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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ROTATING ELECTRICAL MACHINES -

Part 25: AC electrical machines used in power drive systems —
Application guide

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization,comprisi
all national electrotechnical committees (IEC National Committees). The object of IEC is to promiote’internatiorn
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end a
in addition to other activities, IEC publishes International Standards, Technical Specificationss; Technical Repor
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC" Publication(s)”). Th
preparation is entrusted to technical committees; any IEC National Committee interested.in the subject dealt w
may participate in this preparatory work. International, governmental and non-governmental organizations liaisi
with the IEC also participate in this preparation. IEC collaborates closely with the.lnternational Organization {
Standardization (ISO) in accordance with conditions determined by agreement(between the two organizations

The formal decisions or agreements of IEC on technical matters express, as-fearly as possible, an internatior
consensus of opinion on the relevant subjects since each technical committee has representation from
interested IEC National Committees.

IEC Publications have the form of recommendations for international’ use and are accepted by IEC Natior]
Committees in that sense. While all reasonable efforts are made_to ensure that the technical content of IH
Publications is accurate, IEC cannot be held responsible for.the way in which they are used or for a
misinterpretation by any end user.

In order to promote international uniformity, IEC National” Committees undertake to apply IEC Publicatio
transparently to the maximum extent possible in their national and regional publications. Any divergence betwe
any IEC Publication and the corresponding nationakaeregional publication shall be clearly indicated in the latt

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conform
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for a
services carried out by independent certification bodies.

All users should ensure that they have thellatest edition of this publication.

No liability shall attach to IEC or its~directors, employees, servants or agents including individual experts a
members of its technical committeés-and IEC National Committees for any personal injury, property damage
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) a
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IH
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications
indispensable for the.€orrect application of this publication.

Attention is drawf tothe possibility that some of the elements of this IEC Publication may be the subject of patd
rights. IEC shall not be held responsible for identifying any or all such patent rights.
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nis commented version (CMV) of the official standard IEC TS 60034-25:2022 edition

0

allows.‘the user to identify the changes made to the previous IEC TS 60034-25:2014
edlition/3.0. Furthermore, comments from IEC TC 2 experts are provided to explain the
rgasons of the most relevant changes, or to clarify any part of the content.

A vertical bar appears in the margin wherever a change has been made. Additions are in
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IEC TS 60034-25 has been prepared by IEC technical committee 2: Rotating machinery. It is a
Technical Specification.

This fourth edition of IEC TS 60034-25 cancels and replaces the third edition, published in 2014.

This edition includes the following significant technical changes with respect to the previous
edition: 1

a) The definitions of a converter capable motor and a converter duty motor are added.

b Ctause 8 modififedto inciude the performance expectations of @ converter capapte motoy.
Clause 8 modified to update shaft currents section.
Annex D added to define the derating requirements.

The text of this Technical Specification is based on the following documents:

Draft Report on voting

2/2067/DTS 2/2097/RVDTS

Full information on the voting for its approval can be found in the-report on voting indicated fin
the above table.

The language used for the development of this Technical ‘Spécification is English.

This document was drafted in accordance with ISOMEC Directives, Part 2, and developed [in
ag¢cordance with ISO/IEC Directives, Part 1 and ISO/UEC Directives, IEC Supplement, available
afl www.iec.ch/members_experts/refdocs. Thesmain document types developed by IEC afe
described in greater detail at www.iec.ch/standardsdev/publications.

Allist of all parts in the IEC 60034 series, published under the general title Rotating electridal
miachines, can be found on the IEC website.

The committee has decided that@he contents of this document will remain unchanged until the
stability date indicated on the_IEC website under webstore.iec.ch in the data related to the
specific document. At this date, the document will be
¢ | reconfirmed,

o | withdrawn,

o | replaced by.arevised edition, or

e [ amended-

PORTANT - The 'colour inside' logo on the cover page of this publication indicates that

contents. Users should therefore print this document using a colour printer.



http://www.iec.ch/members_experts/refdocs
http://www.iec.ch/standardsdev/publications
https://webstore.iec.ch/?ref=menu
The primary purpose for this new edition is to add the definition of a converter capable motor. We determined that Clause 8 on shaft currents was outdated and needed a complete revision. Other editorial revisions are found throughout the document. The main change regarding a converter capable motors are added to Clause 18 and Annex D.
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INTRODUCTION

The performance characteristics and operating data for converter-fed electrical machines are
influenced by the complete drive system, comprising supply system, converter, cabling,
electrical machine, mechanical shafting and control equipment. Each of these components
exists in numerous technical variants. Any values quoted in this document are thus indicative
only.

In view of the complex technical interrelations within the system and the variety of operating
comditioms—its . . ) ; riting
values for all the quantities which are of importance for the design of the power drive system|

To an increasing extent, it is the practice that power drive systems consist of componenits
produced by different manufacturers. The object of this document is to explain, ‘as far
possible, the influence of these components on the design of the electrical machine and
performance characteristics.

This document deals with both AC electrical machines which are specifically designed fpr
canverter supply and converter-fed electrical machines within the scope-of IEC 60034-12, whigh
alle designed originally for mains supply.
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ROTATING ELECTRICAL MACHINES -

Part 25: AC electrical machines used in power drive systems —
Application guide

1 Scnpp

This part of IEC 60034 describes the performance characteristics of AC electrical machines fpr
use on converter supplies. For electrical machines specifically designed for converter duty
application design features are defined. It also specifies the interface parameters and
interactions between the electrical machine and the converter including installation guidange
as part of a power drive system, but except for the voltage at the power interface which |is
described in IEC TS 61800-8.

The general requirements of relevant parts of the IEC 60034 series of\standards also apply fo
electrical machines within the scope of this document.

For electrical machines operating in potentially explosive atmoespheres, additional requiremenits
as described in the IEC 60079 series-orlEC-61241-series for-dust ignition proof apply.

This document is not primarily concerned with safety. However, some of its recommendations
mjay have implications for safety, which-sheuld-be aré.considered as necessary.

Where a converter manufacturer provides specific installation recommendations, they-shoujéd
take precedence over the recommendations_of this document.

2| Normative references

The following documents are reférred to in the text in such a way that some or all of their content
constitutes requirements of this-document. For dated references, only the edition cited applieis.
For undated references,.\the latest edition of the referenced document (including any
amendments) applies.

IHC 60034-1:20402022, Rotating electrical machines — Part 1: Rating and performance

IHC 60034-2-1;* Rotating electrical machines — Part 2-1: Standard methods for determining
lojsses and-éfficiency from tests (excluding machines for traction vehicles)

IHC 60034-2-2, Rotating electrical machines — Part 2-2: Specific methods for determinifng
sgparate losses of large machines from tests — Supplement to IEC 60034-2-1 T

IEC 60034-2-3, Rotating electrical machines — Part 2-3: Specific test methods for determining
losses and efficiency of converter-fed AC induction motors

IEC 60034-6, Rotating electrical machines — Part 6: Methods of cooling (IC Code)

IEC 60034-9:20032021, Rotating electrical machines - Part 9: Noise limits
B i i aae e R

IEC 60034-12, Rotating electrical machines — Part 12: Starting performance of single-speed
three-phase cage induction motors
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IEC 60034-14:20032018, Rotating electrical machines — Part 14: Mechanical vibration of certain
machines with shaft heights 56 mm and higher — Measurement, evaluation and limits of vibration
severity

B i A i s ane e S

IEC—TS 60034-18-41:2014, Rotating electrical machines — Part 18-41: Partial discharge free
electrical insulation systems (Type I) used in rotating electrical machines fed from voltage
converters — Qualification and quality control tests

IEC 60034-18-41:2014/AMD1:2019

IHC—FS 60034-18-42:2017, Rotating electrical machines — Part 18-42}@4:/3##9&#99—34}4
atceptance-testsfor Partial discharge resistant electrical insulation systems (Type 1l)_uséed |in
rdtating electrical machines fed from voltage converters — Qualification tests
IHC 60034-18-42:2017/AMD1:2020

IHC- 60050 (a3l
L= DA SAA~ASAS) (at

IHC 60079 (all parts): Explosive atmospheres
IHC 60079-7, Explosive atmospheres — Part 7: Equipment protgction by increased safety "e"

IHC TR 61000-5-1, Electromagnetic compatibility (EMC) ~/Part 5: Installation and mitigatipn
guidelines — Section 1: General considerations — Basic EMC publication

IHC TR 61000-5-2, Electromagnetic compatibility.{EMC) — Part 5: Installation and mitigati¢n
guidelines — Section 2: Earthing and cabling

IHC 81800-2-190Q8 Adiuctable sneed eleetrical nower drive svstams Doyt 92 Genefal
OO 1OV U—£ 1o 90, AGHUSIaore—Speead—e 83— powWer—aHvYe—SyStens —att—= SEAeHa
rdauirements Patina onacifications forrlow voltaage adiustabla freauenecyv a9 o nower drivie
rgaaHements ~attiig—SpeecHeationsS1o oW —vorageaafudsSiaoreHequency)/—a-c—power—arye

IHC 61800-3, Adjustable speed etectrical power drive systems — Part 3: EMC requirements apd
specific test methods

IHC 61800-5-1, Adjustablé speed electrical power drive systems - Part 5-1. Safety
rdquirements — Electrical, thermal and energy

IHC TS 61800-8:2010, Adjustable speed electrical power drive systems — Part 8: Specificatipn
ofl voltage on.the'power interface

IHC TS._ 62578:20092015, Power electronics systems and equipment — Operation conditiops
amnd | Characteristics of active infeed converter (AIC) applications including design
redcbuimendations for their emission values below 150 kHz

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp
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3.1

bearing voltage ratio

BVR

ratio of the capacitively coupled bearing voltage to the common-mode voltage

3.2
bonding
electrical connection of metallic parts of an installation together and to ground (earth)

N 1 _to entry: For the purposes of this document  this finiti . 50-
195:49982021, 195-01-10 (equipotential bonding) and IEC 60050-195:2021,195-01-16 (functional equipotent]al

33
common-mode voltage
H£M

an of the instantaneous values of the phase voltages appeafing between each phase
conductor and earth

3

[SOURCE: IEC 60050-161: 1990, 161-04-09]

3.4
c(J)mmon-mode current

M
syim of the instantaneous values of the line cursents

3./5

converter

uxit for electronic power conversioft, changing one or more electrical characteristics and
comprising one or more electronic switching devices and associated components, such as

—
s

hnsformers, filters, commutation aids, controls, protections and auxiliaries, if any

Note 1 to entry: This definition js taken from IEC 61800-2 and, for the purposes of this document, embraces the
tefms complete drive module:(CDM) and basic drive module (BDM) as used in the IEC 61800 series.

IS

36
cEnverter-fed electrical machine

electricalkmachine fed from a frequency converter independent of whether it is specifically
designed for converter supply or whether it is an electrical machine within the scope pf
IHC60034-12, which is designed originally for mains supply

3.7
fixed-speed electrical machine
electrical machine rated by output power for 50 Hz and/or 60 Hz on-line operation

Note 1 to entry: Fixed-speed electrical machines may be capable of frequency converter operation with variable
speed.


https://iecnorm.com/api/?name=109ef634595b82b9e1d117387ee6281f

IEC TS 60034-25:2022 CMV © IEC 2022 - 15—

3.8
electromagnetic compatibility
EMC

ability of an equipment or system to function satisfactorily in its electromagnetic environment

without introducing intolerable electromagnetic disturbances to anything in that environment

[SOURCE: IEC 60050-161:1990, 161-01-07]

3.9
fi

caorresponding to the electrical machine rating

3[10
rise time
time interval between the 10 % and 90 % points of the zero-to-peak voltage (sée’Figure 12)

3111

ppwer drive system

PDS

system consisting of power equipment (composed of converter_ section, AC electrical machi

interface/ port, etc.)

312
protective earthing
PE

earthing a point or points in a system or inzan installation or in equipment for the purposes
electrical safety

[JOURCE: IEC 60050-195:4998202%,"195-01-11, modified: "electrical" added before "safety

3[13
skip band
small band of operating frequencies where steady-state operation of the PDS is inhibited

314

sxrface transfer.impedance
q

c

Urrent on_the-external surface of the coaxial line

[SOURGE: IEC 60050-161:1990, 161-04-15]

e
amd other equipment such as, but not limited to, the feeding. section), and control equipme}rt
(domposed of switching control — on/off for example — voltagé, frequency, or current contr

fiing system, protection, status monitoring, communication, tests, diagnostics, proce

otient of thewoltage induced in the centre conductor of a coaxial line per unit length by the

eIEctricaI machine operating mode where electrical machine flux is less than the f|l].|X

6S

1]

3.15

system integrator

person or organization which brings the components of PDS together according to his scope
supply and has therefore the system responsibility

3.16
rated voltage
Un

of

root-mean-square value (RMS) of the fundamental line-to-line voltage assigned by the

manufacturer for a specified power frequency operating condition of an electrical machine a
indicated on its rating plate

nd
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17
mp voltage

change in voltage at the terminals of the electrical machine occurring at the start of each
impulse when fed from a converter

Note 1 to entry: This is sometime referred to as step voltage.

3.

18

converter capable motor |2
electric machine designed for direct online start and suitable for operation on a power electronic

fr

N
by
wi

c
el
cq

N
re

N General

N
N
(M

4
C

amd utility power-supply, is the best way to achieve the required performance of the enti

SY

19

{2 System information

Equency converter without special Tiltering

te 1 to entry: Such motors include but are not limited to IEC Design N, NE, H, or HE, or NEMA Desidgn A, B,
hich may be subject to energy efficiency regulation in the EU, North America or other locations

te 2 to entry: The intent of the converter capable motor is to run within the thermal class of the.iRsufation syste

t as the harmonic content of the converter output voltage varies between different drive toppologies, coordinati
h the manufacturer may be required by the end user.

nverter duty motor |3
ctrical machine designed specifically for operation fed by a pewer electronic frequen
nverter with a temperature rise within the specified insulation thermal class or thermal clag

te 1 to entry: Such motors have no IEC Design or NEMA Design letter.and are exempt from energy efficien|
julation in the EU, North America and other locations.

System characteristics

plication, the final selections are greatly.influenced by the type of application. In this claus
ese steps are described, and the effects of various application load types are discussed.

DTE Converter capable motor are uswally IEC Design N, NE, NEY, H, HE, or HEY, covered by IEC 60034-12
FMA Design A, B, or C, covered by NEMA MG 1, and may be subject to National energy efficiency regulatio
EPS) in the EU, North American_ and other locations.

bmplete applicatientinformation that considers the driven load, electrical machine, converte
stem. In general, this information should include:

the power or torque requirements at various speeds;

the-desired speed range of the load and electrical machine;

though the steps in specifying electrical machine and converter features are similar for anpy

2
s

e,

or
ns

—

[e

the acceleration and deceleration rate requirements of the process being controlled;

starting requirements including the frequency of starts and a description of the load (the
inertia seen at the electrical machine shaft, load torque during starting);

the duty cycle of the application (a continuous process or a combination of starts, stops,
and speed changes; see-3-1-of clause duty in IEC 60034-1:2010);

a general description of the type of application including the environment in which the PDS
components will operate;

a description of additional functionality that may not be met with the electrical machine and
converter only (for example: electrical machine temperature monitoring, ability to bypass
the converter if necessary, special sequencing circuits or speed reference signals to control
the PDS);


Added here is the definition of a converter capable motor. We define in Clause 18 and Annex D the performance expectations of that motor. Motor may be in inventory and not specifically designed to operate on a specific converter. These motors can operate on a variety of different converters.

