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Abstract
Induction machines are mostly used as a motor but the manufacturer’s catalogue only
mentions the motor efficiency values with no mention of values for generator mode. The
paper uncovers that nevertheless induction machines can be used either in motor or
generator mode, the efficiency curves for these modes are not necessarily the same. Several
high- and low-efficiency induction machines with different power rating are compared for
motor and generator mode. These experiments show that depending on the machine’s
design, and thus also efficiency class, the efficiency for motor and generator mode can differ
significantly. Special attention will be paid to differences between copper and aluminium
rotors. In the paper the underlying phenomena causing this effect are elucidated. It can be
concluded that the machines with lower stator and a non-saturated core, typical
characteristics for high efficiency or machines with a high power rating, will have
comparable efficiencies in both generator and motor mode. This is not the case for low
power rated low efficiency machines, where the efficiency for generator mode can drop
several percent. Whether for an induction motor or a generator, an efficiency increase of
just one percent can represent a considerable economic benefit over the whole ]il‘c-thpe.
Keywords: Motor efficiency, induction machines, motor and generator mode, energy efficiency,
motor and generator losses.

1.0 Introduction The fourth machine is a commercial effi
The work studies the standardized energy machine, labelled EFFI_';'.SI\'W‘ (high
efficiency of induction machines in motor efficient). It is pIDdEICCd by a different
and generator mode. More specifically, the mulnufacwajcr as the I_lrSI three prototypes.
focus lies on how different design and T_hts machine has a d]ffercn_l design (e.g. a
material choices. intended 1o increase the hlghcrl s.zluck Ienglh)_. an alumu_lum rolor cage
energy efficiency, influence the performance ‘f,n_d dilﬂ:n;ﬂl premium c:.'lectr!cal steel. (;l'lb'lc
in these 1wo operating modes. In this context, fifth machine (I_EFFI_BO?\WJ is produce ; Y
four 7.5 kW and one 30 kW four pole, 50Hz. the same manqh_mlurer as the fourth one. Itis
230/400V, TEFC induction machines were a premium efficiency 30 lemaclurIn: —
tested. The first machine is a classical, In the context _o_f _thc vumlzn.usd‘wt:‘vr wl:;
commercial eff3 machine. It has a classical eff-tIJrlls u:{d initiatives hlota-.ar‘: ':cr rz:;rd
construction with an aluminium rotor cage efficient use of energy, there 15 an incre

focus on energy efficiency. Therefore it is

. s {aminall " grator and rotor are ; _
ant the: Iamipalans - important o know the behaviour of the

; -d ste is machine 1s
tandard steel. This mac _ : A
:L:hrf'j \L;IL-}LS[ (standard steel aluminum). induction machine for each load condition in
abelle R - A3 .

' F [ cag motor mode, as well as for generator mode.
For the second machine, the aluminum cage

is machi v / for the idealized, standardized test
q -r one. This machine Not only
is replaced by a copper one.

Jectrical steel dimensions. conditions with specific voltage supply
as the same elecincal stee g ating: lemperninsts
has d”“ . it is labelled SSCU (standard conditions and operating lemperatures, bul
winding. etc. s L :

also for the distinct behaviour under practical
operating conditions [1]. In this paper, the
energy efficiency for both motor and

¢ third machine s Iahclled.
steel copper). For this
o the second one. the

steel copper). Th
PSCU (premium

¥ ® » -t I
machime. with respec A
it is replaced by premium steel.

wlandurd steel 5
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generator mode is assessed. though only for —generator: Pupe = P4 P
standardized conditions. (2) 'I tater % P,
— The difference in stator and rotor |
2.0 Energy Efficiency Determinafion _ generator mode compared to motor msscs s
For the determination of the efficiency of explained by the equivalent sche.me e
induction machines, there- exist different assumption that the active t’.’fc-ctrrca[ o
standards world wide. Different efficiency kept the same for motor ang gcneraerww -
values are obtained for the same machine In motor mode the core losses are wm?de-
from the same test depending on which by the grid. in generator mode hpp o
standard is taken as the basis of efficiency mechanical driver. However. the rezc:h_c
determination. These differences and other power 1o magnetize the machine alw:e
relevant aspects are well documented in comes from the grid. A SEIG (self Ekcit:;
literature [1-6]. It is the intention of this induction generator) gets its reactive power
project to compare the motor and generator from a capacitor bank. Here only orig.
mode efficiency of induction machines and connected generators are considered.
to asses the impact of material choice on this
mutual relation. The results will only be For motoring (Figure 1). the stator current
compared relatively to each other, with focus and thus the stator voltage drop. increase
on differences between motor and generator with load. Consequently. the air gap voltage
mode and not on differences between the (induced voltage or emf), ie. the voitage
separate machines. If each test would be determining the air gap flux. decreases a
performed for the same boundary conditions, little and so do the magnetizing current and
such as atmospheric and supply voltage the core losses.
conditions. it would be sufficient to utilise P —<p
the direct efficiency based on Pyu/Pin. Peraz, l il e

