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Abstract—This paper deals with an induction machine whose

squirrel cage is made of copper obtained by die casting process.

The major issue of this process is the thermal shock suffered by

the laminations, leading to the deterioration of insulation coating

as well as the generation of interbar currents, those currents

being responsible for addition stray losses. This issue can be

counteracted by using grain oriented laminations on the rotor.

In particular, the paper highlights that due to the specificity of

the insulation coating of that kind of electrical steel it does not

suffer from the thermal shock. It is shown that using a squirrel

cage made of copper combined to grain oriented laminations in

the rotor leads to a decrease of both core losses and stray load

losses and an increase of the efficiency of 1.6%.

Keywords - die casting copper, core losses, grain oriented

electrical steel, stray load losses, induction machine.

I. INTRODUCTION

Nowadays, increasing the efficiency of electrical motors has

become a priority in order to reduce electricity consumption

and CO2 emissions. This is why an International Standard [1],

dated 2014, specifies an efficiency class for electrical motors.

A lot of studies on the subject can be found in the literature.

The most common technique used by machine manufacturers

is the core-stack length approach [2,3] which simply consists

in increasing the stack length. However this concept is limited,

particularly when the machines are already IE3 or IE4 [4].

Another approach consists in replacing aluminium by cop-

per in the squirrel cage [5]–[8] in order to take advantage of

the latter lower electrical resistivity. It is shown in the literature

that using that king of squirrel cage can significantly reduce

rotor Joule losses. As an example, an efficiency increase of 2 %

can be obtained with 1.5 kW, 3 kW and 7.5 kW motors without

modifying their size [8]. Of course, it is also possible to reduce

the motor size while keeping the same performance. The main

difficulty with that technique is about the tool lifetime since

the high melting point of pure copper may result in fast deteri-

oration of the foundry tooling. Nevertheless, this drawback can

be solved by choosing the proper material for those tools [9],

making it possible to get a commercially feasible process [10].

Another issue encountered with squirrel cage obtained by high

pressure die casting, whether made of aluminium or copper,
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is the deterioration of slot insulation during the manufacture.

This phenomenon is responsible for interbar currents occuring

in the rotor [11] leading to additional stray losses [12].

Another method for increasing the efficiency of an electrical

device is to consider the best electrical steel possible in terms

of magnetic performance. Due to its isotropic properties, Non

Oriented (NO) steel is best suited for the design of devices

under rotational magnetic field conditions, which is why the

very large majority of rotating electrical machines are built

with this material. On the other hand, Grain Oriented (GO)

electrical steel presents very good magnetic performances, i.e.

way lower core losses and higher magnetic flux density at

saturation, compared to NO in the Rolling Direction (RD).

Its high anisotropic behavior is the reason why it is very best

suited for unidirectional electric excitation whereas it is not

widespread in rotating machines. For that kind of application

it is encountered in the form of segmented laminations in per-

manent magnet synchronous machines [13] and switched re-

luctance machines [14]. It is also encountered in the form of

non-segmented shifted stack in induction machines [15]–[17].

In this case, the gain of efficiency is around 2 % [18]. GO

electrical steel also presents a better electrical insulation than

NO material since the insulation coating is created during the

manufacturing process [19]. This can be a solution to coun-

teract the aforementioned interbar currents.

Works presented in this paper deal with the study of an

induction machine composed of a copper squirrel cage realized

by high pressure die casting copper and a rotor core made of

GO electrical steel sheet in order to decrease the core losses

and the stray load losses. In the first part, the die casting

process is described in order to explain the reason why the

insulation coating and the thermal shock have an impact on the

efficiency of the machine. In order to validate the use of GO

electrical steel associated to die casting copper process, several

samples are annealed at different temperatures. A comparison

with and without annealing in terms of magnetization curve

and core losses is presented. In the second part, the new as-

sembly method of magnetic circuit with GO electrical steel is

explained. In order to validate the use of GO in AC machines,

a simple experimental structure allowing to compare cores

made of different electrical steel sheet grade and thickness

is presented. In the third part, a comparison between a die
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casting copper rotor with NO material and a die casting rotor

with GO material is shown. The last part is a discussion in

which the authors explain the gain of die casting copper rotor

with GO electrical steel in terms of core losses in the induction

machine.