Definition of a converter duty motor is added to define a motor that is specifically designed to operate on a converter.
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e adescription of the available electrical supply power and wiring. The final configuration may
be affected by the requirements of the system selected.

4.3 Torque/speed considerations

4.3.1 General

The typical torque/speed characteristics of converter-fed electrical machines, the significant
influencing factors and their consequences are shown in Figure 1, Figure 2 and Figure 3.
Depending on the performance requirements of the PDS, different electrical machine designs
alle possible for an adaptation of the individual limiting values.

NOTE Figure 1 to Figure 3 do not show the possible skip bands (see 4.3.8).
4(3.2 Torque/speed capability

Figure 1 shows the torque/speed capability of converter-fed electrical machines: The maximum
avYailable torque is limited by the rating of the electrical machine and by the current limitation pf
the converter. Above the field-weakening frequency f; and speed ng thereléctrical machine can
o;I)erate with constant power with a torque proportional to 1/n. For induetion electrical machines,
if the minimum breakdown torque (which is proportional to 1/n2) js\teached, the power has fo
be further reduced proportional to 1/x, resulting in torque proporticral to 1/n2 (extended range).
For synchronous electrical machines, the extended range does not apply. The maximum usabje
speed n,,,, is limited not only by the reduction of torque dug/to-field-weakening at speeds aboye
ng, but also by the mechanical strength and stability of the rotor, by the speed capability of the
bearing system, and by other mechanical parameters.”The short-term curves represent the
ugability of the motor that is commonly needed butddés not necessarily represent its maximum
capability.

At low frequency, the available torque may be reduced in self-cooled electrical machines fo
ayoid the possibility of overheating.

Inf some applications, for example with a high moment of inertia, it may be possible to apply|a
short-time torque boost for starting.
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T A

N . Corner point

-

no Nrfax.
IEC
Key
+—— Continuous operation T, Constant torque range Cy Separate cooling
Apemmee- Short-time operation P, Constant power range Cg Self-cooling
+--—-- Starting torque boost E, Extended range (for induction T  Torque
, Speed electrical machines)
) Maximum speed n, Speed ay corner poipt

max

Figure 1 — Torque/speed capability

Figure 2 shows the corresponding-converter output current (/) capability.
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Key
+—— Gortinuous operation I Current
=== Short-time operation Pe Constant power range
f—Speed fx—Extergedrange{forinduction F Censtantteraue

Jfo Speed at corner point

NOTE The current in Figure 2 is shown as constant in the constant power (P,
power factor remains constant. Normally for the current to remain constant, the power will have to be reduced or the

Figure 2 — Current required by motor

electrical machines)

range

Jmax Maximum speed

range. This would assume that the

current will increase as the load get closer to motor break-down and the power factor reduces.
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4.3.3 Electrical machine rating

The rated point, where the electrical machine designed for converter application has its rated
speed, rated voltage, rated current, rated torque and rated power, is in general the point where
the electrical machine delivers its maximum torque and power, i.e. the point at n, corner point

in Figure 1 where ny = ng. The maximum operational speed can be higher than the rated speed

and depending on the voltage frequency characteristics (see 4.3.7) the maximum operational
voltage can exceed the rated voltage.

4 3-4—Limiting-factors-on-torque/speed-capability

The significant factors which influence the torque/speed capability are shown in Table 1

Table 1 — Significant factors affecting torque/speed capability

Condition Electrical machine Converter
Breakaway Maximum flux capability Maximum current
Constant flux Cooling (/2R losses) Maximum current
Field-weakening Maximum speed (mechanical strength and stability) Maximum voltage

(reduced flux) )
Maximum torque (breakdown torque)

Dynamic response | Equivalent circuit parameters (determined by modglling) Control capability

4)13.5 Safe operating speed, over-speed capability 'and over-speed test

For an electrical machine, designed for convertetapplication, the-electrical-machine capability
ofl converter operation should be-defined-by-the manufacturerand-should-be-given indicated ¢n
the-rating-plate nameplate. For low voltage cage induction motors the safe operating speed |is
defined in IEC 60034-1:2064082022, 9.6.

For motors using hydrodynamics beaysings, the minimum safe operating speed should keep|a
thlick-film lubrication on bearing. Below this limit, a hydrostatic system will be necessary. Dye
tol the number of interacting factors relevant for this effect, normally a case-by-case analysis|is
reiquired, and the manufactuger-should verify the practical limits.

The over-speed of AC electrical machines is defined in IEC 60034-1:2040, but an over-speg
telst is not normally eonsidered necessary. The intention of a test, if specified and agreed, is fo
check the integrityl of the rotor design with respect to centrifugal forces. Although for a fixef-
speed electrical\machine it is practically impossible to reach an operating speed above its
synchronous speed, electrical generators can be accelerated above their synchronous speg¢d
by the turbing; for example in case of a sudden load rejection.

For converter-fed electrical machines, an acceleration to a speed higher than the maximum
operational speed determined in the control of the converter is unlikely. Especially for larg
‘sUper synchronous etectricat machines, Often Dene al to design an electrical machnine
for a maximum over-speed of 1,05 times the maximum operation speed. Test may also be
performed at 1,05 times maximum operating speed. There is no technically justified argument
against such agreement.

It should be appreciated that with high speed running fine balancing of the rotor may be
required. If the high speed is required for more than short periods the bearing life may be
reduced. Also, for high-speed applications, special attention should be paid to both the grease
service life and the re-greasing interval.

4.3.6 Cooling arrangement

As Figure 1 indicates, the type of cooling influences the maximum torque/speed capability of
PDS. Electrical machines with power ratings in the megawatt range often have a cooling
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arrangement consisting of a primary cooling circuit (usually with air as primary coolant) and a
secondary cooling circuit (with air or water as secondary coolant). The losses are transferred
via a heat exchanger from the primary into the secondary circuit.

Where both primary and secondary coolants are moved by a separate device, and their flow
is thus independent of the electrical machine’s rotor speed (for example, IC656 according
to IEC 60034-6), the curve in Figure 1 for separate cooling applies.

Where the secondary coolant is moved by a separate device and the primary coolant by a
shaft-driven device (for example, IC81W or IC616), the curve in Figure 1 for self-cooling
applies

ch

3.7 Voltage/frequency characteristics

ne relationship between the converter output voltage (U) and frequency [can have several
aracteristics, as shown in Figure 3.

Where both primary and secondary coolants are moved by a shaft driven device, the auiput
torque should not exceed the curve T/T\ = n2/n02 and the minimum operational speed [is
recommended to be = 70 % of rated speed.
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Ul

Umax

ﬁ) f01 fmax f

IEC

Key

A The voltage increases with frequency, and the maximum convertér output voltage U, ., is achieved at the
field-weakening frequency f,.

H The voltage increases with frequency, and the maximum converter output voltage U, is achieved above f
at a new field-weakening frequency f,,. This provides an)extended speed range at constant flux (constan
torque), but the available torque in this speed range isdess than that of case A.

=

q The voltage increases with frequency up to £, andythen increases at a lower rate, the maximum converter
output voltage U, being achieved atf . . Thisyavoids excessive torque reduction in the constant flux range.

I A voltage boost is applied at very low frequencies to improve starting performance, and to prevent ah
unwanted increase in current.

Ih all these cases, the voltage/frequency-dependence may be linear or non-linear, according to the torque-speed
requirements of the load.

Figure 3 — Examples of possible converter output voltage/frequency characteristics

4(3.8 Resonant speed bands

The speed range of a converter-fed electrical machine may include speeds that can excite
resonances(in-parts of the electrical machine stator, in the electrical machine/load shaft systelm
ol in the driven equipment. Depending on the converter, it may be possible to skip the resonant
frequencies. However, even when resonant frequencies are skipped, the load will be
agcelerated through that speed if the electrical machine is set to run at any speed above this
resonant speed. Decreasing the acceleration time can help minimize the time spent fin
resonance. The speed range shall be agreed with machine manufacturer.

4.3.9 Duty cycles
4.3.9.1 General

Cyclic duty applications are those in which transitions between speeds or loads are common
(see IEC 60034-1). Several aspects of this type of application affect the electrical machine and
the converter.

e Electrical machine heat dissipation is variable, depending on rotation speed and cooling
method.
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DTE IEC TR 61800-6 provides information on load duty and current determination for the entire PDS.

13.9.2 High impact loads

Torque demands above electrical machine full-load torque may be required. Operation
above electrical machine full load torque may be required to accelerate, handle peak loads,
and even decelerate the load. Operation above electrical machine rated current will increase
electrical machine heating. This may require a higher thermal class of insulation, an
electrical machine rated for the overload, or evaluation of the duty cycle to determine if the
electrical machine has enough cooling for the application (see IEC 60034-1, duty type S10).

DC injection, dynamic, or regenerative braking may be required to reduce the electrical
machine speed. Regardless of whether the electrical machine is generating torque to drive
the appllcat|on generatlng power back to the converter due to the electrical machlne belng

to the wmdlngs eIectncaI machme heatlng takes place approxmately proport|onally to t e
square of the current while applied. This heating should be included in the duty-.cydle
analysis. Furthermore, the transient torques imposed on the shaft by braking should be
controlled to a level that will not cause damage.

gh impact loads are a special case of duty and are encountered in ceriain intermittent torqye
pplications (for example, IEC 60034-1, duty type S6). In these applications, the load is applig¢d

removed from the electrical machine very quickly. It is also pgssible for this load torque [to

a
o}
be¢ positive (against the direction of rotation of the electrical machine) or negative (in the sane
di

rection as electrical machine rotation).

he impact load will result in a rapid increase or decrease in current demand (from the

nverter). If the torque is negative, the electrical machine may generate current back into th
nverter. These transient currents create stressges’ in the stator winding. The magnitude
ese transient currents is a function of the size of the converter and of the electrical machin

{4  Electrical machine requirements

DTE This subclause refers mainly to induction electrical machines, but some of the requirements may also
evant for other electrical machine types.

Table 2 indicates some main individual aspects and design considerations.

e
of

)

< .
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Table 2 — Electrical machine design considerations

Required aspect of Design consideration

application

Long-term operation at low Thermal over sizing or-ferced independent cooling.

speed For long-term operation of sleeve bearings below 10 % of corner point speed,
the bearing performance should be confirmed by the manufacturer.
Consideration should be given to the type of grease and greasing intervals.

Large ratio of speeds Cooling independent of speed (separate fan, or other cooling medium, for
example, water)

Innpml feedback device. Precautions for mechanical interface

Speed sensor may need to be electrically insulated

I

igh speed (field-weakening) Mechanical aspects.
High breakdown torque (i.e. small leakage reactance).
U/f characteristic is constant until /> f, (see Figure 3)

Improved electrical machine Rotor cage designs (rotor bars with less skin effect are preferred, see 5.2).

efficiency with converter May adversely affect line starting capability

shpply

Ljne bypassing or line start Rotor cage design shall be appropriate. Consequently the.désign may not be

chpability optimized to reduce losses and improve efficiency — balanced compromise
necessary

High breakaway torque If possible, increase flux by 10 % to 40 % (depefiding on electrical machine

size) at near-zero frequencies

Vloltage drop in the converter Adaptation of the rated electrical machine voltage to compensate for the voltagg
because of modulation or filter | drop, i.e. the rated voltage of the electricalymachine can be lower than the

of cabling supply voltage to the converter.

Multi-electrical machine Similar slip/torque characteristics of.the electrical machines

operation at approximately

synchronized common speed

Inf some applications, the electrical parameters-of the electrical machine equivalent circuit (sIe
Table 3 for examples) may be requested-from the electrical machine designer for tuning the
converter.
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Table 3 — Electrical machine parameters for the tuning of the converter

Parameter

Description/explanation

Scalar control

Vector or
direct flux and
torque control

Maximum values

Maximum speed Yes Yes
Maximum temperatures of the stator Yes Yes
and rotor windings
Acoustic parameters
Frequencies which should be Yes, if discrete carrier
skipped by the converter, to avoid frequencies occur
apoustic and electrical machine
r¢gsonances
Mechanical parameters
Inertia For high rates of acceleration Optional Optional
(oefficients k, and k, of friction and | For some factory automation or Optional Optional
cpoling fan torque demand production tasks, when accurate
) determination of mechanical output
=ty xn=) power is required
(T = ky X n+ ky xn?)
Electrical parameters of the T-equivalent circuit diagram forlinduction electrical machines
Stator resistance (Ry) | At operating temperature Optional for IR Yes
compensation
Rotor resistance (Rr’) At rated operating point.aqd Optional for Yes
(3ee NOTE 1) tempgrature, differentftom locked rotor | advanced
condition scalar control
Sltator leakage reactance (X5s) | At corner pointfreguency Optional for Yes
advanced
scalar control
Rotor leakage reactance (X;r) At ratedvaperating point, different from | Optional for Yes
(3ee NOTE 1) locked#rotor condition advanced
scalar control
Magnetizing reactance (X)) PAtcorner point frequency and rated Optional for Yes
operating point advanced
scalar control
Magnetizing conductance ¢G.,) | At corner point frequency and rated Optional for Yes
operating point advanced
scalar control
Magnetizing inductance as a For field-weakening Yes, for Yes
fynction of voltage, advanced
scalar control
Lpteral critical speed if below Speed to be avoided for continuous Yes Yes
maximum-operational speed operation
Rotorskin effect, For accurate determination of harmonic | Optional Optional
(¢.gwJadder equivalent circuit) losses and temperature rise in
- applications where rapid current - )
Stator skin effect response and precise dynamic control Optional Optional
is required

NOTE 1

The rotor electrical parameters Rr’ and Xo’rare as referred to the stator circuit.

NOTE 2 Some converters do not require motors resistance and reactance values for tuning purposes, as those
determine required parameters by themselves.

Consideration shall be given also to torsional critical speeds where continuous operation at
these speeds shall also be avoided.
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For improved thermal modelling, or in applications where high torque with precise control is
required at low speeds, it may also be useful for the electrical machine designer to supply data
on the internal thermal capacitances and resistances of the component parts of the electrical
machine. These parameters may be dependent on both rotational and switching frequency.

5 Losses and their effects (for induction electrical machines fed from voltage
source converters)

5.1 General

Inf the case of voltage source converters, a knowledge of the electrical machine equivaI?}vt
cifcuit is normally not important for the design of the commutating circuit, but the harmonic
impedances of the electrical machine greatly influence the losses caused by harmonics. Voltage
sqgurce converters impress their output voltage on the associated electrical machines. The
olitput voltage synthesizes a sinusoidal wave using quasi-rectangular voltage‘puises, having
steep slopes and approximately constant amplitude (two-level converters impress |a
pg¢ak-to-peak value of the intermediate DC voltage).

Inf addition to the well-known losses due to fundamental voltage and current, the non-sinusoidal
sypply by a converter creates additional losses in the electrical Ymachine. These additionfal
losses depend on speed, voltage and current, the converter outpat voltage waveform, and the
deign and size of the electrical machine. If neither series inductances nor filters are providef,
thiese losses can amount up to around 10 % to 30 % of the'fundamental losses for two-level
canverters and thus up to about 1 % to 2 % of the rated”output of the electrical maching,
decreasing with increasing electrical machine size. Forthree-level converters, the additionjal
losses due to converter supply are lower, typically 0;2 % to 1 % of rated output.

The magnitude and the characteristic behaviouref the additional losses due to converter supply
depend on the design of the electrical machine; the type and parameters of the converter, and
thie use of filter circuits.

The total value of the additional losses;caused by harmonics decrease with increasing switching
frequency (see Figure 4). This effect is caused by the small additional winding losses at high
switching frequencies.

