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Abstract

A cost model for the estimation of production costs of permanent magnet synchronous machines (PMSM) is presented, which
allows to alter design choices such as wire technology, winding layout, cooling system, materials and more. With the goal to make
results reproducible by others, the methods are explained in detail and used data and assumptions are given. The developed model
helps to understand the interaction between the design of PMSM, manufacturing methods and the resulting costs. With it, different
PMSM technologies and materials can be evaluated regarding its influence on the production costs, which is a perquisite to find
the best compromise between performance and costs. Production volume is shown to be the most decisive factor for the resulting
production costs. Between minimum and maximum assumed volumes, an average cost per unit reduction of 67% could be observed.
Furthermore, the results imply that the winding production is responsible for the greatest part of the overall costs, followed by
the rotor assembly (including rare earth magnets). When using the model to compare different wire types, it can be stated that up
to a production volume of roughly 150,000 units/year, hairpin wires are more expensive to produce. Above this volume, hairpin
windings will get cheaper than round wire windings due to its higher grade of automation of the production process. Through
the conducted investigations and the presented results, it is demonstrated that the cost model can serve to evaluate technologies
with regards to costs in the early development stage. This way a more holistic assessment of technologies for PMSM is possible,
helping to find the ideal compromises between costs and performance and to increase the attractiveness of sustainable mobility.

Keywords Cost modeling - Electric vehicles - Permanent magnet synchronous motor - Production costs

1 Introduction

Climate change is omnipresent and it is one of the greatest
crises of mankind . One way to fight it is to lower anthro-
pogenic greenhouse gas emissions by road transport, which
is responsible for 21% of overall emissions [17]. Due to the
fact that battery-electric vehicles (BEV) emit up to 70% less
greenhouse gases over their lifetime compared to conventional
combustion vehicles [46], more electric vehicles on the road
can significantly contribute to fighting climate change. Cur-
rently however, the contribution is low, at the end of 2021 only
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0.9% of all vehicles on the road in Europe were battery-elec-
tric [14]. To further increase the number of registrations and
the share of BEV on the road, the electric versions of vehicle
models must be competitive in terms of purchase price, which
is not the case nowadays. It is hence of crucial importance
during the development of novel drivetrain technologies to
not only evaluate performance of an innovation but also its
costs. To do so, sophisticated and flexible cost models of the
drivetrain components are required.

Unfortunately, no adequate cost model for this intention
could be found during a literature study (cf. chapter 2) so
that an own model had to be invented. Accordingly, in this
research article, the developed high-fidelity production cost
model is presented that serves to evaluate production costs
of permanent magnet motors (currently the most used motor
type in BEV) in the early design stage. The effect of design
decisions (e.g. winding type, coil configuration, cooling sys-
tem, etc.) on the resulting production costs can be directly
evaluated. This way, the motor technologies can be chosen,
which provide the ideal compromise between performance
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and production costs. Hence, this model can contribute to
make EV more affordable and more attractive to customers
and to increase their sales.

The article is structured in the following way: Chapter 2
provides an overview of the most actual research activities
in the topic of production cost models for electric motors.
Chapter 3 contains the detailed methodological overview
of the developed production cost model. The validation of
the presented methods with the help of results from other
public research is then presented in chapter 4. The following
chapter 5 presents results of the developed model with 16
reference electric machines (EM) and exemplary technology
variation of winding type and cooling system. The research
is summarized and concluded in chapter 6.

2 Literature review

Initially, a literature review is presented to understand the
current research status and to emphasize the need for a novel
public high-fidelity cost model for PMSM.

Bubert [8] developed a simple cost model for PMSM that
computes costs based on power requirement and production
volume. Production costs are determined by a fixed factor
on material costs. The factors are determined with data from
[26], allowing a scaling of costs with production volume.
However, since individual production steps are disregarded,
the impact of design changes on costs cannot be evaluated
[36]. Consequently, no technology and material variation
can be included in this model. Also, the model scales the
costs almost linearly with power, which is not valid accord-
ing to other researchers [18, 33, 37].

Propfe [37] goes more into the detail of the electric motor
production processes. A fixed sequence of manufacturing
processes is assumed for each machine type. The costs are
calculated for each step and added to material and energy
costs. Unfortunately, the authors do not present the used
equations. Furthermore, a scaling method for machine costs
with production volume is missing. Since the production
process is fixed here, the model does not allow for a varia-
tion of cooling system or wire type.

Fyhr [18] also considers the electric motor production
steps. He provides general equations for a cost model based
on the accumulation of individual production step cost.
Costs for a production step contain investment costs, cost
of the capital, tooling and fixture costs. He also states the
assumed production steps for a PMSM and discusses them
in detail. However, using the presented equations is difficult
due to a lack of information: Equations are only given in
general form and no information of the parametrization of
its coefficients with help of the machine design parameters
is given.
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As a conclusion, no detailed enough and fully published
cost model could be found in literature that serves the inten-
tion of evaluating technology, material and production vol-
ume changes. This may also have to do with the fact, that
cost engineering is typically more intensively performed
from companies in the private sector, which like to keep their
intellectual property about production costs unpublished.

3 Methodology

To calculate its production costs Kg,, the electric motor is
split up into housing, magnets, windings, sheet stack, shaft,
and cooling system. For each of the six parts p, the model
estimates the calculated costs originating from the manu-
facturing processes K, . (cf. Sects. 3.1 and 3.2) the used
materials K, (cf. Sect. 3.3) and the labor K, (cf. Sect. 3.4).
Additional positions, contributing to the overall production
costs are the parts that are typically purchased from suppli-
ers K,,,,., (cf. Sect. 3.5) as well as the final assembly process
K, (cf. Sect. 3.6).

