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Introduction

This book contains selected, peer-reviewed papers presented at the 11th International
Conference on Energy Efficiency in Motor Systems (EEMODS’19) held in Tokyo,
Japan, from 17 to 19 September 2019.

Energy efficiency helps to mitigate CO2 emissions and at the same time increase
the security of energy supply. This is why energy efficiency is a key priority of the
EU energy policy and of the latest flagship initiative, the Energy Union. At the COP
21 meeting in Paris in 2015, countries have agreed to mitigate the impact of climate
change by limiting the global temperature increase to well below 2 °C above to the
pre-industrial levels and possibly stabilizing the temperature increase to
1.5 °C. Energy efficiency is a key mitigation option and it is recognized as the clean-
est, quickest, and cheapest energy source.

Not only this, but energy efficiency brings several additional benefits for end
users, such as lower energy costs, more reliable equipment, higher production qual-
ity, and reduced emissions.

However, in some sectors such as the industrial sector, there are still a lot of bar-
riers against investments in energy efficiency, particularly in small and medium
Enterprises. Recent European legislation under the Eco-design and Energy
Efficiency Directives is trying to remove these barriers and foster investments in
energy efficiency; this is complemented by innovative financing for energy effi-
ciency, the provision of energy services by ESCOs, and national programmes.

Similar policy initiatives are also implemented in other countries around the
world: Japan, USA, China, India, Australia, and Brazil.

At the same, time progress in motor technologies as well as in drives and end-use
equipment offers a very high level of efficiency, for example, IE 4 class motors now
available on the market.

EEMODS is the only international conference dedicated to energy efficiency in
motor-driven systems. EEMODS began in 1996 in Lisbon, the last edition was orga-
nized in Rome in 2017, and in 2019, the 11th edition was hosted in Tokyo, Japan.

The conference is equally balanced between highly scientific and technical pre-
sentations on innovative motor systems component designs and test methods to
achieve a high level of efficiency and more policy-oriented presentations dedicated
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to how to diffuse efficient motor systems solutions and technologies in existing
industrial plants. The conference topics on the technology side cover motors and
fluid applications (pumps, fans, and compressors), while on the policy side they
cover both regulation for equipment and more horizontal policies such as energy
audits and energy management systems.

As with previous conferences in this series, EEMODS’ 19 provided a scientific
forum to discuss and debate the latest developments in the impacts of electrical
motor systems on energy and the environment, energy efficiency policies and pro-
grammes adopted and planned, standards (including ISO 50.001), and the technical
and commercial advances made in the dissemination and penetration of energy-
efficient motor systems. Topics covered include: technologies, research, and inno-
vation in the areas of electric motors from life cycle costing to 3D printing to
artificial intelligence/machine learning-based monitoring systems; emerging motor
technologies; power electronics and drives; pump systems, including life cycle cost-
ing, energy efficiency improvements, maintenance, and operation for industrial,
water supply and treatment, building, and irrigation pumps; compressed air sys-
tems; fans/exhaust systems; refrigeration systems maintenance and operation;
mechanical power transmission; motors in household appliances and HVAC (resi-
dential and commercial); motors and drives for transport applications including
policies, programmes, regulation, and international standards; industrial manage-
ment policies and standards; motor system audit and verification; policies, pro-
grammes, and financing: analysis of motor system energy use and greenhouse gas
emissions for motor systems, for e-vehicles, and related charging infrastructure;
harmonization of global motor efficiency test standards; evaluation of utility pro-
grammes for improving energy efficiency in motor systems; and policy implemen-
tation, market surveillance, and enforcement mechanisms, including case studies.
The conference is very international by nature and aims to attract high-quality and
innovative contributions from all corners of the globe, while the papers facilitate the
development of new technologies, policies, and strategies to increase energy
efficiency.
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Novel Design of Delta-Connected PM
Synchronous Machines Considering Rotor
Skewing

Check for
updates

Juergen Redlich, Anton Suchan, and Bernd Ponick

1 Introduction

Nowadays, permanent magnet synchronous machines (PSM) for traction applica-
tions are predominantly designed with star-connected windings without neutral
connection, in order to avoid additional losses as well as parasitic effects through
circulating currents. Due to the increasing market share of electric vehicles, a vari-
able modular system of electrical machines (EM) must be ensured, in order to
reduce the manufacturing costs and to meet the performance requirements. Apart
from the Y-connection, it is possible to use delta-connected windings to extend the
operating range of an EM with a predefined cross-section.

The major drawbacks of delta-connected windings are circulating currents,
which are generated in three-phase windings by the third and ninth spatial harmon-
ics of the flux density. These harmonics have their origin either from the spatial
distribution of the permanent magnets or from saturation of the stator core [1, 2].
Several methods have been proposed to reduce these harmonics [3, 4]. However,
most of them are not applicable in traction applications. For example, it is claimed
in [3] that a rotor with two-third pole magnet coverage will reduce the third spatial
harmonic, which is obvious by the spatial distribution of the air-gap field

. 2B '
B, = f-{cos(v’a)—cos(v—ﬂ—v'aﬂ (D

v P

with I§V, as the amplitude of the flux density of the spatial harmonic v and a as the
pole coverage angle. To ensure B,, @0, a must be chosen to z/6p, which results in
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a two-third pole magnet coverage. But this will lead to a decreased spatial funda-
mental of the flux density in the air-gap and to increased fifth and seventh harmon-
ics, consequently causing undesirable high torque pulsations. In [4], it is shown that
the third and ninth spatial harmonics of the flux density can also be decreased by
applying a skewing angle of 120°. Nevertheless, this results in a significant reduc-
tion of the winding factor for the spatial fundamental of the flux density. The rotor
design proposed in this chapter maintains a high spatial fundamental of the flux
density while reducing all higher harmonics through an optimal design of coverage
angle and flux barriers. Therefore, it is suitable for both, star- and delta-connected
windings. Second, a calculation method will be presented to calculate skewed rotors
analytically with negligible additional computational effort. Moreover, a suitable
stator design considering the circulating current in delta connection due to satura-
tion effects will be discussed. Finally, the attainable efficiency in the operating
range will be evaluated.

2 Design Guidelines for PM Rotors

Based on the available installation space and the maximum permissible circumfer-
ential velocity, the initial design process of a PM rotor usually starts with the deci-
sion of how to arrange the magnets in the rotor. Several studies on PSM have been
made to examine various design options and the machine behavior in the whole
operating range [5, 6]. With regard to traction applications, this chapter focuses on
v-shaped buried magnets within the rotor with one and two magnet layers, as these
magnet topologies provide a good utilization of the reluctance torque and a suitable
field-weakening behavior.

A rotor with v-shaped buried magnets, which completely avoid those harmonics
whose orders are equal to a multiple of the number of phases, is practically not
realizable. When dimensioning the rotor, it is assumed that the arising circulating
current within the delta connection depends mainly on the third and ninth spatial
harmonics of the air-gap field. For this reason, all design options of the rotor focus
on minimizing these field components, while maintaining a high fundamental of the
flux density and limited fifth and seventh harmonics. First of all, the magnet topol-
ogy with two layers for a machine with a number of pole pairs of p = 4 is dimen-
sioned. With regard to the simplified form of the air-gap field (Fig. 1), the calculation
of the field distribution can be described by four parameters, where él is the flux
density of the bottom magnet layer, 3’2 the flux density of the top layer, a the pole
coverage angle of the bottom layer, and f the pole coverage angle of the top layer.
The amplitude of a spatial harmonic of the order ¢ can be calculated by

A

Bv' :4_p"|:él COS(V'(Z)J’_BZ COS(V’ﬁ)—(él +§2)COS(V—,%j:|. (2)

v p
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Fig.1 Simplified form of the air-gap field considering v-shaped buried magnets with two magnet
layers

Amplitude of the fundamental Nux density Amplitude of the sum of the 5™ and 7 spatial harmonics

Flux density in T
Flux density in T

3 310 il " 3
COtang 1IN dog Cotigngr 2 in deg (0liag 1y in deg Ol 12 0 degt

Fig. 2 Influence of the variation of the pole magnet coverage angle of the top magnet layer
COVype 11 and the bottom magnet layer cov,,,;» on the fundamental flux density, the fifth and the
seventh spatial harmonics

Slnce there is no combination of the four parameters leading to B @0 and
, ©0, except for B +B2, the pole magnet coverage angle is ﬁrstly varied to
decrease B and B (see Fig. 2) at a specified magnet height and width. As can
be seen in Fig 2, the magnet angle of the top layer has only a slight influence on the
sum of B, and B, whereas a reduction of the magnet angle of the bottom layer
strongly affects these field shares. The drawback of the decreased fifth and seventh
harmonics is a reduced fundamental flux density. Nevertheless, the coverage angles
are set at the calculated minimum of B, + B, , at a value of coVyy, 1 = 4, 7" and
COVang, 12 = 13, 6°, whereby the fundamental of the air-gap field has an ampli-
tude of B, =0.82 T.

In addition, choosing coverage angles which reduce the fifth and seventh spatial
harmonics also affects the amplitudes of Ehe third and ninth harmonics (see Table 1).
The sum of the amplitudes of B, and B,, is almost one-third of the fundamental.
Regarding the resulting flux densities in Table. 1, it becomes obvious that the choice
of a magnetic angle that limits the fifth and seventh spatial harmonics has an oppo-
site effect on the spatial harmonics 3p and 9p.
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Table 1 Fundamental, third,
fifth, seventh, and ninth Flux density | Amplitude | B, / B,
spatial harmonics of the
. 081T
permanent magnet rotor with B
1 P
two magnet layers and 0.0642T | 7.96%
optimized magnetic coverage A
angle for decreasing the fifth 32
and seventh harmonics A 0.0017T 0.21%
Sp
R 0.0347T |4.30%
B,,
. 0.1445T 17.91%
B,
o " RFS B
B RES_H
""" T,\ RFS_RAD

I\ Rrrs_aANG2 2

Fig. 3 Flux barriers to reduce the third and ninth spatial harmonics

When dimensioning PSM as traction motors with delta-connected windings, in
addition to the reduction of the fifth and seventh harmonics, it is also essential to
reduce the circulating current in order to obtain a good efficiency in the driving
cycle. For this purpose, in the second step, flux barriers are used and arranged
exactly at the peak value of the third spatial harmonic. The flux barriers may be
applied in the rotor or on the surface of the rotor as shown in Fig. 3.

The chosen angles of RFS,,, ; and RFS,,, , must be set to 7.5° and 15°, when
choosing a number of pole pairs of p = 4. The height and width of the flux barriers
is determined by a parameter study (see Fig. 4).

As a consequence, the third and the ninth spatial harmonics amplitudes can be
significantly decreased, while the fundamental and the other harmonics remain
unchanged (see Table 2). Considering the described design rules, it is possible to
dimension PM rotors for traction applications, which are suitable for both, star- and
delta-connected windings. Besides the distribution of the spatial harmonics of rotor
designs with two magnet layers and flux barriers within the rotor and on the surface,
Table 2 shows the distribution of harmonics of the design with one magnet layer. In
contrast to the rotor design with two magnet layers, the choice of the coverage angle
is only based on reducing the field shares of the third and ninth harmonics. The
above mentioned opposite effect on the spatial harmonics can also be seen here.
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0,15
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’ 1 08
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Fig. 4 Amplitudes of the sum of the third and ninth spatial harmonic at the variation of the height
and width of the flux barriers

Table 2 Amplitudes of the spatial harmonics of the air-gap field of the three designed PM rotors

Rotor B, B, /B B, IB B IB B IB
1 Magnet layer 0.82T [0.33% |18.6% |12.7% |0.51%

2 Magnet layers with flux barriers on the surface |0.82T [0.06% |8.01% |3.73% |1.93%
2 Magnet layers with flux barriers in the rotor 0.82T 0.01% |838% 4.35% |2.38%

3 Rotor Skewing

In the design of an electrical machine (EM) for traction applications, particular
attention has to be paid to decrease unwanted effects like torque ripple, vibrations,
and acoustic noise. For this purpose, the PM rotor is segmented into several slices,
which are shifted against each other to unlink certain spatial harmonics of the air-
gap flux with the windings of the machine [7, 8]. Especially, if applying a discrete
skew of the PM rotor with a skewing angle of one stator slot division, the torque
harmonics due to slotting can be damped. By considering rotor skewing, the com-
putational effort increases proportional to the number of skew segments. For evalu-
ating the efficiency of a skewed EM as traction motor, in general, efficiency maps
are used, which are calculated in the dg-current plane by 2D-FEA for every slice.
The method presented in this chapter allows accounting for skewed machines with
negligible additional effort. Instead of FEM calculations of several rotor slices in
the whole operating range, just one slice needs to be calculated by FEM.

First of all, the number of segments, the skew angle, and the type of skewing (see
Fig. 5) have to be selected. As an example, a linear skew of five segments will be
derived in the following. By skewing the rotor of one stator slot division, for a
machine with 48 slots and four pole pairs, the rotor segments are shifted to
Pskewmeen = [—3° 1 —=1.5°10°11.5°13°].

Based on the torque, flux linkages, inductances, etc., calculated by FEM in the
dg-current plane for the rotor segment with @yey, meen = 07, all additional d- and
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Reference segment
[l

|

lax lax

Fig. 5 Schematic drawing of a linearly skewed (left), v-skewed (middle), and w-skewed (right)
rotor with five segments

1}

W+ Pskel clec,1-5

L.

—d

Fig. 6 Identified stator currents in the dq-current plane with the corresponding inner phase angle
WV and the additional skew angle ¢

g-currents matrices for each slice are first identified by adding the skew angle @y,
clec = P * Pskew. mech 10 dependence of the slice to the initial inner phase angle W of the
reference segment (see Fig. 6) as per

Y = arctan ;—d i W, =Y O s (3)
q

h=\;+1. )

Lirs =14, - sin(W, 5), (5)

LMoy s = fl : cos(‘Pnew,lfs). 6)
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As a consequence, four new matrices are created with corresponding d- and
g-current components, whereby it should be noted that some current components
may result in positive d-currents, which also have to be considered in the calcula-
tion. Operating points with negative g-currents can be created by negating the val-
ues of the second quadrant of the dq-current plane. With the additional information
of the current components and the correct superimposition of every skewed seg-
ment, it is possible to calculate the resulting torque, etc. through a spline interpola-
tion from the values of the reference segment.

Figure 7 shows the calculated resulting torque for a single d- and g-current com-
ponent due to rotor skewing. As mentioned above, the torque ripple is significantly
reduced. However, the maximum torque is also decreased about 2.5% from
Tinksewed = 286.5 Nm 10 Tjewed, ram = 279.2 Nm and Tyeyed, anatye = 279.1 Nm, respec-
tively. With such simple matrix operations, it is possible to consider skewed EM
with a sufficient accuracy by identifying only one slice via FEM.

320 T T
" / 1 ‘|- = - Segment 1
=== Segment 2
Segment 3 (unskewed)
300 A ' ! . = i ] ' o ! LT Segment 4
n N pot i A [ |~~~ Segment 5
i b
i L]
i L
o L}
280 ! B
£
=
E
o 260
2
g
=]
-
240
220
200 L |
0 50 100 150 200 250 300 350

Rotorposition in deg.

Fig. 7 Calculated torques of each segment for a single d-current and q-current component; the
superimposed torque through skewing (black) in comparison to the torque of the unskewed rotor

(blue)



8 J. Redlich et al.
4 Design Guidelines for the Stator

EMs as axle drives in electric vehicles are usually designed with high torque densi-
ties to achieve the required maximum torque [9] in the limited installation space.
Therefore, it is necessary to design PSM with high magnetic flux provided by the
permanent magnets, which results in saturated iron parts at the peak value of the
flux density. The excited flux density due to iron saturation can be obtained by the
air-gap permeance and the electric loading

B, (vVit)=2s,,(vit)-V,, (vit)
R , , (7
= 51&21, -AW (cos(py —2nf, +¢)+cos(3py' —273f, +q)))

with Aw being the amplitude of the fundamental magnetizing electric loading,
5,2, the air-gap permeance of the spatial harmonic v = 2p, y’ the angular coordinate,
@ the phase angle of the flux density, f the frequency, and R the bore diameter.
Equation 7 describes two spatial harmonics; one is part of the fundamental field,
while the other one has a pole pair number of v = 3p at three times of the fundamen-
tal frequency, also known as the saturation harmonic. This saturation harmonic
causes circulating currents in delta-connected windings and has to be considered in
the design process of the stator of an EM. If the teeth, which are evenly distributed
over the circumference of the machine, are highly saturated at the peak value of the
flux density, the third spatial harmonic has no phase displacement in relation to the
fundamental, which is the main reason for the flattening of the air-gap flux density
(see Fig. 8). When the most saturated part is the stator yoke, the air-gap flux density
is peaked up, due to the phase opposition with the third spatial harmonic as shown
in Fig. 8.

