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The 9th International Conference on Energy Efficiency in Motor Driven Systems (EEMODS'15) was be held in
Helsinki (Finland) on 15-17 September, 2015. The EEMODS'15 conferences have been very successful in attracting
distinguished and international presenters and attendees. The wide variety of stakeholders has included
professionals involved in manufacturing, marketing, and promotion of energy efficient motors and motor driven
systems and representatives from research labs, academia, and public policy.

EEMODS’15 provided a forum to discuss and debate the latest developments in the impacts of electrical motor
systems (advanced motors and drives, compressors, pumps, and fans) on energy and the environment, the
policies and programmes adopted and planned, and the technical and commercial advances made in the
dissemination and penetration of energy-efficient motor systems. In addition EEMODS covered also energy
management in organizations, international harmonization of test method and financing of energy efficiency in
motor systems. The Book of Proceedings contains the peer reviewed paper that have been presented at the
conference.
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Permanent Magnet-assisted Synchronous Reluctance Motors for
Electric Vehicle applications

Antonio Ometto, Francesco Parasiliti, Marco Villani

Department of Industrial and Information Engineering and Economics,
University of L’Aquila, Italy

Abstract

Electric Vehicles represent the most viable solution to solve the pollution problems associated with
the use of traditional internal combustion engine. The paper presents and compares different
typologies of PM Synchronous, Synchronous Reluctance and PM-assisted Synchronous Reluctance
motors suitable for Electric Vehicles applications. Some technological solutions oriented to the
improvement of the motor performance are proposed.

Introduction

Electric Vehicles (EVs) represent the most viable solution to solve the pollution problems associated
with the use of traditional internal combustion engine [1, 2].

The need of employ high performance and high efficiency motors has led the designers to choose
Permanent Magnet (PM) motors, thanks to the advent of high-energy PMs. These motors are
becoming more and more attractive and can directly compete with the induction machines. The
advantages of PM motors are their inherently high efficiency, high power density, and high reliability.
The key problem is their relatively high cost due to PM materials and this has stimulated the
designers to investigate other high efficiency solutions. Synchronous Reluctance and PM-assisted
Synchronous Reluctance motors with low cost PM (Ferrite) are efficient alternatives and are well
suited to be employed in electric vehicles.

The strong demand of high performance electric motors requires the use of innovative and efficient
design procedures, by specific tools and optimization processes, and an accurate choice of the
materials, in order to fully satisfy the hard specifications and constraints in terms of encumbrance,
weight, reliability and cost. The improvement of power density requires a fine optimization of the
active material weight and a right choice of the airgap flux density and of the stator line current
density, that are limited by the temperature rise and by the available cooling.

Different typologies of PM Synchronous, Synchronous Reluctance and PM-assisted Synchronous
Reluctance motors suitable for Electric Vehicles applications are presented and compared in the
paper. Some technological solutions oriented to the improvement of the motor performance are
proposed. The analysis of all these motors have been carried out by Finite Element models to take
into account the remarkable rotor saturation phenomena. The motors have been designed by a
suitable optimization procedure.

The Synchronous Reluctance Motor

The basic characteristics of an electric motor for EVs are the following:

* high torque density and power density;

» very wide speed range;

» high efficiency over wide torque and speed ranges;

* wide constant-power operating capability;

» high reliability and robustness for vehicular environment;

* reasonable cost.
In addition, low acoustic noise and low torque ripple are important design goals. Typical torque/power-
speed characteristics required for traction motors are shown in Fig.1.
Induction Motors and PM Synchronous Motors [3] fulfill these characteristics and are widely employed
in EVs.
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Fig.1 Torque and power requirements for a traction motor

The recent increase of rare-earth PMs cost and the uncertain supply has led the manufacturers to
investigate the use of “lower-cost” motors, stimulating the designers to develop others high efficiency,
high performance solutions.

The Synchronous Reluctance Motor with “flux-barriers” (SRM) represents a good alternative [4, 5, 6]
with a rugged rotor without PMs and windings and then negligible rotor losses. A typical rotor cross
section is shown in Fig. 2: laminated rotors with flux barriers can be manufactured with normal
punching tools at very low cost. The stator core is similar to the conventional induction motor one.

The number of barriers varies from 2 to 5 and depends on the number of pole pair and stator slots.

Iron bridge

Fig.2 Rotor with flux-barriers for synchronous reluctance motor

Basics of electromagnetic torque generation in the SRM are the following.
The electromagnetic torque of a generic rotating electric machine can be written as:

c(f) = kA ()i (¢ )|;S a(f)

where As(t), is(t) and a(t) are respectively the space vectan of the stator linkage flux, the space vector
of the stator current and the angular displacement between them; k depends on the constant used to
compute the space vectors from the phase quantities.

In the rotor reference frame, at steady state, the space vectors and their angular displacement are
constant and so is the torque:

A(6) = A

i) =1,
alf)=a
C=kALsfs a

In isotropic machines the angular displacement a is lachieved by means of a rotor current space
vector and/or rotor permanent magnets. Without rotd} current and rotor permanent magnets the
torque cannot be generate because:



and the stator inductance is a real number.

In this case, the torque can be obtained only if the rotor machine is anisotropic so that, in the rotor d-q
reference frame, the stator inductances although constants are different from each other (Ly # Ly).
Then the stator linkage flux is expressed as:

As :/\d +/7\q :Ld/a’ +j q/q
with
@+jq:[y

An angular displacement a is obviously obtained between the space vectors A and Is I because
Nl # 14llg. It is also clear that the torque is generate if and only if I3# 0 and I # 0 otherwise a = 0.

Then, the torque produced by the SRM is due to the anisotropy (different d and g-axis inductances L4
and L) of the rotor that causes an angular displacement between the space vectors of stator linkage
flux and current. In the SRM, both Ly and L, vary with saturation, and the d-axis inductance is more
sensitive to saturation than the g-axis inductance due to the low reluctance path of d-axis flux.

The number of rotor flux barriers affects the anisotropy, so as this number increases the reluctance
torque component increases.

SRMs with multi-barriers rotor structures have been widely used in brushless AC drives and their
main advantages are:

e no winding and PM in the rotor (“cold” rotor);
* low inertia;

» good acceleration performance;

» good flux weakening operation;

* low manufacturing cost.

On the other hand, SRMs exhibit some drawbacks such as low power factor and high torque ripple
that is mainly due to the discontinuity reluctance change between stator and rotor: it can be drastically
reduced by an accurate design of the rotor and stator shape or by means of the rotor skewing.

The PM-assisted SRM for Electric Vehicles

Adding proper quantity of permanent magnets into the flux barriers of the rotor core, the operating
performance of the SRM (torque density, power factor) improves. In this case cheaper PMs such as
Ferrite [7] are used. The motor is similar to an Interior PM motor and it can be called PM-assisted
SRM (Fig.3).
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Fig.3 Rotors for PM-assisted Synchronous Reluctance Motors

Magnets, weakening the g axis stator flux without effecting the d axis one, increase the angular
displacement between the space vectors of stator linkage flux and current. This gives rise a torque
improvement of about 20+30 % respect to the SRM without PM and a significant increase on power
factor as shown in Fig.4 (simulation results).

The amount of the Ferrite placed in the rotor core is limited by the geometry of the rotor and by the
manufacturing cost which is considered as one of the design constraints.



The PM-assisted SRM could become attractive for the following advantages:
* low cost of Ferrite;
e easy to handle;
» high efficiency;
* high power density;
¢ good power factor (reduction of the inverter rating).

Torque Nm  ATorque % Power factor

. ( 26 . 0.71

31 +19 % 0.86

33 +27 % 0.90

Fig.4 Effect of Ferrite PM on the SRM performance

The low cost Ferrite PM could have irreversible demagnetization at cold temperature; the knee point
appears at very low temperature (about -30°C). When the EV operates in cold weather, a
deterioration of motor performance would occur and this requires an accurate motor design.

The stator winding for this high torque density motor is often realized with “flat wires” (hairpins) as
shown in Fig.5: rectangular slots can be adopted in this case in order to increase the slot fill factor up
to 0.7+0.85 (higher respect to stranded winding and trapezoidal slot). Moreover, the fully automated
manufacturing process allows the winding overhang to be reduced. High slot-fill and shorter end-turns
reduce the resistance, the Joule losses, the thermal resistance and the temperature rise. In this case,
the actual phase resistance should be calculated taking into account the “proximity and skin-effects”
that heavily depend on the frequency and flat-wire size.

Fig.5 Bar wound stators

The analysis of the SRMs requires the use of numerical techniques like Finite Element (FE) method to
take into account the remarkable saturation phenomena in certain parts of the rotor. The motor is



modelled using FE “parametric model” that allows the geometric dimension of motor, the current
distribution and rotor position to be varied.

The input data of the FE model are the motor geometry and the d-q axis currents. By means of an
out-of-line procedure, the phase currents can be automatically calculated and assigned to each slot.
Then, the motor torque is calculated by Virtual Work principle.

The SRMs for EVs requires an accurate design in order to fully satisfy the specifications and the
constraints on the encumbrance. The rotor shape and dimensions of the flux-barriers affect heavily
the motor performance. For this reason it is useful to refine the design of the SRMs by suitable
optimization procedures to link with the Finite Element model [8, 9].

A three-phase PM-assisted SRM is proposed for a medium size EV whose main specifications are
shown in Table 1: the outer diameter and length are imposed and depend on the available space in
the vehicle for the motor installation. Because of this constrain the machine is liquid cooled with a
jacket around the stator core to achieve high power density.

Fig. 6 presents the cross section of the designed motor with 6 pole, 54 slots, distributed flat-wire
winding, 4 conductors per slot and a filling factor of 0.8.

High performance motor requires a right choice of the electrical steel and this is an important step
during the sizing procedure.

Simulations of the PM-assisted SRMs with different commercial electrical steels have been carried out
with all parameters (torque, speed) and dimensions of the machines held constant, except the
magnetic properties of the lamination materials and phase currents. The performance refer to the
motor operation at “maximum torque-ampere ratio”. Temperature of 90°C has been imposed for the
stator winding and 70°C for the PMs. The simulation results are compared in Table 2.

Table 1 — Specifications of the considered electric motor

DC voltage supply \Y 500
Base speed rpm 4000
Torque @ base speed Nm 200
Output Power kW 83.8
Efficiency @ 90°C % >90
Max speed rpm 12000
Torque @ max speed Nm 60
Stack length mm 100
Outer stator diameter mm 240
Stator winding flat-wire
PM-Ferrite Br=0.35T; Hc=270 KA/m @ 20°C

Fig.6 Cross-section of 6 pole-54 slots PM-assisted SRM

The comparison points out slight difference on the current and efficiency values, with core losses in
the range between 420+740 W notably lower respect the Joule losses. The flux densities in the
narrow section of the stator teeth (Bst) are slightly higher than 1.8 T while is 1.6 T in the yoke (Bsy).
The 400-50 AP electrical steel has been chosen for this specific application because combines low
specific losses with high permeability and the motor shows good performance in terms of efficiency
and power factor.



The performance of the PM-assisted SRM at 4000 rpm and 12000 rpm are listed in Table 3, while the
continuous torque characteristic vs speed and the related power characteristic, calculated by means
of the FE analyses, are shown in Fig.7.

The motor has excellent field-weakening performance with a wide “Constant-Power Speed Range”
(CPSR) that represents an important requirement for the EV.

The iron bridges in the rotor core have been careful sized since they have impact on the motor
performance and rotor robustness. Moreover, resin can be inserted in the flux barriers in order to
improve the robustness of the rotor structure against the centrifugal forces at high speed.

The demagnetization effect has been investigated and verified by means of the FE software, within
the whole working range to validate the reliability of the proposed design.