#parts

Ky = Z Kanip + Knarp + Kiabp | HK purentK s
p=1

3.1 Manufacturing costs

Due to the machine-intensive production, the machine hour
rate calculation is a suitable manufacturing cost model type
[36]. Every used production machine represents a separate
cost center so that the overall costs K, , for one EM are
the sum of the individual manufacturing step costs:

#steps
Kmanu, = KMh,iti
P
i=1

For every production machine and thereby for every cost
center a machine hour rate Ky, ; is calculated: it describes
the costs per hour caused by a production step. The absolute
costs for the production step for one EM are then the prod-
uct of its machine hour rate K, ; and its cycle time ¢;. The
machine hour rate is composed of the depreciation charges
K ;, imputed interest costs K ;, costs of space K ;, energy
costs Ky ;, and maintenance costs K, ;. In addition to the
depreciation charges which cover the investment costs of the
production, machine tooling costs K7 ; need to be considered
[36]. The machine hour rate is thus calculated as follows:

Kyn; = Kp;+ K+ Kg; + Kg; + Ky ; + Kp;

To apply the machine hour rate calculation to a production
line with multiple machines and various cycle times of the
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production steps, it is important to calculate the number of
production machines N; and the needed runtime of these for
a given yearly output of EMs. For every production step i,
the number of production machines r; can be derived by the
cycle time ¢;, the production volume X and the maximal yearly
production hours T

In the rare case that n; € N, the production machine(s)
would run at maximum capacity. But in most cases n; is a deci-
mal number so that it takes | 7; | production machines producing
at a yearly runtime 7 and another additional machine produc-
ing at a fraction of T to reach the desired production volume
X. The fractional runtime 7}, ; of the additional machine can
be calculated to:

Tfrac,i =T (ni - anJ)

With the presented formulas, the machine hour rate calcula-
tion can be modified to fit a production line with multiple pro-
duction machines, as seen in the following. The shown equa-
tions assume that 7. ; # 0. For the rare case of 7j,,,.; = O the
equations need to be adapted so that L is no longer

frac,i

considered.

The depreciation charges K, ; cover the yearly imputed
depreciation. For simplification, linear depreciation is chosen.
The machine’s investment cost C; gets distributed equally over
its period of use. The period of use D; for the different produc-
tion machines is defined by the federal ministry (see Table 12).
The depreciation charges K, ; are calculated to:

C. .
KD ;= ! ﬂ + 1
' D, T Y}iac,i

1

The interest costs K;; represent an imputed loss because
of the tied-up capital in the machine. On average, half of the
machine’s investment cost C; are bound throughout the period
of use D,. The imputed interest rate / for 2022, here deter-
mined by the Municipal Audit Office North Rhine-Westphalia,
is 5.242%. This leads to interest costs in the amount of:

o ;] 1
K =—1 (=22 + —
L) < T Thgei

Costs of space K ; distribute the rental costs for the produc-
tion halls to the production machines. Basis of the calculation
are the needed space for the machine S, and the yearly rental
costs per square meter K, (cf. Table 11):

[ 1
Ks ;=S qu<7 + =
frac,i

To consider the machine’s use of electricity energy costs
K ; are introduced using the yearly energy consumption E;
and the costs of electricity kj:

[n;] 1
Ke i =E kE<— +
r Tfmc,i

Because of high usage rates of the machines and a result-
ing need of service, maintenance costs K, ; are added to the
machine hour rate calculation. This is done with a factor z;,
on the machine’s depreciation charges K, ;:

KM,[ = ZMKDJ

The same method with a factor z; is used to calculate the
tool costs Kr; of a production machine. These costs repre-
sent e.g., a drilling head that wears out.

[n;] 1 >
Kr =G ZT<_ +
r Tfmc,i

Note: Due to of the possible case that

1

— 00, the pro-
frac,i

duction costs can reach peaks at unknown production vol-

umes. These are only theoretical artifacts which are not con-

sidered here for practical purposes.

3.2 Manufacturing processes

In the following, the production processes for the parts hous-
ing, sheets, magnets, windings, and shaft as well as for the
four considered cooling systems frame, winding, end wind-
ing, and rotor cooling are described. For a better understand-
ing, the described production machines are consecutively
numbered (#1 to #24) and its used parameters are listed in
the appendix in Table 12.

3.2.1 Housing

The production process for the electrical machine’s housing
is split into the processes of die casting (#1), machining (#2),
deburring (#3), and pressure blasting (#4).

During die casting (#1), the raw material is melted and
injected into a form. The needed raw aluminum is calculated
through the estimated volume of the housing Vi, ine:

mhuusing = Paluminum Vhousing

The standard cycle time of the die casting process is set
to two minutes with a correction factor for different hous-
ing volumes. The correction factor accounts for the fact that
the cycle time (and accordingly the operating costs) of the
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casting machine get higher with increased volume of the
mold [18]:

Vhousing
0.45

f, = 120s

After cooling down, the product needs further machining
processes. Firstly, a cycle time of 120 s is assumed for the
machining center. A surcharge of 5% considers the complexity
of a housing in comparison to standard die casting products.

t, = 1265

In the next step, the housing needs to undergo a deburring
process. A cycle time of 60 s per housing is assumed.

t3 = 605

In a last step, the housing gets cleaned by a pressure blast-
ing system. It is assumed that nine housings can be processed
by the machine per minute.

t4 = 6.7S

3.2.2 Sheets

Rotor and stator of electric machines consist of many single
electrical sheets glued together. The production of the sheets
is split into two processes. First, the desired form for the rotor
and stator needs to be punch pressed (#5) from the raw elec-
trical sheet material. The number of needed single iron sheets
can be calculated by the length of stator/rotor [, ., the thick-
ness of a single iron sheet dg,,,, and the iron fill factor of the
stack kg0

l stack kStack

n =
Sheets /
Sheet

In large-scale production punch press machines can reach
150 strokes per min [26] resulting in a cycle time per electric
machine of:

tS = O'4snSheets

Table 1 Punch press tooling costs increase depending on the sheet
diameter

Increase in
tooling costs

Sheet diameter d [m]

(%)
d<0.1 0
01<d<02 20
02<d<03 35
d>03 50

Furthermore, the tooling costs for the punch press
machine are assumed to increase with the diameter of
the sheets and the number of slots due to more wear
(Tables 1, 2).

In general, the material needed for the stator and rotor
sheets is calculated by the masses of the components
Mpeers.staror A0 Mgeers roror- Those can be estimated using
analytical approaches, or (as here) are part of the FEM cal-
culation results. Furthermore, the masses are multiplied with
a dynamic factor k.., which considers the waste material
due to punching.

Mpoers = (msheets,stator + msheets,rotor) (1 + ksheets)

In the next step, the pressed iron sheets need to be pack-
etized and glued together to form the basis of the stator or
rotor. A machine (#6), combining the process steps of pack-
etizing and gluing the sheets is considered. The cycle time
adds up to 305 s for the sheets of stator and rotor:

t = 305s

3.2.3 Magnets

The magnets for the rotor of the PMSM need to be inserted
into the slots of the rotor sheet. In this model, it is assumed
that the magnets are acquired from a supplier and thus
the magnets are included as material costs (cf. Sect. 3.3).
Above a certain size of the magnets of approximately 30 g
the magnets need to be inserted into the rotor cavities by
an automatic robotic system (#7). The cycle time ¢, used in
this model is estimated by the absolute costs for the magnet
assembly in a large production environment [26]:

t; = 295s

3.2.4 Windings

To cover a wide range of possible layouts of PMSM, the sta-
tor windings can be chosen between round wires, hairpins or

Formed-Litz wire. Furthermore, the winding layout of the

Table 2 Punch press tooling costs depending on the number of slots

Increase in
tooling costs

Number of slots ng,,,

(%)
Ao < 12 0
12 < ny,, <24 15
24 < ng,,, <36 30
36 < ngy,,, <48 45
48 < ng,,, < 84 60
Ry > 84 75

@ Springer
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electrical machine can be specified by the number of winding
layers, wires per slot, strands in hand, and coil span. Independ-
ent from the selected winding type there are a few production
steps that are always necessary for the windings.