II. DIE CAST SQUIRREL CAGE

A. Influence of die casting process on NO electrical steel

Usually, the squirrel cage of an induction machine is made

of high pressure die casting aluminium, which is widely recog-

nised as an affordable manufacturing process. During the pro-

cess, the rotor core plays the role of mold in which molten alu-

minium is poured. In consequence, the electrical steel sheets

composing the rotor are subject to a thermal shock [20] but

the melting temperature of aluminium (600 ◦C) is low enough

so that they are not damaged during the process. The melting

temperature of copper being way higher (1083 ◦C) , building

a squirrel cage cast in copper implies the process to be per-

formed at a temperature between 1100 ◦C and 1200 ◦C. Hence,

the electrical steel sheets are subject to a way more important

and faster thermal shock [21]–[24] whose effects can differ ac-

cording to their grade [25]–[30]. On one hand, a deterioration

in terms of core losses was observed for the fully processed

electrical steel for an annealing temperature above 700 ◦C. On

the other hand, an improvement of magnetic properties is noted

for the semi processed steel for a temperature above 1000 ◦C.

Moreover, no matter the grade, the thermal shock often leads to

a shorting of the electrical steel sheets on the contact are with

bar conductors as shown in Fig. 1. This shorting is responsi-

ble for the deterioration of interbar resistance, leading to the

apparition of interbar currents, which is observed on machines

with squirrel cage made of die casting copper [11,31].

B. Using GO material with die casting copper process

Usually, the cores of AC electrical motors are laminated in

order to reduce the effects of eddy currents and to minimize

core losses. Most of motors manufacturers use NO fully

processed electrical steels with standard organic or inorganic

coatings. Die casters recommend the latters to be of Class 5,

that is their maximum annealing temperature is 850 ◦C, which

suits well with the aluminium squirrel die casting process

but is not enough to deal with copper. This is where it

is possible to take advantage of GO electrical steel coating

good properties. It is divided in two different parts. The

first part – the glass film – is produced by high temperature

annealing around 1200 ◦C during the decarburization process.

The second part is a phosphate coating deposited on steel

steel

copper

Fig. 1. Zoom on contact part

in order to create an elastic tensile stress and to decrease

the core losses. Obviously, the main interest of GO electrical

steel for die cast copper is the first part of insulation coating

because of its high temperature resistance property [32]. In

order to validate the possibility of using GO electrical steel

with die casting copper process, heating tests are realized

on standardized samples [33]. Moreover, in order for thoses

tests to be representative of die casting process, three tem-

peratures are considered: 1100 ◦C, 950 ◦C and 650 ◦C. The

first temperature, 1100 ◦C, corresponds to the temperature of

contact between copper and rotor laminations. The second

temperature, 950 ◦C, is an intermediate temperature reached

by the electrical steel during the process. The last temperature

tested, 650 ◦C, is a maximum temperature reached in the

middle of a rotor teeth. Moreover, the cooling mode is the

natural cooling of the furnace which corresponds to the one

involved during the die casting copper process. The annealing

cycles are presented in Figs. 2a, 2b and 2c. The impact

of those thermal cycles on b̂(ĥ) curves and core losses are

presented in Figs. 3 and 4 respectively. Both figures clearely

show that neither b̂(ĥ) curves nor core losses are affected by

the thermal shock which implies that GO electrical steel can

be used to make a rotor with die casting copper squirrel cage.

III. USING GO SHEETS IN AC MACHINES

GO electrical steel presents a very highly anisotropic behav-

ior. In particular, b̂(ĥ) curves and core losses greatly depend

on the angle, noted α, between the magnetic field direction and

the sheet RD. As an illustration, figs. 5 and 6 present b̂(ĥ)
curves and core losses for HGO35 steel and for several values

of α. For comparison, those figures also show those properties

for NO50 and NO35 steel, which are the most commonly used

in rotating machines. This highly anisotropic behavior is the

reason why GO electrical steel is usually used for transformers

and high power rotating machines with segmented sheets in

order to take advantage of RD good magnetic properties. In the

case of small machines, that is machines for which segmented

sheets is not an option, it appears that building the magnetic

core by shifting each sheet to the other by a β angle referring

to the RD (Fig. 7) is an interesting option. That way, depending

on the location in the stack, the magnetic flux can take advan-

tage of each sheet RD [34]. A previous work [18] showed that

the optimal value of β in terms of energy efficiency is found

at 90◦.