See Annex A for converter'types and characteristics.
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Figure 4 — Example for the dependence of the electrical machine losses caused by
harmonics Py, related to the losses P at operating frequency f;, on the switching

frequency f; in\case of 2 level voltage source converter supply

2 Location of the additional losses due to converter supply and ways to reduce

them

br the converter/output pulses the electrical machine appears as a frequency-depende

pedance. The'osses of this impedance are mostly due to skin effect in the conductors (mainly
thlLe rotor bars, but in some cases also the stator conductors) and to eddy currents in the leakag

x pathsespecially in the laminations).

nt

e

neadditional losses due to converter supply can be minimized by various design measure

el

ther internal or external to the motor, for example:

rotor winding design with less skin effect;

stator winding design with less skin effect;

open rotor slots;

avoidance of short-circuits between the rotor laminations;

thinner stator and rotor laminations, to reduce eddy-current losses;

and external to motor reduced eddy current losses in series inductors or filters.
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5.3 Converter features to reduce the electrical machine losses
5.3.1 Reduction of fundamental losses

Figure 5 shows examples of the losses at no-load and at full-load for a 37 kW, 50 Hz electrical
machine powered from sinusoidal and 5,5 kHz voltage source converter supplies. It can be seen
that the additional losses due to PWM supply are small compared with the fundamental losses.

S A
X
=5
©
4 -7 g
A "/O
/
” -
3,,
2 ~ /_/K
// L —
.— D
1 =
_ =%
=
0 ‘ >
0 20 40 60 80 100 120
7, Hz
IEC
Key
A Full load, PWM supply B Full-load, sinusoidal C-No. load, PWM supply D No load, sinusoidal
supply supply
Rigure 5 — Example of measured losses®, as a function of frequency f and supply type

The most significant benefits of cofiverter supply are achieved by optimizing the electrigal
miachine flux depending on load (for‘example, reduction of flux at partial load) since this reducgs
thE fundamental losses whichare considerably higher than the additional losses. This “fllix
optimization” is frequently used in pump and fan applications for which the required torque |is
proportional to the square of'the speed. At lower speeds the torque is considerably reducgd
and can therefore be created with lower flux and with lower losses in the electrical machine.

The same principlé_is$ used in the "constant power factor control” in applications where the load
torque varies (not-hecessarily the speed) by adjusting the electrical machine flux according fo
the need so thatthe electrical machine current power factor stays at the optimum value.

D

The fundamental losses may also be reduced by variation of the intermediate DC voltage.
Hlghet DC link voltage may also help to decrease over-modulation.

5.3.2 Reduction of additional losses due to converter supply

The additional losses due to converter supply may be reduced by reducing the harmonic content
of the converter output voltage by, for example:

e optimizing the pulse patterns;

e increasing the switching frequency; typically, the additional losses due to converter supply
in the electrical machine show a strong decline with increasing pulse frequency up to a few
kHz (see Figure 6). However, the commutation losses in the converter increase with the
pulse frequency (see Figure A.1) with the result that the sum of the losses has a minimum
at a few kHz. For hysteresis or random PWM controlled converters, an average switching
frequency applies which may also depend on voltage and current;

¢ multi-level converter configuration.
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Figure 6 — Additional losses AP, of an electrical machine (same electrical

machine as Figure 5) due to converter supply, as a function of pulse
frequencyfp, at 50 Hz rotational frequency

5/4 Use of filters to reduce additional electrical machine/losses due to converter
supply

Filters may be used at the output from a converter to feduce the amplitude and du/d¢ of t

voltage appearing at the electrical machine terminals. The total effects will depend on t

thie filter will reduce the voltage at the electrical. machine terminals, and this should be tak
into account in order to avoid an increase ‘in“the fundamental current loss in the electri

high-frequency switching voltage without excessively\affecting the low-frequency resulta

application and dimensioning of the electrical maghine and the filter. The voltage drop acro$

miachine. Also, there will be some losses_jndhe filter, but these will generally be lower than the
reduction of additional electrical machine*losses due to converter supply, and so the overall

efficiency of the PDS will improve.

In[ addition to reducing the additional electrical machine losses due to converter supply, su¢h

filkers may also have a beneficial effect in reduced voltage stress on the electrical machipe

w(ll be a slowing of the dyrnamic response of the PDS, and there may be other limitations d
to the voltage drop across the filter.

5 Temperature influence on life expectancy

hveform(résults in a temperature rise of the electrical machine windings. The temperature ri
Il also be affected by a change in cooling at the operating point within the specified spe
rgnge:

5.
The sum of/the fundamental and additional losses due to the load condition and the volta
w
w

i

There are several ways to take this effect into account, for example:

w(ndings, decreased torqué ripple, and improved EMC performance (see 9.2). However, thefe

e

d

e use of a separate cooling supply, such as ICOA6 or IC1A7 (see IEC 60034-6) for an air-

cooled electrical machine;
e use of a higher thermal insulation class (see IEC 60034-1);
o full compensation for the intended operating ambient temperature (see IEC 60034-1);
e use of oversized electrical machine;

e optimization of converter output waveform.

NOTE Increased temperatures may affect not only the winding insulation ageing but also the bearing lubrication,

and hence the bearing lifetime.
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The influence of variable load and speed on the winding temperature is characterized by the
duty type as defined in IEC 60034-1. The most suitable duty types for converter-fed electrical
machines are S1 and S10. Duty type S1 considers the maximum permitted temperature,
whereas S10 (for operation at varying load and speed) permits temperature rises which exceed
the limit values of the thermal class for limited periods. Limit values of temperature rise are
given in IEC 60034-1:20402022, and Annex A of that standard gives a formula for the
caleutation estimation of thermal life expectancy.

5.6 Determination of electrical machine efficiency

The recommended methods to determine the electrical machine efficiency on sinusoidal supply
atle given in IEC 60034-2-1 and IEC 60034-2-2, For voltage converter fed cage induction mators
a|new method to determine harmonic losses is described in IEC TS 60034-2-3.

If[practical, if required to achieve a more accurate assessment of the overall losses’(including
the additional harmonic losses), they should be determined with the behaviour of{the final PDB.

6| Acoustic noise, vibration and torsional oscillation

6.1 Acoustic noise
6.1.1 General

The converter and its function create three variables which'directly affect emitted noise. They
ane:

o [ changes in rotational speed which may range-from near zero speed to values in excess pf
the corner point speed. The components and factors that influence noise emissions afe
bearings and lubrication, ventilation and anyyother features that are affected by temperatufe
changes;

¢ | electrical machine power supply frequency and harmonic content which have a large effejct
on the magnetic noise excited in the'stator core and, to a lesser extent, on the bearing noisg;

e [ torsional and radial excitations of the stator core due to the interaction of waves of different
frequencies of the magnetic«field in the electrical machine air gap.

6.1.2 Changes in noiselemission due to changes in speed
6.1.2.1 Sleeve (or.plain) bearings

There will be no significant change in the noise level emitted by plain bearings.

1.2.2 Rolling element bearings

6.

The fundamental frequencies of potential noise emission from a rolling element bearing will
vary-directly with the rotational speed. If the bearing is "quiet” at the corner point speed, it|is
unlikely for the noise level to change significantly when the speed is reduced. However, whén
the speed is increased above the corner point speed there is the possibility that the noise level
could increase dramatically due to harmonics of the fundamental frequencies growing due to
skidding of the rolling elements. The susceptibility to this phenomenon has been shown to
increase rapidly at speed factors (bearing diameter in mm x rotational speed in r/min) greater
than 180 000. Experience has shown that the noise level increase can be countered by
increasing the lubricant supply to the bearing by regreasing at very short intervals or by utilising
oil bath or oil mist lubrication.

When operating at the highest speeds in the electrical machine’s range, the bearing
temperature will be higher than running at lower speeds. It is important therefore to ensure that
adequate nominal clearance and/or a spring-loaded arrangement is embodied in the design.

Grease lubricated bearings will perform perfectly satisfactorily at low operating speeds.
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6.1.2.3 Ventilation noise

For a shaft-mounted fan, the noise generated will vary approximately as the characteristic
shown in Figure 7 (for a fan peripheral velocity up to 50 m/s). The fan noise S(dB) will decrease
per the following formula AS(dB) = 50.log4q(R) or by about 15 dB for a 50 % reduction in speed
and increase by about-49 9 dB for a speed increase of 50 %. If the drive is unidirectional, very
effective noise reduction can be achieved by utilising a fan on the electrical machine with-curved
unidirectional-blades fan (axial or centrifugal).

A

+40 1
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+20 1

+10 7

AS (dB)
o
y

IEC

Key
AS Change in sound pressure R—Relative Fan speed p.u.

A4S5(dB) = 50.l0og,4(R)

Figure 7 — Relative fan noise as a function of fan speed

6)1.3 Magnetically excited noise

Mlagnetic noise is €ssentially caused by waves of tensile stress acting in the radial direction ¢n
thle stator-bere coreat the air gap. These so-called Maxwell forces are excited by the interaction
ofl the various.magnetic fields in the air-gap. The tensile stress is characterized by its amplitudf,
frequency ahd*mode. As the amplitudes are small, the tensile stress results in disturbing tongs
only when frequency and mode of a specific wave coincides with the frequency and mode offa
naturalfrequency of the stator core.

Inlthe-case-ofsinruseidalsupphrvoliagesthe-magneticnoiseiscaused-bythe spatialharmonics
of the air-gap field. The aim of a professional design is to avoid resonances at the rated
operating conditions of the electrical machine. But, because of the large variety of contributing
spatial harmonic fields, audible magnetic noise is unavoidable at specific speeds, when the
electrical machine is operated at constant flux over a wide speed setting range, even when the
supply voltage is sinusoidal. Skipping of a small frequency band is frequently used to avoid a
too high noise emission at the associated speed. This means this effect is not associated with
the converter supply and would also occur in case of variable-frequency sinusoidal supply
voltages.
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The statements given above are valid also when an electrical machine is supplied from a
converter. But, in this case, the magnetic fields produced by the time harmonics are
superimposed. With respect to considerable magnetic noise, it is sufficient to consider the
interaction of the fundamental air-gap fields (number of pole pairs p) of the operating frequency
and the different harmonics. Therefore, the additionally generated waves of tensile stress are
of the modes r = 0 and r = 2p. The natural frequencies of these modes depend on the size and
the design of the electrical machine

The objective of PDS designers is to create optimum noise solutions, but it should be recognized
that such solutions are not the responsibility of either the converter designer or the electrical
mlachine designer alone and that in many cases design co-operation is essential.

Experience has shown that with pulse frequencies less than 3 kHz, the harmonic frequencig¢s
can be close to the natural frequencies of the electrical machine core and structureson medium
amd large electrical machines and consequently with wide speed range applications, resonan¢e
points are nearly unavoidable at some point in the speed range (see Figure A.2). The resonang¢e
frequencies for the modes r = 0 and r = 2p (see Figure 8 for illustrations of modes » = 0, 2 aId
4) are less than 2,5 kHz for 2-pole and 4-pole electrical machines with shaft’height greater than
315 mm. By contrast, the trend to increase the converter pulse frequency to 4 kHz or 5 kHz pr
eyen higher will result in possible resonance occurring on progréssively smaller electrigal
miachines.

Of

Figure 8 — Vibration modes of the stator core

IEC

The increment of noise of electrical machines supplied from PWM controlled converters
compared with the same electrical machine supplied from a sinusoidal supply is relatively small
(4 fexw dB(A) only) when the switching frequency is above about 3 kHz. For lower switching
i-:":‘ re—rotse—t reasemaype—tremenaods—{up—to dB-Aby—expertence’)- ome
advanced PWM or hysteresis-controlled converters no longer use fixed carrier frequencies and
therefore produce a widely spread spectrum of non-fundamental frequencies. Thus, the typical
noise increase and the subjective audible noise can be drastically reduced.

It may be necessary to create” skip bands” in the operating speed range in order to avoid
resonance conditions.

For an indication of the noise increase when operated on a converter see IEC 60034-
9:20072021,-Clause7 Annex B (informative).
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6.1.4 Sound power level determination and limits
6.1.4.1 Methods of measurement

Sound power levels should be determined in accordance with IEC 60034-9-(see-6-1-4-2).

6.1.4.2 Test conditions

If practical the electrical machine should be rigidly mounted and, tests should be made with the
electrical machine supplied from a converter with the output characteristics that will be used in
the—appiication.

Ar“ternatively, and preferably for larger electrical machines, tests may be carried out at'no load
amnd rated frequency, using a sinusoidal supply.

6)1.4.3 Sound power level limits

Sound power level limits are specified in IEC 60034-9:20072021,Clause#.YTable B.2 of that
stendard shows, as information, the typical expected increments of thésound power level pf
canverter-fed electrical machines compared with sinusoidal supply.

6J2 Vibration (excluding torsional oscillation)
6.2.1 General

The level of vibration produced by a converter-fed elecfrical machine will be influenced by the
following factors:

¢ | the electromagnetic design of the electrical.machine;

e | the electrical machine structure, particularly the frame assembly;
¢ | the electrical machine mounting;

o [ shaft stiffness;

o | the rigidity of the coupling between the electrical machine shaft and the driven equipmen

¢ | the output waveform of the converter.

Provided that the converter-has suitable output characteristics and also that due attention |is
paid to the mechanical features of the electrical machine and its mounting, similar vibrati¢n
levels to that produced by an electrical machine operating on a sinusoidal supply will be
obtained. Thus, fer.electrical machines supplied from PWM voltage source converters, therelis
no need to establish vibration levels that are different from the figures for sinusoidal supplig¢d
electrical machines given in IEC 60034-14.

syspended or rigidly mounted. The measured test figures give the vibration level produced by
an “uncoupled electrical machine under specific mounting conditions and as such are an
indication of the quality of the electrical machine. When an electrical machine is mounted in an
apparatus or at a site coupled to driven equipment, it is expected that the vibration level will be
very different.

IHC 60034-14 gives test vibration limits for electrical machines when they are either fre}]y

For an electrical machine coupled to a driven equipment there are many natural resonances
and if the application requires the electrical machine to operate over a wide speed range it can
be extremely difficult to avoid all of them. If problems are experienced, it is sometimes possible
to program the controller so that the frequency bands that are exciting the mechanical
resonances are “skipped” (see 4.3.8).

It will be appreciated that as many of the factors influencing the level of vibration are due to the
total system, it is not possible to address all vibration problems by considering the design of
the electrical machine on its own.
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6.2.2 Vibration level determination and limits
6.2.2.1 Method of measurement

Vibration levels should be determined in accordance with IEC 60034-14 (see 6.2.2.2).

6.2.2.2 Test conditions

If practical the electrical machine should be rigidly mounted and, tests should be made with the
electrical machine supplied from a converter with the output characteristics that will be used in
theapptication.

Alternatively, by agreement between manufacturer and customer, tests may be carrigd,out gt
n¢ load and rated frequency, using a sinusoidal supply.

NOTE 1 This recommendation can significantly increase the test time and is not-—regquired-By necessary per
IELC 60034-14.

NOTE 2 For in situ measurements, refer to ISO 10816-3.

6.2.2.3 Vibration level limits
When testing under the conditions specified in 6.2.2.2, it is_reeommended that the vibratigon

miagnitude measured on the bearing housings should not excéed the vibration level Grade A,
given in IEC 60034-14:2007.

3 Torsional oscillation

6.

The asynchronous (time-constant) torques generated by harmonics have little effect on the
operation of the drive. However, this does..not apply to the oscillating torques which afe
generated in the shaft of electrical machings 'supplied from converters. The magnitude of the
torque ripple and its frequency are such that they can produce torque vibrations in the comple}e
cannected mechanical system which should be carefully checked in order to avoid damaging
mechanical resonances.