In the first step, the slots of the stator need to be isolated so
that there are no power flashovers between the copper wind-
ings and the iron sheets of the stator. This is achieved by insert-
ing insulation paper in every slot of the stator. The needed
amount of paper is calculated by the number of slots n

the stack length I, ., and the circumference U,

slots>

of the slot:

A = Ngjors (lstack + OOlm) Ulet

Paper

On both ends of the stator, an overhang of the insulation
paper of 5 mm each is assumed. Furthermore, the amount
of needed paper increases if the slot contains strands of two
phases (two-layer windings) due to the required phase insula-
tion in the middle of a slot. Then the needed amount of paper
Apgper INCTEASES BY Ap s hase’

APaper,phase = Ngiors (l;rtack +0.0lm ) Wiior

The parameter w;,, describes the width of the slot in its
radial middle.

With distributed round windings, an additional need for
phase insulation arises at the winding heads since the different
phases lay on top of each other. The surface area of the wind-
ing heads can be calculated by the height of the end windings
h,,,; and the length of the passive stator windings /- It is
assumed that 50% of the phase winding needs to be covered
with insulation paper.

slot

Ay = 0.57h,,,1

enwi“passive

The needed amount of insulation paper for both sides of
the stator is then calculated in dependence on the number of

phases 71,

Nyhases — 1

enwi,paper — enwi 2

For the closing of the slot towards the air gap, cover slides
are used. Independent from slot geometry, it is assumed that
they have a fixed width of 11 mm with a horizontal overhang
of 2 mm per side. Again, an axial overhang of 5 mm on both
ends of the stator is assumed. The needed length of the cover
slides can be calculated to:

lSlides = Ngiors (lstack + OOlm)

The machines inserting the insulation paper using pressure
(#8) have a cycle time of [1]:

tS = 1'5sninsertiom‘

It is assumed that the insertion of the cover slides can be
fulfilled with the same system and the same cycle time. The

number of insertions n;,,4,,4i,ns @dds up to:

N _ { 2n,,,, one — layerwindings
insertions L
3Ny tWO — layerwindings

After the insulation paper was inserted, the windings can
be placed in the slots. These processes are described in the
following Sects. 3.2.4.1 to 3.2.4.3. The stator production
ends, for all possible winding types with the impregnation
(#9) of the windings.

The needed amount of impregnation resin V,,, is cal-
culated by the free space in the slot volume, which is not
covered by copper wires. For simplification, it is assumed
that the slot cavities are fully filled with resin but no resin at

the winding head is considered.

V.

resin

= Vslot(l -k

copper)

V., . is the available volume in the slot and &, is the

slot copper

copper fill factor in the slot.

3.2.4.1 Round wire The production of stators with classical
round wires can be done by various processes. In Hagedorn
and Blanc [21] the linear, needle, and flyer winding, as well
as the insertion technique are presented as production pro-
cesses for automotive applications. The linear winding tech-
nique can only be used for concentrated windings, so it does
not fit the requirements of most PMSM. The needle winding
method on the other hand can produce both concentrated
and distributed windings. Nevertheless, the insertion wind-
ing technique for distributed windings is additionally imple-
mented in the model because of the high relevance in the
automotive industry.

For the needle winding process, machines (#10) from
Aumann AG are used. It is assumed that the winding speed
is linearly dependent on the wire length of one turn. The
machine’s maximum winding speed is at 450 windings per
minute while for the minimum winding speed, 120 windings
per minute are stated [4]. As possible wire lengths (one turn)
a range from 100 to 720 mm is common. Assuming that
with the shortest wire length, 450 windings per minute and
with the longest wire length 120 windings per minute are
possible, the following equation can be set up, interpolating
the winding speed v,,;,, in turns per second in dependence

win,

of the wire length per turn /,,, in meters:
1 1
Voind = 8.39; — 8.87%1,”

Because of the chosen machine with two spindles the
cycle time can be halved as two stators at the same time
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can be processed. Furthermore, the cycle time for the sta-
tor windings is extended by a setup time of 10 s [21] and
approximately 4 s for every new coil that needs to be wound
[5]. As mentioned before the needle winding technique
can be used for concentrated and as well distributed wind-
ings. Nevertheless, the production process for distributed
windings is slightly different as so-called winding tools are
needed. Using a needle winding machine for this type of
winding design results in covering the slots in between a coil
with the copper winding because of the trajectory of the nee-
dle. In [44] this problem is furtherly described with possible
solutions. The mentioned winding tools have prevailed so
that this model resorts to this technique. These tools are used
to cover the problematic slots and build space so that the
windings can be placed over the stator teeth. After the coil
is wound, the tools can be removed and the slots in between
the coil are still accessible to wind the other coils. Due to
the current lack of practical use of these tools the produc-
tion process needed to be assumed. In general, the number
of required winding tools corresponds to twice the number
of poles p. In this model it is assumed that the winding tools
need to be moved manually after the winding of every phase.
For this process step ten seconds of time consumption are
calculated. It is depending on number of phases np,,,, and
the number of winding tools (2p), resulting in a cycle time
increase of:

twindingtools = 10s 2]7 nphases

The overall cycle time for the needle winding machine
then results as the sum of the actual winding process and
tool arrangement:

nturnspercoil

th = tw[ndingmolx

Vwind

For a needle winding machine there is an average need of
0.5 employees [23].

For the flyer winding process a machine (#11) from
Aumann AG is chosen. This machine also has two spindles
but can reach a winding speed of 50 windings per second.
For the manual loading and unloading of the wound coils at
the flyer machine five seconds are assumed each time result-
ing in a total cycle time of:
nzwnspercoilncoils

+

tll = losncoils 50

Because of similarities to the needle winding machine
again 0.5 employees per machine are assumed.