Table 2 — Comparison between different commercial electrical steels

800-50 530-50 AP | 400-50 AP | 330-50 AP
Torque Nm 200
Speed rpm 4000
Frequency Hz 200
Output Power kW 83.8
Phase current Arms 164 161 161 163
AC Joule losses w 2337 2258 2258 2317
Core losses w 735 620 553 423
Efficiency % 95.4 95.6 95.7 95.7
Power factor 0.87 0.89 0.89 0.88
Bst ; Bsy T 1.82; 1.60 1.82; 1.60 | 1.83; 1.60 | 1.83; 1.61
Table 3 — Performance of PM-assisted SRM — 6 pole-54 slots
4000 rpm 12000 rpm
Phase current Arms 161 161
Torque Nm 200 64
Output Power kW 83.8 80.4
AC Joule losses W 2258 2574
Power factor 0.89 0.86
Efficiency % 95.7 94.6
L et s g em e S . e e e :
Nm : i : : kW i i i i
200 R R N 100 -—------b-mmmmee- e e LY LR LR Y e EESLEE
i Y
150 1' g0 'i'l" |
1 ! Y |
100 | L R Sh R CPSR f
| . |8 I G S —— s ]
| ! : rem | i Pm
0 i ! 0 + . 1
0 2000 4000 OO0 8000 10000 12000 0 2000 4000 5000 8000 10000 12000

Fig.7 PM-assisted SRM: Torque and Power vs. Speed

Comparison with IPM Synchronous Motor

The proposed PM-assisted SRM has been compared with a NdFeB (B, = 1.16 T and H, = 900 kA/m at
20°C) Interior Permanent Magnet (IPM) Synchronous Motor having the same torque value at base
speed in order to evaluate the differences in terms of performance, weight and costs. In this motor the
torque generation is due to the PMs and the rotor anisotropy (different d and q inductances) and both
Lq and Lq vary with saturation, but the g-axis inductance is more sensitive to saturation than the d-axis
inductance due to the low reluctance path of g-axis flux.



The comparison has been carried out considering the same overall dimensions and winding; in
particular the two motors have:

» the same stator lamination (diameters and n. of slots) and air-gap;
» the same number of turns and wire size;

» the same electrical steel (400-50 AP);

» the same temperatures of the winding and PM.

Fig. 8 shows the cross-sections of the two machines. Two different IPM motors have been proposed:

« IPM_1 with the same stack length of the PM-assisted SRM,;
e IPM_2 with a reduce stack length (compact design) and the same current of PM-assisted SRM.

The results are shown in Table 4.

The comparison points out that IPM_1 motor has the lowest current, while IPM_2 has the lowest
weight. Moreover, at the base speed (4000 rpm) the IPM motors have higher power factors and this
allows the inverter rating to be reduced: the phase-back-emf doesn’t exceed 180 Vmax.

At high speed (12000 rpm) the IPM motors exhibit good performance (see Fig.9) with a power density
higher than the synchronous reluctance motor one.

However, the PM-assisted SRM has excellent efficiency, very close to that one of the IPM_2, and
good constant-power operating capability (Fig.9): this motor could be a promising candidate for
traction applications especially in flux-weakening operation.

6 pole, 54 slots

Ferrite NdFeB

Fig.8 Cross sections of PM-assisted SRM (left) and IPM motor (right)

Table 4 — Performance of PM-assisted SRM and IPM motors

PM-ass SRM IPM_1 IPM_2
Electrical steel 400-50 AP
PM Ferrite NdFeB NdFeB
Stack length mm 100 100 91
Outer stat. Diameter mm 240 240 240
Phase current Arms 161 150 161
Current density A/mm?® 10.1 9.4 10.1
4000 rpm:
Torque Nm 200 200 200
Output Power kW 83.8 83.8 83.8
AC Joule losses W 2258 1945 2131
Power factor 0.89 0.94 0.90
Efficiency @ 90°C % 95.7 96.2 95.9
12000 rpm:
Torque Nm 64 73 79
Output Power kw 80.4 91.7 99.3
Power density kW/kg 1.5 1.8 2.1
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Fig.9 PM-assisted SRM and IPM motors: Torque and Power vs. Speed

The comparison has been extended to the active materials cost. Table 5 points out a significant cost
reduction for the PM-assisted SRM solution of about 45%, respect to IPM_1, and 40% respect to
IPM_2, mainly due to the lower cost of the PM in Ferrite. Moreover, the ferrite PM has got a positive
reversible temperature coefficient of coercivity, respect to NdFeB, and this increases the
demagnetization strength as the temperature increases, leading to better dynamic performance of
car.

Table 5 — Weight and active material costs of the PM-assisted SRM and IPM motors

PM-ass SRM IPM_1 IPM_2
Stack length mm 100 100 91
Gross iron kg 45 45 41
Stator winding kg 6.2 6.2 5.9
PM kg 0.92 0.93 0.85
Cost (*):
Gross iron Euro 40.5 40.5 36.9
Stator winding Euro 43.4 43.4 41.3
PM Euro 23.0 111.6 102.0
Total Euro 106.9 195.5 180.2

(*) Electrical steel = 0.90 O/kg; Cu =7.0 O/kg; Ferrite = 25 00/kg; NdFeB = 120 O/kg

Comments and conclusions

PM Synchronous Motors fulfil most of the constraints for Electric Vehicles applications. The
advantages of PM motors are their inherently high efficiency, high power density, and high reliability.
The key problem is their relatively high cost due to PM materials.

Synchronous Reluctance Motor with “flux-barriers” (SRM) represents a good alternative with a rugged
rotor without PMs. PM-assisted SRM improves the operating performance of the SRM (torque density,
power factor) adding proper quantity of low cost permanent magnets into the flux barriers of the rotor
core.

Different typologies of PM Synchronous, Synchronous Reluctance and PM-assisted Synchronous
Reluctance motors have been presented and compared in the paper and some technological
solutions oriented to the improvement of the motor performance have been proposed.

Combining an optimization procedure with motor Finite Element model, a three-phase PM-assisted
SRM for medium size EV has been designed and compared with two NdFeB Interior Permanent
Magnet Synchronous Motors with the same overall dimensions and same winding arrangement (bar
wounding type). At rated operating condition, IPM motors have good efficiencies and better power
factor; moreover, they exhibit a wide constant-power speed range.

However, even the PM-assisted SRM ensures good performance with high power density and
reasonable cost and then it can be considered a strong potential for powertrains and an efficient
alternative to IPMs and induction motors.
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Indirect efficiency determination of permanent magnet
synchronous machines for sine wave and inverter operation

B. Deusinger, A. Binder

Institute of Electrical Energy Conversion, Darmstadt University of Technology

Abstract

Permanent magnet machines are nowadays more and more used for traction motor applications,
which have a big demand on energy efficiency. The efficiency determination by direct measurements
is often too imprecise for highly utilized machines in the range above 95 % efficiency, as the required
measurement accuracy cannot be reached. For this reason an indirect method for the efficiency
determination is proposed by means of the summation of individual losses, which is similarly already
in use for electrically excited synchronous machines. The individual loss components (current-
depending and additional load losses, iron losses, and additional losses caused by inverter feeding)
are determined from measurements in the no-load case and with removed rotor. By considering the
equivalent circuit parameters of the machine, the losses are recalculated for the desired load case. In
addition to the theoretical calculations direct efficiency measurements were done with three
permanent magnet synchronous machines in sine wave and inverter operation to validate the
calculation results. Two of the examined permanent magnet machines (rated power 45 kW at
1000/min) have a special stator topology with tooth coil winding and due to that an uncommon
magnetic field distribution. The third machine has a rated power of 90 kW and a conventional
distributed winding, which suggests a better accordance between the proposed method and the direct
measurements. The efficiency of these three machines was in the range of 94 % ... 95 % at rated
power and speed. The experimental results showed that the indirect efficiency values followed the
direct ones in dependence of speed and machine torque very well, but for Machines 1 and 2 in motor
operation on a lower value with typically 0.5 % ... 1 % less efficiency. In generator operation this
difference is small. For Machine 3 these differences are in the range of rated speed and rated torque
very small. This holds true for sine wave and inverter operation.

Background

An accurate direct determination of the efficiency of large electrical machines as the ratio of output
versus input power is hardly possible for several reasons. First reason is the need of a load test with
rated power. This might be technically difficult, because the full rated power must be provided for the
tests. Further, big synchronous machines (several MW) are often assembled in the power plant, so
that a measurement is only possible there. If the efficiency of electrical machines exceeds 95 %, a
direct measurement of input and output power is too imprecise due to the tolerances of common
measurement procedures, as shown in the following example (Example 1).

Example 1 (Accuracy in direct efficiency measurement):

Specifications: Motor operation, mechanical output power: P,,, = 2m-n-M, electrical input power
P, =3-U-1-cos, real efficiency n = 96 %, measurement uncertainty ¢ = 0,2 %

In worst-case the output power is measured too high by € and the input power is measured too low by
the same uncertainty.
Measured efficiency: 1ess = —2utmeas — Pout(re) _ o\ 1€ _ ) g¢ % = 0.9638

Pinmeas Pin‘(1-¢€) 1-€

Real total losses: Py = (%— 1) Poye = 0.04167 - Poy

1

Measured total losses: Py meas = ( - 1) * Poutmeas = 0.03763 * Poye

Nmeas

Measured vs. real total losses: Py meas/Pg = 0.903

1"



The deviation between the measured and the real efficiency value corresponds to an error of 10 % in
terms of total losses.

Example 2 (Accuracy in indirect efficiency measurement from summation of losses):

The specifications and measurement uncertainty are identical to those of Example 1. The output
power is not measured directly. In worst-case the total losses are measured too low and the input
power is measured too high.

n _ Pout,meas _ Pin,meas B Pd,meas -1 Pd,meas -1 Pd,meas 1-e€ -1 (1 77) 1-e€
meas — = =1- =1- . =1- — .
Pin,meas Pin,meas Pin,meas Pin,meas 1+e€ 1+e€

e — (-1 004-2228 _ 9602 ~ 0,96 =
MImeas = W Tye” Y T002 FUIe =0

The deviation between measured and real efficiency is now smaller than 0.2 %.

For the indirect efficiency determination a well-known machine loss model and measurement methods
to determine the losses are essential. For electrically excited synchronous machines an indirect
method was already developed that consists of the summation of losses (IEC/EN 60034-2 [1]). In
generator open-circuit operation at rated speed and thus rated frequency the no-load losses are
directly determined from the input power. The load losses are measured in generator short-circuit
operation at the same frequency. For these two experiments it is necessary that the excitation current
is adjusted so that the rated flux occurs at no-load and the rated current flows at short-circuit
operation. The friction and windage losses can be measured directly with a switched off rotor
excitation in generator mode. The rated excitation current and thus the excitation losses may also be
calculated from the no-load and short-circuit characteristic rather accurately. The sum of the individual
losses then gives the total losses, and the efficiency is determined via the rated power. Of course, the
true magnetic field state in the machine under load is slightly different. For example, a progressive
load-dependent saturation of the rotor pole tips due to the armature reaction field is not detected by
this method. However, due to the relatively large air gaps in electrically excited synchronous
machines, this effect is small, so that calorimetric efficiency measurements of large synchronous
machines at the plant show a good agreement with the calculated efficiency from individual losses.