In[ drives with pulse-controlled converters, the frequencies of the dominant oscillating torques
afle determined by the switching frequency while their amplitudes depend on the pulse width.
Thus, the oscillating torqUue~amplitudes may be as high as 15 %, of the rated torque provided
thiat the switching frequency exceeds 10 times the corner point frequency, which is usually the
case. With higher switching frequencies (in the order of 21 x f;) the oscillating torques pf
frequencies 6 x frand 12 x f; are practically negligible, provided a suitable pulse pattern |is
applied (e.g.. modulation with a sinusoidal reference wave or space-phasor modulation).
Additionallysoscillating torques of twice the switching frequency are generated. These, however,
do not exertydetrimental effects on the drive system since their frequency is far above the critigal
miechanical frequencies.

=

~

ALDC component, or a negative-sequence component produced by asymmetries of the
converter output voltage will generate a torque component of 1- or 2-times fundamental supply
frequency and should therefore be carefully prevented. It should be borne in mind that, for DC,
only the resistance, and, for negative sequence, a short-circuit impedance, are effective, and
therefore small asymmetrical voltages will produce rather high asymmetrical currents and thus
oscillating torques, especially when meeting a resonance frequency of the shaft train.
Oscillating torques will lead to damage due to clearances in gear sets, couplings or some shaft
connections if the torque transmitting surface is able to disconnect and afterwards to "hammer"
back.
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7

7.

Electrical machine insulation electrical stresses

1 General

The insulation system of the electrical machine is subjected to higher dielectric stress when
converter-fed than in the case of a pure AC sinusoidal source.

7.2 Causes
A angular p of fixed amplitude voltag
% mplitude voltage of the pulses at the output of the conv

is

cl

p

9
a

7,

syrges in the upper right-hand portion of this diagram, when viewed from the ¢, scale directign
ane more significant.

differential mode transient effects throughout the whole topologies of power supply.system,
canverter system plus the auxiliaries like earthing conditions, cabling and filtering‘have to e

carly analysed and taken into account (see IEC TS 61800-8). Modern low voltage converter

oitput voltage rise-times may be in the-56 20 ns to 400 ns range. They are,kept as short as

repetitive voltage strength. Figure 9 shows a plot of the surge count-at the terminals of an
electrical machine fed from a converter, measured over a period of timde under various operating
canditions. As can be seen, there is not a simple relationship between the surge count and the
rige-time and magnitude. However, the risk of insulation damage*(due to partial discharge, s¢e

IEC

Key

A Surge magnitude (p.u.) t. Rise-time (ns) n Surge count (per second)

r

Figure 9 — Typical surges at the terminals of an electrical
machine fed from a PWM converter
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Depending on the rise-time of the voltage pulse at the converter output, and on the cable length
and electrical machine impedance, the pulses generate voltage overshoots at the electrical
machine terminals (typiealy up to 2 p.u. phase-to-phase and phase-to-ground for each polarity).
These voltage overshoots are created by reflected waves at the interface between cable and
electrical machine terminals due to impedance mismatch, and depend on the converter output,
the cable length between the converter and the electrical machine and electrical machine
terminal impedance. This phenomenon is fully explained by transmission-line and travelling
wave theory, using the harmonic content of the output voltage. As the rise-time decreases, so
the harmonic frequencies present in the voltage waveform will increase. Typical voltage surges
measured at a converter output and at the electrical machine terminals are given in Figure 10

consult IEC TS 61800-8.

It|is recommended that the system integrator of converter and electrical machihe should
measure the phase-to-ground and phase-to-phase voltage at the electrical machine termindls
after system installation in order to confirm the expectation, because the actual magnitude and
rise-time are complicated as shown in Figure 9. If the actual surge voltage is,;more severe than

the expectation, the system integrator should take countermeasures following 7.5 in order fo
ayoid unexpected system faults in service.
c | 1
| I ‘
M
Q
IEC
Key
¢ Phase voltage at converter M Phase voltage at electrical machine
Figure 10 — Typical voltage surges on one phase at the converter
and at the electrical machine terminals (2 ms/division)
N
c W s s P
M
|
IEC
Key
Phase voltage at converter M Phase voltage at electrical machine

Figure 11 - Individual short rise-time surge from Figure 10 (1 ps/division)

Experience indicates that as the cable length increases, the pulse overshoot generally may
increase to a maximum then may decline. Meanwhile, the rise-time at the electrical machine
terminals increases. Voltage overshoots might be decreased in the case of installations using
converters installed close to associated electrical machines, where the cable length between
converter and electrical machine is short.
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7.3 Winding electrical stress

The dielectric stress of the winding insulation is determined by the peak to peak voltage and
the rise-time (for definition, see Figure 12) of the impulse at the electrical machine terminals,
and on the frequency of the impulses produced by the converter.
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insulation and determined by the rise-time-of the impulses. Short rise-time impulses result
theLe voltage being unevenly distributed.throughout the coils, with high levels of stress prese
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Figure 12 — Definition of the rise-time's; of the voltage pulse
at the electrical machine terminals

he part of the stress is determined by the levelhof voltage applied to the main insulation (phas
-phase or phase-to-ground) of the winding coils. The other is limited by the inter-tu

tween turns at the line end coil(s).@f the individual phase winding.
Figure 13 shows the worst-ca

nding as a function of the rise-time.

rn-turn-insulatien-ef the electrical machine.

stribution of the voltage.across possibly adjacent first and last turns of a random-wound
not known better,this can be considered as the expected worst-case voltage stressing the

5 illustrated,-the shorter the rise-time, the more voltage appears across the first turn of the
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Figure 13 — First turn voltage as a function of the rise-time

Short rise-time impulses at electrical machine terminals also cause high turn-to-turn voltagé¢s
in|the first coil(s) of each winding phase and can be followed by early dielectric breakdown turh-
to-turn.-Such-oceurrences—are—often This can be due to inadequate dielectric strength of the
emamel coating, inadequate resinfill. However, field experience has shown, that in most cas¢s
ng dielectric breakdown occuts, because the probability of critical turns to be located close fo
each other is rather low when the recommended IVIC are met.

7)4 Limits and responsibility

714.1 Electrical machines design for low voltage (<1 000 V)

The insulatien system of electrical machines rated at less than 1 000 V specifically designed
for supphyfrom voltage source converters may be qualified according to 60034-18-41 (without
Partial"Discharge Type |) or 60034-18-42 (with Partial Discharge Type Il), possibly indicating
thisin the documentatlon and on the name plate ofthe electrical machine. It is the responS|b|I y

machlne documentatlon the ab|I|ty of the electr|cal machme wmdmg |nsulat|0n ASS|gn|ng an
IVIC will affect the withstand voltage test in IEC 60034-1.

For general purpose PDS applications it is recommended that the electrical machine should
follow the impulse voltage insulation class C/B, Table 4;-extractedfromTFable -1 ofHHEC 60034~
48-41:20144. Electrical machine manufacturer should ensure that the electrical machine
complies with these levels, i.e. the wvalues in Table 4—{Anrex—C—of

Higher and lower values as well as different combinations of P-P, P-G, T-T Classes for specific
applications are given in IEC 60034-18-41:2044, in order to adapt electrical machine insulation
abilities to system requirements economically and reliably.
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Ensuring that no significant service lifetime reduction of the electrical machine insulation occurs,
the actual stress due to converter operation should be lower than the Impulse voltage insulation
class (IVIC) for Type | Insulations according to IEC 60034-18-41 and the voltages per Type Il
Insulations according to IEC 60034-18-42(the next-edition-of IEC60034-18-42-is-intended-to
have-NHC-aswell.

It should be known that dependent on the PDS topology significantly higher voltages could
occur. The actual voltage stress to be expected can be determined according to
IEC TS 61800-8, taking into account possible voltage reflection depending on the topology and
operating mode of the converter, cable type and length, earthing, etc. Relevant parameters for
insulation stress are: transient peak to peak voltage values, rise-time, repetition rate, etc.

The system integrator is responsible for determining and specifying the voltage stress.level pt
thie electrical machine terminals (see Annex C for an example of the calculation of these voltage
stress levels).

Inf case the actual or expected levels at the electrical machine terminals are|higher than those
given in the impulse insulation class defined in Table 4 either the PDS topology or the electrigal
mjachine insulation shall be adapted. The maximum levels defined in Tabte 4 covers a sufficieft

nyimber of typical applications, but it is possible that levels exceed this)and the capability of tie
mptor insulation system. It is the responsibility of the system integrator to make system changés
onl to communicate the special requirements to the electrical machine or converter manufacturgr.
Miethods of insulation stress reduction are given in 7.5.

Table 4 — Operating voltage at the terminals in units of Uy where

the electrical machines may operate reliably without special agreements
between manufacturers and.system integrators

Impulse voltage Allowablé.peak/peak operating voltages in units of Uy
insulation class
Phase/phase Phase/ground
C B
IVIC C/B 5,9 3,1

(g

N

NOTE-2 Special agreements between manufacturers and system integrators might be subject to a dedicatpd
ingtallation.

7.14.2 Electrical machines designed for medium and high voltage (> 1 000 V)

The insulation system of electrical machines rated at greater than 1 000 V specifically designd

i #fy
the ability of the electrlcal machine wmdmg insulation. A33|gn|ng an IVIC may affect the
withstand voltage test in IEC 60034-1. Since drive topologies will vary greatly, and these larger
motors are mostly custom designed as needed, assigning default IVIC levels is not practical.
The end user or system integrator shall work with the converter and motor manufacturer to
ensure compatibility. If the drive topology and system are known, IEC TS 61800-8 can be an
indication of the peak voltage seen at the at the motor terminals and therefore the motor’s
needed IVIC.
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7.5 Methods of reduction of voltage stress

There are several possible solutions for reducing the surge severity in a given situation. These
can be judged when viewing the complete PDS. Most of the influencing aspects can be
calculated by following IEC TS 61800-8. Annex C gives an example of how simple it is to use

IE

C TS 61800-8.

7.6 Insulation stress limitation

The upper limited level at which this over-voltage stress becomes harmful is the PDIV (the

v(
(d

amd mechanical erosion. The rate of insulation degradation depends on the energy' a
frequency of occurrence of the partial discharges.

PDIV and CIV in an electrical machine are influenced by:

Fi
cq

Itage at which partial discharges begin to occur) or, In the air, the Corona Inception V0|tai

winding type: random or form-wound;

design: phase separation and ground wall material;
varnish type and impregnation technology;

wire size: larger diameter wire has a higher PDIV;
wire insulation type;

enamel thickness: thicker enamel coating of wire increases PDIV;

by 30 % from 25 °C to 155 °C); this is true onlypartially and in general not for form wou
electrical machine windings;

environment atmosphere (composition and-pressure);

condition of the insulation (contamination by dirt or humidity, etc.).

gure 14 shows a partial discharge¢pulse that has resulted from a surge on one phase of
nverter-fed electrical machine.

oid in the insulation reaches.its\breakdown strength.

D | |
T R P P W W N -_\ | ('ﬁ' -.,._\.4,‘1_,\,4;\_.,\ Ayt Lt NIy g A AT

operating temperature: when the winding temperature increases, PDIV decreases (typica'lly

IEC

Key

S Voltage surge at electrical machine terminals D Discharge pulse

Figure 14 — Discharge pulse occurring as a result of converter generated
voltage surge at electrical machine terminals (100 ns/division)

e

IV). Partial discharges may cause degradation of the insulation system through both chemidal

d

d

a

DTE The discharge occurs at the-rising edge of a converter generated voltage surge, as the voltage stress acrofs
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8

8.

8.
Several situations can cause bearing currents.Jnﬁa#eases,—beaﬂng%u#eanM%wheﬂﬁa

Bearing currents 4

1 Sources of bearing currents in converter-fed electrical-machines motors

1.1 General

Bearmgs W|th|n electrlc motors as weII as
the drlven load could be affected. The resulting materlal alternations at the raceways of the

di

be¢arings in the form of corrugated patterns lead to an early and unplanned shutdown ofithe

ive system. The classification of the different bearing current types is shown in Figure 15:

p
Bearing currents ‘

{

Direct on line (DOL) External ‘ | Converter operation }

J L J . g
y \
p ) N —_ A R I
Motor build-up | | Electrostatic build-up ‘ Voltage related ‘ [ Current related ’
‘ . ’ )
Circulating current Discharges ‘ ‘ Electrostatic Discharge Machining - EDM l I Circulating current ‘ ’ Rotor-ground current

) |

£ S5o>» &® 32

ci
lo

ue to magnetic asymmetry e wdue t_o common mode
low frequency + high frequency

Figure 15 — Classification of bearing currents

DTE Also auxiliary devices such as encoders oritachometers as per 9.1.4.4 which are connected to the electrig
hchine motor can be affected by bearing currents?

1.2 Circulating currents due'to' magnetic asymmetry

al

an 400 kW but can exist in small electrical-machinres motors with magnetic asymmetries,
ell, such as those with a segmented construction. An asymmetric magnetic circuit results in
rcumferential a.c,_flux (ring flux) in the yoke. This induces an AC voltage in the conducti

th
b
sy

e insulatiofprovided by the lubricant, current will flow through the loop, including bo
arings. NS kind of bearing currents mainly appears in direct on-line operating moto
stems

8,

pp comprising the’/electrical-machine motor shaft, the bearings, the end brackets, and t
oIter frame ofhe’electrical-machine motor. If the induced voltage is sufficient to break do

Eymmetry in the magnetic circuit of an electrical-machine motor creates a situation that caus¢s
W frequency bearing curregnts. This is more common in electrical-machires motors greatEr

j i BN O BN OB O RN

13 Electrostatic build-up

The voltage can also be caused by an electrostatic build up on the shaft due to the driven load
such as an ionized filter fan.

1.4 High-frequency-veltages effects in converter operation



The bearing current section has significant changes and updates as this technology is constantly improving.
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The converter transforms the input voltage from the supply, which is, as a first approximation,
constant in amplitude and frequency, into a variable voltage in frequency and amplitude. For
that purpose, a rectifier unit is feeding a DC voltage link, in which DC link capacitors act as
voltage smoothers and energy storage. The subsequent inverter transforms the DC link voltage
with the procedure of pulse-width modulation into a variable AC voltage. In this way, the
connected electrical motor can be controlled in terms of speed and torque.

Regarding to the characteristics of inverter-related bearing currents, the high-frequency
properties of the earthing system are of particular importance. Due to the use of fast switching
semiconductors, which are operated at high switching frequencies, the inverter shall be
agsigned the role of an interference source within a Power Drive System — in sense of EM(.
The interference sinks are the subsequent electro-mechanical components such as the glectyic
mptor, gear unit and driven machine, via which the conducted, asymmetrical interferenge
currents flow. These cause additional, high-frequency voltage drops at the componénts of the
diive system. Due to the respective parasitic conditions, each component of thecsyistem has|a
cgrresponding impedance to earth at which additional voltages drop. In Figufe 16 these afe

miarked ugg to ugy-

Line ' Infeed ;"  DC-Link

77777777777777777777777777777777777777777

Inverter Y Cable /. Y Motor ¢ Gear/
W Filter~") n Load
1

G

1

i N N

[
| =}
DSl
| =]
(|
1

meh
L2
iy ol

_____I‘,__ R S t _____________________________ 1
T R, 7 T T
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Figure 16 — Parasitic impedances to earth of drive system components

Bfsed.on the typical output voltage waveform of VS| converters, the mechanisms can be divid¢d
intocthree types of bearing currents: EDM, circulating and rotor ground currents. Due to the
underlying mechanisms, these can be divided Into two main groups: the current related and the
voltage related bearing currents. Within the former group the bearing currents are caused by
the high-frequency components of the common-mode current (circulating and rotor ground
currents) while for the latter group these are generated due to the inherent common-mode
voltage (EDM currents). The classification of the aforementioned bearing current types is
depicted in Figure 15.

