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Abstract. This paper highlights the benefits of replacing the
classical cast aluminum cage with a cast coppee ¢aghe
manufacture of future generation of high efficienoguction
machines used as motors or generators.

The numerical analysis carried out in the papéaised on a 2D
plane-parallel finite element approach of the inducmachine,
the numerical results being discussed and compavitl
experimental measurements.
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1. Introduction

The increasing global demand of energy corroborated
with the continuous reduction of the limited resmsg of
fossil fuel, determined the mankind to reevaludie t
medium and long term energy strategies and policies

A first adopted measure consists in accelerated
exploration and development of new electrical eperg
production technologies based on renewable sources,
such as wind energy, solar energy, etc.

Another adopted measure aimed to prevent a global
energy crisis in the future supposes the encourageaof
energy consumption cutback in both industrial and
domestic areas. This measure is supported and edpos
by a series of international and European norms,
standards and protocols referring to high efficienc
equipment, energy savings and energy recover
technigues, cogeneration technologies etc.

A noteworthy example is the US radical directivatthas
been elaborated in 1992 and adopted in 1997 that
interdicts the import of low voltage electric matanith

efficiencies smaller than certain imposed values. A
similar directive was adopted in Canada even eaiilie
1995. These regulations can be found in EPAct (The
Energy Policy Act) and oblige the manufacturers of
electric motors to explicitly inscribe the efficgnon the
delivered motors and to validate them by certified
laboratories accredited by EPAct.

As a replica to the US position, the International
Electrotechnical Commission (IEC) decided in 2007 t
propose a standard referring to the energy effigien
classes for electric motors [1]. By this standakC |
intends to keep only the old Eff2 (IE1) and EffEZ)
classes (to give up the old energy efficiency cBBES)

and to add another two classes with even higher
efficiencies, i.e. Premium Efficiency (IE3) and ®up
Premium Efficiency (IE4).

The replacement of poor efficiency electric motatigh
Effl or even higher efficiency class machines could
entail important energy savings (up to more than d%
the total electric energy consumed worldwide) and
significant reduction of greenhouse gas emissitp{?].

2. High energy efficiency induction machines

From the variety of electric energy consumers ausiry

one of the largest is without any doubt the indurti
machine operating as motor. Besides the classical
destination of the induction machine as motor this
machine is more and more used in the latest peatod
generator in the conversion chain of wind or mibyaho
energy into electricity. The induction generator is
increasingly preferred in case of renewable energy
systems due to its advantages over the synchronous
generator, such as: reduced unit cost and size,
ruggedness, brushless, absence of separate drcesou



ease of maintenance, capacity of producing enetgy a
variable speeds etc. [3].

Considering the extended use of induction machime i
industrial or domestic applications both as motod a
generator, the improvement of the energy efficienty
this energy converter represents a topic of higbrast
and could be a step forward in the context of ttieia
trend of energy efficiency and energy savings golic

As a measure for increasing the induction machine
energy efficiency, this paper proves that by simply
replacing the cast aluminum rotor cage with cagipeo
cage [4-5], (recent developed technology), a higher
energy efficiency machine could result, with a kigh
output power. Reversely, for a given rated powke t
copper squirrel cage induction machine compareitheo
classical one (aluminum based) will have smallesralf
size, essential feature for certain industrial Epgilons
such as transportation systems, wind turbinedretspite

of the ease of replacement option, a redesign eofcst
copper cage motor is a better solution leading to
enhanced features and smaller costs [4].

3. FEM model of the induction machine

The physical support for this study is represeritgdn

S1 duty class squirrel cage induction machine,
manufactured by UMEB SA, Bucharest, Romania, that i
characterized by the main data: rated power 2.2 kW,
rated voltage 230/400 V, star connected windings, 4
poles, 36 stator slots and 28 rotor bars, laminasitack
length 90 mm, airgap thickness 0.5 mm.