A. Static Machine

To determine the advantage of our assembly method in

terms of core losses, experiments are performed on static

machines whose behavior is similar to transformers under

rotating field conditions, but correspond to a four-pole in-

duction machine design without rotor slots (Fig. 8). They are

designed such that their cores require few magnetic field to be

saturated. Note that the uniformity of the airgap thickness is

ensured by using three small joints that fasten the rotor to the

stator (Fig. 8). As for the electrical circuit, it is composed of

two four-pole three-phase star-connected windings. The first

one, composed of five turns, is used to supply the machine
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(a) Annealing cycle at 1100 ◦C
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(b) Annealing cycle at 950 ◦C

0 100 200 300 400 500 600
0

200

400

600

800

1,000

1,200

Time(s)

T
em
p
er
a
tu
re
(◦
C
)

Furnace
Frames

(c) Annealing cycle at 650 ◦C

Fig. 2. Annealing cycle on Epstein Frame

whereas the second one, composed of one turn, is devoted to

the electromotive force measurement. Such a device allows to

test different magnetic circuit assembly configurations, which

would hardly be possible with actual induction machines due

to construction time and cost.

B. Core losses measurement

As stated in section III-A, the static machine rotor can not

enter into rotation, contrary to an actual induction machine.

Two conclusions can be deduced from that: static machines

can be considered as transformers and their rotor and stator

magnetic fluxes share the same frequency. This is why the

equivalent single-phase scheme presented in Fig. 9 can be used

for its modeling, where Rp represents the primary winding

copper losses, Xp is the primary winding leakage inductance,

Xµ allows to characterize the reactive power required to
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(c) b̂(ĥ) curves with or without annealing at 650 ◦C

Fig. 3. b̂(ĥ) curves with and without annealing

magnetize the machine and Rµ is tied to the rotor and

stator core losses. Rs and Xs represent the secondary Joule

losses and the flux leakage inductance respectively. As for the

electrical variables, Vp is the primary voltage, Ip is the primary

current, Ep represents the electromotive force seen from the

primary side, Es represents the electromotive force seen from

the secondary side and Vs is the secondary voltage. The last

parameters m is the turn ratio.

C. Measurements

In order to determine Rµ, a sinusoidal voltage Vp is applied

to the primary winding. A Yokogawa WT3000 digital power

meter is used to measure the stator current Ip and the sec-

ondary voltage Vs. As Is = 0 then Vs = Es. Since the primary

and secondary windings are implemented in two identical sec-



IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS 4

0 0.5 1 1.5 2
0

0.5

1

1.5

b̂ (T)

P
c
o
r
e
(W
)

Without annealing
1100 ◦C

(a) Pcore(b̂) curves with or without annealing at 1100 ◦C

0 0.5 1 1.5 2
0

0.5

1

1.5

b̂ (T)

P
c
o
r
e
(W
)

Without annealing
950 ◦C

(b) Pcore(b̂) curves with or without annealing at 950 ◦C

0 0.5 1 1.5 2
0

0.5

1

1.5

b̂ (T)

P
c
o
r
e
(W
)

Without annealing
650 ◦C

(c) Pcore(b̂) curves with or without annealing at 650 ◦C

Fig. 4. Pcore(b̂) curves with and without annealing
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Fig. 7. GO assembly method

Fig. 8. Static machine (left) - zoom on the air gap (right)

tions with a different number of turns, the electromotive force

in the primary winding can be expressed by (1). Therefore,

the core losses can be expressed by (2), where ϕ is the phase

shift between Ip and Es. Hence, Rµ can be defined by (3).

The main advantage of this measurement procedure is that it

makes it possible to circumvent the difficulty posed by the

voltage drops in Rp and Xp.