Like mentioned above, the flyer winding technique can be
used for concentrated windings or with an additional inser-
tion machine (#12) for distributed windings. This machine
inserts the previously wound coils of one phase into the
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stator. The cycle time according to Hagedorn and Blanc [21]
adds up to approximately:

tp = 9snphaxes

In a next step, the single copper wires are contacted.
The number of welding points is dependent on the number
of parallel coils n,,;,  and the number of parallel wires in
each coil n,,,  also often called “strands in hand”. The
total number of welding points can be calculated to:

nwelding,tozal = nwelding,coilx + nwelding,strands

With:

{ 0’

n . o=
welding,coils

2’/lphases”/lcoils,ll > 1

nwils,ll < 1

n _ O’ nwires,ll < 1
welding,strands — n

plmses’nwires,ﬂ >1

The machine used for the welding process is a laser
welding machine (#13). According to [19] such machines
are normally used for the welding of hairpin bars. But
herein, it is assumed that the machines can also be used
for contacting the parallel wires of the windings. A laser
welding machine uses image processing to identify the
exact positions of the welding points. After four seconds
of setup time and 20 s of image processing, the produc-
tion machine needs 0.22 s per welding point and 2.4 ms to
jump to the next welding point. The cycle thus results to:

t13a =245+ 0'2224snwelding,mtal

In a further step it is necessary to contact the phases
of the windings to the terminal as well as creating the
star point. For this purpose, first the copper bundles of
the phases are manually inserted into winding sleeves. A
worker needs approximately 15 s per sleeve [1] resulting
in a cycle time of:

t = 15sn

sleeves sleeves

The number of winding sleeves n can be calculated

to:

sleeves

Ngleeves = 2nphusesnlayers

Each sleeve is assumed to have 0.5 m of length. The
costs per meter of sleeve material are stated in Table 5.

Then the copper bundles can be contacted to the termi-
nal and the star point can be created. Therefore, the ultra-
sonic technique (#14) is selected. The number of welding

points n ; adds up to:

welding termina

+n

nwelding,terminal = nphases starpoints
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The number of star points of the winding 7., usu-
ally equals one, it may however vary for machines with
other than three phases (e.g. a 2 X 3 phase winding).

The ultrasonic welding machine needs four seconds to setup
and 1.4 s for the welding process as well as 1.2 s for jumping
to the next welding point resulting in a cycle time of:

tiy =4s+3.6sn

weldingpoints

The last step is the bandaging of the winding heads. The
cycle time per stator of the bandaging machine (#15) is
assumed to:

tlS = 180S

3.2.4.2 Hairpins In the first step of the production of a hair-
pin stator, the copper bar material needs to be processed into
the single hairpins. It is assumed that the raw material for
the hairpins already has an insulation layer. Thereby mate-
rial costs of 5.80 €/kg additional to the material price of
raw copper are assumed for hairpins. A machine (#16) of
the company Otto Bihler Maschinenfabrik GmbH & Co.
KG combines the process steps of setting, cutting, and strip-
ping the raw copper bars and forming them into hairpins.
According to the manufacturer the machine needs three to
ten minutes of setup time per stator variant which can then
produce 80 hairpins per minute. With the number of hair-
Pins Ny, the cycle time results in:

t16 = 0‘75snhairpins

In a further step the hairpins are preassembled to a bas-
ket. The used production machine (#17) needs approximated
0.8 s per hairpin to set it. The cycle time can be calculated
to:

tl 7= 0'8snhairpinx

The amount of hairpin baskets is dependent on the
number of winding layers n,,,,,, and the hairpins per slot

nHairpins,xloz:

nlayers nhairpins,slot

Mpaskets = 2

The next production machine (#18) inserts the hairpin
baskets into the slots of the stator. It needs approximately
25 s for one hairpin basket resulting in:

tlS = 2ssnbaskets

To allow the twisting of hairpins the copper ends of them
need to be necked creating a space between the ends of the
hairpins. This production machine (#19) requires 20 s per
stator. The cycle time thereby is fixed to:

tig = 20s

Like mentioned before, the copper ends need to be twisted
so that the hairpins can be connected and form a circuit. In
two steps of 20 s each, a production machine (#20) performs
the work, resulting in a parameter-independent cycle time of:

by, = 40s

The last step of the individual hairpin stator production
process is the welding of the twisted hairpin ends. Because of
the findings from [19], the same laser welding machine as for
the coil and strand connection is chosen (#13). The amount
of welding points 1,4, 1, 18 calculated with the number of
hairpins n,,,,,,;,, and the number of phases 1,4, to:

nwelding,hp = nhairpinsnphaxes
Thus, the cycle time is:

tizp =245 + 0.2224snwe,ding!hp

3.2.4.3 Formed-Litzwire Formed-Litz wire is a form-pressed
round wire, which increases the copper density in the wire
and consequently the fill factor to between 60 and 70%. These
wires are often produced with thermal bonding wire, mean-
ing that through heating the wire gets stiff, comparably to a
hairpin bar [40]. It is therefore assumed in this model, that
windings using Formed-Litz wire are produced with the same
production processes than hairpin windings. This has been
described in Sect. 3.2.4.2 before.

As a material price for FLW 11.20 €/kg additional to the
material price of raw copper (cf.Table 5) is assumed [45].

3.2.5 Shaft

The production of the shaft is split into four steps. In a first
step the raw material (hardened steel) is cut by the length of
the shaft. Appropriate machines (#21) can handle 50 shafts per
minute resulting in a cycle time of:

t21 = 1.2S

The shaping of the shaft is done at a lathe machine (#22).
The machining velocity v, the feed f and the back engage-
ment of cutting edge a, are material and machine dependent.
The values are listed in Table 3 below:

The cycle time for the lathe for one shaft segment can be
calculated using the parameters from Table 3 and the raw
material diameter d,,,,, the length of the segment [, ; and
the desired diameter dj;,, .. The overall cycle time is the sum
of the cycle times of each shaft segment s.
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Table 3 Parameters for the lathe

machine [47] Parameter Value
Ve 25m/s
f 7 % 107 m/turn
ap 25%10%m

#segments

a dmw lxhaft,s (draw - dﬁnal,s)
s=1 VCfaP

With the presented formula for the cycle time of the lathe
machine, the shape of the shaft can be considered with dif-
ferent lengths and diameters. Here however, a relatively sim-
ple shaft geometry is considered: The shaft has the radius
identical to the inner rotor radius over the sheet stack length
and two equal parts with reduced radius at each side (Fig. 1).