Taking into account all the specific physical syntines,

the 2D plane-parallel electromagnetic field compata
domain is reduced to % of the cross-section of the
induction machine (one pole), Fig. 1.
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Fig. 1. Electromagnetic field computation domain an
regions with different physical properties.

The stator and rotor magnetic cores, made of |atioins,
are nonlinear with a saturation flux density of B T.
The insulation materials of the machine windings
corespond to the F thermal class (155 °C). Thetredec
resistivity of the aluminum cage is 5.07.10A& and the
electric resistivity of copper cage is 2.4.10A8n both
corresponding to an average temperature of 115 °C.

The finite element discretization of the electrometic
field computation domain, Fig. 2, includes 7820wset
order elements of triangle shape with smaller size
towards the air-gap where the most part of the mtgn
energy of the machine is concentrated.
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Fig. 2. Finite element discretization of computatio
domain (detail in the airgap region).

The 2D electromagnetic field computation model feé t
studied machines in (X, y) cartesian coordinatdsaised
on the magnetic vector potential formulation
characterized by the partial differential equation:
curl [(1) curl A] = Js- jswA, G G
where A0, 0, A(x, y)] is the magnetic vector pdtah
Js[0, 0, Js(x, y)] is the current density in thatat slots
(apriori unknown)mis the magnetic permeability aisd
is the electric conductivity. Since the studieductibn
machine is not current supplied the two unknown
guantities A and Js in (1) are determined by cogpihe
finite element model of the machine, Fig. 1, witlet
corresponding circuit model, Fig. 3.

The circuit components presented in Fig. 3 are as
follows:
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Fig. 3. Circuit model of the squirrel cage induntio
machine.

-V_U, V_V and V_W are the voltage sources supmyin
the machine;

-Rf_U, Rf_V and Rf_W represent the stator resistan
per phase;

-Lf U, Lf V and Lf W symbolize the stator end
winding inductance per phase;

-R_Fe_U, R Fe V and R_Fe W signify the phase
resistance modeling the machine iron losses;

-B_U1, B_U2, B_US3, B_V1, B_V2, B_V3, B_W1,
B_W2, B_W3 represent the coils of the three-phase
winding of the machine;

- Q1 is a macro-circuit (a feature of Flux software
package) used to model the squirrel cage of thehimegc
Fig. 4; this is a closed circuit consisting of mobars (bar

k), resistances (@ and leakage inductances sl
corresponding to the inter-bar regions of the shivduit
rings (arcs between two adjacent bars), Fig. 4.

The resistances Rand inductancesgl, of the inter-bar
regions of the end rings were computed using aicalyt
formulas [6].
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Fig. 4. Equivalent circuit of rotor cage.

4. Energy efficiency computation
The energy efficiency of the machine is computedhay

ratio between the active output power dhd the active
input power B

)
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A. Energy efficiency of induction motor

The power balance of the induction motor includes t
following quantities: B - iron losses, | - Joule losses in
the stator windings, 2 - Joule losses in the rotor cage,

Pnv - mechanical and ventilation losses,e P
electromagnetic power at the airgap levely; P
supplementary losses.

stator rotor
Pl P(’ P:

P Pn P2

Fig. 5. Power balance of the induction motor.
The time varying stator magnetic flux produces iron
losses in the stator magnetic core by eddy currents
hysteresis. The iron losses depend strongly on the

frequency. Since the frequency of the rotor quisti(f,)
depending on the machine slip (s) by the formula:

f2 = fl'S, (3)

is much smaller than the frequency of the stator
quantities (f), the iron losses in the rotor core can be
neglected.

The electric active power;Rbsorbed by the induction
motor is computed from the FEM model of the machine
by using the expression:

3

P = Ae{&,l'} (4)

k=1 -

where u, represent the complex values of the voltage
sources and: represents the complex conjugated values

of the current through the voltage sources, Fig. 3.
The stator Joule losses are computed by the expness
Py= 3Rl (5)

where R is the stator phase resistance ayid the stator
phase current.