Ep =
Es

m
(1)
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Fig. 9. Equivalent single-phase scheme

TABLE I
STATIC MACHINE CONFIGURATIONS

Configurations Materials Denomination

1 M400-50A NO50

2 M235-35A NO35

3 M145-35S CGO35

4 M125-35P HGO35

Pcore = 3mEsIp cosϕ (2)

Rµ =
3E2

p

Pcore

(3)

The air-gap magnetic flux density b̂ag is a key parameter

in an electrical machine design. That is why the results are

expressed at different levels of b̂ag. It can be expressed by (4)

where na represents the number of turn of the secondary wind-

ing, ka is the winding coefficient of the secondary winding, r

is the stator inner radius, l is the iron active length and ω is

the electrical pulsation.

b̂ag =

√
2Es

2nakarlω
(4)

D. Results

The different grades used to make these static machines are

presented in Table I. Two kinds of GO materials, conventional

(CGO35) and high permeability (HGO35), are used. The

variations of Pcore with b̂ag are shown in Fig. 10 with na = 3,

ka = 0.96, r = 59.5 mm, l = 8 cm and ω = 100π.

It can be noted that HGO material is known to present

a higher deterioration of its magnetic properties along other

directions than RD [35] compared to CGO. Nevertheless, the

best configuration is obtained for the static machine made

of HGO35 which brings large reduction of stator and rotor

core losses. In the range from 0 T to 0.7 T, this difference is

mainly due to the magnetic properties from the linear part

of the b̂(ĥ) curve. Nevertheless, when b̂ag exceeds 0.7 T, the

gain becomes modest in comparison to NO35 because the RD

becomes saturated. It means that the magnetic flux tends to

establish in other directions. Despite this drawback, the static

machine made of HGO35 presents less core losses compared

to the other configurations.
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Fig. 10. Pcore at different b̂ag levels.

IV. INDUCTION MACHINE WITH GO MAGNETIC

MATERIALS AND DIE CASTING COPPER SQUIRREL CAGE

A. Test bench and tested machines

The test bench is presented in Fig. 11. It is composed of

the tested machine, a dynamometer that allows to measure

the speed as well as the mechanical torque and two thermo-

couples. The first one allows to measure the stator windings

temperature whereas the second one is for the coolant – which

is air in our case – temperature. Moreover, a DC machine is

mechanically linked to the tested machine in order to allow to

create loading conditions. The tested machine is supplied by

a purely sinusoidal voltage delivered by an autotransformer.

The DC machine is supplied by a pure DC voltage and all the

electrical quantities related to the tested machine are measured

by a 3-phase wattmeter NORMA D5000.

test
� m��h��
 �d��m�m
�
� D� m��h��


Fig. 11. Test bench

The tested machines come from an 11 kW four-pole induc-

tion machine. The main characteristics are given in Table II.

The stator magnetic circuit is made of 0.50 mm NO electrical

steel sheets (M400-50A). The first tested induction machine,

noted M1, corresponds to a machine with a die casting copper

rotor made of NO material. The second one, noted M2, only

differs from M1 in terms of electrical steels constituting the

rotor. M1 and M2 use the same stator in order to keep the

same original stator winding resistance and stator magnetic
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TABLE II
MAIN CHARACTERISTICS AND DIMENSIONS OF M1 AND M2

Rated power (kW) 11

Voltage supply (V) 380-420/660-720

Current line (A) 22/12,9

Power factor 0,81

Stack length (mm) 210

Outer stator diameter (mm) 210

Inner stator diameter (mm) 134

Outer rotor diameter(mm) 133,35

Air-gap (mm) 0,65

Stator slot 36

Rotor slot 28

Skew (◦) 10

core. That way, it allows to compare only the initial rotor and

the new rotor prototypes.

B. Efficiency Measurement

The efficiency of electrical motor is defined by:

η =
Pin − Ploss

Pin

=
Pout

Pin

(5)

Ploss = Pcore + Pfw + Pjs + Pjr + Pstray (6)

where Pout is the mechanical power, Pin is the input power,

Ploss is the sum of all losses in the motor, Pcore includes both

stator and rotor core losses, Pjs is the stator winding losses,

Pjr is the rotor winding losses, Pstray corresponds to stray

load losses and Pfw is the friction and windage losses. The

mechanical losses and the stator and rotor core losses come

from the no-load test at variable voltage levels. The stator

winding losses, rotor winding losses and stray load losses

come from load tests. In that case, the motor is coupled to

a dynamometer. The rotor winding losses are defined by the

product of the slip and the electromagnetic power. The stray

load loss, as described in [36] can be defined either from test

measurements or by assigning a value.