This conventional method to determine the efficiency of synchronous machines, based on the
summation of losses according to IEC/EN 60034-2 [1], is not directly applicable to permanent magnet
(PM) synchronous machines (PMSM) as due to the (nearly) constant magnetic excitation from the
permanent magnets no variation of excitation, as it is the case for electrically excited synchronous
machines, can be done. It is not possible to separate the load-independent losses into iron losses and
friction and windage losses. For smaller PM synchronous machines, like servo drives, with efficiencies
below 95 % the above mentioned direct method to determine the efficiency (IEC/EN 60034-1 [2]) is
possible with sufficient accuracy. For larger machines (e. g. wind generators up to 10 MW) an
alternative method is required, and will be here presented, based on the summation of losses.

Alternative Concept

The proposed method is based on the electric equivalent circuit of a PM synchronous machine. There
is already a comparable method used for the efficiency determination of induction machines
(IEC/EN 60034-2 [1]). The following Fig. 1 shows a typical equivalent circuit of a synchronous
machine with no reluctance difference between d- and g-axis for a fixed speed n [4].
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Fig. 1: Electrical equivalent circuit per phase of a synchronous machine with identical
reluctance in d- and g-axis (Xq = X;; + Xan = Xq)

U, is the stator voltage, R, + AR, the stator resistance (as sum of DC resistance R; and AC resistance
ARy), Xs; = 2mf;L, the stator stray reactance (f;: stator frequency, Lg,: stator leakage inductance),
Xy, = 2nf;Ly the main reactance (L,: main inductance), U, the back EMF, Rg. the iron resistance to
describe the iron losses in the stator iron core Pg.s (as sum of hysteresis and eddy current losses)
and U, the main voltage of the resulting air gap field of the sum of the stator and rotor fundamental
field wave. The inner electrical power as the air gap power Ps results in the electromagnetic air gap
torque M,. The rotor losses include the friction and windage losses P;.,,, and the eddy current and
hysteresis losses in the rotor iron due to air gap harmonic field waves and eddy current losses in the
magnets Pr. +u- At the shaft the output torque for example in motor operation is

M= Me - (Pfr+w + PFe,r+M)/2T[n (1)

Therefore the rotor losses are not present in the equivalent circuit at first. But by calculating the iron
resistance Rg. via the losses Pr.s, Pro, and Py the rotor losses are considered approximately. The
calculated shaft torque is then M = M,.

The AC resistance considers the eddy current losses in the stator winding due to the pulsating slot
stray field. In the calculation of the iron resistance Rg,, it is assumed that both the main flux (air gap
field) and the stator stray flux close over the stator iron core and thus together cause the stator iron
losses. This is not completely true, as the main flux flows through the whole stator tooth, whereas the
stray flux closes more or less linearly increasing from the slot base over the tooth height. Anyway the
stator stray flux takes part to the stator iron losses. If the iron resistance Ry, was placed between X,
and Xj, in Fig. 1, this would assume that there is no influence of the stator stray flux, which is not true
[4].

The equivalent circuit is valid for sinusoidal voltages. In case of inverter operation, the circuit is fed by
the voltage Uy, instead of Us (harmonic order k of the inverter output voltage, frequency f;, = k- f;).
The back EMF U}, is zero for all harmonics except the fundamental. Then instead of the fundamental
stator current I, the harmonic current I, flows, causing additional iron losses in the stator and rotor
core (harmonic iron resistance Rge ) and additional eddy current losses in the stator winding (AR ).
The summation of all relevant voltage harmonics for a fixed speed and thus inverter modulation
results in a nearly load independent additional loss component AP, [4].

To use the equivalent circuit for efficiency determination, all relevant loss components have to be
assigned to suitable measurement methods. There are only few recent references about this topic,
like [5]. Here, the proposed concept consists of two measurements:

*  Open-circuit experiment (IEC/EN 60034-4 [3])
* Removed rotor test (IEC/EN 60034-4 [3])

The (average) temperature of the stator winding has to be written down for each measurement series,
to recalculate the I?R-losses to the correct temperature.
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Open-circuit experiment

It is essential to carry out the open-circuit measurement at operation temperature, as with rising
magnet temperature the magnetic remanence is decreasing, which leads to a lower back EMF and
also lower induced voltage in the iron core. Due to the positive temperature coefficient of the iron, also
the resistance of the iron sheets increases.

a) Generator open-circuit experiment

During the open-circuit experiment the machine is driven with open terminals. The tested machine is
coupled via a shaft and a torque transducer (torque M,) to a second driving machine. The speed n of
the second machine is variable. The mechanical input power P, of the tested machine is measured
via the torque transducer as Py, = 2m-n - My = Pyggeqn- For different speeds n of the machines the
input power and the stator no-load voltage Us = U, = U, (Fig. 2) of the tested machine are measured.
The mechanical input power covers the friction and windage losses of the test machine P, (and, if
present, the power of the shaft mounted fan), the iron losses in the stator due to the no-load flux Pge 5 ¢
and the iron losses in the rotor (for example due to the slot harmonic field waves) Pge 1m0, Which are
in sum the no-load iron losses Prey = Preso + Prer+mo- A Separation of the mechanical input power
into no-load iron losses Pg., and friction and windage losses P, is only possible, if Py, Was
determined from a generator open-circuit test with unmagnetized rotor, or from a retardation test with
known rotor moment of inertia J [4].

X Xan

SG

Fig. 2: Electrical equivalent circuit per phase during the open-circuit experiment

b) Motor no-load experiment (for inverter-fed machines)

In inverter operation the no-load test is carried out for different speeds n. With modern power
analyzers it is possible to separate the electrical input power into the fundamental input power P i, 01
and the harmonic power P.i,0a.4- The fundamental input power P,;,,, includes the losses Pgeq +
Pr4w as described in part a) and additionally the stator ohmic losses due to the no-load current. If
there is no possibility to measure the harmonic power directly, it can be approximated by the total
electrical input power P, ;, o, the measured (fundamental) no-load current I,, and the stator resistance
R, with help of the measurements from the generator open-circuit experiment Pyg gen = Preo + Prryw @S

Pe,in,O,ad = Pe,in,o - (PFe,O + Pyyw + 3R 1520 - (2)

For PM synchronous machines the whole stator inductance is smoothing the stator current. As a
result the current is nearly sinusoidal even at rather low switching frequencies above 1 kHz. The
difference between the rms value and the fundamental is very small.

c¢) Calculation of the iron losses at load operation

At load operation the stator field is adding to the no-load field of the rotor magnets, so that the iron
losses Pg,. are generally increased. These losses depend primarily on the square of total magnetic flux
linkage and thus on the square of the reactance voltage U, = Us; — R I; (Fig. 3). Us and I are the
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complex phasors of the stator voltage U; and the stator current I, for a given operating point
P, = 3U,l;cosgs. Therefore the iron losses are calculated via (3)

Pre = Prey (ﬁ)z . ©)

Up

For this conversion the actual value of the stator resistance R has to be known either from a direct
measurement or from a suitable thermal sensor to determine the warm resistance value with help of
the average winding temperature.

If Us is assumed real, the current phasor can be written as

I =1~ (cosgg £ - singg) = Lire £ Isim » (4)

where “+” represents a capacitive operating point and “—* an inductive operating point. The square of
the reactance voltage is identical for both cases according to

U2 = (Us — Rylsre)” + (Relsim)” - )

Fig. 3: Phasor diagram of a PM synchronous machine at load

In reality the calculation of the iron losses Pge = Ppes+ Prersm = Preo” (Ux/Up)* is only an
approximation, as the rotor iron losses Pg, 4y due to harmonic field waves are generally higher than
the no-load rotor iron losses Pge M0, hOWever these losses are not included in P, o. Therefore the
losses P, are underestimated. On the other hand, if the friction and windage losses P, are not
determined separately (form calculation or measurement), there will be a systematic error, as due to
the assumption Pge o = Ppino (for example in generator open-circuit operation) also the losses Py
are converted quadratically. The losses Py, are overestimated.

Removed rotor experiment

During the removed rotor test, the stator ohmic losses are determined including the load-depending
additional stator losses. The removed rotor test is done with variable stator voltage U, feeding the
stator winding, and for instance rated frequency f = fy, but flanged bearing shields etc. to be able to
detect occurring eddy currents due to the load-depending stray flux of the winding overhangs. This
concept is already used at the standardized investigation of induction machines (IEC/EN 60034-4)
[3, 9]. Since the additional losses caused by inverter feeding are determined during the motor no-load
test, the removed rotor experiment is carried out with sinusoidal currents and voltages, to measure the
current-depending stator losses plus additional stator losses

PCu,s + Ps,ad =3 (Rs + ARS) ' Isz . (6)

As mentioned before, the actual resistance value Ry and thus the winding temperature has to be
known. The electrical input power P, ;,5 contains in addition to the current-depending stator losses
Py s + Pgaq also the iron losses due to the stator stray field and the bore field Pg. g [9]. Fig. 5 shows
a 2D-Finite-Element-Analysis (with JMAG) of an AC machine with distributed winding and removed
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rotor to show the meaning of the bore field and the slot stray field. To determine the stator ohmic
losses, the iron losses Pg, g have to be subtracted from the electrical input power:

PCu,s + Ps,ad = Pe,in,B - PFe,B . (7)

The iron losses during the removed rotor test P, g are not negligible for machines with big leakage
inductance (e. g. machines with tooth wound coils). As mentioned before, these losses are calculated
with help of the reactance voltage U,z and the measurements of the generator open-circuit
experiment approximately via

Prep = (Preo) (UULf)Z . (8)

Since the rotor iron losses Pg, 4o are included in Pge o, but obviously not missing during the removed
rotor test, the losses Pgr,p are overestimated. Another overestimation occurs, if the friction and
windage losses are not explicitly known, and the losses are calculated via

PFe,B = (PFe,O + Pfr+w) ' (UUL(;B)Z . (9)
I Rs Xsc XsB

Fig. 4: Electrical equivalent circuit per phase during the removed rotor experiment
(Xg: bore reactance)

Fig. 5: 2D-FEA simulation of the stator field of a three phase single layer winding (q = 1) with
removed rotor

Efficiency under load condition

Under load, the resulting fundamental air gap field represents a superposition of the rotor and stator
field, depending on the relative position of the stator current phasor I; and the phasor of the terminal
voltage U;. For this load case at rated frequency, the efficiency is determined from the measured
values of the removed rotor test and open-circuit experiment, as follows.

1. From the given rms values of Us, I; (fundamental values Us = Uy, Is = Iy for inverter
operation) and the power factor cos¢g, the positions of the stator voltage and current phasors
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Us, I are determined and from that the square of the reactance voltage U, is calculated with
the stator resistance R, for a specific temperature.

The current-depending stator losses and additional load losses P, = Pgy s + Psaq = f(n, I5) for
a given fundamental current Iy and the fundamental frequency f; with = f;/p are known from
the removed rotor experiment and converted to the given operating point by the actual stator
resistance value.

The losses Pgeo + Priw = f(n) are known from the generator open-circuit experiment. With
these values the iron losses Pp, are approximated via Ppe = Pgey - (Uy/Up)* or more
inaccurate via Pge = Ppino * (Ux/Uy)? respectively.

The additional losses Pe i, 0.4 = f(n) due to inverter feeding are known from the motor no-
load test. They are for sufficient big switching frequencies nearly independent of the speed n
and depend actually via Uy (f;) = Uy(n - p) on the voltage U, and thus the modulation degree
of the inverter. Therefore for a given load point, the corresponding loss value P, 9.4 = f(Up)
has to be taken into account.

The efficiency for sine wave operation is determined with (10) and (11):

. _ 3UslsCos pg
. Generator operation: Toen = 30siscosgotPretPs (10)
. __ 3Uslscospg—Ppe—Py
. Motor operation: Mot = sustseosps (11)
Furthermore, the efficiency for inverter operation is determined with (12) and (13):
. 3Uslgcos
. Generator operation: Noen = . (12)
3UsIscospg+Pre+P1+Pein0,ad
. __ 3Uslscosgg—Ppe—P
. Motor operation: Mot = 30orocosp i Parons (13)

Criticism of the method:

As the rotor iron losses Py are neglected, the indirect efficiency values are more closely
to the direct values, the smaller these losses are in reality.