The electromagnetic power delivered to the rotor ba
expressed by the formula:

Pe:Me)le’ (6)

where M is the electromagnetic torque computed from
the FEM model of the machine ang, represents the

synchronous angular speed of the machine compyted b

w, = 2270, )



where n is the synchronous speed of the machine
expressed in rot/min.

The rotor Joule losses;fare computed from the FEM
model of the machine as the sum of the lossesimdtor
bars and in the end rings:

®)

The active power dissipated in the rotor baggsRs
computed by integrating the volume density of Joule
losses pysin the rotor bar regions (of volume V) of the
FEM model, and the active powey,R dissipated in the
end rings is computed by summing up the Joule osse
all the inter-bar regions (arcs situated betweem tw
adjacent bars):

Py= Pbz:lrs"'l::'rings

Pbars = pbarsdv (9)

Z;
=2x RyA izk
=1

K=

p (10)

rings

The rotor Joule losses can be computed as well by

another expression (as a confirmation method):
JP—_ S F>e (11)

The mechanical and ventilation lossgg,Rnd the iron

losses B, are taken from the technical specifications

sheet of the studied machine. Based on the irae®R.

we compute the resistances R_Fe_U, R_Fe V and

R_Fe_W used in the circuit model of the maching, Bi

The supplementary losses are taken as 0.5% from the

active powelP; absorbed by the motor (according to IEC

60034-2-1 standard [7]):

Ps= 0.5%P, (12)
The output power Pof the induction motor is computed
using the following formula:

-P (13)

S

I:)2: Pe'PJz'P

my
B. Energy efficiency of induction generator

In case of induction machine working as generétue,
stator quantities in the power balance diagram, Gigre
indexed with 2 (B Py) and the rotor quantities are
indexed with 1 (B, Pyy).
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P
—>

P}'e

Pp

E
B,, Pn :
Fig. 6. Power balance of the induction generator.

The electrical active power,lelivered by the induction
generator to the grid is computed from the FEM nhofle
the machine by using (4). The stator Joule lossgare
computed by (5). The rotor Joule lossgsdPe computed
using (8)-(10). The mechanical power absorbed gy th
induction generatorAs computed by the formula:

R= Py +Py+P+R 14
The electromagnetic powerHs computed by the
formula:

P (15)

e = PJZ+PFe+P2 :
5. Numerical results for aluminum and
copper squirrel cage induction machines

By solving the 2D magneto- harmonic field problem
using the Flux professional software package, waiob
the magnetic field lines and the chart of the mégrikix
density on the computation domain, Figs. 7 - 8.

Fig. 7. Magnetic field lines on the FEM computation
domain (rated load, aluminum cage).

Color Shade Results
Quantity : [Fhus density| Tesla

Shp - 1E-9 Pos (deg): 0Phase (Deg): 0
Scale / Color

0/ 15625E-3
156.25B-3 { 3125E-3
3125E-3 / 46875E-3
46875B-3 | 0625
0625 / 78125E-3
781256-3 { 937 5E-3
937.5E-3 [ 1.09375
109375 / 125

125 [ 140625
140625 / 13625
15625 1 171875
171875 / 1875
1875 4 203125
203125 / 21875
21875 1 234375
234375 1 25

Fig. 8. Magnetic flux density chart on the FEM
computation domain (rated load, aluminum cage).

By successive numerical simulations for differefip s
values in the range [-1, 1] we obtain the torquslip
characteristics of the induction machine equippeth w
aluminum or copper cage, working as motor or as
generator, Figs. 9 - 10.
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Fig. 9. Torque-slip curve of the induction motor fo
aluminum and copper cages.
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Fig. 10. Torque-slip curve of the induction generdor
aluminum and copper cages.
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Based on the previously described formulas appied
different slip values (by successive FEM simulagijowe
computed the curve “efficiency versus per unit lofmf
induction motor equipped with aluminum and copper
squirrel cage, Fig. 11.
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Fig. 11. Efficiency versus per unit load curve loé t
induction motor.