C. No-load test

The no-load tests are performed at 50 Hz and different

phase-to-neutral voltage supply values V are considered in

order to determine the core losses, the stator winding losses

and the mechanical losses. Note that the no-load test is

performed right after the load test in such a way both tests

are performed at the same temperature. The mechanical losses,

which are the sum of the friction losses and the windage losses,

are classically determined, according to standard [36], from

the extrapolation of the curve (Pin − Pjs) = f(V 2) since they

correspond to the Y-intercept, i.e. f(V = 0). The active power

is presented in Fig. IV-B. It clearly shows that M2 presents a

lower power consumption compared to M1. The friction and

windage losses are 157.9 W for M1 and 147.2 W for M2. This

difference of 10.7 W can be explained by the assembly and

dismantling in order to use the same stator. Indeed, even if

both shafts and bearings are chosen identical for M1 and M2,

a building factor always remains and the characteristics of the

bearings can slightly differ.

The active power is presented in Fig. IV-B. The gain on

the no-load power is 14.77 % at 220 V. The total core losses

are given in Figs. IV-B. The total gain of stator and rotor

core losses is 29.77 % at 220 V. This gain is mainly due

to the better insulation coating of GO electrical steel which

allows to reduce interbar currents and no-load stray losses [37].

Nevertheless, GO electrical steel insulation are not sufficient

to explain this improvement. The residual gain is as a result

of magnetization current difference (6.8 %) between M1 and

M2 at 220 V. The fundamental airgap magnetic flux density is

0.803 T for M1 and 0.797 T for M2. It can be noted that the

slight difference allows to confirm the previous results and to

eliminate the interrogation for the airgap thickness.

D. Stray load loss

As stated in section IV-B, the stray load losses can be

determined with load operations. The mechanical power is

measured by a dynamometer as a product of the torque by

the speed. The stray load losses are calculated by removing

the conventional losses from the apparent total losses. The

apparent total losses are defined by:

Papp = Pin − Pout (7)

The residual losses are defined by:

Pstr = Papp − (Pcore + Pfw + Pjs + Pjr) (8)
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Fig. 12. Results of no-load test
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In order to obtain the stray load losses, the residual losses

measured are smoothed with a linear regression as shown in

Fig. 13. This regression analysis is based on the expression of

the losses as a function of square of the load torque and it is

defined as follows:

Pstr = AT 2 +B (9)

Pstray = AT 2 (10)

where A and B are constant coefficients. The offset B is

removed in expression (9) to obtain the corrected stray load

losses (10) [36]. The test is considered acceptable if the coeffi-

cient of correlation is at least 0.95 according to standard [36].

In our cases, it is equal to 0.9977 for the machine with rotor

made of GO material and it is equalt to 0.9952 for the original

motor. Coefficient A is equal to 0.0577 for M1 and equal to

0.045 for M2. In order to minimize the measurement errors

on this quantity, recommendations presented in [38] have been

followed. The stray load losses maximum error measurement

is ±3 % for M1 and ±3.65 % for M2.

E. Results

Both configurations are tested according to standard [36].

M1 and M2 are supplied by a sinusoidal voltage source at

50 Hz and 380 V phase-to-phase. The efficiency of M1 and

M2 at different operation loads is shown in Fig. 14. The

difference of all losses is presented in Table III at nominal

operation (11 kW). The gain of efficiency is 1.6 points. It is

TABLE III
LOSSES OF M1 AND M2 AT 11 kW

Configurations M1 M2

Torque (N m) 72.84 72.52

Speed (Rpm) 1471.5 1472.1

Slip (%) 1.89 1.85

Pin (W) 12917.58 12647.35

Vin (V) 219.35 219.65

Iin (A) 24.093 23.892

Pjs (W) 785.96 712.07

Pcore (W) 218.58 158.019

Pfw (W) 157.9 147.2

Pjr (W) 225.62 219.01

Pstray (W) 306.16 231.99

η (%) 86.8 88.4

obtained by the reduction of all terms of Ploss in (6). The main

reduction is, as expected, obtained on core losses Pcore around

27 %. The reduction on Pstray, as for it, is equal to 24.2 % and

is due to the better insulation of GO electrical steel and the

better behavior of GO electrical steel with die casting copper

process.