In order to explain the different behavior of I
the machines in motor and generator mode
for different design and material choices, the =>P, P,

Pf.’r.‘u:r:—w::d:gf

different loss components have to be P_.'_H'
determined. Therefore. the IEEE standard i
112-B  was adopted. The measurement T U
equipment was in compliance with the atrge
standard and all parameters were recorded by Fig. 1: Motor losses and [EEE based power
a Labview® based data acquisition system. flows indicated on equivalent scheme.

In generator mode (Figure 2) on the contrary.
2.1 Efficiency for motor and generator the air gap voltage will increase due to the
mode based on IEEE112-B stator voltage drop. This requires a higher
In IEEE ]12-B the determination of the magnetizing current and consequently core
efficiency of an induction machine is based losses will increase. This increase can b*-‘
on the segregation of losses. The windage significant when the machine is already In
and friction (Pfr,w) and core losses (PFe) are saturation at no load and the effect is more
considered 1o be constant for the whole severe if the stator resistance is nol
working area and are determined by the negligible.

practical no load test. These losses are
assumed the same for generator and motor
mode. The stator losses can be calculated by
the same equation (Rstator.Istator?). Rotor
losses are equal 10 a slip fraction of the
electromagnetic power that crosses the air

gap. This air gap power can be calculated t v, ga
’ oo r : .
w:lh (1) d”‘;‘ (2): Fig. 2: Generator losses and IEEE hfl?fl'me
MOHOTS Paiigan = P B s Pi. (1) power flows indicated on equivalent sche
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Based on the assumption of equal active
clectrical power (Figures [ & 2), the stator
losses in generator mode will be larger than
in motor mode because the stator current will
be more reactive due to the increase of the
magnetization current. The rotor losses seem
to increase duc to the higher air gap power
but the slip should also be considered. One
could conclude that the efficiency in
generator mode will always be smaller, but

for generators the output power is 1/ motor
higher compared to the output power of the
motor since we assume equal electrical
power. As a consequence the losses are
allowed to rise with the same amount before
the efficiency of the generator is indeed
smaller than in motor mode.

In the context of induction machine
efficiency measurement standards, this load
dependency of the iron loss is very
important. This is because of the fact that if
losses are over or underestimated, this can be
corrected by the influence this has on the
determination of the additional losses.
Standards that use an estimate, fixed value or
percentage for the additional losses can not
account for this. So that *‘mechanism’ is lost.
This is especially the case for machines with
non-negligible stator resistance and/or bad
magnetic properties, i.e. small motors in
general. This also explains why in general
the standards based on indirect efficiency
measurement overestimate the motoring
efficiency for smaller machines and
underestimate the efficiency of larger motors
[6]. This would also have implications for
the comparison between motor and generator
mode and therefore, a direct method is
applied here.

2.2 Test setup and Measurement Routine

A dc-machine is used to drive the induction
machines in generator mode or to load it in
motor mode. The torque is measured with a
clussic torque transducer. The electrical
power. voltages and currents are directly
measured using a Power Analyser. The
Measurement equipment is in compliance
with the standard and all parameters are
recorded by a Labview ® based data
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al;:quisili_cm system. The further processing of
the data is automated, based on a Microsoft®
Excel spreadsheet.

The IEEE standard 112-B recommends

performing measurements  at  rated

t;mperamrc and permits a temperature

difference of 10K during the load test.