8.2 Generation of high-frequency bearing currents
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8.2.1 Common mode voltage

A
04
a

is

th
ay

th

T
S{
s

mjodulation methods inevitably require the switching of zero vectors to genera
ouUtput voltage. These are states of operation, where the positive or the negative link volta

in?ut voltage of the described parasitic network. This means, it is — as_a'Source — also
inffl
equal to one third of the sum of the three voltages phase-to-ground.

+{p/6 and £Up/2 with the corresponding fast voltage change;du d¢ can occur. At each changg,

geometry, cable type and drive train interact@

significant side effect in the operation of voltage source inveriers (VSI) Is the inherent
currence of a common mode voltage. Since only discrete voltages and switching stat e
ailable in a VSI, the sum of the generated phase voltages (urg, ugg, utg) is usually 2zefo
which is different to classical three-phase AC system. In addition to that, th t'rlgspecti e
F}he desirgd

e

connected to the three motor terminals. The resulting common mode vol @B‘represents the
n

uencing factor for the undesired, parasitic bearing current. The c% n mode voltage [is
gure 17 — on the righ
e typical common mode voltage waveform ug), of a two-level inverter with a diode front efd

three phase rectifier is exemplified as well as the resulting ¢ on mode currents. Steps ppf

—

e resulting common mode current pulse ic), is clearly vi .

N

he manner and degree to which this CMV is expressed at the terminals is dependent on tme
ecific Converter topology converter infeed, grg@mg, etc. The resultant electrical bearifg
ress will depend on a number of system desig&l\ ctors including ASD carrier frequency, motpr
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Figure 17 — Common mode volta%‘\a determination b) waveform example

&

{2.2 Motor HF equivalent circuit@nd the resulting bearing current types

8

Practically, the common mode v I‘t'ége is the input variable for the parasitic network which [is
esgtablished by the subsequent*drive system. For the high-frequency equivalent circuit of the
mjotor the components of thi%&etwork shall be explicitly considered as interface areas, air gaps
amd insulation inside th ive system. The HF equivalent circuit diagram of the motor [is
depicted in Figure 18. The-applied common mode voltage uq), generates the current componept

idy, to flow mainly t gh the parasitic capacity component Cyyg. This capacity component|is

formed between @winding system of a motor and its stator. Other capacities are prese
be¢tween wizgg% d rotor (C\yR), between rotor and stator (Crg) and inside the rolling bearin

g)- While irst three portions are determined solely by the geometric dimensions, the latt

is| heavil pendent on the operating conditions. Speed, temperature, bearing load and the
ionr of vibrations have a very strong impact on the bearing capacity.

For instance, the presence of capacitance in the bearings is only sustained for as long as the
anti-friction bearings are covered in lubricant and are non-conducting. This capacitance can be
short-circuited if the bearing voltage exceeds the threshold of the breakover value or if the
bearing lubricant film is depleted and makes contact with both bearing races. At very low speed,
the bearings may also have metallic contact due to the lack of insulating lubricant film.

The main focus is on the alterations in roller bearings. Slide bearings rarely show any
irregularities caused by current passage, firstly due to a more distinct separation of the sliding
partners (lubrication film thickness is 40 up to 50 times bigger compared to roller bearings) and
secondly due to the non-existent rolling mechanism. As a consequence of this sleeve bearings
usually have little to no abnormalities that could be traced back to an electrical stress on the
bearings.
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Figure 18 — HF equivalent circuit diagramAa) of a motor (b)
geometrical representation of-capacitances

Al distinction is made between three types of bearing currents (Figure 15): high-frequengy
cifcular currents inside the motor as well aschigh-frequency currents from rotor to grounpd
(qurrent related bearing currents) and the ERM>currents with flash-overs in the lubrication film
ofl the bearing (voltage related bearing currgnts). For every rapid change of the common mode
vgltage a common mode current peak oegurs (Figure 17). Only in this instant a current relat¢d
be¢aring current may appear. The characteristically waveform for such a bearing current evept
can be described with two magnitud€s: the peak value of the current and the basic frequengy
ofl the following damping oscillation*which is in the range of 200 kHz to 300 kHz. Additionally,
the number of peak events pertime unit which is directly connected to the common mode
vogltage slope defines the appgarance frequency of this current related bearing currents.

Oh the other hand, the voltage related bearing currents are strongly related to the voltage dr¢p
agross the lubricatigmigap of the bearing which is a portion of the common mode voltage is
d¢picted in the motiar HF equivalent circuit (Figure 18). This kind of bearing current can bpe
described alsoby“a peak value and the basic frequency of the following damping oscillati¢n
which is in thesrange of 1 MHz to 5 MHz. In this case the number of peak events per time unit
is|directlysednnected to the isolation ability of the lubrication film inside the bearing.

Algrapbical representation of the different high harmonic bearing current types highlighting the
inyvoblved physical components of the drive unit is shown in Figure 19. These types of beari:|:g
currents are principally shown in a schematic drive system in Figure 19. These are explained
in detail in the following subclauses.
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Figure 19 — Graphical representation of the different high frequency bearing current
types in the drive unit highlighting the involved.\physical components

8
The circular currents depicted in the left part of the\equivalent circuit diagram in Figure 20 has
a
C

crucial influence — in form of the parasitic capacity between winding and stator laminati¢n
ys- The high-frequency common mode cugrent, which is flowing off via the slot insulatiop,
nduces a circular magnetic flux, which encireles the shaft of the motor. The voltage induced by
thiat flux into the shaft of the motor causesa high-frequency circular current, which closes ov4gr:

laminated core — bearing shield — motdr bearing — shaft. This differs from the classical circulpr
bg¢aring current which leads to a ¢if¢ular current with motor fundamental frequency due fo
mjagnetic unbalances. The circular current caused by converter operation features has|a
significantly higher frequency. The circumstances are schematically shown in Figure 20, on the

left. On the right-hand side;,the current time plots, measured at both motor bearings afe
indicated. Both current couprses show a phase displacement of 180° at identical amplitude a:td
thjus they represent a_circular current. This circulating current typically causes damage to t

bg¢arings with typicakpeak values of 3 A to 20 A, depending on the size of the electrical motqr
thle rate of rise of.the voltage at the electrical motor terminals and the DC link voltage level.

e
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2.4 Rotor ground current \Q/C)

N

ne current flowing from the winding through the capaCity Cws — illustrated in Figure 18 —

e stator core lamination is routed back via the Q sing grounding system to the source
e DC link of the converter. In case, the grour@n conditions at the motor are designed |i

th
m

ill
Fi
ol

guality of the enclosing grounding

ey can potentially damage electricall @ssive plant component that are connected to t:l:
potor. Thus, the amplitude of the curr; from rotor to ground is strongly dependent on t

istrated that are originated by theextension of the HF equivalent circuit diagram depicted |
gure 18. Here, the capacitie%e@f the motor, the load and the impedances of the enclosin
ounding system can be idqu d.

S

.

S

O
@.
X

D
\<</C)

ch a way, that a path of low impedance i%ading to the shaft of the motor, currents pf
nsiderable amplitude can flow via the corﬁq ction motor shaft coupling a load. In this waly,

tem. In Figure 21, the possible current paths afe

2
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n

e

e

n
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he potential difference between the electrical motor frame to ground is a portion of the

nverter’s common-mode voltage. The“common-mode current will seek the path of le

st

pedance. If a high amount of impgdance is present in the intended paths, like the ground
nnection of the electrical motor ffame, the electrical motor frame voltage will cause some
e common-mode current to becdiverted into an unintended path, such as through the building.
practical installations, a numyber of parallel paths exist. Most have a minor effect on the val

common-mode current \dr’bearing currents, but may be significant in coping with EM

quirements.

bwever, if the valug ‘of this impedance is high enough, voltage drops of over 100 V may occ

thiat is solidly-grounded and near the same potential as the converter frame, then it is possi
thiat partef/the converter common-mode current flows via the electrical motor bearings, t

tween the elettrical motor frame and the converter frame.
mjotor shaft issgennected through a metallic coupling to a gear box or other driven machini’[’

shaft and the driven machinery back to the converter.

If, in such a case, the electrid

f

e
C

LT
al
y
le
e

gear box or load electrical machine bearings. These bearings may be damaged before the
electrical machine bearings.

8.

2.5

Electrostatic Discharge Machining (EDM) currents

This type of bearing current is named according to the manufacturing process on the basis of
spark erosion, the so-called Electrostatic Discharge Machining. The basis for that is the
application of the common mode voltage from the parasitic motor capacities on the lubrication
gap of the rolling bearing. The capacities between winding and rotor and between rotor and
stator constitute a voltage divider, which generates a potential difference between rotor and
stator of the motor, and thus driving a bearing current ig. The voltage ratio can be described by

the Bearing Voltage Ratio (BVR) in the following formula:



https://iecnorm.com/api/?name=109ef634595b82b9e1d117387ee6281f

—-50- |IEC TS 60034-25:2022 CMV © IEC 2022

g _ Cwr
Ucm = BIVR = CWR+CRS+2.CB

In case the voltage across the bearing exceeds the breakdown voltage of the lubrication film in
the bearing, the resulting arc discharge will melt or vaporize material out of the bearing raceway.
In Figure 22, the waveforms of the common mode voltage, the bearing voltage at the DE bearing
as well as the resulting bearing current are exemplified. The bearing current can follow the
stepped characteristic of the common mode voltage only partially, and a corresponding bearing

CL
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rg
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b

the formation of ripples in the bearings.

and 500 kW induction motor in converter operation
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rrent is measurable in the case of a voltage breakdown. The amplitude of the EDM bearing
rrents is depending on the amplitude of the common mode voltage of the convert
asitic motor capacitances and especially on the load- and operating-point-de
rication conditions in the roller bearing of the driving motor. The energy content
scharge which is caused by these EDM currents is compared to the circular
tor-to-ground currents which may be significantly smaller, but it can progressi
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telmperatures, thes stances are reacting: the soap frame and the basic oil are burning pr

Cq
bl

rg

influence on the lifetime of the bearing. I-Q ever, the formation of ripples (“washboardin

damage as )a ilt of current passage. It could decisively influence the lifetime of the lubricatgd

4
X

haracteristic damages in roller bearings due to current passage are describedui?‘qgg;ékollowing.

ne arc flash, which is developing in the lubrication gap and the subsequent c t flow haye
among others — the following consequences: 03

The energy, which is unleashed by the arc flash, results in material é)tfout or vaporizatign
in the load zone of the roller bearing. Depending on the run fifhe; these changes can
propagate over the complete circumference. @

The lubricant changes its composition, and the lubricity will,{gprease.

he meltings mentioned in a) predominantly result in the\&dvation of a crater-like formati
th material properties that are deteriorated compared original condition. The hardengd
terial is much more brittle, the underlying layer is a aled and thus softer than the badic
terial. These meltings (size approximately 1 uym QS um) consolidate to a porous, spongly-
e structure and lead to the typical “matt-fro@ appearance of current-loaded racewdy
rfaces. In Figure 23b the conditions are depicted macroscopically and microscopically in fofm
a scanning electron microscope (SEM) q\g&ure. Generally, the frosted raceway has no

rns out to be much more problematic, w@c is characterized by a multitude of heterochromalfic,
ay lines, crosswise to the raceway (Figure 23c). These lines are formed by a virtually periodic
ountain-and-valley structure of thgZraceway surface. This “washboard“ dynamically excitgs
e rolling elements to vibrate, which results in an extremely increased wear of the beari
mponents. This can result ini@gue fractures and following bearing failure.

OF
5 denoted under b), thg}o\bricant changes its consistency and loses lubricity. The basic oil
th the correspondent additives is bonded in the so-called soap frame. Due to the high

.

king, and the a @ives often decompose quickly. After all, the lubricant will be discoloured fin
ack and har d (Figure 23a). This disintegration of the lubricant is a typical effect pf

ller beati
S
&

without regreasing device.
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Fluted motor
bearing race

Change 1o the Bearing race with
lubricating grease matt surface

IEC IEC &% iz o
a C) c
) b) \Q/ )

Figure 23 — Photographs of dé@ged motor bearings

Ttble 5 shows different shapes of roller beagib\damages in various grades. This is based ¢n
mfacroscopic images of the outer raceway, thevalls and the lubricants of different roller bearings,
which have been operated approximatel§%’000 h in motors of different shaft heights. Starting
frpm the initially slight ripple formation ade 1), the transition to fatigue failures (Grade 5)|is
shhown in five steps. It should be noti that Grade 0 corresponds to the gray frosted raceways
thlat have no influence on bearingJﬁetime. Grade 1 (light corrugation) shows a sequence of|a
mpultitude of small melting crat@. Here, the frosting is an optical impression which can
aftributed to a change in lig cattering, induced by the summation of the melt craters. In the

formation are visible. In this phase, the lubricant already shows the typical black discoloration
which become perceptible with increasing degree of damage. From Grade 3 (mediu
cagrrugation) to Gr, 4 an increasing crosswise ripple formation (fluting) becomes visibl
Likewise, the bl coloration of the grease clearly indicates the influence of an electri
be¢aring load. Fjnally, Grade 5 (heavy corrugation) corresponds to a bearing that exhibits fatigdie
fafilures in& ceways and at the balls in addition to the corrugation. This is adequate to|a

condition can occur in the course of the far advanced damage process of ripple formatiopn.

&S
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Table 5 — Different grades of roller bearing damages

Corrugation Grade Outer ring Detail / Grease Size /
level Ball Type

s@Q

Grey

frosted 0 rb218 C3
SH355
ron 1 6220 C3

* b :: . 1 .y
(-\@ IEC IEC IEC
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Corrugation Grade Outer ring Detail / Grease Size /
level Ball Type
Hight / medium- | 2 i&®

Medium

IEC

SH 450
6226 C3
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Corrugation Grade Outer ring Detail / Grease Size /
level Ball Type

Nedium / 4 SH885
Heavy- 6220 C3
IEC IEC IEC
SH 355
Heavy 5
6226 C3

IEC IEC
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8.4 Preventing high-frequency bearing current damage

8.4.1 Basic approaches

There are-three four basic approaches used to prevent high-frequency bearing currents, whi¢h
can be used individually or in combination:

e | a proper cabling and earthing system;
¢ | modifying the bearing current loops;
e | damping the high frequency common-mode current;

e | damping the high frequency common-mode voltage.

All these tend to decrease the voltage across the bearing lubricant'to values that do not causge
high-frequency bearing current pulses at all or dampen the value“of the pulses to a level that
has no effect on bearing life. For different types of high-frequency bearing currents, different
measures need to be taken.

The basis of all high-frequency current solutions is the proper earthing system. Standafd
equipment earthing practices are mainly designed\to provide a sufficiently low impedan¢e
cannection to protect people and equipment agaifist'system frequency faults. A variable speg¢d
difive can be effectively grounded for high common-mode current frequencies, if the installation
follows the principles of Clause 9.

84.2 Other preventive measures

¢ | Use insulated bearing(s).

NOTE 1 Several kinds of bearing-insulation with different thickness and placed at different locations (for
example, between shaft and inder bearing race, between outer bearing race and end-bracket, between end-
bracket and frame) are in pragtical use. Anti-friction bearings with a ceramic coating at the outer surface (do-
called coated bearings) aré customary. Bearings with ceramic rolling elements are also available.

¢ | Besides the improvement of the impedance conditions, the use of additional common mode
inductivities (chQkes) can reduce the excitation, i.e. the common mode current. The
attachment of fr@nocrystalline iron cores at the output of the inverter is also a preventiye
measure. Far.that, the iron cores shall be installed in all three phases (without ground).