As a result of this effect, the stator can be designed with evenly saturated iron
parts to compensate the third harmonic and to decrease the circulating currents,
since the respective saturation harmonics have a phase opposition to each other.
This can be influenced by an adaption of tooth widths and yoke height.

In order to find suitable cross-sections for these machine parts, which lead to an
even saturation, a further parameter study is carried out, whereby the tooth width by
is varied. In addition, the height of the slot is adjusted to ensure a slot area of
56.5 mm? to limit the current density S, in order to be able to dissipate the losses
through a water jacket cooling. To obtain different heights of the stator yoke, the
outer diameter of the stator D,, ; is also varied. Moreover, the max1mum permissible
flux density for the stator teeth B ., and the stator yoke B is assumed to be
1.9 T. The circulating current I,, which arises at the hmltlng torque curve at
n = 5000 rpm, considering the varied parameters by and D, i, is shown in Fig. 9.

Depending on the specific choice of the cross-section of the stator yoke and the
teeth, it can be stated that several design options exist, which are suitable for reduc-
ing the circulating current significantly. The smallest value is 10 A or 2.2% of the
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By

Fig. 8 Fundamental flux density and the third spatial harmonic at highly saturated stator yoke
(left) and highly saturated stator teeth (right)

210

3 35
Dy inmm 220 3 by in mm

Fig. 9 Value of the circulating current with a varied stator outer diameter D, ; and slot width by at
the limiting torque curve at n = 5000 rpm

phase current (450 A) and occurs at D, ; = 210 mm and by = 3 mm. This examina-
tion proves the consideration that an even saturation of the stator teeth and stator
yoke almost completely eliminates the saturation harmonics. It must be taken into
account that the calculated circulating current can be still generated from the field
distribution of the rotor. To assess the efficiency at the operating points, it is not suf-
ficient to consider the circulating currents in the design process only. The yoke
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height has a direct influence on the saturation of this machine part and thus on the
occurring iron losses. The slot width in turn affects the ohmic phase resistance. In
order to take these aspects into account, the ratio of the iron losses, the ohmic losses,
and the mechanical power are calculated. The ratio can be determined by:

va,l + PFe _ 3.Rl .112 + PFe,styk + PFe,sm + PFe,stth + PFe,momt (8)
2n-Tn '

mech

Here, the iron losses P, are divided into several parts: styk indicates the stator
yoke, sttt the tooth tips, and stth the teeth. The mechanical power is calculated from
the torque 7T and the speed n. The circulating current is considered by the value of
the phase current /; The ratio is shown in Fig. 10. The increase of the loss ratio for
small slot widths results from the increasing ohmic phase resistance. The higher
loss ratio with large slot widths is mainly due to the increase of the circulating cur-
rent. Minimum losses are achieved at slot widths between 4 mm and 5 mm. They are
almost independent of the outer diameter of the stator, which is set to 220 mm. With
the selected cross-sections of the active parts, the resulting flux density is 1.9 T in
the teeth and 1.5 T in the yoke.

Finally, it is not sufficient to minimize the circulating current. All losses must be
considered in order to achieve the highest efficiency in the operating range.
Regarding the resulting efficiency map (see Fig. 11) of the designed PSM in delta
connection with two magnet layers and flux barriers within the rotor, it becomes
obvious that, following the described design rules, suitable PSM for traction appli-
cation can be designed without a loss of efficiency in the driving cycle, compared to

210 45

Dy in mm 200 6 e by in mm

Fig. 10 Resulting ratio of the losses and the mechanical power in %, depending on the varied
parameters by and D, ; at the limiting torque curve at n = 5000 rpm
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Fig. 11 Efficiency map of a PSM designed with delta-connected windings

PSM in star connection (see Fig. 12). For the EM with star-connected windings, the
parallel branches are halved to attain almost the same operating range.

5 Conclusion

When dimensioning PSM as traction motors with delta-connected windings, special
attention has to be paid to the arising circulating currents. Therefore, important
design rules are derived in this chapter to design the stator and the PM rotor with
v-shaped buried magnets. The investigations show that focusing only on the third
harmonic, which is caused by the spatial field distribution of the permanent magnets
or by saturation, will lead either to an increase of the fifth and seventh spatial har-
monics or to higher losses in the stator. Therefore, it is recommended to use flux
barriers to decrease the third and ninth harmonics and to choose the magnet angle in
such a way that the fifth and seventh harmonics are also reduced while maintaining
a high fundamental flux density. This approach leads to a suitable design of the PM
rotor for delta-connected as well as for Y-connected windings. Furthermore, it is
shown that an even saturation of the stator teeth and the stator yoke in the operating
range leads to an almost complete elimination of the circulating current. Nevertheless,
all losses have to be considered in order to find the best design option for EM with
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Fig. 12 Efficiency map of a PSM designed with star-connected windings

delta-connected windings. Finally, a calculation method is presented to calculate
skewed machines without additional computational effort. In dependence of the
skewed rotor segments, all information can be derived from the reference segment
analytically. The results indicate that this method can be used to consider skewed
EM in the operating range. There are only small deviations which are caused by the
interpolation method. Using a higher calculation accuracy of the slice identified via
FEM will reduce these deviations.

References

1. C. Dinca, U. Schifer, Circulating currents of delta connected fractional slot machines for mass
production. Elektrotechnik & Informationstechnik 132/1, 68-74 (2015)

2. S.M. Raziee, O. Misir, B. Ponick, Combined star-delta winding analysis. IEEE Transactions on
Energy Conversion 33(1), 383-394 (2018, March)

3. R. Ni, X. Gui, G. Wang, G. Zhang, D. Xu. Improvements in Permanent Magnet Synchronous
Machines with Delta-Connected Winding. In IECON 2014 — 40th annual conference of the
IEEE Industrial Electronics Society, Dallas, TX, pp. 3837-3842 (2014)

4. G. Dajaku, D. Gerling, Skewing Effect on the PM Flux-Linkage High Harmonics of the PM
Machines with Delta Winding. In 13th European conference on power electronics and applica-
tions, Barcelona, pp. 1-7 (2009)



Novel Design of Delta-Connected PM Synchronous Machines Considering Rotor Skewing 13

5. A. Wang, Y. Jia, W.L. Soong, Comparison of five topologies for an interior permanent-magnet
machine for a hybrid electric vehicle. IEEE Trans. Magn. 47(10), 3606-3609 (2011)

6. W. L. Soong, S. Han, T. M. Jahns. Design of Interior PM Machines for Field-Weakening
Applications. In International Conference on Electrical Machines and Systems (ICEMS),
Seoul, pp. 654-664 (2007).

7. M. Bosing, Acoustic Modeling of Electrical Drives Noise and Vibration Synthesis Based on
Force Response Superposition (ISEA, Aachen, 2013)

8. J. Pyrhonen, T. Jokinen, V. Hrabovcova, Design of Rotating Electrical Machines (Wiley,
Chichester, 2014)

9. J. Juergens, J. Redlich, B. Ponick, Comparison of Direct and Axle Drives with Electrically
Excited Synchronous Machines for Traction Applications. In 2018 IEEE Transportation
Electrification Conference and Expo (ITEC), Long Beach, CA, pp. 49-54 (2018)



EC-Motors in a Fan Application: A Case
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1 Introduction

Since the adoption of the Ecodesign Directive 2009/125/EC in the European Union,
a number of motor-related regulations have been put in place in order to stimulate
the use of electric motors with higher energy efficiency. These regulations have
been based on international IEC standards such as the IEC 60034-30-1 for direct on
line motors, IEC 60034-30-2 for variable speed AC motors, and the IEC 61800-9
series for variable speed drives and the extended system approach.

The European fan industry also has been impacted by regulatory actions. The EC
327/2011 regulation is special, in that perspective that is does not focus on compo-
nent efficiency but on the system efficiency of the entire fan unit (Fig. 1). This regu-
lation establishes ecodesign requirements for placing on the market or putting into
service of fans with an end-use as component or as sub-assembly integrated in other
products. Within the regulation, efficiency values are specified for the entire fan
system. The efficiency is determined as the air power produced over the electric
input power of the system (Fig. 1). The regulation was launched in 2011 and has
been revised in 2015. From 2020 onward, even more strict efficiency values are
demanded for. As a result, the fan business in Europe has been actively in search for
optimization in terms of energy efficiency. In that quest, all components of a tradi-
tional fan system have been challenged, amongst them is the electric motor and its
power electronic converter for variable speed operation. Traditionally, for industrial
fan units, the induction machine was the evident candidate to drive the fan. With the
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Fig. 1 Sankey diagram of a fan system

rise of IE4 technology, this induction motor has been challenged by permanent
magnet machines and synchronous reluctance machines at least in the higher power
ranges and for application with a high amount of operating hours. In the lower
power ratings (< 11 kW), the induction motor is still the most used machine. First
versions of motor regulation in Europe did not focus on small electric machines
although the international standards do take small machines into account. This is
overcome in the new version of the European regulation EC 640/2009 to be pub-
lished in 2019.

Both the introduction of standards and regulations have triggered the research
activities of motor manufacturers. Today, fan manufacturers need to select the best
motor technology for their application in order to fulfill the current regulatory obli-
gations. Especially for low power industrial fan applications EC-motors might be an
interesting alternative for the induction machines. It is expected that their efficiency
values outperform induction machines. This chapter shows measurement results for
3 EC-motors in the power range from 1.5 to 7 kW and compares them with 1E3
induction motor technology.

This chapter is structured as follows. In Sect. 2, the operating principle of the
EC-motor is explained and in Sect. 3 their marked situation is addressed. Section 4
describes the measurement results obtained in a laboratory setup. In Sect. 5, the
measurement results are used to calculate the energy consumption for a fan applica-
tion to show the possible energy savings. Finally some conclusion is drawn.

2 Electronically Commutated Motor

In this section, the operation and the characteristics of Electronically Commutated
(EC) motors are explained. This motor type is related to the Brushless DC (BLDC)
machines. BLDC machines are used in low power applications (< 400 W), such as
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Fig. 2 Current waveforms (red) for constant torque production in a BLDC machine/EC-motor
with trapezoidal and sinusoidal back-EMF (blue)

refrigerators, washing machines, and drones. Both motor types contain a stator with
concentrated windings resulting in a rather low production cost of the stator. The
rotor contains permanent magnet material. Originally, BLDC motors were equipped
with permanent magnets that resulted in trapezoidal back-EMF voltages. By feeding
the stator windings with DC currents a more or less constant torque production
resulted. This principle is depicted in Fig. 2. To determine the commutation moments
either Hall sensor or sensorless operation is used in the traditional BLDC motor.
Most sensorless techniques are based on the zero crossing of the back-EMF voltage
in a non-energized stator phase. Depending on the quality of this commutation infor-
mation, torque ripple can be limited at the commutation moments. Unfortunately,
tolerances in the production of the rotor results in back-EMF waveforms that deviate
from their ideal shape: the back-EMF tends to be more sinusoidally shaped [1]. As
aresult, rotor designs occurred that intentionally resulted in more sinusoidal-induced
stator voltages. In combination with sinusoidal stator currents this again results in
good torque production and improved energy efficiency. As a result, a traditional
three-phase voltage source inverter can be used to control such a motor. Several
references show the possible gain in energy efficiency when using such sinusoidal
currents [2—4]. Another advantage of the EC-motor is the option to have an outer
rotor construction. This is especially interesting for fans as the fan blades can be
mounted directly on the outer rotor resulting in a very compact fan unit (Fig. 3).

3 EC-Motor Marked Situation

A market survey revealed that approximately 30 manufacturers of EC-motor are
active worldwide. Most of these manufacturers offer only fractional horsepower
machines (<400 W) that are not relevant for the industrial fan applications that are
addressed in this chapter. Therefore this chapter focuses on motors with a power
rating from 1 up to 11 kW and motor-rated speeds in the range from 1000 up to
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Fig. 3 Schematic overview of EC-motors with inner rotor and outer rotor construction. The stator
consists of concentrated windings

3000 rpm and a rated voltage of 400 V. In this chapter, three different EC-motors
were measured, two motors with a rated power of 1.5 kW and one motor with a
rated power of 7 kW. For reasons of confidentiality, the motors are referred to as
EC1, EC2, and EC3 in the remaining of the chapter.

4 Measurement Campaign

In this chapter, the measurement results of 3 EC-motors are compared with respect
to an IE3 speed-controlled induction motor of similar power and speed rating.
Efficiency maps of the motor drive combination are generated on a dedicated test
bench according to the direct measurement method [5]. Figure 4 shows the test
bench. The settings of the variable speed drive were only adjusted according to the
motor name plates. No further drive settings were modified compared to the factory
settings. Analysis of the efficiency maps clearly shows the better performance of the
EC-motors in part load operation compared to the induction motor (Figs. 5, 6, 7, 8,
9, and 10).

For an operating point at 1500 rpm and 10 nm (rated power) both the 1.5 kW
EC-motors outperform the IE3 IM with 8% for the EC1 and 6% for the EC2
machine, respectively. At part load operation at half speed (750 rpm) and 2.5 nm,
even larger efficiency gains are obtained. It must be noted that motor EC2 has a
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Fig. 4 Schematic overview of test bench for efficiency contour mapping based on the direct mea-
surement principle

lower efficiency at rated load compared to EC1 but compensates this with better part
load efficiency values. Table 1 summarizes the results.

5 Energy Consumption for a Fan Application

In order to quantify the energy consumption, a realistic load profile is assumed. The
load profile consists of four operating points (OP). In this analysis, only the effect
of the motor system is considered and the same fan is assumed. The load profile is
given in Fig. 11 and is characterized by a high percentage of part load operation.
The load characteristic shows a quadratic relationship between motor speed and
load torque with a small amount of static torque. This load profile has been applied
both to the 1.5 kW case and the 7.5 kW case.

For the 1.5 kW case, the use of both EC-motors results in a similar financial sav-
ing of about €60 compared to the IE3 induction motor case. For the 7 kW EC-motor,
the gain is limited to € 84. This gain is not proportional with the increased motor
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Fig. 10 Test bench with EC-motor loaded by a PMSM machine emulating a fan application

Table 1 Measurement results for 1.5 kW and 7.5 kW EC-motors compared to similar 1E3
Induction motor. All motors for the same power rating driven by the same power electronic

converter
Rated power 1.5 kW
Brand EC1 EC2 ™M
Type EC outer runner EC outer runner
Power electronics Intern Converter 1,5 kW Converter 1,5 kW
1500 rpm 10 nm 90.0% 88.0% 82.0%
750 rpm 2,5 nm 77.0% 82.0% 58.0%
Rated power 7kW 7.5 kW
Brand EC3 IM IE3
Type EC outer runner
Power electronics Converter 7,5 kW DOL Converter 7.5 kW
1500 rpm 44 nm 90.5% 88.8% 88.0%
750 rpm 11 nm 88.0% / 80.0%
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Fig. 11 Fan application load profile

Table 2 Yearly energy consumption and financial profit for the given load profile with 6000
operating hours per year and an energy cost of 0.1 €/kWh

Rated power 1.5 kW

Brand EC 1 EC2 M
Yearly energy consumption 4242 kWh 4235 kWh 4844 kWh
Yearly energy cost €424.2 €423.5 €484.4
Yearly profit compared to IM €60.2 €60.9 -

Rated power 7kW 7.5 kW

Brand EC3 IM IE3

Yearly energy consumption 17,485 kWh 18,327 kWh

Yearly energy cost €1749 € 1833

Yearly profit compared to IM €84.2 -

power compared to the 1.5 kW case. It can be concluded that for the load profile of
Fig. 11, the smaller the motor power, the higher the energy savings (Table 2).