In case of induction machine equipped with aluminum
and copper squirrel cage, working as generatorciinge
“efficiency versus per unit load” obtained by FEM
computations is presented in Fig. 12.

The numerical results, Figs. 9 — 12, prove thattfer
rated point the energy efficiency of copper caghiation
machine compared to the aluminum cage machine is
2.3% higher as motor and 1.8% higher as generahar.
positive effect of replacing aluminum with copper the
machine energy efficiency was expected due to ahmuc
smaller electrical resistivity of copper comparead t
aluminum.

Generator efficiency
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Fig. 12. Efficiency versus per unit load curve loé t
induction generator.

A disadvantage of copper cage induction motor c®iSi
however in a smaller starting torque with roughBg2
with respect to the aluminum cage machine, as we ca
see in Fig. 9. This disadvantage can be reduced
nevertheless by a proper redesign of the coppee cag
machine.

6. Numerical results for redesigned copper
cage induction machine

A higher starting torque of the induction motor fwit
copper cage can be obtained by reshaping the stits
as in Fig. 13, where a double cage structure wed.us

This solution leads to a significant improvementtto
starting torque of the copper cage induction maoat
becomes practically identical with the startinggiee of
the aluminum cage motor, Fig. 14.

W

Fig. 13. New rotor slots shape used for improvimg t
staring torque of copper cage induction motor.
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Fig. 14. Torque-slip curve of the induction motor f
aluminum cage and for redesigned copper cage.



The energy efficiency of the redesigned inductioston
is 82.8 %, i.e. higher than that of the aluminungeca
motor (80.15 %) and higher also than the previa@pper
cage motor (82.4 %), Fig. 15.
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Fig. 15. Efficiency versus per unit load curve loé t
induction motor for aluminum cage and for
redesigned copper cage.

If we take into account the interesting mechanical
characteristics of the redesigned copper squiregjec
induction motor and the important energy savings th
can be obtained over its typical long operationetiwe
can draw the conclusion that the use of such mashon
large scale could be a step forward in the condéxhe
actual trend of energy efficiency and energy sawing

policy.

7. Experimental validation of numerical
results

In order to validate the numerical results obtaified
aluminum cage induction motor, the experimentalzet
presented in Fig. 16 has been used.

Fig. 16. Experimental setup used for experimeritalys
of aluminum cage induction machine.

A comparison between the numerical and experimental
results for aluminum cage induction motor for tla¢ed
point is presented in Table I.

TABLE |. Simulation and experimental results

I11[A] | cogj M [Nm] | Eff [%]
Simulation 5.2 0.80 14.9 80.2
Experiment 5.2 0.78 14.6 82.5
Rel. error [%] 0 25 2 2.8

The agreement between the two sets of resultsite qu
satisfactory, giving us confidence in the numeriealults
and conclusions of this study.

8. Conclusion

The numerical models developed in this paper riefgrr
to an induction machine working as motor and gdoera
proved to be accurate offering useful results faraper
redesign of the machine.

The efficiency of the induction machine equippedhwi
copper cage is superior to the efficiency of thmilsir
machine using an aluminum cage in both casesotsrm
or as generator. However a smaller starting torque
obtained in case of copper cage motor with resjuettte
aluminum cage motor represents a first disadvantage
This drawback has been eliminated by a proper igdes
of the machine. After that the starting torque bét
copper cage motor becomes similar to that of the
aluminum cage motor but with higher energy efficign

The numerical results obtained for aluminum cage
induction machine were validated by experimental
measurements, giving us confidence in the resuitb a
conclusions obtained for copper cage induction rimech
where no experiments were done so far.
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