Of course, the resulting air gap field under load is different from the stator and rotor field of
the open-circuit and the removed rotor experiment. Hence a different local load-dependent
saturation effect occurs. This problem exists also for the conventional method for the indirect
efficiency of electrically excited synchronous machines with open-circuit and short-circuit test
(IEC/EN 60034-4 [3]), as already mentioned, and is not avoidable. The higher the magnetic
utilization of the electrical motor, the more this load-dependent saturation effect is noticeable.

If the friction and windage losses are not known separately, they will be converted with the
square of the reactance voltage as well as the iron losses. This affects especially machines
with shaft mounted fan. In case of an external cooling system, the friction and windage losses
are usually small.
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Measurements

Test bench

The experiments were carried out with three different PM synchronous machines. The Machines 1
and 2 are 16-pole (2p = 16) machines for 45 kW at 1000 min”', 430 Nm, 230 V rms phase voltage,
with tooth coil stator winding (Fig. 6). Machine 1 with q = % (two-layer winding, semi-closed slots with
parallel-sided teeth) has no sub-harmonic air gap field waves, and Machine 2 with q = 74 (single-layer
winding, parallel-sided open slots, narrow inter-teeth) shows one noticeable sub-harmonic with 8
poles. The machines also differ in the structure of the rotor. Machine 1 has surface magnets, and
Machine 2 has buried magnets. Machine 3 is a 6-pole (2p = 6) machine with a higher nominal speed
of 3000 min™ and lower rated torque of 286 Nm. The stator has a distributed winding and thus a lower
stator stray inductance than the machines with tooth coil winding. Also the main inductance is lower
due to surface mounted magnets on the rotor. Table | summarizes the basic parameters of Machines

1,2 and 3 [7].

Table I: Basic parameters of the three tested PMSM

Machine 1 Machine 2 Machine 3
Rated power Py 45 kW 45 kW 90 kW
Rated Torque My 430 Nm 430 Nm 286 Nm
Rated speed n 1000 min 1000 min™ 3000 min”
Rated voltage Uy per phase 230V 230V 230V
Rated current Iy 102 A 120 A 200 A
Stator resistance R; ;¢ 55.5 mQ 43.1 mQ 13.7 mQ
Synchronous inductance Ly 2.84 mH 2.56 mH 0.53 mH
Slots per pole and phase ¢q 0.5 0.25 2
Air gap width é 0.7 mm 0.7 mm 1.6 mm
Winding type Double layer Single layer Single layer
Slot Semi-closed Open Semi-closed
Tooth width Constant Not constant Constant
Rotor magnets (NdFeB) Surface Buried Surface

Fig. 6: Stators of the tested machines, a) Machine 1, 2/3 short-pitched winding, b) Machine 2,
full-pitched winding [7]
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Fig. 7 shows the test bench for the first part of the measurements with the Machines 1 and 2, fed by a
voltage source inverter with a DC-link voltage of 600 V and the ability of 4-quadrant operation. The
machines can be coupled via a torque transducer. Machine 3 is fed by an inverter with lower rated
power. Therefore the reachable torque is limited by the current to about 75 % of rated torque.
Furthermore the inverter allows no regenerative power flow, so that the generator operation is only
possible with small currents via a braking resistor. Machine 2 is used as load (Fig. 8). During
measurements, the RMS values and the fundamental amplitudes of the stator voltages and currents
Us and I as well as the corresponding power factor cosg, are measured. The recording is done with

the help of a power analyzer (Type Fluke Norma 5000), which was controlled by a computer system.

Fig. 7: Test bench with Machines 1 and 2 back-to-back to verify the proposed method for
efficiency determination for PMSM

Fig. 8: Test bench with Machine 3 (on right-hand side) and Machine 2 as load

Results

Fig. 9 shows the measured losses during the open-circuit test for both Machines 1 and 2 over the
speed n and thus over the stator frequency f = n/p. The curves have the expected shape with an
exponent between 1 and 2, as the eddy current losses rise quadratically and the hysteresis losses
linearly with the speed [8]. The friction and windage losses are negligible due to the smooth rotor
surface and the external cooling. With the following formulas a rough estimation of the air friction
losses Py, is possible [4, 6], if no shaft mounted fan is used:

Prrw = Ce* T Pair - 2 -n)3 1t - lge With ¢, =0.035-Re™®15 and Re=2m"n'n, -% (14)

(pair: @ir mass density, 7.,: rotor outer radius, §: air gap, v,;.: kinematic viscosity of air, Ig.: iron length,
Re: Reynolds number). The bearing friction losses are neglected. With these formulas the friction
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losses of the Machines 1 and 2 are determined to be only 14 W at 3000 rpm [7]. Therefore the error is
small:

Pm,in,O = 2mn- MO = PdO,gen = Pfr+w + PFe,O = PFe,O mit PFe,O = PFe,s,O + PFe,r+M,0

3000

2500 -

—o—Machine 1

2000 4 —a—Machine 2

1000

No-load losses (P + Piry) / W
w ;
(=] (=]
o o

Rated frequency

=]

0 5'0 l(l)O : léO 200 250 300 350 4(;0 450
Stator frequency £/ Hz

Fig. 9: Measured no-load losses Pg, + Py, at the generator open-circuit experiment for

Machines 1 and 2

The iron losses are smaller for Machine 2 due to the smaller magnetic flux density in the stator iron
parts. A comparison of the induced voltages and a calculation of the corresponding permanent
magnetic flux linkage via

-

— UP
Y, = o (17)

shows that the flux linkage of Machine 1 is higher than the flux linkage of Machine 2 by the factor 1.46
(WpMachine 1 = 0.301 Vs, ¥}, machine 2 = 0.206 Vs). In the calculation the measured no-load voltage U, is
equal to the back EMF U,. This assumption is valid, because the equivalent iron resistance R,
(Fig. 1) is much higher than the synchronous reactance X,.

The additional losses due to inverter feeding (Fig. 10) are determined during the motor no-load test as
Peinoad = Peino =~ (Preo + Prsw + 3R 1%). After subtraction of the very small stator current losses,
the fundamental power P, i, o, is nearly identical to the generator no-losses.

200 4

2 180
~N N [
~ 160 - —e—Machine 1
5

2140 4 ——Machine 2
8120

«\

% 100
= 80 -

T

g 60
2

= 4
E 40
E 20 + °
0

0 50 l(;O 150 2(;0 250

No-load voltage [}, / V
Fig. 10: Measured additional losses due to inverter feeding as difference between the motor
and generator no-load losses over the fundamental no-load voltage U, for Machines 1 and 2

For Machine 3 the motor no-load losses are shown in Fig. 11. The difference between total and
fundamental input power is higher than for the previous Machines 1 and 2, i. e. more additional losses
due to inverter feeding P, 04 OCCUr, as shown in Fig. 12, plotted over the no-load voltage U.
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Fig. 12: Measured additional losses due to inverter feeding as difference between the total and
fundamental no-load losses over the fundamental no-load voltage U, for Machine 3

To determine the current-depending losses P, = Pc, s + P54, the removed rotor test is carried out
under consideration of the actual winding temperature. The iron losses due to the stray and bore field
Prop are estimated by using Pg., of the open-circuit experiment via (3) and subtracted from the
electrical input power: P; = P, g — Pres- Fig. 13 shows the remaining losses plotted over the squared
stator current 12 for different frequencies. The curves are nearly straight lines, which is characteristic
for current-depending losses. The losses rise with rising frequency due to the increased current
displacement in the stator conductors.
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To validate the indirect efficiency method according to (10) to (13), motor and generator load test are
carried out. The direct efficiency is determined with the help of the torque transducer (torque M, speed

n) and the power analyzer.

_ Pmyout
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If the efficiency shall be determined for “sine wave operation”, only the fundamental electrical input
and output power P.;, and P, is considered. Of course, a true sine wave operation with a variable
three-phase system would also be possible, but then it would be very difficult to adjust the current
angle. For inverter operation P,;, and P, o, denote the total electrical input and output power.

At first, the efficiency is determined for the tooth coil Machines 1 and 2. In “sine wave operation”
(Fig. 14 and Fig. 15) the losses are overestimated in motor operation for both machines. Therefore
the indirect efficiency value is lower than the direct one. The error is bigger for lower speeds, since the
relative deviation of the losses is higher for low absolute power values. In generator operation there is
a good accordance, especially near the rated operating point.
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Fig. 14: Direct and indirect efficiency over the torque M for Machine 1 in “sine wave operation”
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For inverter operation, the additional losses P, 0.4 have to be taken into account. As these losses
are very small for both Machines 1 and 2 (< 200 W), the efficiency curves (Fig. 16 and Fig. 17) are
quite similar to the curves for “sine wave operation”. Again, there is a good accordance in generator
operation, while the losses are overestimated for lower speeds in motor operation. The deviation does
not change significantly with the consideration of the additional losses due to inverter feeding.
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Fig. 17: Direct and indirect efficiency for inverter operation as Fig. 16, but for Machine 2

The load measurements for Machine 3 are performed in the same way as for the first two tested
machines. The indirect efficiency values by means of the fundamental power (“sine wave operation”)
follow the direct ones quite well (Fig. 18). For low speed and low load there is a slight underestimation
of the losses. A good accordance is achieved near the rated operating point. Due to the inverter
restrictions, the load in generator operation was limited to approximately half of rated torque.
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Fig. 18: Direct and indirect efficiency over the torque M for Machine 3 in “sine wave operation”
(= fundamental power) at speed n; =ny=3000min~! and n, = 1500 min~1, a) Motor
operation, b) Generator operation
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Fig. 19: Direct and indirect efficiency for Machine 3 as Fig. 18, but for inverter operation
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As the additional losses P, 0.4 are higher for Machine 3 than for Machines 1 and 2, the efficiency
values in inverter operation (Fig. 19) are noticeable smaller than in “sine wave operation”. In motor
operation, there is again a good accordance between the direct and indirect values. In generator
operation, the difference is higher. This indicates, that in chopper operation with braking resistor the
additional losses are higher than predicted.

Conclusion

A new method of indirect determination of the efficiency of PM synchronous machines in generator
and motor operation for sine wave and inverter feeding is introduced. The method is based on the
separation of the losses into voltage- and current-depending losses, respectively into no-load and
load losses for a defined temperature by means of the open-circuit experiment and the removed rotor
experiment. For validation, measurements were carried out on three PM machines. The first two
machines have a special tooth coil winding and several different parameters (surface vs. buried
magnets, stator winding with or without sub harmonic field waves, semi closed vs. open slots). The
third machine has a distributed winding. At load, there is a good accordance between the direct and
indirect efficiency for Machine 1 and 2 in generator operation. In motor operation, the deviation is
larger and the losses are overestimated. For Machine 3, the direct and indirect values are
corresponding quite well, especially near the rated speed and rated torque. The efficiency curve
shapes show a good agreement for all three machines. A quantitative analysis in terms of
measurement uncertainty and errors, as mentioned in the introduction, will be part of future
investigations.
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Comparison of permanent magnet machine technologies based on
system cost for harsh environment applications
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Abstract:

This paper compares three topologies of direct-drive motors considering the cost and performance for
low speed applications. Induction motors with gear drives have been considered earlier as
conventional drive solutions, but the increased maintenance cost, reliability and the efficiency drop
due to the gear is an issue, even if the standard speed induction machine is the least expensive
industrial motor solution. There are many direct drive technologies available for low speed
applications, and those promising to deliver desired performance and cost saving are considered and
compared in this paper. Permanent magnet (PM) technology can provide an energy efficient direct
drive solution at very low speed, ranging up to 600 rpm applications. The major issue with the PM
machine is the cost of rare-earth magnets. Additionally, this type of direct drive machine may be
operated in harsh environments and higher ambient temperatures, which may cause demagnetization
of magnets. Oversizing the magnet and adopting other magnet grade technologies like grain
boundary diffusion and higher dysprosium result in higher machine cost as well as system cost. The
simulation and FE analysis results are discussed in this article. This paper compares calculations of
three different machine topologies: interior permanent magnet (IPM), surface type permanent magnet
(SPM), and pole-modulated PM machine (vernier type machine), based on efficiency, cost and
demagnetization reliability. The pole-modulated PM machine can give higher torque and power
density but the magnet requirement is higher. If the magnet weight is reduced, it can still deliver good
efficiency, but the power factor is poor which causes a higher drive cost. The surface type PM
machines have better performance index in terms of cost saving, but suffer the penalty of increased
cost due to arc shaped magnets and are more prone to demagnetization under higher ambient
temperature. The IPM machine is found to be more cost competitive and least susceptible to
demagnetization as compared to surface type and pole-modulated PM machine for the low speed
direct drive applications under harsh environments.