6 Conclusion

In this chapter, efficiency maps for Electronically Commutated motors (EC-motors)
are presented. The motors are driven with a standard three phase voltage source
inverter as is typically used to control induction machines. Three EC-motors are
analyzed, two 1.5 kW motors and one 7 kW motor. The results are compared with the
efficiency values of IE3 induction machines of the same power rating and controlled
with the same variable speed drive. Both in the rated operating point and in part load
operation, the efficiency of the EC-motors outperforms the induction motor values.
In the 7 kW case, the economic profit is less pronounced compared to the 1.5 kW
case. For such applications, the decision to select the EC-motor will depend on the
payback time which depends on the purchase cost of the machine and the possibility
to mount the fan directly on the outer rotor resulting in a more compact fan design.
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A Global Update on the Markets
for Motors, Drives, and Motor-Driven
Equipment

Preston Reine

1 Growth Trends in Electric Motor Systems

The worldwide market for low-voltage motors and drives is estimated to have been
worth a combined $23.8 billion, which represents a total growth of 4.1% from 2017
revenues. This growth was largely driven by a continued resurgence in the heavy
industries such as metal processing, mining, and oil & gas. In fact, the process
industries in general have largely benefitted since oil prices began rebounding in
2016. Leading the way in growth for low-voltage motors and drives has been the oil
and gas industry; since 2016, motor and drive revenues into this sector have grown
by about 14% due to rising oil prices and the ensuing capitalization of projects that
had been previously delayed. IHS Markit has also reported an increasing adoption
of drives, also referred to as variable frequency drives (VFDs), within key growth
applications such as pumps, fans, and compressors, which account for more than
75% of motor-driven system applications (Fig. 1). These three key motor-driven
systems are a main focus point because end users have increased their awareness of
energy-efficient solutions. Because of this, IHS Markit has reported a significant
increase in VFD adoption rates. The crucial trend in the larger industrial automation
field, however, is smart manufacturing. Motors, drives, and motor-driven equipment
are generally not seen as “smart” equipment, but that is rapidly changing. Product
managers are working more and more closely with IIoT experts in order to bring
software to the customer that will enable the proper sizing of equipment in order to
optimize and ensure energy efficiency, safety, and lean manufacturing, to name a
few examples.
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The World Market for Low Voltage Motors By Application - Market Breakdown and

Growth
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Fig. 1 Pumps, fans, and compressors account for the vast majority of electricity consumption via
low-voltage motors

2 Price Tendencies for Electric Motors

For low-voltage motors specifically, price increases have been a major trend affect-
ing the competitive environment. Many of the raw materials are bought in China,
which of course puts a very heavy burden on the suppliers who rely on steel from
China and other countries affected by the tariffs imparted by the United States. Due
to increasing input and labor costs, many suppliers had actually announced price
increases ranging from 3 to 7% before the tariffs took effect, so not all motor sup-
pliers have passed on the cost of tariffs onto the customer; however, prices increased
substantially in some developed regions, namely the United States. As a result, [HS
Markit expects Vietnam and other South East Asian countries with favorable tax
laws and incentives to continue to become a crucial focus for manufacturing,
because aside from the tariff issue, China’s labor costs have actually increased con-
siderably. Figure 2 highlights the growth trend of materials prices.
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Key price drivers
Percent change

% share 2016 2017 2018 2019F 2020F

“Price 09 09 27 22 20
Direct labor costs 11% 73 6 25 6 33
Direct material costs B81% -1.0 5.9 56 0.5 0.9
Indirect product costs 8% 1.1 33 2.2 25 24
Source IHS Madit 201601 Forecast. Plaase see Cost Analyzer for more informason © 2029 IHS Mariit

Global motor input costs with forecasted annual growth

N\
N\
N
N\
S

Annualinput cost growth
2

0%
2017 2018 \\M N 2021 =

e Copper e Labor e Metal Products e St

Source: HS Markit ©20181HS Markit

Fig. 2 If commodity prices remain low it could prevent motor suppliers from being able to
increase their prices

3 Motor Efficiency

In terms of the global market size, the low-voltage motor market was estimated to be
valued at less than $12.3 billion in 2018, representing a growth of 4.6% from 2017
and 8.2% since 2016. Much of this growth was generated from price increases.
Whereas energy efficiency has historically been the leading focus for motor suppli-
ers and end users, awareness of the Industrial Internet of Things has given far more
things to consider from a business model standpoint. During the economic slow-
down from 2014 to 2016, many suppliers were paying less attention to growing
market share and more attention on profitability through leaner manufacturing pro-
cesses and increased service offerings. When commodity prices were really low and
the economy was drastically slowing down, the rate of adoption for higher-efficient
motors also slowed down. That is likely not driven alone by organic economic fac-
tors; in fact, IHS Markit research has shown that inorganic pressures from the gov-
ernment are the biggest indicator of motor efficiency sales. As seen in Fig. 3, the
global share of low-voltage electric motors with an energy-efficiency designation of
IE3 (NEMA Premium Efficiency) in 2016 was 17%. In 2022, IHS Markit forecasts
that this allocation will increase to almost 28%. Furthermore, there has been a lot of
buzz for IE4 motors. The biggest source of demand for this technology comes from
pumps and compressors below 10 kW, as well as small conveyor and fan applica-
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EFFICIENCY CLASS TRANSITIONS (UNITS)
Global Low Voltage Motors - Efficiency Class Transition: 2016 to 2022

Dc Others DC Others
<1%_ 8% <1% 7%
IE4

IE4
<1%

2%

1E2
37%

osetersze () ) 207 Ve un
40.4 Million 48.1 Million

Average Annual Unit Growth = 2.9%

Fig. 3 1E4, super-premium efficiency motor types will grow rapidly but still account for less than
5% of motor shipments for the near future

tions. Market leaders among pump, fan, and compressor suppliers have all focused
on supplying their own high-efficiency motors in order to control the increasingly
specialized designs required by end users.

4 The Balance Between Organic and Inorganic Forces

As mentioned earlier, “efficiency” in and of itself can be defined and attained sev-
eral different ways. For example, the United States had historically embraced the
shift toward reducing carbon emissions by targeting product-specific metrics for
industrial equipment such as motors, generators, pumps, fans, and compressors.
Certainly, some products have received more attention than others, but the product-
centric approach has slowly transitioned toward focusing on the more historically
European style of improving energy efficiency, commonly referred to as the
extended product approach. The extended product approach looks at full system
efficiency instead of calculating energy consumption on the component level.

The above indicates how the government would look at efficiency, but the market
is evolving in a manner that is independent of such standards. We have seen time
after time throughout the world that the absolute leading determinant of efficient
equipment being sold is government involvement, but as disruptive technologies
emerge, it is possible that the industrial automation market as a whole will see new
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demand metrics that are similar but unrelated to the governmental bodies’ ideas of
efficiency. The beginning of this trend comes from the Industrial Internet of Things,
in which motors, drives, and other equipment are more broadly connected in order
to monitor the condition of these assets and predict or prevent maintenance issues.
Looking back at Fig. 3, it is clear that IE4 motors will not account for a significant
portion of global sales any time soon. So why, after such a massive awareness of the
benefits and payback opportunity with energy efficiency, does the market not take
advantage of energy savings? The answer is complex, but the simplified version is
that cost concerns and marginal returns are at the forefront. The jump from an IE2
motor to IE3 is significant in many applications, but the move from IE3 to IE4 can
be markedly less. On top of that, most IE4 motors would require a VFD to be used
in conjunction, and for the cost-conscious consumer, this can be an issue.

Even with government influence, it is clear that the process of transitioning to
more efficient motors takes time. It is also clear that little progress happens without
legislative endeavors, as seen in Fig. 4. After a policy is enacted, there are often loop-
holes that need to be shored up, which can take years to finalize and put into effect.

Cultural differences are another important factor to consider when looking at
barriers and enablers of energy efficiency. Switzerland is a really good example of
a country that prioritizes the utilization of energy-efficient equipment. As proof of
this, despite the global average adoption rate for IE4 motors of less than 1%, IE4
motor shipments in Switzerland account for roughly 2.6% of the country [1].
Furthermore, Japan has been one of the fastest countries to transition after its adop-
tion of standards in 2014 [2]. This is largely due to cultural and structural factors,
such as commitment to sustainability and also the competitive environment having
fewer players.

The world market for low-voltage motors - unit shipments from 2010 to 2020
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Lower-cost providers from countries with less of a focus on energy-efficiency
are a threat to undercutting the progress of advanced nations. With little teeth to the
worldwide legislations, there is little that can be done. This has been a problem in
countries like Turkey, Mexico, and Southeast Asia. However, this pales in comparison
to a major issue that suppliers have been struggling with for many years. The reason
that progress is very slow without government intervention is because the company
purchasing industrial automation equipment is usually not the one operating the
equipment, and would therefore have little concern for operating expenses that can
often be very expensive. Sure enough, motor manufacturers are combating this by
investing in service offerings and IIoT solutions that can reduce downtime, and it is
possible to save more money through uptime compared to the purchase of energy-
efficient equipment. The key point here is that these don’t have to be mutually
exclusive. As the economy continues to slow down, though, it is the expectation by
IHS Markit that services, lean manufacturing, and emerging smart monitoring and
connectivity technologies will grow at a faster rate than the general interest in
energy-efficient motors. There is plenty of room for growth in both facets.

S VFD Market Update

Total low-voltage drive revenues in 2018 are estimated to have been worth about
$11.5 billion, representing a growth of 3.4% from 2017 revenues. This growth rate
indicates a leveling out of the market after a strong year in 2017, which saw a 7%
growth in revenues from 2016. This resurgence in the low-voltage drives market is
largely due to a recovery in the heavy industries, much like the case with the motor
market. Price pressure still exists in the low-voltage drives market, with average sell-
ing prices (ASP) falling by over 1% from 2016 to 2017. The ASP in the global low-
voltage drive market was below $550 per unit in 2017 and below $545 in 2018.
Although low-voltage motor drive revenues do not directly benefit from the positive
effects of the minimum motor efficiency legislation as with low-voltage motor rev-
enues, the overall drives market benefits from the greater focus on system efficiency.
If, however, tighter minimum efficiency performance standards (MEPS) are applied
to the drives themselves, this could buck the trend of selling less expensive drives. It
is currently the case in the European Union that motors not attaining an efficiency
rating of IE3 must be used with a VFD, but little oversight has been given to this
regulation, leading to confusion for suppliers trying to understand the difference
with perceived and actual demand. Moreover, this will soon be changing, now that
the EU motor regulation has been finalized to take away this option. It is the opinion
of IHS Markit that this will reduce the confusion and bring some much-needed stan-
dardization to the market, boosting IE3 motor sales. Still, IHS Markit research indi-
cates strong demand for drives in the energy-intensive process industries, so declining
prices likely will not offset the currently strong forecast for drive shipments, espe-
cially in Europe, where a full systems efficiency focus is commonplace. The deter-
mining factors for whether a customer opts for a more efficient motor or a less
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expensive motor with a VSD largely depends on customer and application at this
point. In variable speed applications, motor drives have the potential to save massive
amounts of energy. In the future, as energy costs increase, the economic benefit from
installing such a motor drive will also continue increasing exponentially. The great-
est return on investment with regards to drives is mostly seen in pump, fan, and
compressor applications, which are forecast to outperform the market average for
drive applications over the next 5 years. Drives have come a long way: they can now
be controlled by mobile devices; can identify problems; and can work more effi-
ciently at various speeds and loads. In addition, they are much easier to purchase and
install than in years past. IHS Markit has been tracking the penetration of connectiv-
ity, specifically related to drives. Corroborating the belief that connected devices are
on the rise, an IHS Markit survey found that 69% of VFDs sold in 2016 were net-
work-enabled, as opposed to 68% in 2015. IHS Markit predicts that this figure will
expand to 76% in 2021 [3].

6 Conclusion

With the advent of more disruptive technologies permeating into the industrial auto-
mation market, suppliers are looking for more and more ways to differentiate. In
many developed countries, new energy-efficiency initiatives and revisions will con-
tinue to push market growth in favor of higher-efficient motors, drives, and motor-
driven equipment such as pumps, fans, and compressors. However, there is no
justification to enforce standards above IE3 (NEMA Premium) rated motors, and as
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Fig. 5 Initiatives to employ IIoT will not be successful unless the organization has the necessary
skillset and internal support



36 P. Reine

the market becomes more commoditized, it is likely that the successful market play-
ers will differentiate themselves by embracing IIoT. Many companies have reported
that more savings have been attained with motors that are less efficient by means of
properly sizing and maintaining the whole motor-driven system. Much like with IE4
motor technology, IIoT, Industry 4.0, and other transformative technologies are quite
nascent in terms of practical application. Connectivity via sensors has been around
for a while, but modern technology is allowing motor system end users to collect and
analyze data like never before. Figure 5 shows how much room for growth there is
for industrial automation original equipment manufacturers and end users that [HS
Markit surveyed [4] in early 2019. The takeaway is clear; many obstacles exist to
adopting this technology, but a small percentage of companies have been able to
capitalize. This, along with a comprehensive adoption of energy-efficient equipment,
does not have to exist separately. In other words, the market could see the utilization
of advanced intelligence that helps with proper equipment sizing, condition monitor-
ing, and predictive maintenance that can further promote energy efficiency.
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Motors have become essential to all business sectors and are the largest electrical
energy consumers, utilizing more than twice as much as lighting. Motor applica-
tions account for about 45% of the global electricity consumption. The overall
energy consumption of electric motors is more than 7000 TWh/year today.

If no effective energy-efficiency measures are implemented, the consumption
and associated CO, emissions could increase by almost 90% by 2030. Given their
paramount role in the industrial sectors, electric motors represent one of the greatest
opportunities for energy savings and reduction of CO, emissions.

1.2 The Energy Efficiency of Electric Motor Systems Is Still
Under-addressed

The efficiency of motor systems is not a major concern for most users. Although the
cost of the energy used by a motor accounts for about 95% of the Total Cost of
Ownership, the primary selection criteria is still by far the initial purchase price, not
the cost of the energy it will use. There are three reasons for this counter-productive
behavior:

e Lack of awareness of the cost of running a motor (95%) versus the cost of pur-
chase (5%).

e Companies having different departments responsible for the investment (inter-
ested in a low purchase price) and operational costs (interest in energy
efficiency).

e MEPs on components and the lack of tools for end-users to determine the true
energy demand at operating points of components at other than 100% rated
loads.

Consequently, the installed base includes many applications in which the motor
and/or the machine connected to it are poorly sized and/or fitted to the actual
requirements of the application, forming a poorly efficient application overall. The
opportunities for energy savings are therefore considerable.

2 How to Increase the Energy Savings of Motor
Applications?

A motor-based application is a system composed of components: power supply,
motor, motor control, auxiliaries, transmission, mechanical load, process, etc. When
it comes to dealing with the energy efficiency aspect of such compound systems,
two approaches can be considered:
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e The component approach consists of developing MEPS (Minimum Efficiency
Performance Standards) for key components and then requiring each of those
components to have a minimum energy-efficiency rating (typically determined at
an arbitrary load point).

* The system approach consists in considering the entire application and making
the overall system meet certain efficiency levels. This promotes greater energy
savings and better optimization of the components used within the system, allow-
ing the complete program to operate with greater energy savings compared with
the component approach.

2.1 Current Approaches Focus on Components

Most geographical zones have a Minimum Efficiency Performance Standard
(MEPS) on motor efficiency today. Old, inefficient motors still in place will pro-
gressively be replaced by more efficient motors.

While this substitution will certainly bring savings, motor MEPS limitations
only focus on the energy efficiency of the motor as a component, often at or near full
load operation. However, the optimization of the entire application has a much
greater influence on the overall energy efficiency than the rated efficiency value of
the individual components.

2.2 Components Must Be Sized Properly to Operate
at an Efficient Operating Point

The operating point of a component depends on its sizing and how well it is suited
to the application. As a general statement, major oversizing is to be avoided because
it causes nearly all pieces of equipment to operate at an operating point where they
are not optimally efficient.

For example, the efficiency of an electric motor is significantly degraded below
30% of load regardless of its energy-efficiency IE class. Yet, oversizing by a signifi-
cant “margin factor” is still common practice in the industry.

The power losses when not operating a motor at an efficient-operating point are
much higher than those of a less efficient motor in its nominal efficiency range,
hence the recommendation to avoid oversizing.
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2.3 The Control System Must Match the Requirements
of the Application

Variable speed is interesting to many applications because it allows controlling the
torque and speed independently. As the efficiency of a motor increases, the starting
torque is reduced. By using a variable speed drive, applications can use a much
higher starting torque and reduce the energy once the application is operating. This
is an important feature, as the low starting torque of a high efficiency Direct on line
(DOL) motor is another reason for oversizing as described above. On the other
hand, the variable speed drive produces additional power losses.

It is important, from the point of view of energy efficiency, to carefully consider
the use variable speed drives. The following general rules are useful to make an
optimized decision:

* Applications which require full speed for almost all their operating time should
use fixed speed motors.

e Applications which require speed reduction during an essential part of their
operating time should use a variable speed drive.

* Applications with an essential part of their operating time at both full speed and
reduced speed can minimize the losses of the variable speed drive by bypassing
it with contactor when operating at full speed.

e Applications which require full but not line speed for almost all their operating
time should either use a variable speed drive or a gearbox. A gearbox will add
losses but the selection of the appropriate type of gearing is essential to the appli-
cation to overcome those losses.

When it comes to saving energy, one of the decisions used to implement variable
speed should be based on an application-level analysis of whether the drive would
improve the overall efficiency. Yet, in many cases, the implementation or non-
implementation of variable speed drives is based on design habits, overestimated
investment cost, or preconceptions, such as electronics having poor reliability and
fixed speed motor being tried and true.

2.4 A “System-level” Approach Is Needed

The actual efficiency of a motor-based application depends on how well the differ-
ent pieces of equipment (motor, transmission, mechanical machine, etc.) match the
requirements of the application. This involves several factors, such as:

* The operating point of the motor expressed in terms of speed and torque (or
power for fixed-speed applications). For example, fixed-speed motors running at
less than 30% of their rated power typically have very degraded efficiency (e.g.,
70% against 95% near full load).
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* The motor control system (motor starter or variable speed drive).