Therefore, for every fest the same

measurement routine is followed. Each time,

the temperature of the machine is stabilised

by running the machine at rated conditions
before the test starts. For almost the same
boundary  conditions, the surrounding
temperature in the lab for cach test was
between 24 and 26 degrees Celsius, the end-
winding temperature is monitored. When a
generator test is to be performed, the
machine is stabilised in this operating mode.
For each run an equal number of load
conditions are recorded in order to keep the
test-run as short as possible and the
temperature change limited.

3.0 Results

The standards for the determination of the
efficiency of induction machines are based
on the segregation of losses. The rotor losses
are determined based on the airgap power,
calculated from the electrical power.
Therefore, in this paper, motor and generator
mode (losses) are compared at the same
electrical power. The efficiency
characteristics of the five tested machines,
based on the IEEE standard 122-B, for both
motor and generator mode are shown in
Figure 3.
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l-:?gurc 3z f_\.dtriur and_éz;crutm Efficiency of
the five machines according to IEEEI 12-B.
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However the conclusions are stil valid sinee

these  two  machimes huve k‘l'll1'l|l||.‘lt‘.
the number of

ditterent design. First ol all,
poles s different. Resulting i ditferent
winding scheme and also the stator (and
polor)  geometry, aiegp Jenpth and - stack
length are  different. This  leads 1o 0
difference o stator - resistanee and
magnetisation conditions. Indeed, the present
machine has a higher stator resisinee and
also magnetically the machines are clearly

different (Figures 4 & 5).
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Figure 4: No load characteristics of the

machines presented in this paper and of the
two pole 7.5kW machine of 2]
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Figure 5: Comparison ol the Iron  Loss

Characteristics for the 7.5kW motor of this
testand that of 2]

Figure 4 shows the no-load charactegs

(the Tive Tour pole machines tha wch'l'“lr.-sul
it the comtext of this paper and pisg, Ifl-m,‘tl
the 7.5kW two pole motor for Whig;:l fog
generator efficiency  was higher gy, e
performance  in motor  mode, Frop ,jh"
ligure, it is not so clear yet that the py .rH
situation 1n both machines 1s that d“:-ﬁﬁt.hr
Therefore, in Figure 5, the iron l:n.t-..ug:\u-:"
plotted as o function of voltage Mf“-ilr:-r;:
From this figure, it is clear that the r;ui.j
airgap voltage of the machine studied 1y :iﬁ\
paper is located belore a pronounced hepy aﬁ
the characteristic. 10 the airgap  volig,
increases, the iron losses will increase more
than proportionally. This is not the case for
the other 7.5kW machine. This effec
combined with the different stator windings:
makes that the efficiency situations for motor
and generator mode do not correspond.

3.1 Large Machines

Machines of higher power ratings are said to
have negligible stator resistance and also
magnetisation problems would not be an
issue. The elficiency of large inducton
generators should therefore be comparable
with the efficiency they have in motoring
mode [2]. From the results depicted in Frgure
3, this can be confirmed. The efficiency in
generator mode is even more than one
percentage point higher than the motor
efficiency. Taking into account the powet
rating. this is a considerable benefit.

This positive effect is based on the sane
mechanisms as described above and can be
confirmed by taking a [ook at the dafterent
loss components. Therefore, the friction and
windage losses are given i Table f:. the
stator - rotor - and additional losses ol lht'.

AL of this pape!

machines tested in the conte 4
are  depicted i the Figures 6 10 F
respectively.

s of

Table 1: Friction and Windage Losst

the five motors B
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Fig. 6: Stator Losses for both motor and
generator mode of the five tested machines.

For the 30kW machine, the combination of
the 'magnetic advantage' and the negligible
stator resistance make that relatively spoken,
the stator losses are only 0.4% higher,
whereas for the other machines, it is at least
| %.

The rotor losses are depicted in figure 7. For
the 7.5 kW machines, these losses are
significantly larger in generator than in
motor mode.

Figure 7: Rotor Losses for both motor and
generator mode of the five-tested machines

of Electrical & Telecunmunieaﬂnu System Research

Figure 8: Additional Losses for both motor
and generator mode of the five tested
machines.