INTRODUCTION

Direct drive solutions for low speed applications
have great potential in the market, but a major
obstacle is the initial cost to the customer. The major
cost component is coming from the magnet price and
the magnet price has shown instability in recent
years. During the design and development of any
new high-torque, low-speed motor topology, the
designer has to consider many other factors.
Lowering the magnet Dysprosium content can cause
demagnetization of the magnet at higher
temperatures and current overloading. The ambient
and operating temperatures for some applications
are high therefore the magnet energy product is
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reduced. In many applications such as cooling
towers, paper mills, cranes, and hoists, the machine
footprint and total weight are limited. For different
magnet technology applications, close collaboration
with a magnet manufacturer is required to
understand the price change with grade and shape of
the magnets

This paper compares calculations of three
different machine topologies, internal permanent
magnet (IPM), surface type permanent magnet
(SPM), and pole-modulated PM machine (Vernier
type machine), based on efficiency, cost and
robustness. The pole-modulated PM machine can
give higher torque and power density but the magnet



weight is higher. If the magnet weight is reduced, it
can still deliver good efficiency, but the power factor
is poor which causes a higher motor current. The
higher motor current sometimes leads to selection of
a larger drive frame size which increases the drive
system cost. The surface type PM machines have
better performance index in terms of efficiency and
power density, but suffer the penalty of increased
cost due to arc shaped magnets and are more prone
to demagnetization  under  higher  ambient
temperature. The IPM machine is found to be more
cost competitive and least susceptible to
demagnetization as compared to surface type and
pole-modulated PM machine for low speed direct
drive applications under harsh environments.

LOW SPEED APPLICATION MARKETS

The market for low speed direct drive applications
is increasing due to the following benefits offered by
direct drive technology:

» The overall system efficiency for direct drive is
higher especially at speeds less than 100 rpm.

« The direct drive system eliminates the
mechanical gear and the corresponding
maintenance requirement.

» The system weight and volume for direct drive
technology is lower as compared to geared drive.

There are many applications where direct drive is
considered i.e., paper mills, sewage and water
treatment plants, cooling towers, cranes, and mining
machines. The cooling tower is an emerging market

because, in the United States, 90 percent of
electricity is produced by thermoelectric power
plants—coal, nuclear, natural gas, and oil—that

require cooling [1]. Process cooling methods include
once through, wet recirculating, and dry cooling. The
majority of cooling systems employ the use of a
motor driven fan, typically coupled to a gear reducer
via a drive shaft as shown in Fig.1. Today, many
plants have lost the experienced maintenance
personnel needed to properly take care of this
mechanical equipment. Pressure to reduce operating
costs often results in a greater focus on total cost of
ownership. For these reasons, higher reliability,
reduced downtime and longer maintenance intervals
are required. With increasing parasitic loads such as
additional cooling requirements for the cooling tower
systems, plants will continue to focus not only on the
process benefits that are obtained from direct drive
but on the energy savings as well. The pulp and
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paper industry is another example of a growing
market.

“Fan Mounts Directly To
Motor Shaft

Existing Design Gearbox -Drop In Replacement '
with Drive Shaft No Pedestal
Modification
Fig. 1 Geared and gearless installations for cooling tower
applications i

G L\ IR O ,
Fig.2 (a) Cooling tower and (b) Paper mill applications '™

The motors used for the paper mill applications
are typically ranging from a few kW to few hundreds
of kW and with one paper mill drive, many motors are
used as shown in Fig.2. There is often a cost benefit,
if the life-cycle cost is considered while selecting the
direct drive [2]. The payback period for utilizing
direct-drive PM based technology is typically 3-4
years [2]. There are many direct drive motor
technologies considered in academia and industry
which are discussed in the next section.

DIFFERENT TOPOLOGY CONSIDERATIONS

Over the past 30 years direct drive technology
that provides higher power density and torque
density has been considered to replace geared
induction motor drives. Machine performance is
considered a prime objective for the replacement of a
conventional drive. The replacement involves an
infrastructure change and direct drive systems result
in a higher cost to achieve the performance and
reliability benefits. Reliability after paying a cost
premium for direct drive is another key benefit of the
original equipment manufacturer (OEM) market. New
and interesting direct drive topologies investigated in
academia, have also attracted interest from motor
users and manufacturers. An investigation is
necessary to compare cost and performance of these
novel topologies from the system perspective to
choose the best topology for direct drive applications.



This paper compares three topologies of direct-
drive motors considering their cost and performance
under the low speed applications. Induction motors
with gear drive have been considered earlier as
conventional drive solutions, but the efficiency drop
due to the gear and its maintenance and reliability
are issues, even if the standard speed induction
machine is the least expensive industrial motor
solution. Permanent magnet technology can provide
an energy efficient direct drive solution at very low
speeds. Different low speed topologies are
considered as shown in Fig. 3 to 6 [3-8]. There are
advantages and disadvantages of these topologies
as described in Table — 1.

Fig.3 Transverse flux machine
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Table-1: Qualitative Comparison of various direct drive
motor topologies

Topology Advantages

Disadvantages
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115 | o Simple winding o Low power factor
e {ll)¢ o High force/torque o Difficult
machine density construction
0 Must be at least
two-phase

o Force density is
sensitive to air gap

Radial o Enables use ferrite o0 Complicated
Flux magnets (low cost) mechanical
Spoke- o Efficient direct drive structure
type with large pole 0 Low power factor
machine numbers due to lower
magnetic loading in
the airgap
Pole- 0 Magnetic gearing o Poor power factor
modulated effect o Outer-rotor
PM o higher frequency configuration
Machine drive for low-speed 0 More magnet
operation weight (cost)
o Higher torque
density

Surface
PM
Machine

IPM
Machines

o Higher Torque
density

o Higher torque
density

o Easy construction

o Both PM and
reluctance torque

o Higher Magnet cost
for arc shaped PMs

o Lower pf for
rectangular shape
PMs

o Higher magnet cost
(but lower than arc
shapes because of
rectangular shapes)

Transverse flux machines have simple windings and
can have higher torque and power density. However,
the technology is not ready for the mass market due
to its construction difficulties, low power factor and
higher system cost. The radial flux spoke type
machine technology is also another popular topology
(also known as flux focusing topology) considered for
direct drive applications due to its feasibility of using
ferrite magnets and better power density. The cost of
machine is lower as compared to a PM machine
using Neodymium or Samarium based magnets.
Disadvantages of the flux focusing technology
limiting its market acceptance include its lower power
factor and complicated nature of construction. Pole-
modulated PM machine (PMPM) is claimed to have
the highest torque density of PM Vernier family of

machines.



The pole-modulated concept FE model is
analyzed using a 250 hp, 125 rpm (Base |IPM
machine data as shown in table-2). It is found that
the leakage inductance is higher due to the higher
leakage permeance path for the stator phase
windings as shown in Fig 7(b). The machine has the
capability of delivering rated torque as well as peak
torque required as shown in Fig. 8. The ripple torque
is also significant but the impact on speed ripple can
be mitigated by the large inertia of the total rotating
system.
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Fig. 8 Dynamic torque profile of the PMPM machine (pu
change)

Table — 2 Base Machine design data
Rated Power 250 HP 250 HP
Base PMPM

IPM

Rated Line Voltage 460 V 460 V
Rated Current 325 A 730 A
Full load Efficiency 91.5% 94.5%
Full Load Power 0.786 0.32
Factor

Applying sinusoidal terminal voltage will result in
a higher current with very poor power factor
compared to the base IPM machine. For pole-
modulated PM machine, because of the Vernier
principle [9], a gear effect is produced and the
machine is operated at higher drive frequency. For a
given magnet weight, the power factor is significantly
affected due to the stator leakage inductance. The
drive current as a consequence is very high,
increasing the drive cost.
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A parametric analysis is carried out to observe
whether power factor could be increased by adding
more magnets. The results of this parametric
analysis indicates that the power factor could
increase up to 0.6 with additional 50% magnet
volume. The drive current requirement under that
condition is still 30% more. The overall torque density
is 2.5 times the IPM machine but the overall system
cost, including motor and drive, is significantly higher
which is not acceptable to the market. The following
observations are derived from the parametric
analysis.

» The airgap changes the power factor significantly.
The power factor of this machine improves from
0.25 to only up to 0.6 with the airgap decreased
from 2.0 mm to 0.5 mm.

* Reducing the magnet weight in pole-modulated PM
machine further reduces the power factor and
subsequently increases current.

» The airgap considered in the literature [5] is lower
as compared to the analysis done in this paper,
which can improve the power factor, but for the
industry tolerance and airgap eccentricity allows to
choose more than 1.5 mm for this comparison.

 Many magnets utilized for this topology cause
increased in magnet cost due to the yield loss,
machining cost and the assembly cost.

PM MACHINE TECHNOLOGY

The disadvantages of PM? machines leads one
to consider PM surface and IPM topologies for direct
drive applications. There are several topologies of
PM surface and IPM machines considered over the
last 30 years.

o%s +

[10]

Fig. 9 Surface PM Motor with no rotor saliency
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Fig.10 Interior PM Motor with rotor saliency

The two common topologies of PM machine,
namely surface type PM machine (SPM) [9] where
the arc shape magnets are utilized as shown in fig. 9
and V-shape IPM machine where a flat rectangular
shaped magnets are used as shown in Fig. 10, are
considered for the comparison. These two topologies
are promising to deliver desired performance at low
speed and high torque.

A. Cost:

Active Material Cost of PM Machine

Cost of
copper
17%

Cost of steel
21%
Cost of PM
62%

Fig. 11 Base material cost breakdown for the PM
machines '

In the surface PM machine (SPM) $
9, motor torque is produced due to theg/interaction of
stator current with magnet flux. Whereas; for the IPM
machine shown in fig. 10, due to the saliency in the
rotor geometry, the torque is produced by PM as well
as saliency. The approximate material cost
breakdown for PM motors is shown in Fig.11 which
indicates that the magnet cost is a majority of the
total active material cost of the machine.

The magnet cost not only depends on the weight
and grade of the magnet but also the shape of the
magnet. For example, the arc shape magnet is 30%
more expensive than a rectangular-shaped magnet
while a D-shape magnet is 15% more expensive than
an arc shape magnet. The manufacturing cost of
creating the arc shape magnet, including additional
yield loss and machining loss, is 30% higher in terms
of cost/kg as compared to rectangular blocks.
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Therefore even if the surface PM machine saves
15% volume and weight of the magnets, it is more
expensive than the rectangular shape machine.
Additionally the IPM provides reluctance torque up to
20% of the rated torque.