* The operating point of the transmission between the motor and the mechanical
equipment, if any.

* The operating point of the mechanical equipment connected to the motor, e.g., a
pump.

* The design speed of the system. Newer motors have less slip and run faster than
older, lower efficiency motors, potentially increasing energy consumption with-
out benefit for the application.

Failure to match the characteristics of the components to the requirements of the
application can defeat the benefit of using efficient individual components (motor,
control system, load machine), and lead to an overall waste of energy. Examples of
solutions that typically waste energy and consequently result in poor overall system
energy efficiency even if high-efficiency motors are used include:

* Using a throttling valve to permanently regulate the flow of a fluid

» Keeping components in standby mode for a long time (e.g. over the weekend)

» Using heavily oversized components to accommodate peak requirements that
occur only very rarely

The Extended Product Approach is a first attempt to deal with the energy effi-
ciency of motor-based applications through a system approach, to foster good
design practice and yield tangible overall energy savings.

3 Principles of the Extended Product Approach (EPA)

The concept of Extended Product Approach has been introduced first in the EN
50598 series of European standards published in 2014 [2, 3]. Most of the content
has later been included in the IEC 61800-9 Ed. 1 published in 2017, with only minor
corrections and clarifications [4, 5].

3.1 What Is the “Extended Product”?

The idea behind the “Extended Product” concept is to consider other products or
parameters that may influence the energy efficiency of your product.

This concept is extremely important when dealing with the energy efficiency of
motor applications, because the operating points of a component (and therefore its
efficiency) may be strongly influenced by other components and by the require-
ments of the application.

For example, if the sizing of a fixed-speed pumping application causes the asso-
ciated motor to operate below 30% of rated load most of the time, the overall effi-
ciency of the motor in this pumping system will be far from optimum.
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Since the energy efficiency of a complex system is a difficult matter, a well-
defined terminology is needed. In IEC 61800-9-1, an effort has been made to spec-
ify a set of terms that represent a consensus among the stakeholders writing the IEC
61800-9 series of standards. Figure 1 shows the key terms used to designate the
different components of a motor application. The terms related to motors operated
with variable speed drives (BDM, CDM, PDS) have been reused from other relevant
IEC standards.

According to this terminology, the Extended Product is the association of:

e The Motor System composed of:

— The motor
— The Motor Control System, which may be:

A Complete Drive Module, also called Variable Speed Drive, if the appli-
cation requires varying the speed
or a Motor Starter (contactor, softstarter) if the application is speed-fixed.

e The Driven equipment connected to a process, composed of:

— A mechanical transmission (coupling, gearbox, etc.)
— A load machine (pump, compressor, etc.)

The Extended Product is therefore an arrangement of electrical and mechanical
components designed to perform a task as required by the application: circulating
fluids, compressing air, lifting goods, etc.

1 Extended Product I
/ Motor System \
Power Drive System (PDS)

Driven Equipment

omplete Drive Module (CDM),

Mains Basic
and Feeding Auxilia- Drive Auxilia- Load
mains ' section ries Module ries machine
cabling ! (BDM)
: Motor Starter
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\\ | Motor Control System = CDM or Starter | /

Fig. 1 Terminology: Components of a motor application
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3.2 Questions Related to the Energy Efficiency for Extended
Products

Considering an Extended Product (existing or under design), some of the questions
that arise from the point of view of maximizing the energy savings include:

* Does my Extended Product consume a minimum amount of energy?

* What are the extra energy savings if I optimize the operation mode of my
Extended Product compared to optimizing the individual components (e.g.,
CDM, motor, driven equipment)?

Answering such questions is not easy because the energy consumption of the
Extended Product depends a lot on the operating points of each component, which
in turn depends on the application requirements and on the selection and sizing of
the components.

3.3 The Extended Product Approach: A Generic Methodology

The Extended Product Approach (EPA) is a generic methodology to foster the inclu-
sion of application-level considerations (i.e., other components installed, time pro-
file) when determining the energy efficiency of a component.

The inputs to the EPA are (see Fig. 2):

e Characteristics of the application: all information allowing to determine the
operating points at which the component will operate. For a motor system this
includes:

— Mechanical power required to perform the task (lifting something, filling up a
tank in a certain amount of time, etc.)

— Need for varying the speed of the motor independently of the torque

— Fraction of time spent in stand-by mode

— If several levels of power or speed are required by the application, the fraction
of runtime spent at each level

* Power losses of the components: the power losses of each component at the
operating point(s) at which it is operated as required by the application.

Characteristics

of the application Extended Product Energy Efﬁdency Index

A + " of componen
Power losses ERRERN oF eRmpeRSnt

of component

Fig. 2 Principle of the extended product approach for a component
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The output of the EPA is typically an Energy-Efficiency Index that characterizes
its overall efficiency in the context of the application, considering all the above.

4 The Extended Product Approach for Motor Systems
in IEC 61800-9

In the IEC 61800-9 series of standards, the key element is the Motor System, i.e.,
motors and their associated motor control system (see Fig. 1). This series is com-
posed of two parts:

e IEC 61800-9-1 is the Extended Product Approach part (see Fig. 2). It describes
the methodology for using application-related information and the power losses
of a motor system to determine the overall energy-efficiency index of the motor
system in the application.

e JEC 61800-9-2 describes methods for determining the power losses of motor
systems at any operating point. It is specific to these components.

4.1 Step 1. Determination of the Operating Points

The first step for using the Extended Product Approach for Motor Systems from
IEC 61800-9-1 is to determine the operating points of the components of the
motor system.
Based on the requirements of the application (the work to be done), the selection
of the different pieces of equipment forming an Extended Product can be considered:
First the load machine:

e What is the best efficient speed for the load machine to do the mechanical work?

e What is mechanical power? Is the duty continuous or intermittent?

e At variable speed, how many different operating points appear? What fraction of
time will be spent at each operating point?

Then the Motor System itself:

e What do I need to operate the mechanical load?

 [s the motor well-suited to the load?

e Is it more efficient to control the speed of the motor or to use fixed speed and
adjust the motor output power by its torque only?

e Do I need to manage the starting phase, e.g., in case of high-inertia load?

e [If it is more efficient to change/vary the speed independently of the torque, shall
I use a Drive Module or a gearbox?

e Will it need auxiliaries (e.g., additional cooling, high-frequency filters)?

Based on the above considerations, the operating points OP, at which the Motor
System will operate can be determined. These operating points may be expressed as
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a percentage of the rated power for starter-based Motor Systems or as (speed,
torque) couplets for Power Drive Systems.

4.2 Step 2. Determination of the Power Losses at the Operating
Points: Semi-Analytical Model (SAM)

The second step is to determine what will be the power losses of the motor system
in the application. This is what IEC 61800-9-2 specifies.

Considering the Motor System operating points, the IEC 61800-9-2 standard
provides methods for determining the power losses at each operating point. To do
this, the IEC 61800-9 series of standards introduces the Semi-Analytical
Model (SAM).

From a generic point of view, a Semi-Analytical Model (SAM) is a mathematical
model using a combination of measured and calculated data for determining the
power losses of a component or a group of components in the Extended Product at
any given operating point in a standardized manner (see Fig. 3).

A Semi-Analytical Model may for example use:

e Measured data at standardized reference operating points (in which case the
manufacturers need to provide the power losses of their equipment at these
points)

e Standardized mathematical models of equipment

e Formulas for interpolating the power losses between known operating points

The IEC 61800-9-2 standard specifies the Semi-Analytical Model of the Motor
System. The determination of the Motor System power losses depends on the type
of Motor Control System.

e If the Motor System is based on a Motor Starter (contactor, star-delta starter,
softstarter), then:

— The efficiency of the motor is considered unaffected by the Motor Control
System

— The power losses of the Motor Control System are taken as 0.1% of the motor
rated power

Operating Semi-Analytical Power
point Model (SAM) losses

Fig. 3 Principle of the semi-analytical model of a component
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e If the Motor System is a Power Drive System, i.e. based on a Complete Drive
Module allowing variable speed, then:

— The efficiency of the motor is affected by the CDM.

— The determination of the PDS power losses needs to be done according to the
SAM specified in [EC 61800-9-2. It mainly uses power losses Drive Modules
and motors determined at standardized operating points (that need to be pro-
vided by manufacturers) and specified interpolation procedures.

4.3 Step 3. Determination of the Overall Energy-Efficiency
Index (EEI) Using the Duty Profile

When the different operating points and the associated power losses have been
obtained, the third step is to turn them into an overall Energy-Efficiency Index for
the Motor System. An important factor that impacts the overall energy efficiency is
how much time is spent at each identified operating point.

For example, a fixed speed motor system that continuously operates below 30%
of its rated power is certainly not optimally efficient, whereas operating at a fraction
of the rated power for a limited fraction of time, because the application so requires,
is more tolerable.

A way of describing the time aspect of the application is to use duty profiles.
These profiles are histograms describing which fraction of time is spent at each
operating point, including stand-by mode if relevant. This principle is described in
IEC 61800-9-1.

Duty profiles may vary substantially depending on the type of application and
type of mechanical load. Continuous duty applications will typically have only one
operating point in the duty profile, with additional stand-by time, whereas complex
applications involving variable speed may require a significant number of operating
points associated to as many fractions of run time.

An overall Energy-Efficiency Index (EEI) proposed in IEC 61800-9 is the
weighted average power losses, calculated as the sum of the losses at the different
identified operating point, each weighted by the respective fraction of runtime spent
at the operating point. This EEI is a measure of the average power lost by the Motor
System over a long enough period: the smaller the better.

This process is summarized in Fig. 4. In this example, four operating points
including stand-by mode have been considered relevant to describe the application.
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4.4 The EPA for Motor Systems Also Specifies
Energy-Efficiency Classes for Components

The TEC 61800-9-2 also specifies classification schemes for CDM and PDS:

* The IE energy-efficiency class of a CDM is done by comparison to a Reference
CDM whose power losses are tabulated.

* The IES energy-efficiency class of a Power Drive Systems (Motor + Complete
Drive Module) is based on the comparison with a Reference Power Drive System
whose power losses are tabulated in the standard.

In addition, the IEC 61800-9-2 standard specifies tests for verifying the IE class
of a CDM or the IES class of a PDS.
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S The Extended Product Approach Helps Designing Efficient
Motor Systems

5.1 Comparing Potential Architectures to Select the Most
Efficient Solution

The weighted average electrical power losses can be used to characterize the energy
efficiency of a Motor System for a specified application: the lesser the weighted
average electrical power losses, the more efficient the motor system.

It is especially interesting to use the Energy-Efficiency Index during the design
stage to compare several Extended Products representing several implementation
options of an application. It allows one to decide which architecture is more effi-
cient for the application considered, based on a fair and objective analysis instead of
preconceptions or design habits. In order to achieve a sustainable result, all the vari-
ous design concepts for an extended product and their expected operating points
must be determined in detail in order to allow an overall loss evaluation of the dif-
ferent possible solutions

Suppose two Extended Products are considered for implementing a pumping
application:

e An Extended Product EP1 composed of a fixed-speed motor and a throttling
valve

e An Extended Product EP2 composed of a Power Drive System without throttling
device

Considering the duty profile of the application, the weighted average electrical
power losses can be computed for each Extended Product EP1 and EP2. The
Extended Product that yields the smaller weighted average electrical power losses
is more efficient and shall be preferred from the point of view of energy efficiency.

Typically,

 If the pumping application spends most of its time near 100% flow, the Extended
Product EP1 based on fixed speed is more efficient.

o If the application requires the flow to be reduced to 50% most of the time, then
Extended product EP2 based on variable speed is more efficient. Two cascaded
system or a bypass for the variable speed drive could also be considered as fur-
ther possible Extended Products.

This example is presented at a greater level of detail in IEC 61800-9-1 Annex C.
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Table 1 Stakeholders of the extended product approach

Stakeholder

Possible usage

Regulatory authorities

Use the Extended Product Approach and all necessary support data
to assess whether a given application is efficient enough or not.
This is a way to save substantially more energy than by regulating
the individual efficiencies of components (MEPS) and to focus on
the practical, more relevant overall energy efficiency of Motor
Systems within their applications.

Non-electrical
standardization technical
committees or other
relevant professional
organizations

Use the general guidelines of the Extended Product Approach in
IEC 61800-9-1 to derive their own approach for determining the
energy efficiency of the products in their scope, as relevant.

Component manufacturers
(motor, CDM, PDS)

Quantify the energy-efficiency performance of their component,
using the measurement /calculation principles from IEC 61800-9-2
to determine their IE or IES class and provide this information to
their customers.

Provide the power losses of their components (CDM, PDS) at the
standardized reference operating points mentioned in IEC
61800-9-2, for use by other stakeholders, e.g. application
designers.

Application designers

Use the standardized data provided by manufacturers of electrical
and non-electrical equipment and follow the EPA to derive
Energy-Efficiency Indices for the Motor Systems implemented in
the applications under design or for the whole application under
design.

Original Equipment
Manufacturers

Use standardized component energy- efficiency data and follow the
EPA to quantify the energy efficiency of their original equipment.

5.2 Lots of Stakeholders Can Benefit from the Extended

Product Approach

The main stakeholders of the Extended Product Approach (IEC 61800-9-1) and the
motor losses determination procedures (IEC 61800-9-2) are listed in Table 1.

5.3 Toward a Comprehensive Approach for More Efficient
Motor Applications

The interaction of these stakeholders is expected to progressively encourage more
conscious choices regarding the design and selection of energy-efficient motor-
based applications.

A considerable benefit of the Extended Product Approach in the IEC 61800-9
series of standards is that it allows to determine the overall energy efficiency of a
Motor System on a fair basis, considering:
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* The requirements of the application (typically the different duties)
* The characteristics of the components forming the Extended Product

Alternate Extended Product configurations can be characterized and compared in
terms of Motor System energy efficiency, based on a systematic approach. This is a
first step toward addressing the complex topic of the energy efficiency of motor
applications.

6 Extending the Extended Product Approach to the Whole
Application

6.1 Compatible Approaches to Energy Efficiency Are Needed
Jor All Components

The improvement resulting from using efficient component can be ruined by not
using the component at operating points where they are efficient in the application.
This is true for electrical and non-electrical components of an application.

Therefore, the Extended Product Approach for Motor Systems in the IEC
61800-9 series should be completed by equivalent approaches for characterizing the
energy efficiency of non-electrical parts, typically the transmission and the mechan-
ical load connected to the process.

Ideally, the methods for characterizing the energy efficiency of the electrical
parts and for the non-electrical parts should be consistent and compatible, in the
sense that:

e All methods should consider the whole application.

e All methods should produce indicators (e.g., weighted average power losses) that
can be easily combined into a single indicator characterizing the energy effi-
ciency of the whole application.

6.2 The EPA for Motor Systems Is a Good Basis

A good merit of the Extended Product Approach for Motor Systems in the IEC
61800-9 series is that it can easily be adapted to non-electrical components. The
adjustments of the Extended Product Approach that can be considered to tailor it to
the non-electrical world may include:

e Adapting the terminology: for example, pumping or ventilation applications may
want to use flow and pressure rather than speed and torque.

e Specifying Semi-Analytical Models for the transmission, driven equipment, etc.
to determine its power losses or efficiency at any given operating point. These
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Semi-Analytical Models could be based on power losses or efficiency at stan-
dardized reference operating points as in IEC 61800-9-2 or other relevant data.
* Providing reference duty profiles for typical service conditions.
* Specifying how the Energy-Efficiency Index for their applications should be
determined and how it should be presented to the stakeholders.

An example of such adaptation is the Extended Product Approach for pumps
developed by EUROPUMP [6]. Reference duty profiles and Semi-Analytical
Models have been proposed for dealing with mechanical load. Coupled with the
EPA for Motor Systems in IEC 61800-9, it can be used to derive application-level
energy-efficiency indicators.

The expected benefit is a significant improvement of the energy efficiency of
motor-based applications for the benefit of the community.

6.3 Toward an Application-Level Energy-Efficiency Index

Assuming consistent Extended Products Approaches (EPA) are available beyond
Motor Systems (which are covered by the IEC 61800-9 series of standards), i.e., for
non-electrical parts of a motor-based application, the outputs of these different
EPAs can be combined into an overall, application-level Energy-Efficiency Index.

For example, if all the Extended Product Approaches for the different component
forming a motor-based application produce weighted average power losses as out-
puts, those can be directly summed up. The resulting total application power losses
is a good possible Energy-Efficiency Index (EEI) for the whole application performed
by the equipment considered. This concept of generalized Extended Product
Approach to assess the overall, application-level energy efficiency is shown in Fig. 5.

