

efficiency for the high speed operating point. A tailor-made

PMSM will provide a higher efficiency.

In contrast, the HS-PMSM system’s higher reduced

inertia decreases the speed fluctuations, and a DMF leads

to a virtually uniform rotational speed on the generator

side. Two aspects that have an influence on the acoustic

behavior are studied: the decoupling is highly advantageous

for eliminating gear rattle, but it also causes disadvantages

concerning rolling torque. 

For the optimal system design, a tradeoff including the

design criteria efficiency, weight, packaging, and cost have

to be weighted specifically for each application. The high-

speed concept offers less efficiency in this study. However,

weight and volume are decreased by 5.6 % and 11.6 %

respectively. Therefore, the high-speed concept offers a

higher power density, leading to reduced costs and

eventually weight.

In range extender units, strong interdependencies of the

subsystems are given. Some aspects like system efficiency,

noise and vibrations, and system control can only be

investigated reliably, if the total system is analyzed as a

unit. The study has shown that multi-domain Co-

Simulation is a suitable option for range extender system

investigations. 

Further research concerning the acoustic effects and the

impact on weight, space, and cost are necessary to give a

final design recommendation.
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