B. Demagnetization:

Another aspect, apart from the cost of the
magnet, is the magnet performance during PM
machine operation and extreme conditions. The
demagnetization of the magnets can occur under
terminal short circuits, starting transients and
overload conditions. The temperatures under nominal
operating conditions for a totally enclosed machines
are higher and in some cases the magnets are
operated at closed to 180°C. A demagnetization
analysis is carried out under these circumstances.

Table — 3 Demagnetization analysis results
(Percentage of demagnetized volume in magnets)
Percentage of full load stator current

Tem
: Machin

. . 100 125 15 200 250 300

("C) 0

IPM 0 0 0 0 0 0
SPM 0 0 0 0 0 14

N 1IPM 0 0 0 3.7 253697
SPM 02 1.5 (747189511544 [96.4"

Note: The color indicates the demagnetization severity
(Green healthy, Yellow — caution, less than 5% magnet
volume demagnetized and Red — more than 5% volume

demagnetization

Fig.12 Demagnetization of magnets at 1.5 times rated
current of the Surface PM machine at 200 °C
Healthy: Yellow and Unhealthy: Dark Yellow

As shown in Fig. 12, some portion of the magnet
in the SPM machine starts demagnetizing at 180°C
and 3 times load current and also 1.25 times full load
current and 200°C. The results of complete
demagnetization analysis are listed in Table-3. The
magnets used for this analysis are rated for 180°C
operations.



Grain Boundary diffusion process or equivalent
technology [12] allows motor designers to employ low
Dysprosium content magnets with enhanced
coercivity as shown in Fig. 13. These newer low-
Dysprosium NdFeB grades can match the magnet
operating points and result in lower usage of the
magnet while giving higher overload and over
temperature capability. But the cost of this
technology currently is high enough so that it would
not give a cost benefit.

Dy-F coated

magnet
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Fig. 13 Enhancement of intrinsic coercivity of the magnet
using grain boundary diffusion (2
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The cost and demagnetization is the deciding
factor to choose from the surface PM and IPM
machine technology. The above cost and
demagnetization analysis conclude that the IPM
machine is more robust and cost effective for the low
speed direct drive application.

CONCLUSION

Under nominal operating conditions all three
machine topologies: PMPM, SPM and IPM, give high
efficiency. When operated under harsh
environments, the behavior of these machines are
different.

Table — 4 Qualitative comparison under harsh environment

DY Machine
Syste
- cost

Performance
MEESIES

Drive
cost

Very High due Higher due Poor pfand higher
to more to poor pf Drive current, No

magnet weight and higher demagnetization
drive current  at higher

temperatures

Higher than Lower as Demagnetization

IPM due toarc compared to  at high

shaped PMPM temperatures

magnets

Lower due to Loweras Robust under high

rectangular compared temperatures

magnets PMPM

The pole-modulated PM machine is found to have
higher power density and reliability under higher
temperatures but the cost of the machine is higher
due to larger magnet usage. The power factor of this
machine is also at best 0.6 which causes expensive
drive requirements. If the magnet weight is reduced,
it can still deliver good efficiency, but the power factor
is even poorer which causes an even higher drive
cost.

Surface PM Machines are considered as a better
choice for direct drive solutions. However, they utilize
either arc shaped or rectangular magnets. The cost
of arc shaped magnets are higher as compared to
the rectangular magnets, and rectangular magnets
reduces the power factor. Also, surface PM machines
are more prone to demagnetization under higher
ambient temperature.

Interior PM Machines are less susceptible to
demagnetization as compared to surface type PM
machines and are more reliable under higher
temperatures and extreme operating conditions. The
cost of IPM machines is also lower as compared to
surface  PM machines and PM? machines.
Considering cost and demagnetization, [IPM
machines are the most competitive choice for low-
speed direct-drive applications in demanding
environments.
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Abstract

Multiphase1, permanent-magnet synchronous machines without star point connection and a SST
(Smart Stator Tooth)-module placed directly at each tooth coil enable novel actuator designs. With
this concept it is possible to realize space and cost-saving drives for industrial use with many common
parts. Due to the multi-phase structure the base field utilization can be increased. With a novel “Inlay
Heat Sink” (IHS) the junction temperature of the power semiconductors can be reduced significantly.
The result is a higher torque and power density and also a higher efficiency of the whole drive.

1. Introduction

State-of-the-art compact servo drives?, in which a 3-phase inverter is enclosed in a separate housing,
are only available up to 3,7 kW rated power and 16 Nm rated torque. Figure 1 shows a sample of
compact servo drives with integrated power electronics available on the market and their torque and
power density.
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Figure 1: State-of-the-art compact servo drives, power and torque density

The integration of power electronics into a separate housing with its own heat sink creates an
unfavorable form factor of the drive and needs a lot of space. For this reason, different approaches of
integration of the power electronic into the machine housing have been developed [1] [2] [3] [4] [5]
[11] [12], two of which are shown in Figure 2. The concepts in [1], [3] and [11] are liquid cooled, so
they are inappropriate for industrial drives. The concepts shown in Figure 2 are internally ventilated,
so a high protection class of IP 54 or higher, which is needed for the most industrial applications, is
not possible.
SPONSORED BY THE

* Federal Ministry
& o of Education

and Research

' More than three phases

® This means permanent magnet servo motors with inverter for decentralized use.
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Figure 2: Integration concept of [4] on the left and [5] on the right

This was the motivation to develop a concept for a compact and highly integrated drive. In order to
allow industrial use the drive should fulfill the following requirements:

Air cooled, but no internal ventilation

Protection class IP54 or higher

Performance similar to common servo drives

Energy-efficient system

Cost-efficient competitive for production

Power and torque density comparable to stand alone torque motors

ook oN=~

So there are three main challenges:
1. Design a good concept for mounting power electronics and machine in one housing
2. Build an efficient machine with a performance like the one of a servo drive
3. Develop a control and communication concept for this drive

2. Integration of power electronics

In state-of-the-art concepts with B6-Bridge modules the losses of power semiconductors arise in a
small area, as shown in Figure 3 a). So a significant increase in torque or power will cause thermal
failures in the power modules after a short time, cp. [16]. If multiple power modules are used instead,
the power losses can be distributed more evenly in the machine housing, and a lower peak
temperature with the same power rating is possible.

Tambient = 60°C

Figure 3: Integration concepts a) one B6-bridge, b) three half bridges c) ten H-bridge modules
in the same machine housing.

Table 1: Simulation parameters of Figure 3

Heat contact conductance baseplate to adapter plate or housing 6000 W/m?K
Heat contact conductance adapter plate to housing 3000 W/m?K
Heat transfer coefficient on surface 2 Wim2K

Heat transfer coefficient in air channels 41 W/m2K
Material of the housing aluminum alloy
Material of the adapter plates copper alloy
Heat injection whole baseplate

Mounting machine and power electronics in the same housing
To shrink the stator of an electric machine in the housing, the housing has to be cylindrical inside, but

the baseplates of power semiconductors are flat. One effective way to solve the mounting problem is
shown in [1] and [11]: Building up a cylindrical housing and milling a polygon at the end of the housing
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in which the power semiconductors can be mounted. But housings like this are difficult and expensive
to produce.

A cheaper way of integration is shown in Figures 3 and 4. The power semiconductor modules are
mounted on adapters which are placed in the cylindrical housing. The drawback is an additional
thermal contact resistance. The reason is the gap between the adapter plate and the housing also
shown in Figure 4. This gap creates an additional thermal interface between the adapter plate and the
housing.

r thermal

support lines

Figure 4: Sketch of the integration with adapter plates in a cylindrical housing on the left,
measurement of the thermal contact conductance on the right

Because of mechanical reasons the gap is largest at the location, in which the highest heat flux
density occurs. So reducing the gap is necessary but difficult, because:

1. If the adapter plate is glued in the housing, the gap is needed as adhesive gap.

2. If the adapter plate is mounted by screws or similar elements in the housing, it has to be
secured, that even with manufacturing tolerances there will be two support lines, otherwise
the adapter will toggle.

A second integration concept with a novel “IHS” was developed, the concept is shown in Figure 5, 6
and 7.

Plastic ring with Stator of the electric Motor housing (extruded
‘ SST Module ‘ ‘ IHS ‘ seals motor aluminium alloy profile)

Figure 5: Integration concept of power semiconductors in a cylindrical machine housing with
ten integrated power semiconductor systems and two “IHS”

The plastic ring guides the cooling air and provides a thermal insulation between the active part of the
electric machine and the inlay-heat-sink. So the active part can be utilized higher without getting
thermal problems of the electronics.

With air baffles shown in Figure 5 the cooling air is guided over the fins of the IHS. So there should be
almost the same airspeed at all fins of the “IHS”. As a result, the junction temperature of all integrated
power semiconductors would be similar.
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Air baffle

Figure 6: Housing with ring capacitor and four air baffles

The central control unit is integrated into the B-End-shield as shown in Figure 7, because this is the
coolest part of the drive. The fan unit blows air into the air channels, electronic assemblies and
windings are encapsulated, so IP 54 is reached.

Fan-unit ‘ | Cccu ‘ ‘ B-end shield | ‘ 1 of 10 connectors from SST modules to the CCU ‘

Figure 7: B-End shield with fan-unit and central control unit CCU with connections to the
integrated power semiconductor systems

The fan can be adjusted by the CCU depending on the internal temperatures in order to save energy.
3. Thermal simulations

The most critical points in highly integrated drives are the power semiconductors. Due to the IHS the
heat flow between the active part of the machine and the power semiconductors over the machine
housing can be neglected in first approximation.

Air flow

Before the simulations can start the boundary conditions have to be determined. So the airspeed v

over the IHS at different setting points of the fan was measured with a hothead probe, the
measurement results can be seen in Figure 8.
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Figure 8: Measured air flow between the fins of the IHS

Heat transfer coefficient
Based on the measured air speed, the Reynolds number Re can be calculated using the hydraulic
diameter Dy and the kinematic viscosity of the air v, cp. [10]:

4xA 1
py=tr (™
v+ Dy 2)

In this case Rgis much higher than 10%. So there will be a turbulent flow over the IHS and the Nusselt
number N, can be calculated using the formula of Gnielinski, cp. [6]:

i * *
N, = (8) R, Prz e +DL_H)2/3 (3)
1+ 12,7*\/%* (Prﬁ— 1)
§=(18xLog(R;) —1,57? (4)

The temperature and pressure dependent Prandtl number P, can be estimated 0,7 in this case. Now
the thermal conductivity of the air A the heat transfer coefficient a can be calculated:

AN, (5)
a =
Dy
This had been done for every fin of the IHS, the result is shown in Figure 9:
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Figure 9: Calculated heat transfer coefficient at fins of the IHS
Thermal equivalent circuit diagram

With the results of Figure 9 a thermal FEM simulation had been done. Out of this a thermal equivalent
circuit diagram has been extracted, which can be seen in Figure 10.
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Figure 10: Thermal equivalent circuit diagram for one SST-module mounted on the IHS

As it can be seen in Figure 10, the SST-module in the middle of the IHS is critical; because of two
reasons which can be seen in Figure 9:
1. In the middle the fins are shorter than in the corners.
2. The air speed is lower than in the corners and in consequence with a similar hydraulic
diameter the heat transfer coefficient is also lower than in the corners.
So the nominal power of the drive is limited by the SST-Module in the middle of the IHS.