The key inputs are the requirements of the application (the work that needs to be
done). The operating points of each component will depend on the application
designer’s choice. Carefully sizing each component and selecting the right motor
control system is especially important from the point of view of energy efficiency.
It is more than just selecting nominally efficient individual components regardless
of what the application requires.

It is only when we are able to easily “connect” the energy-efficiency determina-
tion procedures for all parts of the application that we can really foster the design of
energy-efficient applications and achieve high-level energy savings.

The proposed generalized Extended Product Approach should be seen as a straw
man presented to encourage and initiate cooperation between electrical and non-
electrical technical committees and stakeholders.

Note: An extended and more detailed version of this chapter is available as an
IEC SC22G Supporting Document [7].
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High-Efficiency IE4 Line-Start m
Synchronous Reluctance Motors

updates

Francesco Parasiliti and Marco Villani

1 Introduction

The demand for energy saving and the new directives on efficiency levels have
shifted the interest of designers from the conventional induction motors (IM)
towards new types of compact and reliable high-efficiency motors for constant
speed applications, especially in the low and middle power ranges. The line-start
synchronous motors represent a valid alternative to the traditional IMs, since they
are able to operate without any control device: the presence of a squirrel cage
embedded in the rotor core makes them capable of starting directly from the grid.
These motors are mainly line-start permanent magnet motors (LSPMM). The
LSPMM combines the advantages of the IM (robust construction and line-starting
capability) and PM motor (high-efficiency, power factor, and torque density). One
of the drawbacks of LSPMM is the price volatility of the rare earth alloys, and this
has led to the reconsideration of magnet-free solutions such as the line-start syn-
chronous reluctance motor (LSSynRM) [1-5]. The LSSynRM is potentially cost-
effective and can compete with the robustness and the low price of the IM in the
field of constant speed applications. Nevertheless, the rough starting transient, limi-
tations in terms of pull-in (synchronization) capability, and low power factor are the
main critical aspects that compromise its diffusion [6]. By the use of combinations
of modern finite-element (FE) analysis techniques and proper optimization algo-
rithms [5, 7], acceptable starting behaviour in the asynchronous operating region
and efficient steady-state performance at synchronous speed are feasible for
LSSynRM.
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In this chapter, a specific design procedure for LSSynRMs [5] has been used in
order to reach the desired balance between the pull-in capability, starting behaviour,
and steady-state performance. The procedure is applied to design two LSSynRMs,
3 kW-2pole and 4 kW-4pole, 400 V, 50 Hz. The performance of both motors, during
starting and steady-state operations, was analysed by an accurate FE model and
compared with that of IMs of the same size. A prototype of the 4 kW-4pole motor
has been built and tested. Then, its experimental performance is presented and ana-
lysed in comparison with the IM counterpart.

2 Basic Theory

A LSSynRM can be considered a hybrid between a synchronous and an induction
motor, where the contribution of the latter is required only during the starting tran-
sient. In the steady-state condition, the motor operates at synchronous speed, where
the torque is due to the anisotropic rotor geometry.

The concept at the base of this motor is quite easy. However, many aspects should
be taken into careful account to design a motor of this type:

1. The cage has to fit in the complex rotor geometry without affecting the optimal
anisotropic shape and the efficiency of the machine at steady state. This, in turn,
leads to an uncommon asymmetrical cage.

2. The capability of the motor to effectively reach the synchronous speed depends
on many variables, such as the inertia and torque characteristic of the load, the
shape and material of the cage, and some external factors like temperature and
supply voltage.

3. The asymmetrical shape of the squirrel cage often leads to a poor locked rotor
performance, characterized by evident torque fluctuations as a function of the
rotor position, and by a remarkable current absorption.

The main issues in the design of line-start motors are not related to the solution
of each of the previous points, but to the solution of their whole. In particular, the
interventions on the rotor geometry made to improve the efficiency certainly affect
the starting capability and vice-versa.

The torque-speed characteristic of an LSSynRM can be represented as in Fig. 1
[5]; it is a combination of the IM torque and that of the synchronous motor.

What really characterizes the self-starting machine is the presence of the “pull-
in” torque that brings the rotor to work at synchronous speed. The breakdown torque
represents the maximum performance the machine can achieve at synchro-
nous speed.

In order to properly understand the complex phenomenon of the pull-in, it can be
helpful to reason in terms of energy, instead of torque [8]: if, approaching the syn-
chronous speed, the rotor would have enough kinetic energy, the pull-in phenome-
non will correctly happen, leading to a proper steady-state condition. In the other
case, the rotor will remain on the asynchronous area of the torque characteristic (or
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Fig. 1 Typical torque vs. speed characteristic of LSSynRM

rather operating with slip greater than zero): this working point can be considered
as stable, but it leads to unacceptable fluctuation of both speed and current, due to
the presence of the impulsive synchronous torque [5, 9]. These statements confirm
that the pull-in capability of the motor depends on the load inertia and torque char-
acteristic. More specifically, these lead to the definition of a critical value of load
inertia [10] that the motor can effectively bring to synchronous speed, under equal
mechanical, thermal, and electric conditions. Another limitation is represented by
the starting torque, which is often not stable and strong as much as the torque of the
IM, due to the very uncommon shape of the squirrel cage. In conclusion, LSSynRM
is suitable in case of compressors, fans, pumps, blower, and other applications char-
acterized by a low inertia and a weak locked rotor torque requirement. However, by
an intense design activity, it is possible to fill the gap between the performance of
LSSynRM and IM, enlarging its application field.

3 Motors Design

The technology of line-start motors is not so recent, but in the last years, it has
attracted growing interest in high-efficiency applications.

Many studies have been carried out in the past: [8] introduced the topic of
LSSynRM in early 1960. The principle at the base of the synchronization transient
was analysed in-depth in [9] for PM motors, focusing on the critical value of load
inertia. The analysis of the torque’s components in a LSSynRM was proposed in
[1], using a magnetic field decomposition. In [11], a FE-aided analytical method
was developed to predict the starting capability of a LSPMM; for the same kind of
machine, the optimal choice of the number of turns and stack length was discussed
in [12]. The design of an LSSynRM, with the development of a dynamic equivalent
circuit, was proposed in [2]; based on these results, the realization and testing of a
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prototype with active inertia emulation were carried out in [3]. An interesting analy-
sis of the starting transient of this kind of machine was also reported in [4].

The conventional design procedure would suggest picking up the problem start-
ing from an analytical model of the machine. However, the analytical models are
often not fully able to represent the behaviour of the motor, especially during the
starting transient. The real starting capability of the machine, in terms of the maxi-
mum inertia for a given load torque characteristic, is not easy to achieve.

The problem thickens when it is necessary to fit a fully asymmetrical squirrel
cage inside the rotor geometry: the actual cage’s linkage flux, also considering the
imbalance between the impedances of the bars, is quite challenging to represent
analytically.

Thus, a reliable way in order to achieve a balance between the starting capability
and the steady-state performance is to consider the FE analysis combined with suit-
able optimization algorithms [7] as the primary instrument for the design activity of
the LSSynRM [5]. That is the procedure followed by the authors to design two
LSSynRMs, 3 kW-2pole and a 4 kW-4pole, 400 V, 50 Hz for industrial applications.
In the next sections, their simulation and experimental performance are presented.

3.1 3 kW-2pole LSSynRM - Design and Simulation Results

The 3 kW-2pole LSSynRM has to fall into the IE4 efficiency class according to the
standard IEC 60034-30. This implies an efficiency of at least 89.1% at 50 Hz with-
out tolerance.

The motor should replace an IE2 IM which is actually proposed for the same
application. The stator core and winding topology of the corresponding IM are used
for the LSSynRM, and the design is focused on the new rotor geometry. Moreover,
in order to contain the product’s industrialization time and cost, it is expected for it
to share many existing tooling of the actual IM, such as all the components of the
housing, the cooling fan, and the terminal box.

These constraints increase the difficulty of the design step, since many remark-
able geometrical parameters, like the stack length, diameters, and the number of
slots, cannot be modified.

The aluminium die cast process is selected for the cage, taking care of consider-
ing the same end-rings, in order to realize the die-casting process with actual indus-
trial equipment.

The electrical steel used for the stator and rotor core is the commercial M470-50A,
which represents a good compromise between cost, performance, and availability.

Another important requirement is the starting capability of the motor. It has been
evaluated with a focus on the ratio K between the load inertia and the rotor’s own
inertia. It is commonly accepted that loads with K > 10 are very unlikely. Anyway,
the target pull-in capacity in terms of K was chosen greater than 10, corresponding
to starting a load with inertia greater than 0.035 kgm?. This performance has to be
achieved at steady-state temperature and constant rated load torque.
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Table 1 3 kW-2pole LSSynRM requirements

Rated power 3 kW
Line voltage/frequency 400 V/50 Hz
Rated speed 3000 rpm
Rated torque 9.6 Nm
Efficiency class 1E4 (89.1%)
K (load inertia-rotor inertia ratio) at constant rated load | 10
torque
Table 2 3 kW-2pole Rotor cage Die-cast aluminium
LSSynRM design data Number of stator slots 24
Stack length 140 mm
Stator diameters (outer/inner) 152/80 mm
Turns in series per phase 132
Number of flux barriers per pole |4
Airgap 0.3 mm
Rotor inertia 35 x 10~* kgm?
Slot fill factor 0.42

Table 1 shows the main requirements of the motor design while Table 2 presents
the main data of the obtained final design. Motor completely fulfils the imposed
requirements.

Motor starting capability is shown in Fig. 2 in terms of speed vs time. Two cases
are presented: load inertia set at 0.0175 kgm? (about 5 times the rotor’s inertia) and
load inertia set at a critical value of 0.05 kgm?. A load torque/speed quadratic law
has been imposed. Figure 2 highlights the successful (upper curve) and the unsuc-
cessful (lower curve) synchronization process.

Figure 3 presents the starting capability of the motor in terms of load torque/
inertia. This curve clearly identifies area of successful synchronization and area of
failed pull-in. These performances have been achieved with the squirrel cage at the
rated temperature of 80 °C and imposing constant load torque.

Figure 4 shows the motor’s efficiency, for several loads. It is higher than 88%
between 50% and 125% of the rated torque.

Table 3 presents a comparison between the LSSynRM and the actual IE2 IM. The
computation of the IM loss components is according to Standard IEC 60034-2-1

The efficiency improvement (almost 4 points) is mainly due to the reduction of
losses in the iron core and no losses in the cage. Indeed, the losses in the cage at
steady-state are not exactly null as the theory would suggest. It can be proved that
also at synchronous speed the cage has eddy currents whose contribution is not
effective on the torque performance itself; nonetheless, their presence introduces
some additional losses, counted in the stray-load losses.
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Fig. 2 3 kW-2pole LSSynRM: speed vs. time for low and high inertia loads

3.2 4 kW-4pole LSSynRM - Design, Simulation
and Experimental Results

The 4 kW-4pole LSSynRM has to fall into the IE4 efficiency class according to the
standard IEC 60034-30. This implies an efficiency of at least 91.1% (at 50 Hz)
without tolerance. The motor is meant to replace an IE3 class IM (efficiency
>88.6%) currently proposed for the same purpose, achieving a higher efficiency
class without causing any increment in terms of cost.

As in the case of the 3 kW-2pole motor, the manufacturing constraints have been
chosen in order to reduce the cost and time required for the industrialization of the
LSSynRM: housing, cooling fan, terminal box, shaft and bearings, winding distri-
bution and die-casting mould, cage material (aluminium) and end-rings, electrical
steel (M470-50A) have to be the same as currently used for the production of the IM.

Table 4 summarizes the motor requirements and Table 5 presents the main data
of the final design.

It has a stack length which is 20 mm shorter than the corresponding IE3 class
IM. A saving of about 17% on the overall volume of electrical steel and 9% on the
volume of copper has been achieved, with the same overall volume of aluminium.

Based on the results of the design procedure, a prototype was built, tested, and
compared with the corresponding IE3 squirrel-cage IM as reported in Table 6.
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Fig. 3 3 kW-2pole LSSynRM: synchronization capability as a function of load torque and inertia

Figure 5 shows a view of the rotor core of the LSSynRM prototype while Fig. 6
shows the test bench for the evaluation of its steady-state performance. The compu-
tation of the loss components is according to Standard IEC 60034-2-1, as for the
IM. Figure 7 shows the experimental efficiency vs load torque curves for the IM and
the LSSynRM.

Table 7 shows the experimental results of the LSSynRM prototype locked rotor
test, in comparison with the performance of the IE3 class IM.

In terms of breakdown torque, the LSSynRM prototype is able to maintain the
synchronous speed up to twice the rated torque (50.5 Nm).

The requirement for the design of the LSSynRM in terms of the pull-in capabil-
ity was to start a load with ten times the rotor’s own inertia, at steady-state tempera-
ture, and at constant load torque equal to the rated one (25.5 Nm). Two distinct
series of tests were performed: the first at room temperature (about 20 °C), the
second with the prototype at the steady-state temperature. The outcome of the test
(Fig. 8) is positive, showing that the LSSynRM prototype is able to successfully
start a load of almost eleven times the rotor inertia. Load inertia becomes about
fourteen times the rotor inertia at room temperature.
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Table 3 3 kW-2pole. Comparison between the IM and the LSSynRM steady-state

performance @ 50 Hz

IM experimental LSSynRM simulation
Line voltage 417V 400 V
Rated torque T, 9.8 Nm 9.6 Nm
Speed 2920 rpm 3000 rpm
Rated current I, 6.03 A 6.44 A
Efficiency 85.9% 89.5%
Total losses 491 W 354 W
Joule losses 150 W 148 W
Cage losses 85 W -
Core losses 180 W 110 W
Stray-load losses 56 W AR
F&W losses 20 W 25 W
Temperatures (winding/cage) 90-110 °C 75-80 °C
Power factor 0.80 0.75
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Table 4 4 kW-4pole LSSynRM requirements

61

Rated power 4 kW

Line voltage / frequency 400 V/50 Hz
Rated speed 1500 rpm
Rated torque 25.5 Nm

Efficiency class

IE4 (91.1%)

K (load inertia-rotor inertia ratio) at constant rated load | 10

torque

Table 5 4 kW-4pole
LSSynRM design data

Table 6 4 kW-4pole.

performance @ 50 Hz

Rotor cage Die-cast aluminium
Number of stator slots 48

Stack length 160 mm

Stator diameters (outer/inner) 170/103 mm

Turns in series per phase 144

Number of flux barriers per pole |3

Airgap

0.3 mm

Rotor inertia

105 x 10~ kgm?

Slot fill factor

0.43

Comparison between the IM and the

LSSynRM steady-state

IM experimental | LSSynRM experimental | LSSynRM simulation
Line voltage 400 V 400 V 400 V
Rated torque T, 26.4 Nm 25.5 Nm 25.5 Nm
Speed 1446 rpm 1500 rpm 1500 rpm
Rated current I, 7.89 A 8.69 A 8.48 A
Efficiency 88.8% 91.6% 91.4%
Total losses 503 W 368 W 379 W
Joule losses 186 W 217 W 209 W
Cage losses 151 W - -
Core losses 125 W 107 W 118 W
Stray-load losses 29 W 3TW 42W
F&W losses 12W TW 10W
Stator temperature | 72 °C 53 °C 64 °C
Power factor 0.82 0.73 0.75

4 Conclusions

The chapter presents the design results of two LSSynRMs, 3 kW-2pole and 4 kW-
4pole, 400 V, 50 Hz for industrial applications. Both motors have to fall into the IE4
efficiency class according to the international standard 60034-30-1. The motors are
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Fig. 5 View of the rotor core of the 4 kW-4pole LSSynRM prototype

Fig. 6 Motor prototype and the test bench

meant to replace a 3 kW-2pole IE2 class IM and a 4 kW-4pole IE3 class IM cur-
rently proposed for the same purpose.

The performance, during both the starting and steady-state operations, was anal-
ysed and compared with that of the corresponding IMs by an accurate FE model.

Based on the results of the design phase, a prototype of the 4 kW-4pole motor
was realized and tested.

The main result achieved with the proposed LSSynRMs is a higher efficiency
than the commercial IMs one without causing any increment in terms of cost: the
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Fig.7 Comparison between the 4 kW-4pole IM and LSSynRM: efficiency vs. load torque, experi-
mental results

Table 7 4 kW-4pole. Comparison between the IM and the LSSynRM locked rotor performance
@ 400 V/50 Hz

IM experimental LSSynRM experimental
Locked rotor torque Ty x 97 Nm 109 Nm
Tir/T, 3.7 4.3
Locked rotor current I, x 67.2A 63.7A
Ir/1, 8.5 7.3

LSSynRMs are manufactured with the same tooling, components, and active mate-
rials and are able to fall completely into the IE4 efficiency class.