After the shaping of the shaft is done it needs further
processing at a machining center (#23). For the model it
is assumed that this process step can handle one shaft per
minute resulting in a cycle time of:

I =

ty; = 60s

The last step of the production of the electrical machine’s
shaft is the induction hardening. The shaft is heated and
immediately quickly quenched so that the material gets
harder. An induction hardening machine (#24) has a cycle
time according to [7, 26] of:

t24 = 20S

3.2.6 Cooling system

Electric motors in automotive applications are always liquid
cooled due to the requirements of high compactness and low
weight [9]. Commonly seen cooling systems comprise water
jacket cooling (e.g. VW electric motors and Jaguar I-Pace),
direct winding cooling with oil (e.g. Tesla) and rotor shaft
cooling (e.g. Audi e-tron). Within this model, four different
cooling systems can be evaluated regarding its production
costs: Frame cooling (Sect. 3.2.6.1), end-winding cooling
(Sect. 3.2.6.2), full-winding cooling (Sect. 3.2.6.3) and rotor

0.03m + heopyi Lstack 0.03m + hepwi
e ala »ld »l
¢0.55 Ty in Tyin i 0.55 77 i

Fig. 1 Assumed shaft geometry (3 segments)
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cooling (Sect. 3.2.6.4). Independent of the selected cooling
system and production volume, costs occur for the generally
required parts for such a system (Table 4).

All the cooling systems presented in this chapter are real-
ized through the adaption of existing parts of the electrical
machine. This way, the production processes from previous
chapters are used.

3.2.6.1 Frame cooling The frame cooling is the most com-
mon cooling system among the presented possibilities. In
this model the frame cooling design is similar as presented
in [20], where the housing of the electrical machine has spiral
channels. To reduce production costs, it is estimated that these
channels can be created in the housing casting process step
described in Sect. 3.2.1 so that the form that is used for the
die casting features the cooling channels. This requires a sec-
ond outer housing in a cylindrical form that closes the cooling
channel in radial direction. An example of this outer housing
can be found in Kampker [24].

Because of the chosen production process (casting), a frame
cooling system can save some material of the housing because
of the hollow cooling channels. The volume of these spirally
arranged channels V,;, can be calculated to:

2 l 2
Var =\ I+ 27 gt Vb e
“ ’ +< ”WCh+0.Olm(rM”” + M,m)) Wephlen

Here, w;, describes the width of the channel, 7, the channel
height and r,; ;, the stator radius. The radial distance between
the cooling channel and the inner side of the housing /,,;, is
set to 3 mm [20]. The material savings m,,, from the cooling
channel can then be calculated to:

mey, Vch

= Paluminum

3.2.6.2 End winding cooling In this model an end-winding
cooling system is introduced, which uses two toroidal hous-
ings for the winding heads (cf. [38].The mentioned hous-
ings follow the same production process as the main housing
described in Sect. 3.2.1 except for using different parameters
for the size and surface quality. In this model the housings for
the winding heads are represented by a torus with rectangular
cross section. The needed raw material volume for these hous-

Table 4 Purchased parts for the general cooling system

Part Price [€] Reference
Coolant pump 30.60 [30]
NTC 1.88 [25]
Sealing cord 3.53 /m [39]
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Fig.2 Dimensions on the assumed end-winding housing

Table 5 Prices for standard materials

Material Price Reference
Copper 7.79 €/kg [12]
Steel 16MnCr5 1.02 €/kg [16]
Aluminum 2.42 €/kg [11]
Insulation paper 26.60 €/m> [39]
Cover slide 0.42 €/m [32]
Sleeve 0.50 €/m [31]
Resin 10.00 €/dm? [13]

ings V., is calculated by following equation with the param-
eters displayed in Fig. 2.

dva dWa
Vcap = 27[henwi<r12<1 + hL”) — r; + r32 _ ,.42<1 + ; 11.))

Additionally to the two housings, a sealing cord is needed
between the housing’s walls and the stator stack. Two seal-
ing locations for each of the two housings are needed result-
ing in a sealing cord length of:

[ =4x(r; +ry+r3+ry)

sealing

3.2.6.3 Full winding cooling The full-winding cooling
system is based on the end-winding cooling system and
its winding head housings. Additionally, a sealing, respec-
tively, cover slides between active winding and the air gap
are required to prevent the cooling liquid from getting in
contact with the rotor. With this system the active windings
are directly cooled as shown in [41] and [34]. It is assumed
that the cover slides must be inserted manually into the sta-
tor slots. The cycle time is estimated to:

= 10sn

tﬁtllwindingcooling slots

It shall be noted here, that in comparison to the end-wind-
ing cooling additional space between the wires is required
for the coolant path and that therefore, the copper fill factor
is considered lower, resulting in less overall copper material
being used for the full-winding cooling.

3.2.6.4 Rotor cooling The rotor or shaft cooling repre-
sents another popular cooling system to increase the mag-
net cooling capabilities. For this model, the layout of the
rotor cooling is based on that of the Audi e-tron [2]. The
shaft is made hollow by drilling and an aluminum pipe
is inserted into the shaft. The pipe forms the inlet for the
coolant. The machining center used in the production pro-
cess of the shaft can also be used to perform the drilling.
The cycle time for the drilling is depending on the diame-
ter d,;; that needs to be drilled out, the length of the drill-
ing [,,;; and the parameters v and f presented in Table 3.

gyl grin

t, . =
drill ch

It is assumed that to provide the rotor cooling, 90% of
the shaft’s length needs to be drilled out and 65% of the
shaft’s diameter. Furthermore, the length of the needed
pipe is set to 90% of the drilling depth. The costs for a
suitable aluminum pipe are estimated independent from
the bore diameter. An average price of 6.39 € per meter
can be assumed [29].

3.3 Material costs
3.3.1 Material prices

To allow the cost calculation of many different PMSM
designs, it is crucial to consider different materials for the
EM’s parts. The materials are separated into two groups.
Raw materials (copper, steel, and aluminum) as well as
purchased materials are assumed as “static”. The costs for
those are calculated by the price per weight/length/area/
volume (Table 5).

On the other hand, we consider materials whose price
is scaled by their characteristics: Iron sheets and rare earth
magnets. The price of the iron sheets used for the stator
and rotor is assumed to be dependent on the thickness of a
single sheet. Selecting thinner iron sheets results in higher
costs for the same amount of material but also in lower
eddy current losses. Based on an internal study the prices
for different iron sheet materials are approximated by an
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exponential relation. With a price of 1 €/kg for an iron
sheet with a thickness of 0.35 mm the prices for other iron
sheets with a thickness d (in mm) can be derived:
1£ 035 mm
kg
d

K =

The price for different magnet materials is assumed to
be dependent on its grade, more specifically on the maxi-
mum energy product E of the selected magnet. It is defined
as the maximum product of the magnetic flux density B
and the magnetic field strength H along the demagnetiza-
tion curve of a magnetic material in second quadrant of the
BH-curve. Based on a price of 66.45 €/kg for N38 magnet
with a max. energy product of 38 MGOe the price of every
magnet material with a certain max. energy product E can
be approximated by:

6645
Kytagnes = Bt
Magnet =~ 38MGOe

In the choice of the type of insulation paper for the stator
windings, the thermal class plays a crucial role. Here, insu-
lation paper with the thermal class H is selected to assure a
temperature limit of 180 °C. Specifically, we chose TRIV-
OLTHERM® NKN paper with a thickness of 0.2 mm and a
price of 141 €/kg or 26.60 €/m* [28, 39].