NOTE 2~hhe optimum number of iron cores depends on the selected type of cable, the cable length and the
motor ‘pewer. The effectiveness of the iron cores is limited to high frequencies, i.e. low-frequency componer]ts
in they, common mode current will result in a magnetic saturation of the iron cores. These low-frequengy
gomponents can arise, e.g. from unsymmetrical motor cables or single conductor arrangements. Magne}ic
satliration can result in an almost complete neutralization of the effectiveness in the high-frequency range. W|th
TESpPect 10 the previousty described EDM TUTTENtS, the {Ton COTes are not effective at aft:

e Use a filter that reduces common-mode voltages and/or du/d¢ .

e Use non-conductive couplings for loads or other devices which may be damaged by bearing
currents.

e Use brush contact(s) between shaft and electrical-machine motor frame.
o Use lower voltage electrical-machine motor and converter if possible.

e Run the converter at the lowest switching frequency that satisfies audible noise and
temperature requirements.

o Avoid-the—use—of doubletransitions simultaneous switching of two inverter phases in
opposite polarity. (parallel switching).
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Table 6 compares the effectiveness of some of these measures.

Table 6 — Effectiveness of bearing current counter measures

Current type

Circulating Shaft earthing Capacitive
currents currents discharge Additional
Counter measure {8-1-2-8-2-2) {8-2-3) Rotor eurrents
comments
ground currents (8.2.4)
(8.2.3)
(8.2.4) EDM currents
(8.2.5)
ceorais avoid-need-foran
bearing bearing
or ceramic One-insulated May-require
reline—clemente bea RG-S adequate additional-brus Eess-praet ca—o
for this current type contact large frame sizes
3) NDE and DE Effective Effective Effective Most effective
insulated; {especially for
orceramic targer-electricat
+
; lated possible-damage-tg
conolino andd driven-load
brush necessary
1) NDE bearing Effective Not effectives Not effective: NDE insulated to
insulation avoid need for an
Only pkdtects one Does not prevent insulated coupling
bearing against the voltage
drop across the
bearing lubricating
film
2) NDE bearing Effective Not effective: Not effective: The use of similar
with ceramic bearing types on
rolling elements Only.protects one Only_protects one DE and NDE is
bearing bearing recommended
3) NDE and DE Effective: Effective Not effective: Require additional
bearing ) brush contact to
insulation One _msglated Doe_s not prevent prevent rotor
bearn_’\g is adequate against the voltage grounding by the
for this current type drop across the load
bearing lubricating
film
4) NDE andDE Effective: Effective Effective Require additional
bearing-with ) brush contact to
ceramic rolling | One insulated prevent rotor
elements bearing is adequate grounding by the
for this current type load
5) NDE and DE Effective Effective Effective Servicing
bearing necessary
insulation Does not protect
+ bearings in driven
shaft earthing load
brush DE
6) NDE and DE Effective Effective Effective To prevent
bearing circulating bearing
insulation Does not protect currents in the loop
+ bearings in driven of motor and load
shaft earthing load the use of an
brush NDE insulated coupling

is mandatory

Servicing
necessary
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Current type

Circulating Shaft earthing Capacitive
currents currents discharge Additional
Counter measure {8-1-2-8-2-2) {8-2-3) Rotor currents

comments

ground currents (8.2.4)

(8.2.3)
(8.2.4) EDM currents

(8.2.5)

7) NDE and DE Effective Effective Effective Most effective
bearing (especially for
insulation larger electrical
hil Mmotors).
insulated
coupling Help_s to prevent
+ possible damage td
shaft earthing driven logd:
brush DE or Serviding
NDE negessary

8) NDE and DE Effective Effective Not effective: VO prevent floating
bearing yotor potential the
insulation Does not prevent use of a shaft
4 against the voltdge earthing is
insulated drop across k8, mandatory
coupling ?”eni‘”ng lubficating | (see measure 7)

9) NDE and DE Effective Effective Effective To prevent floating
bearing with rotor potential the
ceramic rolling use of a shaft
elements earthing is
+ mandatory
insulated (see measure 7)
coupling

10) One brush Not effective: Effective; Effective: Critical especially
contact for larger electrical

Only protects one Does nmot-protect Care needed to motors
No bearing bearing. Increase of | bearihgs in driven ensure low brush
insulation circulating bearing load contact impedance Servicing
currents in the non- necessary
insulated bearing

11) Two brush Effective: Effective: Effective: Servicing
contacts, DE necessary
and NDE Care needed to Does not protect Care needed to

ensure low'brush bearings in driven ensure low brush Increased brush
No bearing contact\impedance load contact impedance wear due to
insulation increased

IncreaSe of
circulating bearing
slrrents.

circulating currents

12) Low resistance Poor Poor Effective: No long term
lubrication experiences.
and/or cabbon- Depends on o
filled bearing condition of Lubrication
seals materials effectiveness

reduced
13){Rotor in Not effective Not effective Very effective Problems from
Faraday cage converter
generated

circulating currents
that normally only
occur in larger
electrical-machines
motors
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Current type

Circulating Shaft earthing Capacitive
currents currents discharge Additional
Counter measure {8-1-2-8-2-2) {8-2-3) Rotor currents

comments

ground currents (8.2.4)

(8.2.3)
(8.2.4) EDM currents

(8.2.5)

14) Common mode Effective Effective Not effective The effectiveness
inductivities L of the iron cores is
(chokes) Limited ., limited to high

olloc |\/nrn.3cc Lo |requenueb_
to Saturation

effects caused by

high common-mode

current peaks

and/or low-

frequency

components

15) Common-mode Effective: Effective Effective Greatest reduction
voltage filter of common-mode

Reduced HF

voltage also
decreases LF
currents

voltage if filter is
fitted at converter
output

1

6) Insulated
coupling

Not effective

Very effective

Not effective

Also prevents
possible damage tg
driven load

1

7) Frame to driven
load connection

Not effective

Effective

Not effective

Also prevents
possible damage tg
driven load

1

8) Use of
symmetrical,
shielded motor
cable

Not effective

Very effectige

Not effective

Also prevents
possible damage td
driven load

I

h

E: Drive End.

IDE: Non Drive End.

4.3

Large physical size or-high output power of the electrical-maehine motor tends to increa
the induced shaft voltage.

The physical shape of the electrical-maehine motor also has an effect on the induced sha
voltage: shortand thick shape is generally better than long and thin electrical-machine mot

design.

Other factors and features influencing the bearing currents

High pole numbers tend to reduce the induced shaft voltage.

Highstator slot number tends to increase the shaft voltage.

High break down torque means low stray reactance and higher shaft voltage.

be

pr

Short electrical-machine motor cable increases the induced shaft voltage.

Low running speed and high bearing temperature as well as high bearing load increase the
bearing current risk due to thinner lubricant film.

Roller bearings are more vulnerable than sleeve bearings but have higher endurance than
ball bearings due to higher clearances and capacitances.

An active front end of the converter may increase the bearing voltages considerably
depending on the earthing configuration.

Slip-ring electrical-machines motors supplied by voltage source converters in the rotor circuit
require special attention because the bearing voltage ratio (BVR) is much higher (BVR = 1)
than in stator-fed electrical-machines motors.


https://iecnorm.com/api/?name=109ef634595b82b9e1d117387ee6281f

-62- |EC TS 60034-25:2022 CMV © IEC 2022

8.5 Additional considerations for electrical-machines motors fed by high voltage
source converters

8.5.1 General

All the bearing current statements made before with respect to low-voltage electrical-machines
motors supplied by voltage source converters are valid in general for high-voltage electrical
machines motors and converters, but there are also some differences, as shown in the following
examples.

° Liah vaoltaan alactricoal mmoachinac moatoare haovia ool hich ~dag
g vV otog e CTro ot oo oo oo rrototo rayv ooouatty g ootpa

kW upwards) and they are rather big in frame size; therefore, they usually have-ane
insulated bearing as standard.

1 L h d d f

BOMMLOL Lo nadradc
CPOWCT T o o aTrcts

o | Thicker slot insulation reduces the winding-core capacitance, reducing also the) electrical
machine motor common-mode current and the circulating type bearing current.risk.

¢ | On the other hand, the voltage steps of the common-mode voltage are much larger in high-
voltage converters, in spite of the higher number of steps, increasing the circulating current
risk.

o | Due to high voltage at the d.c. bus the common-mode voltageramplitude is high and,
therefore, the capacitive discharge bearing current risk is considerable (BVR of high-voltage
electrical-machines motors is in the same range as in low-yoltage electrical-machings
motors).

8/5.2 Bearing protection of cage induction, brushless,synchronous and permanent
magnet electrical-machines motors

The high-voltage in the converter intermediate circuit and the physical size of the electrigal
mpehine motor emphasize to protect the bearings.” Use insulated bearing structure for bofh
be¢arings or one insulated (NDE) bearing and aneffective shaft earthing brush at the DE bearing
onl an effective common-mode filter at the converter output (see Table 6).

8)5.3 Bearing protection for slip-ring electrical-machines motors and for
synchronous electrical-maghines motors with brush excitation

A$ the electrical-machine motordalready has slip rings and brushes, an additional effective shaft
earthing brushes in both ends\will protect the bearings. Alternatively, another applicable meth¢d
from Table 6 may be selected.

If{the voltage source converter is connected into the rotor circuit, high common-mode voltage
and BVR are to_be)‘expected. Therefore, special attention should be paid to the bearing
protection in these)circumstances.

8/6 Bearing current protection for electrical-machines motors fed by high-voltage
current source converters

P
of

Earthing brushes are recommended only for slip-ring electrical-machines motors supplied by
current source converters in the rotor circuit shaft.

9 Installation

9.1 Earthing, bonding and cabling
9.1.1 General

The recommendations in 9.1 give general guidance only on the suitability of conductors for use
as PE connections and electrical machine cables, and on reliability and EMC installation issues.


https://iecnorm.com/api/?name=109ef634595b82b9e1d117387ee6281f

IEC TS 60034-25:2022 CMV © IEC 2022 -63 -

For specific installations, local regulations concerning earthing should be followed and agreed
with the system integrator, and the converter supplier’s instructions concerning EMC should be
observed. See |IEC 61800-3 and IEC 61800-5-1 for more information on EMC and safety
considerations for PDS. See also IEC 61000-5-1 and IEC 61000-5-2 for comprehensive
guidance on general EMC installation techniques.

9.1.2 Earthing

9.1.21 Objectives of earthing

The objecltives of earthing are safely and reliable, interference-free, operation. Iraditionfal
earthing is based on electrical safety. It helps to ensure personal safety and limits equipthent
damage due to electrical faults. For interference-free operation of the PDS more profound
meethods are needed to ensure that the earthing is effective at high frequenciesqThis may
require the use of equipotential ground planes at building floor, equipment enclosufe and circuit
bgard levels.

Inf addition, correct earthing strongly attenuates electrical machine shaft.and frame voltagels,
reducing high frequency bearing currents and preventing premature bearing failure and possibfle
damage to auxiliary equipment (see Clause 8). The earthing configuration can also have an
effect on the phase-to-ground insulation voltage stress levels (see 7.4).

91.2.2 Earthing cables

For safety, earthing cables are dimensioned on a case-by=case basis in accordance with lodal
regulations. The appropriate selection of cable characteristics and cabling rules also helps fo
decrease the levels of electrical stresses applied to-the different components of the PDS, and
therefore increases its reliability. In additiony/)the cable types should follow the EMC
rgquirements.

91.3 Bonding of electrical machines

Bopnding should be implemented in amanner that will not only satisfy safety requirements but
w(ll also enhance the EMC performance of the installation. For bonding straps, suitable
conductors include metal strips, metal mesh straps or round cables. For these high frequengy
systems, metal strips or preferably copper braided straps are better. Experience has shown that
a [typical dimensional length/width ratio for these straps should be less than five.

With electrical machines:from 100 kW upwards, the external earthing conditions of the driven
miachinery may reguire a bonding connection between the electrical machine frame and the
diven machinery: Fypical applications are pumps (grounded by water) and gearboxes with
central lubrication (grounded by oil pipes). The purpose of this connection is to equalize the
potentials andimprove the earthing. It should have low inductance, so a metal strip or preferaljly
capper braided strap should be used, and it should follow the shortest possible route. In sone
cases, additional bonding of the electrical machine components, for example between the
elrctrical machine frame and the terminal box, may be required (see Figure 24).

Where a common lubrication system is used for electrical machine and driven load, care shall
be taken to prevent coupling across insulated bearing housings, e.g. by using insulating sleeves
and washers for the fasteners, and foundation bolts as well as use of insulating type pipe
sections made of ceramic or high density oil resistant PVC.
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Tb

IEC

Tb

IEC

Key

Tb Terminal box PE_Connection to electrical machine frame S Bonding strap

Eigure 24 — Bonding strap from electrical machine terminal
box to electrical machine frame

9.1.4 Electrical machine power cables for high switching frequency converters

9.1.4.1 Recommended configurations

For power levels greater than 30 kW, cables where the single core power and ground
conductors are symmetrically disposed may be beneficial to reduce HF bearing currents and
EMC effects.

Shielded multicore cables are preferred for lower powers and easy installation. Up to 30 kW
electrical machine power and 10 mm2 cable size, unsymmetrical cables may also be
satisfactory but require more care in installation. A foil shield is common in this power range.

To operate as a protective conductor, the shield conductance should be at least 50 % of the
phase conductor conductance. At high frequency, the shield conductance should be at least
10 % of the phase conductor conductance. These requirements are easily met with a copper or
aluminium shield/armour. Because of its lower conductivity, a steel shield requires a larger
cross-section, and the shield helix should be of low-gradient. Galvanizing will increase the high-
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frequency conductance. If the shield impedance is high, the voltage drop along it caused by
high-frequency return currents may raise the electrical machine frame potential with respect to
the (grounded) rotor sufficiently to cause undesirable bearing currents to flow (see Clause 8).
The EMC-effectiveness of the shield may be assessed by evaluation of its surface transfer
impedance, which should be low even at high frequencies.

Cable shields should be grounded at both ends. 360° bonding of the shield will utilize the full
high-frequency capability of the shield, corresponding to EMC good practice (see 9.1.4.3).

S ma-eaxamblesaof suitahlg chigldad cablas arg-
22 >XSHHRPHES HEe+a-86—-6aBb+85—a+6-

¢ | three-core cable with a concentric copper or aluminium protective shield (see Figuei20tA
Figure 30 A). In this case, the phase wires are at an equal distance from each other and
from the shield, which is also used as the protective conductor;

o | three-core cable with three symmetrical conductors for protective earthing and-a concentijic
shield/armour (see-Figure20-B Figure 30 B). The shield of this cable type,is for EMC and
physical protection only;

NOTE For low-power systems, a single conductor for protective earthing might be\satisfactory.

e | three-core cable with a steel or galvanized iron, low pitch, stranded armour/shield (sg¢e
Figure20-C Figure 30 C). If the shield has an insufficient-cross-section for use as|a
protective conductor, a separate earthing conductor is needed.

A @ C
PEs
Scu
Cv Cv
PE uvw PE Uvw
L] L
Txfr Txfr
PE { PE —
—P —
L uV L uVw
) PE ) PE
M 3~ M 3~
PEs
IEC
Key
$cu’, Concentric copper AFe Steel armour Txfr Transformer Cv Converter PEs Separate
(or aluminium) screen ground wire

Figure 25 — Examples of shielded electrical machine cables and connections

In all cases, the length of those parts of the cable which are to be connected at the frequency
converter junction and at the electrical machine terminal box, and therefore have the shield
removed, should be as short as possible.