Despite the concerns related to the poor starting performance and the limited
pull-in capabilities of the LSSynRM, the simulations and tests on the prototype
demonstrate that a globally acceptable behaviour of the LSSynRM is reachable by
proper design. In fact, specific tests concerning the locked rotor torque, the pull-in
performance, and the starting operation demonstrate that the proposed LSSynRMs
are able to start similar loads of the IM in terms of torque and inertia.

The main drawback of LSSynRM technology seems to be the poor power factor
of minor concern in industrial applications where proper correction systems are
often used.

In conclusion, the LSSynRM proved to be a cost-effective, mass production-
ready solution for super-premium efficiency IE4 motors and is a promising alterna-
tive to the IM in a vast panorama of fixed speed industrial applications demanding
high-efficiency.
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Coordination of IEC and ISO Standards
for Energy-Efficient Electric Motor-Driven
Systems

Check for
updates

Conrad U. Brunner, Maarten van Werkhoven, Franco Bua,
and Kirk Anderson

The IEC Advisory Committee on Energy Efficiency (ACEE) has launched with its
Task Group 6 a project to promote the system approach for energy efficiency stan-
dardization outlined in IEC Guides 118 and 119, published in 2017 [2]. ACEE has
the powerful instrument of Basic and Group Standards to coordinate activities of
technical committees (T'C) and to ensure coherence of their publications to contrib-
ute to the improvement of EMDS energy performance. Currently, some ten different
IEC and ISO TCs (see also Fig. 3) are engaged in different elements of EMDS,
including control and switchgear, converters, motors, belts and pulleys, gears,
pumps, fans, and compressors.

A holistic approach to EMDS energy performance standardization requires a
clear strategy of which energy aspects are to be considered, such as aligned operat-
ing points for efficiency tests, standard performance cycles for economic analysis,
interpolation methods for the correct sizing of components and system design, etc.
In order to avoid both dual and triple testing and multiple certification efforts for the
manufacturer, a system approach with an integrated methodology for the alignment
and coordination of each EMDS’ component relevant characteristics is needed. This
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will benefit the system integrator, industrial user, and government regulators and
provide a means for effective market surveillance.

A workshop at the invitation of IEC ACEE TG6 of all the abovementioned stake-
holders will be held as a side event of EEMODS’19. The goal of this project shall
be discussed with all TCs involved to eventually reach consensus on the strategy
and define a road map to allow mutual benefits. The overall plan on how to proceed
and who will participate and lead the activities will also be part of the workshop.
The IEC ACEE is an ideal platform to organize efforts among some three IEC TCs
and some seven ISO TCs under a workshop format with the goal of eventually shift-
ing from vertically oriented standardization to a horizontal approach to EMDS
energy performance standardization.

1 Electric Motor-Driven Systems (EMDS)

An EDMS is a complex composite of several sequentially electrically and mechani-
cally linked components (see Fig. 1). EMDS also represents the largest group of
electric energy consumers. IEA has published in 2016 a new analysis in its World
Energy Outlook [1] showing that electric motors driving pumps, fans, compressors,
transport, and industrial process machines are responsible for 53% of global elec-
tricity use. For many decades, the often-repeated tune for maximizing electric
energy savings in a cost-effective manner was, and still is, the coordination of the
components involved in an EMDS into a well-matched system, at the design level,
the manufacturing stage, as well as in the programming, control, and operation
cycles. The matching of the many components, often manufactured by several
diverse specialized manufacturers, requires complex engineering expertise and

ISO

Process
Components
P
Power e Mechanical and ¢
4 Equipment Transmission E Mechanical
upply Controls
=Pipes
» Transformer ::hm';e sThrottles
*Switchgear Speed Drive sValves
=Dampers

Fig. 1 The electric motor-driven system and its major components
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good understanding of how each component and operating characteristic affects the
overall system.

Of course, this coordination is easier for small integrated EMDS like circulator
pumps, exhaust fans, and cooling compressors in refrigerators (typically below
2 kW) that are designed and manufactured by one producer who tries to make them
small, light, efficient, and cost-effective. There are some outstanding success stories
of an integration success like the circulator pumps where by employing advanced
motors, such as new permanent magnet motor technology, the introduction of a
variable frequency converter (VFC) together with better sized high efficiency pumps
has transformed the market in less than a decade. The European ecodesign require-
ments quickly adopted this newly available technology in the regulation number
641 in 2009 [3] so that in Tier 2 from 1 August 2015 all circulators had to have an
energy efficiency index (EEI) of not more than 0.23. This EEI of 0.23 was only pos-
sible to achieve by using this new technology with an integrated highly efficient
circulator pump. According to the recent Topmotors Market Report 2018 [4] from
187,000 circulators sold in Switzerland in 2017, 96.8% now comply with this mini-
mum requirement.

The energy performance of an EMDS has been highly advanced since the wide-
spread market introduction of VFC. While only 20% of installed EMDS already use
VEC [5], the market potential in closed loop pumps, fans, and many other applica-
tions with variable load and speed will eventually grow to approximately 50%. This
means that the EMDS evolves to a more complex machine where not only good
nominal speed/torque performance is required but also a high efficiency over a wide
band of operating points has to be secured.

The integration of several components into an EMDS becomes much more dif-
ficult and complex in larger systems where the components are typically manufac-
tured by two, three, or four different companies. The components are designed and
manufactured by specialist industries with multiple applications in mind. The indus-
trial user selects and sizes the necessary components and has them shipped to its
point of use. Only then and there, when these components are assembled on the
factory floor, the system comes to life. Only now its performance can be checked
and — under certain circumstances — measured in situ. The electric input is relatively
easy to measure with three-phase precision electric instruments while the EMDS is
on standby and in operation, following a standard daily or weekly load profile. The
accurate measurement of the mechanical output of the EMDS at the end of the
pump or fan is much more complex. To measure the flow and head of the trans-
ported liquid of a pump or the flow and pressure of the transported gas of a fan
requires previously installed measuring points and the availability of either perma-
nently installed or mobile measurement equipment. It also requires detailed docu-
mentation of all the components with their nominal load points and the planned
eventual field of required operating points.
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2 Partial Load

While operating systems efficiently, partial load performance becomes much more
important. Most components of an EMDS (VFC, motors, belts, pumps, fans, com-
pressors, etc.) operate at partial load with considerably lower efficiencies. To secure
energy efficiency at partial load is a challenge for all products and the entire
EMDS. Also, the standardization of typical operating points at partial load for effi-
ciency measurements is more complex because they involve several components
with up to four power conversion steps with different quantities of performance
indicators (see Table 1).

3 Product Standards

Most of the international product standards published by IEC and ISO that deal with
energy performance still focus on efficiency of single components. ACEE case
study no. 2 on electric motors [6] illustrates the number of product standards
involved. Many of these components have subsequently been regulated through a
national mandatory Minimum Energy Performance Standards (MEPS) based on the
relevant IEC standards. One example of such interaction between regulation and
standardization is the European ecodesign regulation no. 640/2009 [7] for motor
efficiency that has adopted the energy efficiency classification system from IEC
60034-30-1 [8] with its IE code.

Table 1 Quantity and units of four steps of conversion in EMDS

Conversion
step Source Input/output Quantity Units
1 From grid or Electric input to VFC (AC) Fundamental voltage, | V, A, Hz
mains current, and
frequency, cos @
Electric power w
2 From VEC Electric input to motor (AC) | Voltage, current, V, A,
frequency, total Hz,
harmonic distortion, | THD%
cos @
Electric power w
3 From motor Mechanical input to pump/ Torque, rotational Nm,
shaft (or gear, fan/compressor or mechanical | speed rpm
belt, etc.) hoist/lift/conveyor, etc. Mechanical power w
4 From pump/fan/ | Mechanical output of fluid or | Pressure difference | Pa (m),
compressor, etc. | gas of pump/fan/compressor, | (head), flow; m¥/s
etc. to ducts or pipes; weight, friction, kg, m/s?
mechanical lift or rotation acceleration
Mechanical power w
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Very rarely, standard makers and regulators have so far touched the complexity
of publishing standards and MEPS for integrated systems (see [8]). This has a prac-
tical reason: a component can be relatively easy described in geometric terms and
its performance can be measured in a testing lab based on output/input measure-
ments. Subsequently, energy efficiency classes can be defined and given to the
components.

There is also a historical reason: standardization activity has been mostly orga-
nized vertically (product oriented); one of the challenges energy efficiency poses to
standardization organizations is therefore organizational and requires a coherent
and effective framework to ensure the development of system-oriented standards.

The goal of the ACEE is to try and address this by creating guides that simplify
the process while ensuring the committees consider all best practices, thereby
improving the potential for commercially feasible market transformation and true
energy savings.

4 System Standards

Top-down approach to standardization, starting at system level rather than at the
product level, is not a new concept for IEC; system standards (“horizontal” stan-
dards) are increasingly required in sectors such as environment and energy efficiency.

IEC ACEE has proposed a structured approach in order to promote a systems
approach for standardization in the field of energy efficiency and to ensure the con-
sistency of standards relating to energy efficiency aspects common to several tech-
nical committees by avoiding duplication of work and contradictory requirements.

Certainly, horizontal standardization adds complexity to the consensus reaching
process typical of standardization organizations. Industry has long ago claimed that
their preference are standards and a MEPS for systems, several coordinated compo-
nents, that allow to integrate and optimize components thus saving weight, volume,
and cost. Industry is of course very interested in securing performance and compli-
ance tests in one step (wire to water or wire to air) instead of a multitude of repeated
testing requirements.

Systems are not always composed of the same components: the minimum con-
figuration is an electric motor and one type of application. Figure 2 tries to estimate
the market share of the various configurations of an EMDS. Components for motor
control and mechanical equipment are not always present in an EMDS.

IEC has set up the ACEE, the responsible body to deal with energy efficiency
matters which are not specific to one single technical committee of the IEC. ACEE
coordinates IEC activities related to energy efficiency IEC Guide 119 [2], defines
the formal procedure, and requests from the applicants a definition of the boundary,
its scope of a horizontal energy efficiency aspect, and its eventual benefit. IEC
ACEE receives the requests and after approval gives it to the IEC Standard
Management Board (SMB) for confirmation.
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Fig. 2 Estimate of market share of the components of the various types of EMDS

A horizontal standard has (compared to a product standard) an additional pre-
phase: two or more TCs together have to agree to apply to IEC ACEE in a formal-
ized checklist to become a horizontal standard. IEC ACEE provides guidance for
two different forms of horizontal standards:

e Basic energy efficiency standard (BEES): Publication covering energy efficiency
aspects (EEA), applicable to products within the scope of two or more TCs. The
focus of basic energy efficiency (EE) publications is the general tools and agreed
methods for describing or achieving EE improvement in a defined boundary.
These publications shall therefore describe EEA like measurement, calculation,
and further methods like benchmarking and Key Performance Indicators (KPI)
calculation for EE as described in IEC Guide 118.

e Group energy efficiency standard (GEES): Publication covering energy effi-
ciency aspects (EEA), applicable to a specific boundary including products
within the scope of two or more TCs. Group EE publications may be primarily
intended as EE publications, but shall also be used by other TCs in applying their
provisions. In addition, guidance shall be given to TCs on how to apply informa-
tion from a group EE publication, for example, how to define boundaries for a
particular application (interrelation between light fixture, motion detector, out-
side shading, etc.).

In order to bring together several TCs to work together, the need of a horizontal
energy efficiency approach has to be clearly demonstrated, and the TCs involved
must first understand the benefits of addressing these complex questions. The TCs
involved have to agree on an active collaboration that serves to better follow the
needs of the stakeholders involved.

e The regulators are interested to answer industry requests to provide minimum
performance requirements for systems (‘“wire to water,” “wire to air,”, etc.). The
regulators need energy efficiency standards for products (existing) and systems
(to be established).
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e The manufacturers are interested to align their products electrically and mechan-
ically with neighboring products and to better coordinate measuring methods
and performance metrics for entire systems.

e The industrial product users are interested in guidelines for better sizing, operat-
ing, optimizing, and coordinating of products to evolve to energy-efficient sys-
tems. A set of tools is needed to calculate the system efficiency beforehand based
on component performance and guidelines to measure the performance of a
completed system in the factory.

IEC ACEE has accepted so far only two requests for a horizontal standard:

* [EC SMB has approved the request by TC 64 on the ACEE recommendation to
allocate the following energy efficiency horizontal function “define energy effi-
ciency measures in Low voltage electrical installations,” covered by IEC 60364—
8-1 Edition 2 which will give the status of Group Energy Efficiency Publication.

* IEC ACEE has agreed to submit the request of IEC SC 22G to the IEC SMB for
the recommendation to assign an energy efficiency horizontal function of “estab-
lishing a clear and simple system methodology for the comparison of the energy
performance of motor systems to help product and system improvement” and
assign the status of Group Energy Efficiency Publication to IEC 61800-9-1 in
collaboration with IEC TC2 and IEC TC121.

5 1IEC and ISO Coordination

For better coordination and to ensure coherence international standards for EMDS,
some three IEC TCs and six ISO TCs need to be involved (see Fig. 3).

The goal of this coordination effort of a horizontal standard is to deal with a
number of issues that are a common concern in improving the energy efficiency of
EMDS, like:

e Aligned terminology, scope, and boundary for EMDS.
e Coordinated operating points and conditions for tests.
» Typical operating characteristics and time/load profiles for economy.

Motor control m Mechanical equipment Driven equipment

IECTC121 IES%-;‘;GZZ IECTC2 ISOTC41 | ISOTC60 ISOTC115|ISOTC 117 | ISOTC86 | ISOTC 118
Switchgear . . . .
Adjustable Rotating Pulleys & Cooling-Com- Air-Com-
& . . Gears Pumps Fans
speed drive machinery belts pressors pressors
controlgear
1927 1934 1911 1947 1947 1964 1964 1957 1965
Group Standard

Fig. 3 Technical committees from IEC and ISO that are directly involved in product standards for
EMDS (below: year of launch)
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e Ex ante: calculation method for system energy performance.

» EXx post: acceptance/testing procedure for system energy performance.

* Coordinated efficiency classification methods and metrics for product and sys-
tem energy performance.

e Aligned interpolation method for losses and efficiency of system.

A first level of improved interaction between TCs is recommended through the
liaison of experts as members of two interacting committees (see Fig. 4). This liai-
son serves to speed up the exchange of information especially with ongoing projects
and helps to better understand each TC’s concerns and expertise.

The coordination effort of EMDS involves a review of IEC and ISO standards
(already published and under development) that include energy efficiency aspects,
both in general terms, for energy performance testing, energy efficiency classifica-
tion, and for basic elements like scope, performance, and tolerances (see Fig. 5,
draft survey, to be extended and completed).

6 Tools and Guidance for EMDS

The assessment of the energy performance of such a system is one of the possible
system attributes. System energy attributes are one of the energy efficiency aspects
(EEA) addressed in IEC Guide 119.

Ex ante, a system performance calculation is required to assess the efficiency of
the components involved. With the Motor Systems Tool (MST, see Fig. 6, [10]), a
variety of operating points of an EMDS can be defined and their combined effi-
ciency calculated. For VFCs, electric motors, gears, and belts as well as driven
equipment like pumps and fans, a well-documented database of performance data
from standards is underlaid so that a specific calculation can be made quickly. The
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Fig. 5 Relevant energy efficiency standards for EMDS in IEC and ISO TCs (draft, to be extended
and completed)

MST includes the database of motor efficiency from IEC 60034-30-1. In its latest
version, the MST also includes the reference values and IE classification for VFCs
of IEC 61800-9-2, Edition 1.

When used together with measured or estimated statistics of hours of load for an
EMDS, the MST provides the data to calculate annual system efficiency. These
results are crucial for economic decisions on the cost-effectiveness of investments
in components.

Ex post, the specific energy efficiency aspect of system performance assessment
under operating conditions can be approached in different moments of the EMDS
life cycle. Three examples from existing standards (even though they might not be
100% replicable) serve as guidance for EMDS (see below). A good example for on-
site acceptance tests are in several existing IEC standards, typically for large
machines that can only be assessed once assembled in the place of final use:

e [EC 60953-2:1990
Rules for steam turbine thermal acceptance tests. Part 2: Method B — Wide range
of accuracy for various types and sizes of turbines

* [EC 62381:2012
Automation systems in the process industry — Factory acceptance test (FAT), site
acceptance test (SAT), and site integration test (SIT)
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Fig. 6 The Motor Systems Tool. (Source: Danish Technological Institute, available at www.
motorsystems.org)

e IEC 60193:1999
Hydraulic turbines, storage pumps, and pump turbines — Model acceptance tests

These acceptance tests serve as models for performance tests of EMDS while
assembled in the final user position in a factory. It helps to define, already in the
stage of specifications and contracts of products, the measuring points, the operat-
ing conditions, and the minimum requirements. It eventually serves as the base for
the final acceptance protocol to check the contractual performance and efficiency
data. It can also be used to check test government regulations for minimum effi-
ciency requirements of products and systems.