The selected slot cover slides also fulfill the thermal class
H and cause costs of 0.42 €/m [32].

3.3.2 Scaling of price with production volume

Because of the used retail prices for materials, cost reduc-
tions with higher production volumes need to be imple-
mented. With data from [26], scaling factors for different
production volumes can be determined. Assuming a linear
influence of production volume X, factors for cost reduction
Jredumas €20 be given by:

Table 6 Parameters of the
different materials for the linear
cost scaling function Steel

Material &, ky

—0.562 5.62e—7
Aluminum - 0.699 6.99¢e— 7
Iron sheets — 0.489 4.89e— 7

Magnets —-0.970 9.7e-7

Copper — 1305 1.3le-6
Insulation —1.061 1.06e—6
Resin —1.423 1.42e-6
Average —0.888 8.88e—7
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X
fredu,mat = kl W + k2 +1

Kampker [26] gives absolute material costs for steel, alu-
minum, iron sheets, magnets, copper, insulation, and resin.
Based on these costs, relative factors for the mentioned
materials can be assumed resulting in the factors k; and k,
Table 6.

Exemplarily, a decrease in the relative material costs of
copper from 100% for the lowest possible production volume
to 87% at a production volume of 100,000 units/year is nota-
ble (frequmar = 0.87). The presented linear approach is valid
up to a maximum production volume of 150,000 units/year.

3.4 Labor costs

The labor costs in this model base on German average
hourly labor costs in the automotive industry of 35.62 €/h
[10]. Labor costs include wages and social security contri-
butions. For each production process, the costs for workers
that are needed for a manual operation or to supervise the
production line K, ; are implemented by a fixed factor
k;; on the machine runtime 7.

Klabor,i = 35'62€klei

For some machines, the factor k,,i is specified in
Sect. 3.2, if not, 0.5 is assumed. Additionally, there are
purely manual operations performed by the workers. The
labor costs incurred by such processes have been described
in Sect. 3.2.

In this model, a production based in Germany is
assumed. If production happens in countries with lower
labor cost levels, some costs can be saved in this category.
With average labor cost from eastern European countries
of 7 € to 11 € [15], the absolute machine production costs
could be reduced. The reduction potential however is lim-
ited because labor costs play a minor role regarding the
overall costs, with a contribution of only 1.6% to 6.1% to
the overall costs (cf. Table 10).

3.5 Purchased parts

Purchased parts comprise the parts that are not manufac-
tured using the previously presented processes but which
are typically purchased by suppliers without processing
them further (e.g. bearings or resolver). The following

non-linear equation is used to estimate its costs K,

Kpurch = X1229_0.284f}70w
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Query Point 1: 1000 units/year, 171.60€
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Fig.3 Function to scale purchased parts costs over production vol-
ume for a 50 kW PMSM (f,,,, = 1)

pow

where X is the production volume and f,,, is a factor
accounting for the influence of rated EM power on costs
of the purchased parts. The equation was developed using
the following two query points for low and high production

volume of a 50 kW PMSM:

1. Atalow production volume of 1000 units per year, [25]
states overall costs of the purchased parts of 171.60 €.

2. On the other end of production volume range, at 100,000
units per year, [23, 26] states a reduction of the overall
purchased parts costs to 46.80 € for the same PMSM.

With above presented equation, a curve results that uses
the mentioned query points at low and high production
volume (Fig. 3).

Furthermore, a term f,,,, is introduced in the approxi-
mation formula that accounts for the increasing prices of
purchased parts with higher machine power (e.g. bigger
bearings, more screws, longer cables, etc.).

P, — S0OkW
Joow =1+ 0'5—450kW

The equation bases on the assumption that a ten times
higher power results in a cost increase of the purchased parts
by 50%. The overall costs can be further divided into the
individual component’s costs, as listed in Table 7 below.

It is assumed here, that the stated shares of the parts do
not change with production volume.

3.6 Final assembly

The costs for the final assembly of the motor K are
approximated based on data from Kampker [26], who
states costs of 77.20 € for a production volume X of 1,000
units per year and 24.28 € for 100,000 units per year. Fol-
lowing equation results from curve fitting:

Table 7 Share of individual purchased part costs of a 50 kW PMSM
at production volume of 1,000 units per year [25]

Purchased part Share from
overall costs
(%)

Resolver 35.9

Bearings 50.3

Connectors 4.3

Temperature sensors 1.1

Screws 3.1

Other 53

K, = X73070%%

pow

Similar as for the purchased parts costs, the factor f,,,
is introduced to account for an increased assembly effort

with more powerful motors.

4 Validation

To validate the correctness of the presented methods, the
costs of three selected PMSM were calculated with the
presented model and compared to estimations from [33].
Since not all the required cost model input data is pub-
licly available, an FEM model of the motor was developed.
By variation of the unknown parameters (e.g., iron sheet
material), those parameters with which torque and power
rating of the FEM model match the published performance
of the real motor could be found out and be used as cost
model input. Then, the cost model is executed for multiple
production volumes and the production volume at which
identical production costs are met is evaluated.

Table 8 shows that the costs for the three PMSM esti-
mated by Munro can be met at realistic production vol-
umes. Overall, the three production volumes are in a range
of a series production so that the herein generated cost
results are assumed plausible.

Table 8 Cost comparison of series produced EV Motors

Motor Own cost estimations [€] Estimations
from [33]
[€*]
Tesla Model 3 561.80 at 37,000 units/year 561.64
MY2017 (rear)
Chevrolet Bolt 616.17 at 28,600 units/year 616.44
BMW i3 747.58 at 22,800 units/year 747.40

* Based on an exchange rate of 0.9 from USD to EUR.
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In [18], 7000 PMSM with different torque and power
ratings are analytically laid out and its costs with an
assumed production volume of 50,000 units per year are
analyzed. In the same torque range as the herein modeled
motors (140 Nm to 690 Nm,cf. Fig. 4), the author states
production costs of PMSM between 374 € and 1320 €,
while our model delivers costs between 353 € and 770 €.
The range of herein achieved results is smaller than in the
reference and in average cheaper. However, it still lies well
within the stated range.