This is not only because stator and core
tosses must cross the airgap, but mainly due
to the fact that these losses are much higher
in generator than in motor mode due to
saturation. But for the large machine, the
rotor losses in generator mode are
comparable, This has to be attributed to a
decreasing slip: rotor losses are not only
determined by the airgap power (equations 1
and 2; the airgap power in generator mode is
higher), but also by the slip. Apparently, the
stator resistance is not (yet — for large
machines it would be -) negligible, causing a
higher air gap voltage in generator mode;, the
flux in the machine increases. As a
consequence, the required rotor current to
produce the same electromechanical torque
decreases, resulting in a lower slip. For
machines  with  non-negligible  stator
resistance, the pull-out torque in generator
mode is slightly higher than the pull-out
torque in motor mode [7], again the same”
clectromechanical torque can be produced at
a lower slip. For the 30kW machine, there is
4 decrease of the slip due to the two
preceding  effects which  seems 10
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compensate the increase of the airgap power.
For the other machines, this is not the case.

On figure 8, the stray-load losses calculated
according to IEEE 122-B are plotted. Stray
load losses tend to decrease with rated
power, but for the same rated power. a
deviation of a few percent is found [1,4-6].
The determined stray load losses for the
examined machines in motor
according to the results reported in [6,8]. In
generator mode the large machine shows
much lower stray load losses. Schwarz
defined eight different stray load toss
components. The origin of these different
components are mainly airgap leakage
(harmonic) flux and slot leakage flux and
three of them are located in the rotor as extra
rotor 12 R loss [9]. As was indicated above,
for this machine, the electromechanical
torque can be produced with a lower rotor
current and a decreased slip, contributing to
the lower value of additional losses.

4..0 New Materials
From Figure 3, it can be noticed that by

applying copper rotor technology and
premium  electrical  steel, the overall
efficiency can be significantly improved.
even without changing the design of the
machine [3].
As with the other 7.5kW machines with
aluminium rotor cage, the generator
efficiency is worse than the motor
performance. Also for these machines; the
stator resistance and the (consequent)
different  magnetisation  condition  in
generator mode make that the stator and the
rotor tosses are higher (Figures 6 and 7)
compared with motoring condition.
For the SSAL and the SSCU machines. the
stator losses for motor mode as well as for
generator mode coincide; they have the same
stutur.. For the PSCU motor, which has
premium steel, in motor mode the stator
losses are slightly lower, as was expected.
However, in generator mode this is not the
case, but this cun be explained by the slightly
worse _pcnneuhi]ily of the premium steel for
]mduulmnf levels over 1.2 Tesla [3]. The rotor
osses  (Figure
"wdmwt I:,:_.rlirtm :injﬁfr lhc copper  rotor
general. also for generator

mode are
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mode: significantly Jower than
machines with aluminium rotor. o the

Also in generator mode, the ¢q

cages seem to have a positive inﬁﬂa Tolg;
the additional losses. They are S:.ﬁnce
than the stray load tosses for the Ie ey
mode of the SSAL machine. [t sﬁonTral
noted that, as was explained aboye ;;.: be
constant’ part of the iron losses itha[ o
treated as a constant part in equations | :m
2) shows up in these additiona] Lms;d
Compared with the aluminium ;m;
machines, the relative increase of the stra
load losses from motor to genérator mode f;-
the rotor cage machines is slightly highey
This could explain the relative difference iy
motoring and generator efficiency,

5.0 Conclusion

The motor as well as the generator efficiency
of five induction machines was determined
according to the IEEE standard 112-B. This
was with the intention to confirm earfier
findings, and to investigate the effects of the
application of copper rotor technology -and
premium electrical steel, especially with a
focus on the different conditions between the
two operating modes. Therefore, two
commercial premium efficiency machines
with aluminium rotor, one of 7.5 and one of
30 kW, and three prototypes of 7.5 kW, with
different steel and/or rotor conductor

material, were tested.

It can be concluded that machines with a low

stator resistance and a non saturated cOr®
have comparable or even better eff:cren;!;:
in both generator and motor mode. :
measurements show that for Pm”""g i
efficiency machines, these conditions arehn‘"
necessarily fulfilled. Depending ‘_’T” lﬂ;d
design, they still can have 4 !Ighl Mm-:-lmr
core and/or A non-negligible 5%

resistance.
es, the efficrency fo
¢ mode 1M
1 rolor
i

For copper rotor machin
motor as well as for generafo
general is higher than for ululjl_lfllllj"l_
motors. Nevertheless, the differente

g-.-ncldll

efficiency between motor and

S ————
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