7 Workshop in Tokyo

In order to bring stakeholders from industry, university, international standards, etc.
to the table, an international workshop (by invitation only) will be staged by IEC
ACEE Task Group 6 on 20 September 2019 as a side event of EEMODS’ 19 in Tokyo.

The goals of this workshop, as part of the project to align and coordinate IEC and
ISO standards for energy-efficient EMDS, are:

1. Inform participants on energy efficiency aspects in EMDS.
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2. Collect information from all TCs and stakeholders:

(a) Existing and proposed energy efficiency standards and regulations.
(b) Hear needs, concerns, and interests to cooperate for energy-efficient EMDS.

3. Explain and propagate IEC Guides 118 and 119:

(a) Explain basic and group standards for EMDS.
(b) Identify energy efficiency aspects for EMDS.

4. Discuss possible ways forward:

(a) Liaison and joint working group?

(b) Group EE standard/basic EE standard?

(c) Start with project group, cooperation with existing TCs.

(d) Revise existing standard or launch a New Work Item Proposal (NP)?

The speakers (see Fig. 7) together with the invited guests will represent several
ISO and IEC TCs involved and other stakeholders from industry associations, uni-
versities, and national regulators.

The invited participants will be experts from the EMDS field who can contribute
to defining a good way forward including calculation tools, interpolation methods,
policy guidelines and relevance for regional markets, etc.

The outcome of the informal workshop will be a list of interested experts and
TCs who are willing to go forward and cooperate with the definition of basic and/or
group standard(s) for EMDS.

Agenda Speaker Affillation Topic Country
o Sandie B. IECTC 2, IEC SC 22G, System efficiency: Scftware Matar Denmark
08:30 Reghiration Nielsan Duanish Technological Systems Tool
09:00 Warkshop starts Instinute (DT1)
Speaker Affiliation Topic Country  Martin IECTC 2 chaitman,  Interpolation methods for partial  Germany
Conrad U IEC ACEE TG6, Walcome and gosl of the EC & Switzarland  DoPPelbauar :‘s‘cdsc :2? et fosd
Brunner Impact Energy 150 Workshop on energy efficient sty
EMDS Technolagy (KIT)
: = BannoWaiz  IECTC 22 chairman,  The Extended Product Approach  Germany
FrancoBua  IEC ACEETGS Basic and Group Standards tal, -
eesidion tIEC Gulas 18 and ! Slemens according to [EC 41800-9-1
119 Kurt Stockman University of Gent,  Gearbox and belt drive efficiency  Balgium
Maartenivan  |EC ACEE TG6, EMSA, Policy Guidslines for Motor Mathar- IEC 50 Z20H I AN TORV K EVIS ol e e
Warkhaven TPA energy sdvitors  Driven Units lands Shunsuke Hitachi Industrial Impact of mator system standards  Japan
Geelf |SOTC 117, EVIA, Energy officiency standardafor UK Matsunaga  Equipment Systems,  on mators, inverters and

chairman of rverter  application in Japan

Lackwaad sbmpapst fans, focus on Europe TC of JEMA

Tim Mathson ~ AMCA, Greenheck  Regulatory policy for fans, focus  USA

o onUSA Kirk Anderson IEC ACEETG6, NEMA What the US industry (NEMA) usa
can benefit from aligned motor
Baonait IECTC 121, Energy efficioncy standards for France system standards?
Lepritire Schneider Elactric  switch-gear and controlgear
R Josper Jerlang Danfoss What can the Europesn Industry  Denmark

Poter Gaydon  ISO'TC 115, Hydraulic Regulations on pumpsin the USA  USA (CEMEP) benefit for from aligned

Institute moter standards?
Markus T 150 TC 115, Wil rgy afic sandards for g S -

ek Tatpe: (RO FCL1E: Mo i:':“:: efficiancy standards for  GafMARY G oeral discussion (100 minutes)

LucCeBeul  ISOTC 118, Pneurcp, Energy efficiency standards for air Belgium Conrad UL IEC ACEE TG#, Canclusions, the way forward Switzerland

Atlas Copeo compressars Brunner Impact Energy
Lunch break (60 minutes) 17:00 Workshop ends

Fig. 7 Agenda of the IEC and ISO workshop on energy-efficient EMDS in Tokyo on 20
September 2019
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8 Conclusion

Horizontal standards for electric motor-driven systems are needed for industry, reg-
ulators, and users. So far, few horizontal standards and MEPS exist because of lack
of coordination. As the use of VFCs expands, so does the potential energy savings
possible through the optimization of the components taking not only nominal loads
but a variety of operating points and conditions into account at the system level.

IEC ACEE has defined the procedure to arrive at consistent group or basic stan-
dards that help to lower market barriers and improve energy efficiency. A large
number of IEC and ISO TCs are involved in the standardization of different compo-
nents for EMDS. Tools exist to calculate ex ante the system performance. IEC also
has the precedent of acceptance tests for complex and large machines that can only
be assessed in their final assembly at the factory site.

In order to move forward with the coordination and alignment of horizontal stan-
dards, ACEE has invited experts from various stakeholders for a workshop as a side
event to EEMODS’19 in Tokyo to discuss a common path forward for horizontal
standards of EMDS.

The global market transformation with advanced energy efficiencies of electric
motor-driven systems can only be successful with intelligent interfaces between
electrical and mechanical products based on internationally agreed horizontal
standards.
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Subscripts

1 Stator
Rotor/test specimen
max Maximum
min  Minimum
Yoke
Related to spatial fundamental
Slot
Tooth
Electromagnetic penetration depth
Wavelength
Permeability
Eddy current

T >0 T w»o

1 Introduction

Additive manufacturing (AM) allows the layered creation of components directly
from 3D CAD data files without the use of forming tools. Using this technology, the
implementation of complex component geometries, e.g., lattice structures, bionic
structures, or freeform surfaces, offers advantages on a technical and economical
scale. The processability of metal powder has been strengthening the application of
AM in electromechanical engineering in recent years [1-6]. Previous studies dem-
onstrated successfully the construction of a ferromagnetic lightweight-designed
rotor for a synchronous machine and a skewed rotor structure for an induction motor
using AM [7, 8]. Further examinations focused on the utilization of the AM technol-
ogy for direct-driven wind turbines, an almost entirely metal-additive printed per-
manent magnet synchronous machine (PMSM) and a thermal design of additively
manufactured induction motors with high power density [9-11].

Additively manufactured rotor active parts of synchronous machines have solid
surfaces, which can be shaped, but do not consist of conventionally isolated metal
sheets. Due to spatial harmonics in the air-gap field of electrical machines, addi-
tional eddy current and hysteresis losses occur in the AM rotor surface caused by
the stator current time harmonics, the distribution of the stator winding, and the
slotting of the stator. Inspired by several studies on eddy current suppression in
rotors of electrical machines, the basic idea of reducing the influence of this unde-
sired effect is to groove the rotor surface directly during the manufacturing process
[12-16].

Hence, following a brief introduction to the AM process of rotor active parts,
different rotor surface groove arrangements are examined, described and rated by
3D finite element analysis (FEA). Based on this FEA, an analytical eddy current
loss prediction approach is presented. The results are further used to derive
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guidelines in terms of grooving depth, grooving width, and surface grooving density
for a loss-reduced design of electrical machines using the design freedom of metal
additive manufacturing technologies. For experimental validation of the theoretical
study, an equivalent arrangement test bench including the test bench design and 3D
FEA results of the expected eddy current losses is presented in the last section.

2 Additive Manufacturing of Rotor Active Parts

Based on the investigations in [6], the rotor active parts can be manufactured by a
laser beam melting (LBM) process (see Fig. 1) using a ferrosilicon alloy powder
with a silicon content of 2.9%. In the first step of this process, the powder is applied
in up to 25pm thin layers by a recoater. For melting, a powerful ytterbium laser is
used which creates a local melting bath where it hits the powder. The process cham-
ber is filled with a protective gas to avoid oxidation phenomena. In addition, the
building chamber is heated to reduce the laser power required. After having finished
the melting process for one layer, the component platform is lowered and the next
layer of powder is applied, so that this process can be repeated. In this way, any
metal body can be produced with a very high material density (>99%) and a surface
roughness of up to S5pm [18]. After separation of the component from the unused
powder, mechanical or heat aftertreatment may be necessary to increase the
mechanic and magnetic properties. Both methods are described in [8], where a 2-h
heat treatment of 900°C increases the maximum relative permeability from approx.
. =900 to . = 3000.

3 Determination of Eddy Current Effects

In the current study, an abstracted simulation model is considered for the sake of
simplicity. The basic idea is to create and move a spatial air-gap field wave relative
to the observed surface of the ferromagnetic material, in order to generate eddy

Fig. 1 Principle of laser beam melting [17]
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Fig. 2 Left: Abstracted simulation model with 32 poles and no grooving. The dark green rotor
region represents the solid rotor surface, whereas the light green section represents the stator with
the winding (red) to excite the air-gap field. The air region is hidden. Right: Radial air-gap field in
the simulation model

currents. Using the 3D FEA software Opera-3D, the arrangement shown in Fig. 2
was created.

The model essentially consists of a stator equipped with a concentrated single--
phase winding and a test specimen inside with y, = 2700 caused by an assumed
pre-saturation of 0.9 T according to a realistic machine and x = 5 - 10° S/m. The
stator is made of an ideally magnetically and electrically conductive material and is
perfectly laminated, so that eddy current effects only can appear in the rotor region.
The winding is fed by a DC current, in order to create a stationary air-gap field. As
mentioned above, rotating the rotor region leads to the desired relative movement of
the observed surface and the air-gap field. The exact dimensions of this model are
listed in Table 1.

By rotation of the test specimen with its surface velocity ¢ and the wavelength 4,
the frequency f'= ¢/ of the induced voltage can be exposed. The mean eddy current
power loss can thus be described by the analytical expression

_ 3 )‘2
P = |-"—ar L (1)
/JO:ur

with the wavelength A corresponding to the double pole pitch 27, of the FEA model
and the air-gap field amplitude B =0.2T [19]. A comparison between the analyti-
cal and the numerical calculatlon for variable frequencies up to 1000 Hz is shown
in Fig. 3.
Contrary to the FEA calculation, the analytical expression assumes an infinitely
long current path in the axial direction, which explains the slight discrepancy.
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Table 1 Dimensions of the Name Value
FEA model

Outer radius of the test r=26.74 mm
specimen specimen

Air-gap width 0, =1 mm
Axial length =31 mm
Tooth height hy; =7 mm
Tooth width wy =2.72 mm
Slot width wg; =2.72 mm
Pole pitch 7,=5.25 mm

Height of the stator yoke | A;; = 10 mm

Height of the rotor yoke | 4, = 12 mm

analytical

O numerical
| | 1 1 1 1 1 1 ]

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
/ [Hz]

Fig. 3 Analytically calculated mean eddy current losses of the ungrooved test specimen in com-
parison with the FEA results of the basic model for variable frequencies with fgp =02T

3.1 Basic Research

To clearly determine the best slot arrangement for reducing eddy current losses,
starting from axial slotting at 0° skewing angle, a gradually increasing skewing
angle is attached to the slots until at 90° only a circumferential component is left. In
order to be able to make a uniform determination, it is necessary to avoid overlap-
ping slots within the axial direction (Fig. 4).

The FEA simulation data are presented in Fig. 5. For all investigations, a slot
width of w,, = 1 mm is used with regard to the currently available AM manufactur-
ing processes and possible real test arrangements.

Two conclusions can be derived from the data.

1. Every axial slot component leads to additional eddy current losses and every
circumferential slot component leads to a loss reduction.
2. Multiple slotting causes an amplification of both effects.
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a b c

Fig. 4 Design of the rotor geometry for the skewed slots. (a) 22.5° skewing (b) 45° skewing with
overlapping (c) 53.5° skewing without overlapping

151
1.4] ¢ FEA data
= sk without overlapping
I ]:2 | - = = = with overlapping
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skewing angle [°]

Fig. 5 Mean eddy current losses due to slotting of the test specimen related to mean eddy current
losses in the specimen without slots (, = 0) with ky, = 4 mm, w,, = 1 mm, f = 300 Hz and
B =02T

P

Figure 6 shows in detail the differences between the two slot types regarding
eddy current formation.

In case of an axial slot, the magnetic flux is forced to move beneath the slot, and
therefore, the eddy current is extended to a larger surface and causes additional
losses. In the case of the circumferential slotting, the eddy current main flow, which
points into the axial direction, is interrupted, and a significantly smaller eddy cur-
rent vortex occurs, since the current spreads over a larger area, and as a result, the
losses will be reduced. Regarding the slot height, the FEA calculations also show
that the conditions A, > 3 mm and A, > 2.5 - §,,,, must be fulfilled, so that no eddy
currents can form at the bottom of the slot, where

1
O = ’/#Tfmm 2
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a b

Fig. 6 Fields in a detailed view. (a) Magnetic flux in the cross section of an axial slot. (b) Eddy
current flow in the area of a circumferential slot from the top view

describes the maximum analytically approximated electromagnetic penetration
depth. Figure 7 shows the qualitative field and vector plot of the magnetic flux den-
sity near a circumferential slot with different heights for comparison.

3.2 Circumferential Grooving

For further investigation of the circumferential grooving, in this section, the test
specimen is grooved systematically by up to 7, = 15 slots. The slots will be set
evenly along the axial length. By reducing the cross section of the tooth in terms of
pre-saturation, f;om(7s) o Acoss 18 stored for the remaining tooth material as a func-
tion of the number of slots for the FEA calculation (see Fig. 8).

The width of the teeth w,, thus formed corresponds at n, . = 15 to the slot width.
In Fig. 9, the results of this investigation are drawn for varying frequencies up to
1000 Hz.

Two major effects can be pointed out for the explanation of the increasing diver-
gence of the graphs with a growing number of circumferential slots.

1. It can be related directly to the decreasing relative permeability in the teeth and
explained by the analytically derived proportionality 13e oc /1/ u, . The graph
for 1000 Hz clearly shows that this correlation counteracts the loss reduction, so
that a local minimum exists, which occurs at ny & 11 or w/w,, ~ 2 for the
dimensioning in the present case.

2. Ttcan be attributed to the related thickness d (1, f) = w(n,)/8(n,, f) which describes
the decreasing ratio between tooth width and electromagnetic penetration depth
with an increasing number of circumferental slots. As a consequence, the eddy
currents forming in a tooth with d < 4 begin to interfere with each other and
therefore, the losses decrease additionally.
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a b
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Fig. 7 Qualitative field and vectors of magnetic flux density on the specimen near a circumferen-
tial slot with f = 300 Hz and i;p =02T . (a) hy=1mm (b) h,=2 mm
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Fig. 8 Mean relative tooth permeability depending on the number of circumferential slots
3.3 Analytical Approach

Assuming that neither of the two effects will occur, a uniform basic curve G¢(n) is
then obtained independent of the frequency. This basic curve can be expressed over
the axial slot density and is presented for a variable slot width in Fig. 10.
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Fig. 9 Eddy current losses occurring in the test specimen as a function of the number of circum-
ferential slots with varying frequencies taking the variable permeability in the teeth into account.
The results are related to the eddy current losses of the basic model with Ay, = 4 mm and

B,=02T

The comparison of the curves shows that the main contribution to an eddy cur-
rent suppression is made by the interruption of the current paths. Although the slot
width also reduces the eddy current losses due to the reduction of the rotor surface
area, it provokes undesired tooth saturation.

In order to improve the corresponding basic function with respect to the numeri-
cal investigation, correction factors are defined to take the relative permeability and
the related thickness into account. The new basic function can be expressed as

3

“)

and the related thickness correction factor

)] ®

Figure 11 shows both, the basic function with and without taking the correction fac-
tors into account, and compares it with the eddy current losses for selected frequen-
cies from the previous results.

The found functions correspond with high accuracy to the results of the FEA
simulations. In the range of three to nine circumferential slots, there is a small devi-
ation from the simulation data for f = 50 Hz. In the simulation, the first loss reduc-
tions compared to G(n,) are apparent from w,,/8 ~ 10, but the factor Cs(d) only



90 M. Hullmann et al.

1__

—_—— = 10 pm
08¢+ —— 1,2 = 500 pm

——.o = lmmn

=
06
£
IS 04
e

I~ g2}

1 1 1 1 1 1 1 1 1 1 1 1

0 1 1 1 J
0 010203040506070809 1 1112131415161.7 1.8

axial slot density [1/mm)|

Fig. 10 Basic functions for three different slot widths
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Fig. 11 Basic function including and excluding the permeability and related thickness correction
factors in comparison with the eddy current losses of selected frequencies from the FEA
simulation

becomes effective from a ratio of w,,/6 < 4. If the skin effect remains so strongly
pronounced for frequencies /> 1000 Hz that the eddy currents can flow without
restriction, the eddy current losses form rapidly due to saturation and even exceed
the losses occurring in the basic model.