Typically, shielded cable lengths up to about 100 m can be used without additional measures.
For longer cables, special measures, such as output filters, may be required. When a filter is
used, the above recommendations apply to the cable from the converter output to the filter. If
the filter is EMC-effective, the cable from the filter to the electrical machine does not need to
be shielded or symmetrical, but the electrical machine may require additional earthing.
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Single-core unshielded cables may be suitable for electrical machine cables for higher powers,
if they are installed close together on a metallic cable bridge which is bonded to the earthing
system at least at both ends of the cable run. Note that the magnetic fields from these cables
may induce currents in nearby metalwork, leading to heating and increased losses.

9.1.4.2 Parallel symmetrical cabling

When cabling a high-power converter and electrical machine, the high current requirements
may make it necessary to use several conductor elements in parallel. In this case, the
appropriate cabling for easy (symmetrical) installation should be done according to Figure 26.

A7

7

T

WN =2 W= W=

Figure 26 — Parallel symmetrical cabling of high-power converter and electrical machine

9]1.4.3 Cable terminations

When installing the electrical machine cable, it should be ensured that the shield is high
frequency (HF) connected to both the converter.@nd the electrical machine enclosure. T:lias

rdquires that the electrical machine terminal box'i§ made of an electrically conductive material
like aluminium, iron, etc. that is high frequeney electrically connected to the enclosure. The
shield connections should be made with 360" terminations, giving low impedance over a wige
frequency range from DC to 70 MHz. This~effectively reduces shaft and frame voltages and
improves EMC performance.

Examples of good practice for the converter and electrical machine ends with lower power afe
shown in Figure 27 and Figure 28 respectively.
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L L L | |
LI | 11
o I |
1 C 1 1
1 (I |
‘a_E L - |
F IEC
Key
$C Supply cable MC Electrical machine cable UL Unscreened length (as short as possible)
$ Cable shield P  “Pigtail” (as short as possible) U Unpainted-gland plate
¢ EMC cable gland C Cables (outside enclosure) F Contifiuous Faraday cage
Figure 27 — Converter connections with' 360° HF cable glands
showing the Faraday cage
Key
T Terminal box S Cable shield P Pigtail (as short as M Electrical maching
(conductive) possible) frame
Gs Conductive gaskets G EMC cable gland F Continuous Faraday
cage

Figure 28 — Electrical machine end termination with 360° connection

The shield connections at the electrical machine terminal box should be made with either an
EMC cable gland as shown in Figure 29a or with a shield clamp as shown in Figure 29b. Similar
connections are required at the converter enclosure.


https://iecnorm.com/api/?name=109ef634595b82b9e1d117387ee6281f

— 68 —

= Tb

ﬁ\
il .

Mt

w (QF

Et

IEC TS 60034-25:2022 CMV © IEC 2022

K¢

reg
C(
by
sh
C(

y

1.4.4

nverter.

b Machine terminal box

c Screen clamp

Sl €]
«—— C

IEC

a) Gland connection

Figure 29 — Cable shield connection

Cabling and earthing of auxiliary devices

Mt Machine terminals

G EMC cable gland

Et Earthing_terminal
G1 Non-EMC:cable gland

IEC

b) Clampreconnection

S Cable screen

C Cable

Lxiliary devices, such as tachometers,”should be electrically insulated from the electrig
miachine in order to prevent the formation of current paths through them, leading to fal
adings or possible damage. An-electrically insulating coupling is a possible solution for
upling-type encoder. The insulation may be implemented for a hollow-shaft type tachomet
insulating the ball joints orlthe bar of the engaging arm. The shield of the tachometer cab
ould be insulated from thetachometer frame. The other end of the shield is grounded at the

bllow-shaft tachometers with electrical insulation between the hollow-shaft and the tachomet
hme will allow connection of the cable shield to the tachometer frame.

ne use of-double shielded cable is preferred for a pulse encoder. To minimize HF interferen
oblems.the shield should be grounded at the encoder end via a capacitor. Single shield¢d
ble(may be used with an analogue tachometer.

al
)
a
1

le

()
4

e

To prevent unwanted coupling, the cable routing of auxiliary devices should be separated from
that of the power cabling.

9.

1.4.5

Cabling of integrated sensors

In general, the recommendations for analogue tachometers given in 9.1.4.4 apply to integrated
sensors (for example, thermocouples). However, as the wiring to integrated sensors is usually
routed in close proximity to the power wiring within the electrical machine, its insulation needs
to be adequate for the higher voltages encountered. In these cases, the use of shielded cable
may not always be possible.
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9.
9.

In

2 Reactors and filters
2.1 General

some installations, for example to reduce voltage stress or to improve EMC performance, the

use of reactors or output filters may be beneficial. However, the electrical machine performance

m

9.
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up to many hundred metres on larger drives.

2.3 Voltage limiting filter (du/d¢ filter)

2.4 Sinusoidal filter

ay be affected due to the voltage drop across these components.

2.2 Output reactors

©Se dare specialty designed reactors wi AT aCCOo ogate 5 PWiVrwavefo anad . a
ed to reduce the du/ds and peak voltage. However, care is needed as reactors:~cg
eoretically extend the duration of overshoot if incorrectly selected — particular care is-neede
th ferrite core inductors. In the case shown in Figure 30a, the addition of the reactor ha
creased the rise-time to around 5 pys and reduced the peak voltage to 792 V. Normally, t

R

olitput reactor is mounted within the converter cabinet. Output reactors can also be used fo

mpensate for cable charging currents and may be used for electrical machine’cable lengths

this case, a design consisting of capacitors, inductors and diades or resistors may be usé¢d
limit the du/d¢, drastically reducing the peak voltage and ‘increasing the rise-time. In the
ample shown in Figure 30b, the peak voltage is reduced\to 684 V with a du/dz of 40 V/ys.
bme increased losses of 0,5 % to 1,0 % should be asée@mmodated, and there may be|a
duction in breakaway and breakdown torque.

th

phase-to-phase output voltage (differential) for approximately 1,5 periods of the corner point
frequency is shown in Figure 30c. Generally, there are the following two types of sinusoidal

fil
a

b

T
V(
w

9,
A

special design of low pass filters allows the-high frequency currents to be shunted away and
e resulting voltage waveform on the output to the electrical machine becomes sinusoidal. The

ers.

Design with both phase-to-greund and phase-to-phase filtering.
Design with only phase-to-phase filtering.

nese filters are expensive and have also other limitations. They prevent the electrical machife
Itage from exceeding 90 % of the supply voltage (thereby de-rating the converter). They also
Il not be suitable for applications that require high dynamic performance.

2.5 Electrical machine termination unit

h electrical machine termination unit can be connected at the electrical machine terminals. [ts

purpoSe‘is to match the electrical machine impedance to that of the cable, thereby preventing

1 ’

0 % losses.
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Figure 30a — Output reactor (3 % voltage drop)
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Figure 30c — Sinusoidal filter
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Figure 30b — Output da/dzfilter
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Figure 30d — Electrical machine termination unit

Figure 30 — Characteristics of preventative measures

are subjected.

3 Power factor correction

bwer factor-correction at the input of the converter should never be undertaken witho
harmoniclanalysis.

ol

Power factor correction at the input of a voltage source converter can be achieved by the use
of a converter with an active front end.

See IEC TS 62578.
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9.4 Integral electrical machines (integrated electrical machine and drive modules)

When a converter is mounted inside the electrical machine enclosure, i.e. in the electrical
machine terminal box or in a separate compartment forming an integral part of the total electrical
machine enclosure construction, where both converter and electrical machine utilize a common
cooling system, the whole unit is called an integral electrical machine.

It has some clear benefits for the user:

e easy installation and commissioning (usually no special cables or additional bonding or
earthing);

¢ | common integral enclosure helps to fulfil the EMC-requirements (a Faraday cage).«ltalso
reduces the risk of shaft grounding current;

¢ | no long cables or leads between the converter and the electrical machine keep [the voltage
reflections and peak voltage low and predictable but dvdu/dz is not reduced;

¢ | compact solution i.e. savings in total required space and installation;

¢ | a single supplier for electrical machine and converter, i.e. clear respansibility for the PDS.
But it has some disadvantages too:

o | depending on the application, the environment may be“very hostile for the converter
electronics (high degree of enclosure protection required(and shock and heat/cold resistant
circuit boards and components);

¢ | the technical life of the main components may differ(Significantly (electrical machines some
15 to 20 years but converters only 5 to 10 years):

10 Additional considerations for permanent magnet (PM) synchronous electrical
machines fed by voltage source converters

10.1 System characteristics

The benefits of a PDS consisting\0f a voltage source converter and a permanent magngt
synchronous electrical machine:instead of an induction electrical machine are:

o | lower VA rating of the converter, as a synchronous electrical machine can be rated for unity
power factor;

¢ | losses in the eleetrical machine might be lower. For system efficiency review the losses |in
the converter shall be taken into account;

¢ | reduced machine size, compared with an induction electrical machine of the same rating;

e | in a properly designed electrical machine, the rotor losses are minimal and therefore will

have'no/effect on the thermal behavior of the rotor;

¢ | simpler cooling arrangements of the electrical machine, due to minimal rotor losses.

Onthe other hand, operation In the field-weakening range requires special measures, as the
field of the PM needs to be reduced by the stator current, which might require a reduction of
the available output power.

10.2 Losses and their effects

The statements of Clause 5 remain valid.

As PM synchronous electrical machines do not usually have a damper winding, the harmonic
currents can, depending on the rotor design, cause eddy currents in the permanent magnets or
in the solid parts of the rotor (or both). The heating of the magnets due to increased stator
losses and the eddy currents in the magnets can cause permanent demagnetization.
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10.3 Noise, vibration and torsional oscillation

The statements of Clause 6 remain valid.

10.4 Electrical machine insulation electrical stresses

The statements of Clause 7 remain valid.

When the electrical machine is operating in regenerating mode, care should be taken that the
back EMF does not exceed the capabilities of the installation. This should be a part of the
installation risk analysis under particular fault circumstances, for example control loss duti
ep field weakening, or short circuit of the wiring, etc.

10.5 Bearing currents

The statements of Clause 8 remain valid.

NOTE There may also be an additional bearing in the feedback device.

10.6 Particular aspects of permanent magnets

Permanent magnet demagnetization during electrical machin€ operation usually occu'L's
bg¢cause of abnormally large demagnetizing current peaks, due for instance to fault conditiops
ol motor control loss. Heating of permanent magnets,‘can increase this risk, making
demagnetization happen at lower current values.

11 Additional considerations for cage induction electrical machines fed by hig
voltage source converters

=]

11.1 General

In[ general, the statements made withsrespect to low-voltage electrical machines supplied by
voltage source converters are valid . fer medium-voltage or high voltage electrical machines and
canverters as well. Nevertheless,.some differences exist.
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11.2 System characteristics
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Figure-31 - Schematic of typical three-level converter
= A A Z
=) ~
4 0003 800
2 000 |- Uss 400
0 0
-2 000 7 /| —400
-4 000 -800
0 5 10 15 20 25 30
t [ms]

IEC

Figure 32 — Output voltage and current from typical three-level converter
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Medium voltage converters might be three-level or multi-level converters, which means that
they have more than one semiconductor power device in each branch of the inverter bridge
connected in series (Figure 31). For a three-level converter, for example, the line-to-line voltage
can be impressed in 5 different values (-Uy, =2 Uy, 0, /2 Uy, Uy) instead of only 3 values (-Uy,
0, Uy) possible for two-level converters. On the one hand, this allows a better waveform of the
output voltage, reducing harmonic currents (by approximately 50 % for each increase in level
Figure 32). On the other hand, the pulse frequency of medium voltage converters is lower than
that of low-voltage converters, reducing the frequency of the voltage harmonics and tending to
increase the harmonic currents.

11.3 Losses and their effects
11.3.1 Additional losses in the stator and rotor winding

Each type of converter impresses a certain extent of harmonic current or of harmonic voltage
causing harmonic currents into the electrical machine. The additional high frequency IossIs
generated in the stator winding due to these harmonic currents depend significantly on the
height of the strands of the stator winding and its arrangement in the cress-sectional area pof
thie slots, since the effective a.c. resistance of the winding increases-strongly with frequengy
amnd with the strand height. Where the level of harmonic currents is |ow;-a special design of the
strands or strand transposition is usually not necessary for electricalimachines fed from voltage
squrce converters.

A$ mentioned in 11.2, three-level or multi-level convertersdmpress a better (more sinusoidal)
whaveform of the output voltage, reducing harmonic curfents. High voltage converters usually
the a lower pulse frequency, which reduces the additional iron losses but tends to increage
the harmonic currents. Due to the numerous factors: influencing the additional losses in the
el

ectrical machine, a general statement is not possible.

As$ discussed in 5.2, the rotor winding will _.also generate additional losses due to harmonigs
which are further increased by the skin effect.

11.3.2 Measurement of additionalllosses

For drives with power ratingsxin’ the megawatt range, a test of the complete PDS in the
mianufacturer’s test field is often not economic, since it consumes a significant amount of tinpe
aer cost. Nevertheless, theadditional losses have to be considered for the overall efficiency pf

e PDS and for the thermal design of the electrical machine.

For a properly desighed PDS, it is usually sufficient to rely on the calculated values. THis
cdlculation shall‘consider the main influencing factors- [ i
rdtor windings.

By agreement between manufacturer and customer, tests may be performed according to the
IHC 60034-2 series.

11.4 Noise, vibration and torsional oscillation

As explained in 11.3.2, it is usually not economic for PDS with power ratings in the megawatt
range to perform measurements in a test site with the electrical machine supplied from a
converter. If required, noise and vibration measurements of the complete PDS should be
performed during the commissioning at site but may be considerably influenced by the
performance of the driven equipment.

For electrical machines with power ratings in the megawatt range and maximum operating
speeds exceeding approximately 2 500 r/min, it is, in many cases, not possible or not beneficial
to achieve a rotor dynamic design with the first lateral critical speed above the maximum
operation speed. Consequently, it is — especially in case of a speed control range with a width
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of more than 50 % of the rated speed — not possible to keep the speed control range free of
lateral critical speeds.

Since the operation at, or close to, a lateral critical speed can cause inadmissible shaft
vibrations, it is recommended to skip these resonant frequencies. In cases where it is required
to fix the skip bands in the design phase, their width might be some 100 r/min due to the limited
accuracy for the prediction of the lateral critical speeds and the damping of the complete
shafting. The skip band width can be kept significantly smaller, when determined during
commissioning with the knowledge of the real critical speeds; this procedure might be preferable.

11.5 Electrical machine insulation electrical stresses

11.5.1 General

change (du/d¢t) on the winding (Figure 33). For low-voltage systems, the applied voltage will
generally be within the range of 400 V to 690 V, and so the du/dt can be sufficiently specifig¢d
by the rise-time. For high-voltage systems, there is a greater range of applied voltage, and $o
it is necessary to consider the actual du/ds.

Alcritical parameter that determines the first-turn electrical stress is the maximum rate of volta\l/le

NOTE Typical values of du/dt are 3 kV/us to 4 kV/us.

—
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Figure 33 — Typical first turn voltage AU (as a percentage
ofi\the line-to-ground voltage) as a function of du/d¢

11.5.2 Electrical machine terminal overvoltage

Inf addition™to the factors mentioned in 7.1 to 7.3, the overvoltage appearing at the terminals pf
a|converter-fed electrical machine also depends on the number of converter stages. Voltage
impulsellevels shall be determined by the system integrator according to IEC TS 61800-8. TTg

resuli‘shall be communicated to the electrical machine manufacturer so the insulation syste
can be designed accordingly.