With regards to the comparison of cost values from
literature, it is important to mention that the calculation
of production costs for reference motors is depending on
several unknown aspects. To allow a correct comparison
of different costs, basic requirements of all calculations
must be the same. Munro for example adds a 22% sur-
charge for administration, profit, logistics and patent/roy-
alty fees on the raw manufacturing costs [43] which needs
to be subtracted since the presented cost model focusses
on the production costs without margin. Also from [18],
important aspects of his calculations stay unknown such
as added margin/profit, raw material price scaling or the
exact methods for the generation of EM designs.

With consideration of the natural and described uncer-
tainties, the herein generated results match adequately
with the results from [33] and [18]. The presented methods
are therefore considered to be realistic.

5 Results

The presented cost model provides the ability to calculate
the production costs for a PMSM design for different pro-
duction volumes. It can additionally be used to vary design
parameters (e.g. materials, windings or geometry) to assess
their influence on the production costs. In the following, var-
ious analyzes are presented, where either the production vol-
ume, or the PMSM technology (and associated production
processes) are varied and the effect on costs is evaluated.

The estimated absolute costs over the 30 s peak torque
specification of 15 typical PMSM in automotive applica-
tions for different production volumes are presented in Fig. 4
below.

The cost range is between 306 € and 843 € for a large-
scale production and between 1183 € and 1991 € for a small
scale production, hence the influence of the production vol-
umes on machine prize is significant. In other words: with a
large-scale production, the costs can be reduced up to 77%
in comparison to a small scale production. Machines which
are relatively big and therefore use a lot of raw materials
show less reduction potential with this regards (e.g. BMW
i3 motor). It can thus be concluded that the equity, the tool-
ing and the maintenance costs can be reduced much more
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Fig.4 Costs of various automotive PMSM over torque for different
production volumes (“Small production volume” assumes 1000 to
5000 pieces/year, “Medium production volume” 15,000 to 25,000
units/year and “Large production volume 100,000 to 150,000 units/
year)

Table 9 Equations for the rough estimation of PMSM production
costs based on 30 s peak torque and production volume

Production volume Equation for cost estimation [€]

Small Kvmall = 0'969Tpeuk + 1066
Medium Kopedium = 0.772T g + 372
Large Kyign = 0.701T,,, +224

over higher production volumes than raw material costs. The
linear regression lines in the figure furthermore show that a
linear relationship between costs and peak torque rating of
the machines can provide a simple approximation. Hence,
the following equations can be used to roughly estimate the
production costs (in €) of a typical PMSM based solely on
its peak torque:

The presented table only provides cost estimation formu-
lae for three different volumes. However, if a more detailed
breakdown over production volumes is of interest, Fig. 5
can be referred to.

Figure 5 shows the cost development of a 100 kW/340 Nm
motor over the full production volume range. It gets clear,
that the cost cannot be decreased linearly with produc-
tion volume since, as said before, material prices do only
decrease to small extend with higher production volumes.
This is also confirmed by the following figure, where the
cost categories of an exemplary PMSM are displayed:
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Fig.5 Production costs of the PMSM design from [20] over produc-
tion volume

Figure 6 shows how the distribution of the production
costs on the different cost categories changes by varying the
production volume. The chosen motor for this evaluation is
the Tesla Rear PMSM (cf. Table 8). The complete result data
is given in Table 10.

For small production volumes the main cost driver is the
equity for the machines (depreciation and interest costs),
39% of the EM costs can be attributed to it. Increasing the
production volume leads to a higher weighting for the mate-
rials as the costs in this category can only be reduced to
a small extend with higher volumes. For high production
volumes over 100,000 pieces per year, more than half of
the costs of a PMSM (58%) can be attributed to the used
materials.

The cost model can also be used to evaluate the cost dis-
tribution over the different physical parts of the PMSM:

Figure 7 shows a split of the costs among the different
parts of the PMSM of four benchmarked motors. The first
thing that appears is the high price of the BMWi3 Motor in
comparison with the other motors. This is mainly due to its
big size in comparison with the other motors and the associ-
ated costs for raw materials.

Production volume:
small medium

ol

I Material B Equity
[ Tools & area [ Purchased parts
[/ Labour [ Maintenance
I Assembly

Fig.6 Share of different cost categories from overall costs for differ-
ent production volumes

Table 10 Contribution of different cost categories to overall costs for
different production volumes

Costs contributions: Production Volume

Small (%) Medium (%) Large (%)
Material 21.8 46.1 58.4
Equity 39.3 16.9 8.0
Tools & area 15.8 6.5 39
Purchased parts 12.4 18.6 16.6
Labor 1.6 3.5 6.1
Maintenance 4.0 1.7 0.9
Assembly 5.1 6.7 6.1

600 " | BMW i3
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I Chevrolet Bolt
[ Prius 2004

I
S
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Fig.7 Costs split over the parts for four benchmarked PMSM (large
production volume)

Furthermore, it can be seen from the figure that in this
investigation the stator production including its winding is
the most cost-intensive part of the PMSM. This is due to
complex machinery that is required for the winding and the
high resource prices of copper. Magnet assembly (rotor) is
the second most expensive part, but it does not, as often
postulated, dominate the overall costs alone. Interesting to
note is also that housing and cooling system production play
(for the herein assumed cooling architectures) only a minor
role in comparison to the other parts.

Moreover, the presented cost model enables a system-
atic comparison of the production costs for different cooling
systems:

Figure 8 shows the average costs of the PMSM displayed
in Fig. 4, but each of them now modeled with frame or wind-
ing cooling system (optionally including rotor cooling), as
has been described in Sect. 3.2.6. It can be observed, that a
frame cooling represents a cheaper solution than a winding
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Fig.8 Average costs of different cooling systems for three production
volumes

cooling system: in average over the 15 calculated motors, it
is 35 € to 42 € cheaper. The additional costs for the winding
cooling system result from the needed end-winding housing
and the slot sealing. Additional rotor cooling is in average
over the motors only 4€ to 30€ more expensive (depending
on production volume) due to its simple assumed geometry
(hollow shaft together with some purchased sealings and con-
nectors). In contrast to the winding cooling system produc-
tion, the additional rotor cooling gets very cheap with high
production volumes. This is due to high share of automation,
which is assumed for the rotor cooling production, whereas the
assumed production processes for the winding cooling system
production assume manual work for installing the slot sealing.
Furthermore, additional raw materials are being used for the
housing, which is not the case for the rotor cooling system.
Next, the costs of different wire technologies are com-
pared. All 15 PMSM designs have been calculated assuming
either a round wire winding or hairpin windings. This way,
the effect of wire technology on the motors production costs
in combination with production volume gets visible (Fig. 9).
Figure 9 shows, that for small production volumes, the hair-
pin wire technology is more expensive than round wires due to
the high investment costs in production machines. On the other
hand, the manufacturing process for hairpin wires shows a higher
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Fig.9 Costs over torque of PMSM for different production volumes
and wire types (round wire and hairpin wire)

grade of automation and therefore less required workers. This
leads to the effect, that the costs of hairpin and round wire are
almost equal for large-scale production volumes. Hence it can
be concluded that the break-even-point, where the hairpin wire
production gets cheaper than round wire is just reached here: it
lies at a production volume of around 150,000 units/year.