For the additively manufactured electrical machine, the main focus should lie on
the correct estimation of the relative permeability of the teeth and thus the relative
thickness in view of the boundary conditions underlying the previous investigation.
In addition, temperature changes and consequently changes in electrical conductivity
can also have an influence on eddy current losses. Therefore, there is a need for vali-
dating the assumptions. A possible test bench design is presented in the following
section.
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4 Test Bench Design

Recording eddy current losses on rotating surfaces experimentally includes several
practical difficulties, e.g., the implementation of the sensors or the signal routing. To
extract the eddy current effects in the best possible way, a linear alternative test
setup along with the test methodology is designed and presented in this chapter.
With this setup, it is possible to expose additively manufactured test specimen
(hereinafter named DUT) to alternating or moving magnetic fields. Therefore, the
DUT, where the eddy current effects appear, is fixed on a linear stator (see Fig. 12).

Since the relative motion between the rotor and the air-gap spatial harmonics
causes eddy currents on a solid rotor, a motion of the DUT is not mandatory to
demonstrate the eddy current effects. With this setup, the impact of spatial harmon-
ics with fixed wavelength and variable frequency can be investigated. The following
boundary conditions and objectives have to be considered when dimensioning the
active parts and the winding:

e Limited number and size of the DUTs due to the available material amount and
assembly space

e The higher the number of pole pairs, the lower the impact of end winding effects

e Preferably low air-gap field and higher harmonic content to assign the appearing
eddy current effects to the desired spatial harmonic

e Preferably high fundamental flux linkage amplitude to ensure a recordable quan-
tity of expected losses

Considering these aspects, the test setup dimensions are shown in Table 2.

The laminated stator consists of a ferro-cobalt alloy to decrease the stator iron
losses. The DUTs consist of the ferrosilicon, which was investigated in [8], and are
solid, so that eddy currents can only appear in the DUT.

Widening the stator end teeth beyond the DUT could decrease the higher spatial
harmonic content of the air-gap field, as shown in [20]. The overhang factor &,
describes the enlargement of the stator end teeth in the x-direction in multiples of

DUT |

i)

1 & linear stator *winding stator end tooth
E

Fig. 12 Linear stator alternative test setup. Shown is the linear stator (dark green), the DUT (light
green), and the winding (red). The air region is hidden
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Table 2 Test setup Name Value
di.mepsions, materigls, . DUT width (x-direction) w, = 180 mm
winding data, and simulation DUT width (y-direction) 7ty = 10 mm
parameters
DUT width (z-direction) L, =31 mm
DUT material AM-FeSi material
Air-gap length 0, = 0.5 mm
Stator width (x-direction) r=by+2 - ko wyy
Stator height (y-direction) h; 1 =22 mm
Stator length (z-direction) [, =31 mm
Stator teeth width (x-direction) | w;; =2.1 mm
Stator material Electr. sheet FeCo49

the stator teeth width and was set to k., = 1 in the present case. Referring to the
objectives stated above, the aim is to minimize the harmonic leakage ratio

N2
B
2.5

oAy ©)
B,

O =

which describes the harmonic content while comparing the flux density amplitude

values of the spatial harmonics I§v, with the ordinal numbers v # p with the funda-

mental flux density amplitude I§p. Simultaneously, maximizing the fundamental
winding factor is the second crucial criterion. Figure 13 shows the fundamental
winding factor and the harmonic leakage ratio as a function of the number of slots
per pole and per phase g = N,/(2pm) and the short-pitching W/z, which describes the
coil span W related to the pole pitch.

Due to discrete values of W, only discrete steps of W/z, are possible, so that the
continuous line in Fig. 13 is interpolated. Nevertheless, it can be seen that choosing
q =2 would decrease the higher harmonics most significantly. ¢ > 2 would also lead
to significantly smaller stator teeth, due to the fixed DUT length. Choosing
Wiz, = 1 in turn avoids a decrease of the fundamental flux linkage and avoids the
need of a two-layer winding going along with additional slots (Table 3).

To comply with a maximum teeth flux density fi’t’lm which accompanies a min-
imum manufacturable stator teeth width of approx. w, |, = 1.5 mm, applying the
stator current density S; ., was achieved by primarily increasing the slot height.

Furthermore, choosing p = 3 leads to [ = 7, in the present application causing
eddy currents flowing in a quadratic manner regarding the DUT air-gap faced
surface. In a first step, the solid DUT without any slots is simulated using transient
3D FEA. The results are shown in Fig. 14.

The expected losses range from single watts up to several hundreds of watts
depending on the stator frequency f;. Thus, the implementation of a reliable and
applicable measuring method is another challenge to overcome. In the future, addi-
tional slots will be added to the DUT in x- and z-direction with respect to the previ-
ous findings, and the impact on the eddy current losses will be observed.
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Fig. 13 Left: Fundamental flux linkage winding factor and right: higher harmonic leakage ratio
depending on the number of slots per pole and per phase ¢ and the short-pitching W/z,

Table 3 Winding data and Name Value
simulation parameters Number of poles =3
Number of slots per pole and phase | ¢ =2
Number of slots N, =36
Number of phases m=3
Number of turns per coil w=20
Rated current In=2.6A
DUT conductivity K, =5 MS/m
Stator conductivity k; =0 S/m
Max. stator current density S max =4 A/mm?2
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Fig. 14 Simulation results, left: flux density distribution of the non-slotted DUT and right: eddy
current loss distribution for f; = 50 Hz

5 Conclusion and Outlook

In the course of this paper, a numerical-analytical general study on eddy current loss
reduction in solid surfaces using surface slots was performed. The investigations
have shown that an efficient eddy current loss reduction is possible by a circumfer-
ential slotting of the rotor surface only. Based on numerically calculated base functions,



94 M. Hullmann et al.

the loss reduction can be estimated quickly with the help of an analytical approach
presented in this paper. Regarding manufacturing instructions, due to the assumed
pre-saturation, it makes sense that the width of the teeth resulting from the slotting
of the rotor should be approximately twice the slot width, in order to avoid an
increase in eddy current loss compared to the unslotted rotor in the case of high
frequencies (f > 1000 Hz). Slot height should fulfill the conditions 3 > A ,/w;, and
hgs > 2.5 - Oy in order to avoid eddy currents at the bottom of the slots.

In addition, a first test bench design was investigated and presented. Future work
will deal with its implementation into reality and the measurement and evaluation
of eddy current losses, in order to validate the theoretical results.
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Energy Scorecard: One of the Key
Executions to Transform the Market
for Energy-Efficient Motors

Hakan Gedik

1 Introduction

Turkey has an important place in Europe with the market size of 240 billion dollars
in low-voltage electric motors. It is also estimated that there are approximately 15
million electric motors in the field.

In Turkey, 47% of total electricity consumption is from the industrial sector, with
an estimated 70% of this energy consumption from electric motor-driven systems
(EMDS), 90% of which use three-phase squirrel cage asynchronous motors as
defined in the EU Eco-design Implementing Measure 640/2009 on electric motors
as amended by Implementing Measure 4/20142.

Electric motors in Turkey, in general, are not energy efficient. The Ministry of
Industry and Technology completed an electric motor inventory analysis in
December 2015 which covered more than 90,000 electric motors (three-phase,
>7.5 kW asynchronous motors) being operated in nearly 900 SMEs in 23 different
industrial sectors in Turkey. This inventory reflects the distribution of these motors
by efficiency (IE) levels, average rated power, average age, average operating time,
as well as electricity consumption caused by these motors.

As a result of field studies carried out by the Ministry, it is estimated that there
are a total of 3.783.694 units of 7.5 kW and above AC motors, which are currently
used in industry and are considered inefficient (IEQ, IE1, IE2 without variable speed
drive). By means of the renewal of all of the aforementioned inefficient engines:

* Approximately 34 billion kWh of electricity will be saved. Thus, approximately
8.5 billion TL contribution will be provided to our country’s economy every
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year. The investment cost required for this engine conversion is approximately
TL 14.6 billion.

* Considering the annual savings and total cost to be earned, it is estimated that the
engine transformation program will return to our country’s economy in about
21 months. Considering the use of DHS, this period falls to 18 months.

2 U4E and TEVMOT: Motor Replacement Program

Motors are a key product covered by United for Efficiency (U4E). U4E partners
with countries (regionally and individually), and its “Integrated Policy Approach” is
a model that successfully transforms markets in countries. Promotion of energy-
efficient motors and solutions in this field is a high priority for U4E. At COP23
(Bonn, November 2017), at an U4E event, the Turkish Government announced its
intentions to move forward with a countrywide upgrade of its installed base of
industrial electric motors. The ambitious goal is for early replacement of all indus-
trial motors to an efficiency level of IE3; currently, less than one percent of Turkey’s
installed base of motors are at the IE3 efficiency level. The project, named Promoting
Energy-Efficient Motors in SMEs in Turkey (TEVMOT), will last 5 years until
2022 and focuses on small- and medium-sized enterprises.

TEVMOT project aims to promote significant additional investment in industrial
energy efficiency in Turkey by transforming the market for energy-efficient motors
used in small- and medium-sized enterprises.

This objective will be achieved by strengthening the legislative and regulatory
framework related to both new and existing EE motors in Turkey, developing appro-
priate governance and information infrastructure, upgrading test laboratories at the
Turkish Standards Institute (TSI), launching a “one-stop shop” sustainable financial
support mechanism (FSM), and developing and implementing a comprehensive
public awareness and training program (Fig. 1).

Project has been designed to remove barriers to sustained replacement of ineffi-
cient motors with motors that are IE3 standard and above. One of the primary bar-
riers to sustained market transformation of the Turkish motor market has been the
general absence of a trusting relationship between industrial SMEs and profession-
als related to providing technical assistance advice on energy efficiency; there is
demand for impartial technical assistance that is not tied to one particular brand of
motors (Fig. 2).

Another primary barrier is related to the lack of “user-friendly” financing prod-
ucts for industrial SMEs. A number of these financing products require some form
of collateral, which many SMEs are unable to provide. In addition, many industrial
SME applicants are unwilling or unable to navigate through the onerous paperwork
required to qualify for these financial products. The project aims to promote signifi-
cant additional investment in industrial energy efficiency in Turkey by transforming
the market for energy-efficient motors used in small- and medium-sized enterprises.
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2018 - 2022
1,048,604 Ton CO,eq direct reduction

¥

2,043,659 Ton CO,eq direct reduction 6,184,526 Ton CO,eq indirect reduction

TOTAL (2018 — 2027)

3,092,263 Ton CO,eq direct reduction 6,184,526 Ton CO,eq indirect reduction

Fig. 2 TEVMOT objectives

3 EMOSAD

Electric Motor Industrialists Association (EMOSAD) was established on May 4,
2016 with the participation of the sector stakeholders in order to provide informa-
tion on all kinds of subjects related to the electric motors and to carry out studies in
the field of occupation.

The duty of the Association is listed below.

e The development of the electric motor industry in Turkey.

e Improve service quality.

* Increase exports.

e To make the brands of domestic member companies operating in the sector into
international brands.

e To work in the areas of related technology, energy efficiency, and environmental
compatibility in production.

e To contribute to the technological development of the sector.
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Fig. 3 EMOSAD members (motor manufacturers)

In addition to all these, it will be among the main priorities of the association to
carry out the necessary activities to fulfill the sector’s energy efficiency studies,
environmental compliance laws, and regulations on behalf of the members and
the sector.

One of the partners of the TEVMOT project is the Electric Motor Industrialists
Association (EMOSAD) which has been recently established with 11 domestic elec-
tric motor manufacturers based and operating in Turkey, and one of the outputs of the
TEVMOT project will be to develop capacity of EMOSAD to better serve their mem-
bers and better represent them in various international platforms and national policy-
making platforms. The EMOSAD is also expected to help their members and Turkish
electric motor industry to increase their shares in local electric motor market and also
increase their shares in regional and other international markets. Therefore, the pro-
posed assignment is aimed at not only helping EMOSAD better function but also for
helping Turkish electric motor industry to occupy commercially better and a more
reputable position in both local and international markets and platforms (Fig. 3).

4 Energy Scorecard

The most important criterion of success for TEVMOT project is to create a sustain-
able model. For this purpose, it would not be enough to create a framed financial
model based on volunteerism. For this project to be sustainable, it should be based
on a semi-mandatory model and supported by certain incentive mechanisms.
EMOSAD is one of the methods we propose from this point of view.

The energy scorecard is recommended in industrial plants in order to achieve the
desired result of the motor replacement program. In this model, a rating is made by
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Table 1 Installed motor power

kW No. of poles Qty. Total power [kW]
4 4 20 80

1,1 2 50 55

45 12 3 -

22 4 10 220

355 6 2 710

Table 2 Coefficients according to eff., VSD and operating ratio

Eff. class | Coeff for NO VSD | Coeff for VSD | Operating ratio | Coeff for operating ratio
IEO, IET |1 2 %0-24 0.6
1IE2 2 3 %25-49 0.7
IE3 3 4 %50-74 0.8

IE4 4 5 %75-100 1

Operating Total Total Class | Class | Usage

ratio consumption Point Point | weight

(kwh/yil) ratio

J L M N o
Power System Compressors |In use 37 4|IE4 95,2|No [Constant torque 300 3% 1 11.660 27.983 24 1%
[Press Cooling Unit [spare | 30|  4[iEr [ 90,7[No [Constant pump 4760 54%| 1| 157.442 [ 125954 | 08| 15%

Fig. 4 Motor and VSD report of facility

considering the existing motor inventory of the industrial plant, and tax cuts are
recommended on increasing points as the motor replacement is performed.

In the application of the energy scorecard, facilities have a certain installed
power of electric motors are considered. This installed power can be taken as
1000 kW initially. The following main elements are taken into account to determine
the scorecard:

*  Motor efficiency class (IE1, IE2, etc.)

*  Whether or not the VSD is available.

* Application type (constant speed or variable speed application).
e Operating ratio (%0-24, %25-49, %50-74, %75-100).

First of all, installed electric motor power is calculated. Only motors covered by
the regulation are included in this calculation. The power is based on the mechanical
output power (P2) written in nameplate of the existing motors. For motors without
a nameplate, the measurement is done, and output power is estimated by consider-
ing that the motor efficiency is IE1.

After that, a coefficient is given according to the efficiency class of the motor and
whether there is VSD depending on the application. Another coefficient is deter-
mined according to operating time ratio (Tables 1 and 2).

These coefficients will be used to calculate the energy score. In order to calculate
the energy score of the facility, the energy manager of the enterprise is asked to fill
in the blue cells in the table below (Fig. 4).
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Table 3 Scorecard legend Average Class
>4 A++
3,5-3,99 A+
3-3,49 A
2,5-2,99 B
2,01-2,49 C

After making the calculation, the scorecard point is determined.

5 Scorecard Point = Total Class Point/Total Consumption

This method can be implemented successfully if it is mandatory to upgrade the class
annually until the A ++ value is reached. In addition, a variety of support should be
given to enterprises that raise their class. Thus, the application continues until the
replacement of the inefficient motors is realized (Table 3).

6 Conclusion

It is certain that exemplary projects will be realized by TEVMOT. There is no doubt
that these projects will be realized with a well-defined finance model. However, the
success of the TEVMOT project will be realized when the market transformation
begins. Two issues need to be addressed for this success: sustainability and
enforcement.

Simply describing a model or even applying a standard or regulation often
doesn’t change the market without any enforcement. Nevertheless, the most
accepted version of enforcement is the one with incentives.

Since it is not possible to regulate the electric motors used in the field, energy
scorecard is one of the key executions to transform the market for energy-efficient
motors. Energy scorecard is a kind of enforcement with incentives and will help to
sustain the TEVMOT project.
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A Novel Approach to Predict Reed Critical
Frequency of Vertical Motors

Ravi Musinana and Harendra Singh

1 Introduction

RCF is the first natural frequency in transverse direction of the complete motor
when it is mounted vertically and fixed at base. If forcing frequency is present at the
natural frequency of motor, resonance will occur, leading to high amplitudes of
vibrations which is defined in the NEMA MG-1 [1] standard. NEMA simplified the
motor system and stated the resulting system might have radial resonant frequency
(reed frequency) same as that of rotational speed of induction machine. This system
frequency can be calculated from the equation,

1 /s
I= 5\, 1)

which is same as single degree of freedom system in which the static deflection of
the mass (4, is related to the resonant frequency. The static deflection is lateral
displacement from its original position at center of gravity if machine were horizon-
tally mounted.

Finley et al. [2] described that in large vertical motors, the rotor critical speed
may be the determining factor in the reed critical frequency of the motor alone. The
effect of rotor can be determined by considering it as a separate mass and including
rotor shaft flexibility in the reed frequency calculation, that is, consider the motor as
a two mass two degrees of freedom system, rather than single-degree freedom sys-
te