A consequence of the core losses decrease is that the

operating temperature in M2 is lower that the one in M1 (89 ◦C

compared to 118 ◦C). Then, the stator winding resistor is equal

to 0.4157Ω for M2 whereas it is equal to 0.4515Ω for M1

which also leads to an improvement of 9.4 % in terms of Joule

losses.

V. DISCUSSION

The rotor core losses in induction machines during a no-

load test are usually assumed to be insignificant because the

speed is very close to the synchronous one. Hence, one might

wonder whether it is relevant to use GO sheets in the rotor

core. A first answer has already been brought in section II

since GO sheets are not impacted by the die casting process.

Nevertheless, the aforementioned assumption on rotor core

losses seems to be too strong in our case. This issue has

already been raised in [39]. In order to highlight this point,

we propose the following test: a DC machine mechanically

linked to a wound rotor induction machine are considered. The

reason why such an induction machine is considered instead

of a squirrel cage one is that the rotor windings are perfectly

insulated from the rotor laminations and so there is no interbar

currents. It allows us to distinguish the stator from the rotor

effects included in Pcore. The DC machine is used as a motor

to drive the induction machine at its synchronous speed. The

induction machine stator windings are supplied by a balanced

sinusoidal three phase voltage at 50 Hz. The balance of power

of this test bench is presented in Fig. 15, where PinAC is

the input power of the induction machine and PinDC is input

power of DC machine. PjAC and PjDC represent the induction

machine stator winding losses and the DC machine winding

losses respectively and Pfw represents the mechanical losses

of the bench. Note that Pfw includes the core losses of the

DC machine since they can be assimilated to a torque loss.
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TABLE IV
COMPARISON WRIM CLASSICAL NO-LOAD TEST VS DCM TEST

Test No-load DCM test

VAC (V) 224.221 222.616

IAC (A) 4.215 4.079

PinAC (W) 549.291 189.59

PjAC (W) 94.31 88.34

PinDC (W) - 350.131

PjDC (W) - 4.66

Pfw (W) 278.98 278.98

PstatorAC (W) - 101.241

ProtorAC (W) - 66.489

Pcoretot (W) 175.99 167.73

PstatorAC and ProtorAC correspond to stator and rotor core

losses in the induction machine respectively. The results of

the classical no-load test and the DCM test for a value of the

stator voltage VAC equal to 220 V are given in Table IV. In this

Table, ”-” corresponds to unknown or nonexistent values and

IAC is the stator current of induction machine. Note that the

presented values are global ones and so they do not account

for the harmonics. Table IV clearely shows that the rotor core

losses can not be neglected since they represent up to 39.6 % of

total core losses according to DCM test and 12 % of total no-

load power. These values are compliant with those presented

in [39]. Hence, replacing NO fully processed material by GO

electrical steel in the rotor is relevant in order to reduce the

core losses.

Pin*+ PinA+
Pfw,

Pout

Pout

=

Prot orA+

Pj*+ Pfw PjA+Pst at orA+

Pst at orA+

*+ M-./012 I134.5ion M-./012

Fig. 15. Scheme of power balance for the DCM test

VI. CONCLUSION

In this work, replacing NO material by GO material in a

die casting copper rotor and a new shifting lamination method

was investigated. This configuration allowed to decrease the

stray load losses, the rotor and stator core losses as well as the

stator winding losses. In fact, the good performance of the die

casting copper rotor with GO sheets shifted at 90◦ from each

others is due to a compensation made by the good magnetic

properties along the RD as well as the difference of insulation

coating compared to NO material. The efficiency of an 11 kW

induction machine was improved around 1.6 points without

any dimension modification.

Of course, the whole manufacturing process of that kind

of machine implies some additional costs compared to a con-

ventional one due to the use of GO steel as well as the use

of die casting copper process. Nevertheless, the purchase cost

of an electrical machine is less than 3 % of its cost of own-

ership [40]. Moreover, the cost of running is 70 % to 95 %.

Hence, the manufacturing process additional costs can easily

be fully depreciated in the useful life of the machine.
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