4. The multi-phase machine

To realize a lot of common parts, the drive uses the “SST concept” shown in [1] and [12]. In this
concept each stator tooth has its own “SST-module”. A trade-off between higher numbers of teeth,
which are better for distributing the power semiconductor losses, but increase the difficulty to
manufacture, was considered. Given the design goals of the novel servo drive, the number of slots in
a machine with two layer windings should not be much higher than twelve. With the formulas given in
[7] it can be calculated if a permanent magnet synchronous machine with given number of phases,
slots and rotor pole pairs is feasible. The feasible machines with twelve or less slots are shown in
Figure 11:

N n 1
. 5 ?asm numl;er of rotor Spolepturs6 . ¢ 009 | N'=number of slots
3 3 6 9 3.6.9.12| 9;12 9 17 7 g 0198 p =number of rotor pole pairs
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number of phases

Figure 11: a) feasible multiphase machines b) corresponding maximum utilization of the
fundamental wave, cp. [12]

As it can be seen in Figure 11 b) with a higher number of phases it is possible to increase the
utilization of the fundamental wave air-gap flux compared to a three-phase machine. As a result, a
higher efficiency of the machine can be reached. Inconveniently machines with an odd number of
slots have unbalanced magnetic pull [8]. Due to this, a segmented five-phase permanent-magnet
synchronous machine with six rotor pole pairs is realized, as shown in Figure 12.
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machine b) stator of the first prototype cp. [12]

Figure 12: a) sketch of the five-phase

The rotor of the first prototype consists of 12 poles, which are realized as bread-loaf magnets. The
design of the magnets is crucial for the overload capability of the machine, because if the stator
currents are too high, the permanent magnets are irreversibly demagnetized. The aim is that at
overload torque the magnetic flux in the air gap is twice as large as rated torque. So the height of the
magnet must be tall enough, so that the magnet is not demagnetized at double rated torque. In a
detailed analysis of the demagnetization with FEMAG DC, it can be noticed, that the highest
demagnetization occurs at the upper corners of the magnet, where the magnet height is smaller. In
order to reduce the maximum demagnetization, a so called shell shaped magnet, is proposed, where
the magnet height is constant over the full magnet range and where the inner and outer edge is a
circular arc with the same curvature radius as it can be seen in Figure 13. The difference in the
shapes of the two magnets is made clear with a straight line at the bottom arc of the rotor axis.

Figure 13: Cross-section of magnet shapes: bread-loaf-magnets (left) and shell-shaped
magnets (right)

To compare the overload capability of the two magnet shapes the maximum demagnetization with the
same magnet-volume at overload with double rated torque is calculated in FEMAG DC (Table 2). The
height of the magnet is shown in Figure 13. As expected, the maximum demagnetization of the shell-
shaped magnets is considerably below the demagnetization of the bread-loaf magnets. Regarding the
similar power factors at overload, shell-shaped magnets are superior to bread-loaf-magnets in over-
boost operation.

Table 2: Demagnetization of bread-loaf- and shell-shaped magnets at double rated torque

Bread-loaf magnet Shell-shaped magnet
Total magnet mass 2,162 kg 2,172 kg
Magnet height 8 mm 7,64 mm
Power factor 0,691 0.689
Max. demagnetization -842,58 kA/m -681,84 KA/m

5. Five phase vector control

The modular system, which will be described in chapter 6 with the “SST-concept”, enables the
opportunity to set the current in each phase independently. A star-connection, which forces the sum
of all currents and all voltages to zero, is not used in the given drive. The combination of a multiphase
drive and the usage of a non-star-connected machine give additional degrees of freedom for the
machine control strategy.
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The goal is to extend the standard fundamental wave model to combine the controllability of a PMSM
with sine-formed currents with the torque-density of a brushless DC (BLDC) machine with squared-
formed currents. Furthermore the SIMULINK-models include position-dependent anisotropies as well
as saturation effects.

An extended vector control for five-phase machines is developed. Therefore the well-known Clark-
and-Park-Transformations are extended to a five-phase model. A transformation is used, which is a
modification of the method presented in [9]. The currents are transformed into two rotation systems:
one rotating with the fundamental frequency and the other one rotating with three times the
fundamental frequency. To transform the five phase-currents to the rotating systems the following
matrix is applied:
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The benefit of this transformation is that constant currents I, or I, result in phase-currents oscillating
with the fundamental electrical frequency and constant currents I,; or I,; result in phase-currents
oscillating three times the electrical frequency. Therefore standard linear control algorithms can be
used to inject a 3" harmonic current in the phases. The benefit of the ability comes clear when the
torque equation is regarded.

The vector of the flux-linkages for a symmetrical system is:

5) we

Where v, is an even function periodic with 2 * = defined as follows:

2@ = [vo) ve(o-2) welo- 0-2) we( _%)]T @)

IPC = IZ)\C * E((p) = Z an * COS(Tl * (p)
n=1:2
In equation (8) . is the maximum value of the flux-linkage and Y (¢) is a normalized function. The
coefficients a, are the Fourier-values of the corresponding harmonic. The electrical torque T, is the
derivative of the magnetic Co-Energy with respect to the rotational angle ¢,
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For simplification only harmonics up to the third order are evaluated. Inserting (8) in (7) and the
following derivative as shown in (9) the transformed torque equation is:
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In agreement with the fundamental wave model a constant current I,; multiplied with the fundamental
component of the flux linkage produces a constant torque. Equation XX shows the benefit of the
extended transformation: a constant current I,; multiplied with three times the third harmonic
component of the flux linkage contributes positively to the torque as well. Depending on the ratio
between the first and the third harmonic in the flux linkage a significant increase of the efficiency can
be achieved. Furthermore the peak values of the voltages and currents are reduced, which enables a
higher torque-density of the machine. The extended control scheme of the drive is shown in figure 14.
Additional or modified parts, compared to the standard fundamental wave control, are highlighted in
green.
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Figure 14: Block diagram of the five phase vector control

6. SST communication and power electronic concept

From an electronic systems perspective, the proposed novel servo drive consists of ten stator
windings. Each ending is connected to a smart full bridge power semiconductor module (SST). On the
other side, the power module is connected to the DC-link ring capacitor, as it can be seen in Figure
15.

Figure 15: Power electronic topology with SST-module and ring capacitor

On top of the power module sits the SST- (smart stator tooth) board, which contains the gate drive
circuitry, the current and temperature measurement ADCs, the control logic, along with the
communication and auxiliaries required for the operation of a single power module. Each of these
SST-boards connects through a LVDS interface to the CCU (central control unit) of the servo drive,
which can be seen in Figure 15. Inside the CCU, the rotor angle is measured through the use of a
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low-cost, highly accurate giant magneto-resistive sensor IC, similar as it can be seen in [11], and the
reference currents are computed based on the five phase vector control described in Section 4.

Central
control
unit

Figure 16: Power and communication concept with a SST-module for each stator coil and a
CCU (central control unit)

In addition to the advantages that the SST partitioning of the motor inverter cooling concept brings,
the use of a multiphase approach also reduces the required sizing of the power semiconductors.
When compared to the state of the art B6 three-phase, two-level topologies, the required current per

phase is reduced.

The reduced current of the smart stator tooth approach has major impacts, if the overall system is
taken into account:

a) Due to the reduced phase current, a lower Z—i is possible for a constant rise and fall time in a

switching event.
b) The higher level of integration of the power semiconductors enables lower parasitic

inductances Lpara. In combination with a), this will reduce the transient overvoltages in the
power module.

c) As the nominal threshold of 600V and 100A is not breached for the application, gate drive
circuits which use Silicon-on-Insulator (SOI) technology, level-shifting and bootstrap
configurations are possible. A gate drive approach like the one depicted in Figure 17 avoids
additional isolated high-side gate driver supplies. As consequence, the total cost for the

inverter system is reduced.

»> Uge.
R
R, D,
U . } D* ‘
T VsH} + —
?c Re 7 [ &Ko
{INH | OUTH } ‘ {} \
GNODH — . Ui
VSL p—e— ~—
. v
¢ e o) o
{INL  OUTL — 1N
—J
L GNDL:*‘*O
Dual Driver IC
. Uee

Figure 17: Non-isolated, bootstrap gate drive configuration

d) Another advantage related to point c¢) is the use of integrated, low-cost current sensing
approaches to phase current. In the novel servo drive proposed, a power module integrated
shunt resistor is used to measure the phase current for each smart stator tooth.

Due to the modular nature of the SST approach, especially the lack of a star-connected neutral point,

some new control features are now possible. An important one is the fault tolerant capability of the
multiphase machine. Depending on the type of failure, it is now possible to detect the fault and to
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continue operation in limp-mode. This is possible because of the additional sensors and the
communication between the SST modules and the central control board.

7. Prototypes and benchmark

Prototypes

The first prototype was built up from November 2014 to February 2015 with the values given in Table
3. The power and control-electronic was built up on a trolley. The trolley with the motor can be seen in

Figure 18.

Table 3: Values of the prototypes

Prototype First Second

Rated power 7,5 kW 22 kW

Rated torque 120 Nm 350 Nm

Rated speed 600 rpm 600 rpm

Overload capacity for 60s Twice Twice

Power electronic On a trolley Integrated

Cooling Forced air by centrifugal fan Forced air by adjustable centrifugal fan
Control Five phase vector control Five phase vector control

Rotor position

Incremental encoder

Infineon TLES012 rotor position chip

Stator outer diameter 240 mm 240 mm
Rotor outer diameter 139 mm 140 mm
Length of the laminated core 100 mm 300 mm

Magnets

Loaf magnets

Shell magnets

Target application

Automated storage & retrieval systems,
pitch control of wind turbines

Length (without shaft) 800 mm 800 mm
Width 260 mm 260 mm
Height (without terminal box) 260 mm 260 mm
Completion February 2015 Planned for December 2015

Main switch ‘

Central control unit (test pattern) ‘

Control box ‘

Stator tooth board (test pattern) ‘

Signal conditioning ‘

Drivers

IGBT modules (test pattern) ‘

Isolated current measurement ‘

Isolated voltage measurement

[==R=E]
A

Figure 18: Trolley with multiphase Inverter and first Prototype of the electric machine
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Benchmark

In Figure 16 the power density of the prototype is compared with the power density of compact servo
drives [13], torque motors [14] and servo motors [15]. The compared compact servo drives, and the
compared stand-alone servo motors have a rated speed that is approximately two to ten times higher
than the rated speed of the second prototype. Because the volume of an electric machine is
proportional to its torque, it is not surprising that the power density is not as high as by the
comparable compact and stand-alone servo drives. But the power density is in the range of torque
motors with no power electronic inside and a comparable3 rated speed.
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Figure 19: Power density of compact servo drives, the second prototype, torque motors and

servo motors

It is useful to compare inverters by their nominal output power and servo motors by their nominal
torque. So a drive with integrated inverter should also be compared by its nominal torque, this
comparison is shown in Figure 17.
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Figure 20: Torque density of compact servo drives, the second prototype, torque motors and
servo motors

® The listed torque motors have rated speeds between 500 and 1000 rpm
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7. Conclusion
In the concept shown are four main starting points to increase energy efficiency:

A higher fundamental wave air-gap flux compared to a three-phase machine*

Using the third harmonics for effective torque generation

Energy exchange via DC-Bus

Setting the switching frequency depending on the rotating angel, independent for every
phase.