6 Discussion

This chapter intends to outline and discuss the limits of the
presented model and investigations: Some of the previously
shown results contain findings that were generated by an iso-
lated variation of certain technologies (e.g. winding and cool-
ing system variation). The other motor parameters have not
been changed during the variation, so that only the cost aspect
of the technology change is visible in the results. It may for
instance be that with a more performant cooling system, which
is more expensive (here full-winding cooling), the motor can
be downsized for same power/torque so that some raw material



Automotive and Engine Technology

costs can be saved. However, considering all these interactions
would require a ‘holistic’ approach, implying many iterations
of the applied motor designs including computation intensive
FEM evaluations. This was not possible to realize within the
present research project and hence, interpretation of the gener-
ated technology comparison results should be seen under this
context. Despite not using a fully ‘holistic’ approach here, we
think that the results of an isolated technology variation can
serve to better understand the cost implications of different
technologies and hence to find better cost-performance com-
promises in the future.

7 Summary and conclusion

A modular cost model was presented, which delivers valid
results. The individual sub-models are interchangeable and
can be extended to new finding or adapted to a changing
state of the art.

The overall costs for the production of a PMSM are com-
posed from manufacturing, material, labor, assembly and
purchased parts costs. Each of those categories shows differ-
ent characteristics with variation of the production volume.
For instance, raw material prices do not get cheaper with the
same rate as manufacturing costs with increased production
volume. This leads to the effect, that material costs dominate
at high production volumes and manufacturing costs at lower
production volumes (Fig. 6).

The machine hour rate calculation is applied for the esti-
mation of manufacturing costs of PMSM. Here, manufactur-
ing costs are composed of depreciation-, interest-, space-,
energy-, maintenance- and tooling costs. All of these costs
are evaluated individually for a specific production step and
its associated required machines (cf Table 12). By publish-
ing the most important the used methods, scaling functions
and assumptions, the herein presented model can be used for
further research in this field.

With the calculation of 15 reference motors (six from
literature and nine self-designed), a linear relationship can
be derived between peak torque of a PMSM and its projected

costs for different production volume (cf.Table 9). The lin-
ear relationship is a simplification, but [18] states similar
findings.

In general, it was found that the production costs are very
sensitive to the assumed production volumes. In average, the
cost reduction per motor when ramping up production from
5,000 to 150,000 units/year is 67%.

In another application of the model, the individual parts
of the overall costs of the PMSM were assigned to physical
parts of the electric motor. It could be shown this way, that the
winding (and not as often stated the magnets) seem to present
the dominating part of the costs due to its complex production
process and the cost of raw copper.

The comparison between the manufacturing costs of round
wire and hairpin wire shows that hairpin wires are in most
cases the more expensive choice (cf. Fig. 9). However, at an
assumed production volume of 150,000 units/year (maximum
in this investigation), the costs equalize, reaching the break-
even-point: above this volume, hairpin wires are becoming
cheaper than round wire technology.

Another conducted technology comparison concerns the
cooling system of the PMSM. Herein, a conventional and
often seen frame cooling system is compared to the innova-
tive but yet rarely seen direct winding cooling system. In
average, the winding cooling system is 39 € more expensive
than the frame cooling system, relatively independent from
production volume (labor costs are high). An additional
simple rotor cooling system is very cheap at high produc-
tion volumes due to its high grade of automation and only
few additional purchased parts: it only adds around 4 € of
extra costs. For small production volumes, the difference is
greater: up to 30€ extra must be accounted.

The presented cost model makes it possible to evaluate
technologies with regards to costs and thus enables a more
holistic assessment of technologies for PMSM. This can help
in the early development process to identify those designs and
materials, which provide the best compromise between costs
and performance. Optimizing the cost/performance ratio of
electric powertrains will make electric mobility more attrac-
tive, thus helping to ramp up registrations, to reduce road
transport emissions and to fight climate change a little more.
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Table 11 General assumptions of the cost model Appendix

Yearly work hours of one employee (7) 1820 h

Working shifts (dynamically adjusted) 1-3 General Assumptions

Electricity price kg [6] 26.64 ct/kWh

Running costs of facitlity K, [22] 400 €/m2/year  The presented cost model makes some general assump-

tions that apply to all production steps.
See Tables 11, 12.

Table 12 Production machine data

#  Machine Type Invest [k€] Depreciation Tool Costs [k€] Mainte- Avrg. Power / Energy Area [m?] Reference
Period [years] nance Cost
[ke€]
Die casting 900 6 270 90 40 kW 12
2 Machining center 350 6 105 35 40 kW 12
housing
3 Deburring 150 5 15 15 40 kW 12
Pressure blasting 250 5 25 10 40 kW 31
system
5  Punch Press 2.000 8 500 200 40 kW 12 [23,26]
Gluing and packag-  2.700 10 30 270 40 kW 12 [23, 26]
ing system
Magnet assembly 400 5 40 40 SkW 12 [37]
Slot insulation 200 6 40 20 2.5kW 12 [37]
Impregnation 2.000 6 400 200 10 kW 12 [13,37]
10 Needle winding 500 6 150 50 11 kW 4.8 [4, 23, 26, 37]
11 Flyer winding 350 6 105 35 11 kW 4.5 [3,21, 37]
12 Insertion machine 3.800 6 1.140 380 4 kW 12 [18]
13 Laser welding 498 6 50 50 1.42 Wh/ welding 12 [19]
14 Ultrasonic welding 148 6 15 15 1.03 Wh/ welding 12 [19]
15 Bandaging 300 6 60 30 2.5kW 12 [37]
16 Hairpin production  2.100 6 210 210 40 kW 12 [35]
(BM-HP 4500)
17 Hairpin Pre-assembly 800 6 80 80 40 kW 12 [27]
18 Hairpin Basket 800 6 80 80 40 kW 12 [27]
Assembly
19 Hairpin Necking 120 6 12 12 40 kW 12 [27]
20 Hairpin Twisting 2.500 6 250 250 40 kW 12 [27]
21 Hydraulic press 2.500 6 625 250 40 kW 12
22 Lathe 500 5 125 125 40 kW 12
23 Machining center 700 6 210 70 40 kW 12
shaft
24 Induction heating 1.500 8 150 150 1.68 kW/piece 14 [7, 23, 26, 42]
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