PN~

Due to the higher rated power compared to state-of-the-art compact servo drives, the system can be
used as an alternative to asynchronous machines with decentralized inverter, which have an inferior
efficiency. In this context the costs for production and installation have to be considered. Therefore
the shown concept has many starting points to save costs, for example:

1. Effective distributed cooling due to the novel IHS, so that smaller power semiconductors can
be used

2. Rotor position detection by chip on central controlling board and magnet on the end of the
shaft, so no expensive encoder or resolver and no cables are necessary

3. Aot of common parts

4. Connecting all drives in one machine via DC- and Data-bus®

5. Low-cost current sensing with power-module integrated shunt resistor

List of symbols and units

Symbol | Designation Unit Symbol | Designation Unit
A Flow cross-section m? a Heat transfer coefficient W/(m2K)
U Wetted perimeter m A Thermal conductivity of air W/(m*K)
Dy Hydraulic diameter m v Kinematic viscosity of air kg/(m*s)
Ny Nusselt number - (7] Rotational angel rad
Re Reynolds number - P Flux linkage Vs
L Length m
P, Prandtl number -
T Torque Nm
v Air-speed m/s
1 Current A
Uzk DC link voltage V
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Implementation of standard ISO 50001 on Eletrobras companies
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Abstract:

Eletrobras has been involved in the development of ISO 50001 since its beginning, maintaining its
leading position in energy efficiency activities in Brazil. The knowledge gained in this process and the
experience in conducting energy efficiency projects under the National Electrical Energy Conservation
Program — Procel throughout the last 29 years, built the capacity of Eletrobras team to implement this
Standard in their subsidiaries companies. At present, four companies are working on it: Eletrobras
Chesf, Eletronuclear, Eletronorte and Itaipu. In the development of energy policy, a requirement of the
standard, it was noted the need for adaptation of the term. As big energy company acting in
generation, transmission and distribution, an energy policy covers issues that go far beyond the
commitment to its management system required by the Standard. The term is then changed to energy
statement, and establishes the company's commitment to adopt the requirements of the standard to
achieve improved energy performance. The initial scope defined for the implementation of the
Standard in the companies, was the buildings, basically air conditioning systems and lighting. The
decision is based on the recommendation to start with a smaller part of the system, as a pilot phase,
which allows the soft learning methodology and the creation of culture. This paper introduces the
importance of ISO 50.001 by showing the state of implementation of ISO 50001 in the world and in
Brazil, briefly comparing the distinct levels of implementation in different countries and presents the
progress of implementation activities of the this standard in Eletrobras companies as well as its
difficulties and lessons learned that will be helpful in future implementation in the productive
processes.

1 — Introduction

This paper aims to show the deployment process of ISO 50001 in four companies of Eletrobras. As
this implementation is recent, starting effectively in 2014, it is still not possible to be presented
quantitative results in this document. However, as will be discussed by the leading role that Eletrobras
has been playing since the development of the Standard, and now in its implementation in the
Brazilian market, the authors of this document believe that the experience gained so far already
becomes valid to be shared in the international scientific community. Within about a year, a report will

be written, this time focused on presenting the achieved energy savings of ongoing implementation.

2 — Context

Before discussing the deployment process itself, it is important to contextualize the role of Eletrobras
in the development process of ISO 50001.

2.1 - The Eletrobras

The Eletrobras is a publicly traded company controlled by the Brazilian government, which operates in
the areas of generation, transmission and distribution of electricity. With a focus on profitability,
competitiveness, integration and sustainability, the company leads a system consisting of six
generation and transmission subsidiary companies, six distribution companies, the Electric Power
Research Center (Eletrobras Cepel) and Eletrobas Participagdes S.A. (Eletrobras Eletropar) create to
participate in other associated businesses and is also holder of 50% of the capital stock of Itaipu
Binacional. The other half of Itaipu belongs to the government of Paraguay.
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The generating capacity of Eletrobras, including half the power of Itaipu belonging to Brazil, is 42,987
MW, corresponding to 34% of the energy produced in Brazil. The company also owns 50% of
Brazilian transmission lines.

Besides the above business activities, Eletrobras also supports government strategic programs, such
as the program that fosters alternative electric power sources (Proinfa), the Rural Electrification
Program and the National Program for Electric Power Conservation (Procel). The latter is of particular
interest in this paper because contextualizes the experience of Eletrobras in the area of energy
efficiency.

2.2 - Eletrobras Expertise in Energy Efficiency

Procel promotes electricity rationalization to fight waste and reduce costs and sector investments.
Created by the Brazilian federal government in 1985, this project has been performed by Eletrobras,
with resources of the company, Global Reversion Reserve (RGR) and international entities. Procel
operates in nine sectoral programs, each focused on energy efficiency in a separate segment, such
as the industrial sector, construction and home appliance equipment, among others.The National
Electrical Energy Conservation Program (Procel).

Only in 2014, Eletrobras Procel contributed to a saving of 10.5 million MWh, equivalent to 2% of all
electricity consumption in Brazil that year. Environmental impacts were also significant: emissions of
greenhouse gases avoided by cost savings in 2014 by Eletrobras Procel reached 1.047 million tons of
CO2 equivalent.

Thus, the experience accumulated by Eletrobras since 1985 in developing actions and energy
efficiency projects allowed the acquisition and improvement of skills in this area, making it possible to
promote energy efficiency within the Eletrobras companies, through the Integrated Committee of
Energy Efficiency Eletrobras system - CIEESE, Committee promotes energy efficiency activities in all
subsidiaries companies.

2.3 - Role of Eletrobras in the development of ISO 50001

In March 2007, the United Nations Industrial Development Organization started the dialogue on the
development of the standard in a meeting that included the representation of developing countries,
the Central Secretariat of the International Organization for Standardization (ISO), and countries that
already use national standards energy management. As a result of that meeting, a request was
submitted to the ISO Central Secretariat to consider the creation of an energy management standard
with international operations.

The ISO 50001 standard was established with a generic framework for all kind and size of
organizations, including many energy related aspects as equipment and service purchase. To provide
compatibility and integration opportunities with other management systems the Standard promote the
same principles of continuous improvement management system and the use of the Plan, Develop,
Check and Act (PDCA) used in ISO 9001 and ISO 14001. The text of the Standard was made by a
committee composed of 35 participating countries and 5 observer countries, in addition to
representative organizations UNIDO and World Energy Council (WEC). After the publication of the
Standard showed a clear need to develop standards and support the committee began working in the
construction of five standards that today make up the ISO 50000 family.

Brazil, through Brazilian Standards Association — ABNT, shares with ANSI, American National
Satandards Institute, the 1ISO Committee secretariat. Eletrobras is an active delegate of national
committee and has been involved in the construction of the standard from the beginning, helping
developing and promoting it, maintaining its leading position in energy efficiency activities in Brazil
and contributing to this important event in the area, certainly being one of the largest international
initiatives in this field in recent years.
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3 — The Implementation Process of ISO 50001 in Eletrobras Companies

The knowledge gained in the standard construction work and experience in conducting energy
efficiency projects of Procel allowed Eletrobras form a team able to lead the implementation of the
standard in their companies. Currently, four companies are with the work in progress: Eletrobras
Chesf, Eletrobras Eletronuclear, Eletrobras Eletronorte and Itaipu Binational. The choice of these four
companies was done based on their interest, data collection and capability to maintain and improve
ISO 50001 use, doing so these cases will be known as the first hydroelectric plant, thermonuclear
power plant and power substation certified by this Standard in Brazil.

The methodology developed for this activity basically consists of a visit to the plant or building where
the company intends to implement the Standard. On this visit the team develops, along with the team
of the company itself the following activities:

. Presentation to the top management, clarifying the purpose and benefits of the Standard. It is
also the opportunity to give awareness to them of the essential need of their commitment to
support the implementation process;

. Explanatory course about the Standard for the team that will work directly in the
implementation process;

. Technical visit to the facilities to subsidize the planning;

. Initial discussion of the definitions, planning, identification of resource requirements and
schedule suggestion.

After this the companies start developing and the planning activities, making use their own skills to
establish an energy management system suitable to their reality. The team Eletrobras supports
throughout the all implementation phases.

In the development of energy policy, required by the Standard, it was noted the need for adaptation of
the term. As big energy company acting in generation, transmission and distribution, an energy policy
covers issues that go far beyond the commitment to its energy consumption management. The term
is then changed to energy statement, and establishes the company's commitment to adopt the
requirements of the standard to achieve improved energy performance. The initial scope defined for
the implementation of the Standard in the companies, was the buildings, basically air conditioning
systems and lighting. The decision is based on the recommendation to start with a smaller part of the
system, as a pilot phase, which allows the soft learning methodology and the creation of culture.

Experience has shown that when the company has already implemented other management system,
especially an ISO standard, 1SO 50001 implementation process is significantly simplified, because
besides the ease of understanding of the staff involved, the common elements of these management
standards allow integrating new activities within an existing structure.

3.1 - Implementation of ISO 50001 in the Itaipu Binational

Itaipu is a binational entity and has its financial basis and provision of electricity services defined in a
treaty between Brazil and Paraguay that guarantees absolute equality of rights and obligations
between the two countries. The lItaipu is the world leader in the production of clean and renewable
energy, producing more than 2.2 billion MWh since the beginning of its operation in 1984. With 20
generating units and 14,000 MW of installed capacity, provides about 17% of the energy consumed in
Brazil and 75% in Paraguay. In 2014, Itaipu produced a total of about 87.8 million MWh. Its highest
annual production was established in 2013, with approximately 98.6 million MWh.
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Figure 1 - Itaipu Hydroelectric Power Plant.

The implementation of the standard was started in September 2014, when it made a presentation on
the 1ISO 50001 for employees of Itaipu. Still in 2014 were held planning meetings, and set the scope
and boundary for applying the Standard: Indoor Lighting and cooling system of two administrative
buildings, part of the plant's external lighting and the treatment and distribution water system of the
company. At these meetings it was decided that the energy performance indicator is the value of the
annual energy consumption (kWh/year). This indicator even being simple to collect it should be
carefully followed and energy baseline conditions detailed described as many variables can affect the
final results .

Energy audits of company facilities in the scope and boundaries chosen are being now performed to
know all the relevant variables for the implementation, that’s basic condition for a consistent energy
baseline. After this work in progress, it will be possible to estimate the exact amount of energy to be
saved with the planned actions.

Company certification should be occurring in the second half of 2015.
3.2 - Implementation of ISO 50001 in the Eletronorte

Eletronorte, a subsidiary of Eletrobras, is a public utility company electricity. Founded in 1973 with
headquarters in the capital of Brazil, generates and supplies electricity to nine states of Brazil, and
sell electricity to buyers in other regions of Brazil. More than 15 million people of the approximately 25
million living in the Amazon region of Brazil benefit from the electricity produced by the Eletronorte in
its four hydroelectric — Tucurui, the largest genuinely Brazilian plant and the fourth in the world,
Coaracy Nunes, Samuel and Curua-Una - and thermoelectric parks. The total installed capacity is
about 9.3 MW and transmission systems have over 9800 km of lines.
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Figure 2 - Tucurui Hydroelectric Power Plant.

The ISO 50001 implementation process was started in the first half of 2014 and the chosen location
was the plant of Tucurui. The following steps for the development of implementation of work were
established:

Energy Policy Settings, Management Representative, team energy management, scope,
boundaries and schedule;

Team Training;

Energy Planning consisting of: Survey of energy use and consumption in the past and the
present, identification of relevant variables affecting significant energy use, calculation of the
energy performance, energy use and consumption analysis, identifying areas significant
energy use and consumption, identification of opportunities to improve energy performance,
setting goals, targets and indicators for the Energy Baseline, development and approval of
action plans;

Internal audit;

Certification.

Such as ISO 50,001 is being implemented, there are still no quantitative results. However, the
following actions have been taken:

Definitions of Energy Policy, Management Representative, team energy management, scope,
boundaries and schedule;

Energy demand survey of Training Centers that make up a border;
Start the process for creation of the ISO 50001 page on the intranet;
Start installing information boards near the main entrance of the buildi