11.5.3 Stator winding voltage stresses in converter applications
11.5.3.1 General

Converter-fed electrical machine form-wound stator windings, for sinusoidal voltage ratings of
2,3 kV and above, exposed to short rise-time surges with significant magnitudes and high
frequencies, can be subjected to additional voltage stresses at the locations 1, 2 and 3
illustrated in Figure 34.
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Location of phase-to-phase insulation

Location of phase-to-ground insulation

Location of turn-to-turn insulation

Phase insulation/end-winding insulation

Ground insulation

Strand insulation

Slot voltage stress control layer

End-winding voltage stress control layer (stress grading)

Figure 34 — Medium-voltage and high-voltage form-wound coil
insulating and voltage stress control materials

ne effects of these additional stator winding.voltage stresses on the stator winding insulatic
stem are discussed in 11.5.3.2 to 11.5.3.5; It is important that the electrical machine design
aware of the characteristics of convertér-output voltage waveforms, as seen at the electrig

mjachine terminals, to ensure that these are taken into account during stator winding design.

.5.3.2 Voltage stresses between adjacent conductors in line end coils

there are air voids next to or'between the turn insulation, failure from partial discharges (P
n occur if inadequate turn*insulation is used. Such failures result from continuous exposu

n
er

al

D)
e

high-voltage surges having rise-times-in-the-order-of 50-ns-to below 2 us. Short rise-ti

ntinuous-high frequency surges and air voids around the winding conductors.

:5¢3.3 Voltage stresses between conductors and ground

e

Itage surges will have a non-uniform voltage distribution across the winding line end coils o
ignificantly elevate turn-to-turn voltages stresses. Most electrical machine manufacturers afe
vare of this and.use suitable strand or turn insulation and good vacuum pressure impregnation
Pl), or hot pressed resin rich coil insulation processes, in stator windings rated 2,3 kV and
above. Thiscapproach is effective in minimizing the risk of turn failures from PD caused by

Voltage stresses between conductors and ground are influenced by the PDS earthing
configuration. Care should be taken to avoid excessive dielectric heating of insulating materials,
caused by high-frequency capacitive currents, which can raise the stator winding temperature
and increase the rate of thermal ageing.

In addition, the properties of semi-conductive voltage stress control coatings can be degraded
by this additional heating. Once the voltage stress relief coating degrades the process is
accelerated by the ozone generated by PD activity.
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11.5.3.4 Voltages between adjacent line end coils in different phases

Phase-to-phase PD can occur if the voltage stress between such coil components is greater
than about 3 kVpeak/mm. This is more likely in converter-fed electrical machines due to the
higher transient repetitive voltages that appear on each phase. Appropriate end-winding
spacing is required for converter-fed electrical machines, or the voltage potential between coil
surfaces in different phases should be reduced.

11.5.3.5 Across the semi-conductive/grading material voltage stress control layers

H[gh-voltage electrical machines with form-wound coils may have a grading layer of material,
normally having a non-linear resistivity, that overlaps the stress-control layer at each end; |in
onlder to attenuate high-voltage stresses at the interface between the stress-control layer and
thie end-windings (see Figure 34). Operating experience has shown that conventiopal voltage
stress control materials can degrade fairly rapidly as a result of high frequency” voltages
significantly increasing dielectric heating in both the conductive and gradingcmaterials. The
effect is exacerbated because the higher frequencies also cause the silicon<arbide materigls
tol be less effective in linearizing the voltage along the surface of the coils which tends fo
cancentrate the heating to a shorter area near the core ends. Manufacturérs and researchefrs
afe now looking at capacitive grading systems to overcome this prfoblem which should be
identified by IEC 60034-18-42 stator winding insulation system qualifieation tests.

11.6 Bearing currents

The statements of Clause 8 remain valid.

12 Additional considerations for synchronous electrical machines fed by
voltage source converters

-—

2.1 System characteristics

ne benefits of a PDS consisting of a.voltage source converter and a synchronous electridal
fachine instead of an induction electrical machine are as follows.

3 -

Lower VA rating of the converter, as a synchronous electrical machine can be rated for unity
power factor.

e | Losses in the electricalymachine might be lower. For system efficiency review the losses fin
the converter shall be taken into account.

o | Higher pull-outctorque in the field-weakening range of the converter.

All statements ‘of-11.2 remain valid.

12.2 Losses and their effects

Thesstatements of 11.3 remain valid.

In addition it shall be mentioned that the losses in the damper cage of synchronous electrical
machines are not identical in all bars.

12.3 Noise, vibration and torsional oscillation

The statements of 11.4 remain valid.

12.4 Electrical machine insulation electrical stresses

The statements of 11.5 remain valid.
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12.5 Bearing currents

The statements of 11.6 remain valid.

13 Additional considerations for cage induction electrical machines fed by
block-type current source converters

13.1 System characteristics (see Figure 35 and Figure 36)
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Figure-36 — Current and voltage waveforms of block-type current source converter

The €onverter is characterized by:

e a controlled, line-commutated rectifier connected to the power supply;
e alarge reactor in the intermediate circuit to smooth the DC current and;

e a controlled, self-commutated inverter connected to the electrical machine.

The electrical machine currents are block-type (120° blocks), containing harmonics of order n
= -5; +7; —11; +13; etc . The plus/minus sign indicates whether the magnetic field, which is
excited by the harmonic currents, rotates in the same sense as the field of the fundamental
current or reverse. The amplitudes of the harmonics are proportional to 1/n. The phase-voltage
of the electrical machine contains transients at all commutation intervals of the current.
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The stator winding is part of the commutation circuit. Therefore, the electrical machine should
be designed for low leakage inductance; the converter manufacturer shall be familiar with its
approximate value for proper design of the commutation capacitors.

13.2 Losses and their effects

Even though the phase voltage is nearly sinusoidal, the sudden jump of the currents during
commutation is associated by fast changes of the slot leakage flux, causing additional iron
losses (so-called commutation losses) especially in the stator teeth.

Anpother important part of extra losses caused by harmonics are the winding losses in the.cage
due to the high frequencies approximately (n — 1)f; of the harmonic currents. Therefere the

extra losses of an electrical machine supplied by a current source converter at full lead, are
typically higher than the extra losses of the same electrical machine supplied by a RWM invertpr.
The columns in Figure 37 show, as an example, the calculated loss compositioh 'of a specilic
electrical machine (frame size 315 M; design N) when supplied both from different convertefs
w(th different harmonic content and from a sinusoidal supply. The example illustrates the
relative importance of the different types of losses for the converter system’s most widely us¢d
today. The comparison cannot be transferred to other converter-fed cage induction electrigal
mlachines and other types of converters (with different modulation schemes and pulse
frequencies). To facilitate comparison in Figure 37, the fundamental voltages and currenits
ddiring converter operation are assumed to be the same as undér-rated conditions.

Ac¢cording to Figure 37, the harmonic losses are higher forsupply by current source converters
than by voltage source converters. The difference diminishes at partial load, because tle
heeronic losses are constant for voltage source cgnverter supply, but the harmonic losse¢s
increase with load for current source converter supply.
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Figure 37 — Influence of converter supply on the losses
of a cage induction electrical machine (frame size 315 M, design N)
with rated values of torque and speed
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The statement given in 11.3.1 on the influence of the strand height of the stator winding on the
additional losses in the stator winding due to current harmonics is of special importance for
electrical machines fed from current source converters. For strands of electrical machines with
power ratings in the megawatt range designed for sinusoidal voltage supply, a height of some
millimetres is not unusual. In order to reduce the additional losses, it is recommended to design
electrical machines fed from current source converters with smaller strands and to limit the
number of parallel connected strands placed above each other in the slot to three. Alternatively,
a transposition of the strands either within one coil (bar) or between adjacent coils might be
required.

Stbclause 11.3.2 is valid for these electrical machines as well.

13.3 Noise, vibration and torsional oscillation

Additional magnetic tones are produced by the interaction of the fundamental waves (numb
ofl pole pairs p) of the harmonics and of corner point frequency. The waves  of {tensile stres
which are responsible for the noise emission of magnetic tones, are of the modes » = 0 or » = 2
and of the frequencies f, = (n £ 1)f; (n = 1, 2, 3, etc.) respectively. Since_harmonics of ord
n P 13 are of small amplitude, they can normally be neglected. Therefore, the frequencies
the additional tones are less than 1 kHz, far away from the resonangce frequencies of the statpr
which are much higher. The increase of noise at converter supply jn cemparison to the operatign
ofl the same electrical machine at sinusoidal supply (at the same-values of Uy, f; and load)|is

relatively small (in the range 1 dB to 5 dB).

[} D
—;'O.m -

O
=

The most important negative effect of current source converters on the performance of cage
induction electrical machines is the generation of pulsating torques of relatively high amplitud¢s.
Inl a six pulse circuit, the oscillating torques with 6 and 12 times the operational frequency (f)
ane of practical importance; their amplitudes are.in*the order of 15 % (frequency 6 x f;) and 5 (%
(frequency 12 x f;) of the rated torque. In addition, oscillating torques are excited by harmoni¢s
which are based on the ripples of the DCctitrent in the intermediate circuit; these torques afe
ofl the frequency 6(f; —fp) and 12(f, —_fp), where Jo is the power frequency of the mains. TIe
current ripple in the intermediate circuit (i, — imin)/ipc is typically of the order of 10 %, and
results in pulsating torques having'amplitudes of a few per cent of the rating torque.

—

agsembly is highly recommended. If one of the torsional critical speeds coincides with the
frequency of a pulsating torque within the speed setting range, continuous operation at tHis
speed is not permitted*and may be dangerous. This is especially the case when couplings pf
small damping coefficient (metal-elastic couplings) are used. In such cases skipping of a small
frequency band is-advisable.

Because of these pulsating storques, a careful torsional analysis of the complete rotati’-;l:g

13.4 Electrical machine insulation electrical stresses

A$ already stated in 13.1, the phase- voItage of the electrical machine contains transients at all
cq :

si ' ] ’ f
so extreme that an enhanced msulatron system wouId be necessary

13.5 Bearing currents

It is proven by tests and practical experience that current source converter supply has little
impact on the shaft voltage. No special measures for bearing protection are necessary.
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13.6 Additional considerations for six-phase cage induction electrical machines

The term six-phase winding is often paraphrased by the text “two identical three-phase windings
shifted against each other by the circumferential angle 30°/p”. The two windings are supplied
by two identical current source converters as described in 13.1, but having a phase difference
of the fundamental output currents of 30°.

This arrangement has the advantage, that the air-gap fields, which are excited by the harmonic
currents of order n = =5 and n = 7 by both windings, eliminate each other. As a consequence,
no rotor losses are produced by these harmonics and also no pulsating torques of 6 times the
caorner point frequency exist. The frequencies of the pulsating torques follow the expression
12kf1 (k= 1; 2; etc.).

The formula of the frequencies of the pulsating torques, based on the DC current ripple; remains
umchanged (see 13.3).

All statements of 13.1 to 13.5 regarding other effects of current source converters remain valid.

14 Additional considerations for synchronous electrical machines fed by LCI

14.1 System characteristics

Synchronous electrical machines with static or brushless eéxcitation can also be supplied by
current source converters (LCI). For the electrical machine, this type of supply is the same as
a|block-type current source converter. A damper winding is required to reduce the pulsatiIg
torques caused by the harmonic fields. If a solid-poje construction is used, the induced eddy
currents have the same effect as a damper winding.

The rectifier connected to the power supplysis'line-commutated.
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Figure 38 — Schematic and voltage and current waveforms for a synchronous
electrical machine supplied from a current source converter

ne inverter connected to the electricaldnachine is load commutated. The synchronouis

el
n
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el
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ctrical machine is operated overexcited in order to supply the reactive power which [is
cessary for the commutation of thesinverter. In this case, the reactive power is not supplig¢d
the converter, whereas in the case-of an induction electrical machine both the active and the
active power shall be supplied-by the converter. Therefore, the converter of a synchronols
ectrical machine can be designed to be smaller and less expensive. In addition, the
mmutation is as simple as(that of the line-side inverter.

nother distinctive feature is that the synchronous electrical machine can produce reactiye
pwer only when it-isiturning, not at standstill. Therefore, starting would be impossible without
iditional measures’such as DC link pulsing, whereby the reactive power, which is necessafy
r the operation .0f the commutation, can be supplied at very low speed, including standstill.

he six-phase arrangements shown in Figure 38 can be regarded as two six-pulse current

urce- eonverters, each feeding one of the electrical machine’s two three-phase windingjs.
ternatlvely, a real 12- pulse arrangement can be designed by usmg a three windi g

arrangement eliminates in the transformer the frequencies =51, +7f, —17f1, +19f1}, etc.

(reducing additional losses in the stator winding). In addition, this arrangement allows the
possibility to synchronize the electrical machine direct with the mains, in case speed adjustment

is

not required for some operation modes.


https://iecnorm.com/api/?name=109ef634595b82b9e1d117387ee6281f

-84 - |EC TS 60034-25:2022 CMV © IEC 2022

Electrical machines with eight or more poles are commonly salient pole electrical machines with
laminated poles or pole shoes. A damper cage is incorporated in the pole shoes. For electrical
machines with four or six poles, a laminated cylindrical rotor, or a rotor with laminated or solid
salient poles is common. Two-pole electrical machines always have a cylindrical rotor, with
either a laminated or a solid active part of the rotor. Cylindrical rotors always have a damper
cage; in solid salient pole rotors damper currents will flow in the solid surface of the pole shoes.
The copper damper cage of cylindrical rotors has the benefit of lower additional losses in the
cage and somewhat lower pulsating torques compared to electrical machines with solid salient
poles. Nevertheless, a general statement on the overall efficiency of both designs is not
possible, since salient pole electrical machines naturally have lower windage losses than
electrical machines with cylindrical rotor.

14.2 Losses and their effects

The statements of 13.2 and 13.6 remain valid.

The additional losses due to current harmonics require a proper design of the’damper winding,
egpecially in case of a three-phase electrical machine supplied by a /6-pulse convertgr.
Otherwise, these additional losses can have a negative influence on the.temperature of the field
wlnding.

A$ already stated in 14.1, a real 12-pulse converter arrangement will lead to a reduction of the
adlditional losses in the stator winding.

14.3 Noise, vibration and torsional oscillation

The statements of 13.3 and 13.6 remain valid.

14.4 Electrical machine insulation electrical stresses

The statements of 13.4 remain valid.
14.5 Bearing currents

The statements of 13.5 remain ¥alid.

15 Additional considerations for cage induction electrical machines fed by
pulsed current'source converters (PWM CSl)

15.1 System characteristics (see Figure 39)

N N AN

—~—
A7 7 57 57 —
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Figure 39 — Schematic of pulsed current source converter
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Figure 40 — Voltages and currents of pulsed current source converter

Alsignificant reduction of the harmonic voltages and currents caused by a current sourge
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.2 Losses and theireffects

e to the relatively.low content of voltage and current harmonics, the additional iron loss¢s
e smaller than _far)electrical machines supplied by voltage source converters. There are fo
gnificant commutation losses to be expected. The additional losses in the stator winding afe

bnsposition s usually not required.

DTE ( Although the harmonic voltages of PWM CSI converters are lower than those of voltage source convertefs
pir'frequencies are also lower. It is therefore not possible to make a general statement concerning the relatiye

L=

nverter can be achieved by a PWM of the inverter output current combined with filter
pacitors at the converter output..\Kigure 40 shows that both electrical machine current a:l:d
ctrical machine voltage are _close to a sinusoidal form. Nevertheless, the remaining
rmonics need to be consideréed:

mparable to-electrical machines supplied by voltage source converters, so that a strand

plitudes of the harmaonic currents

The statements of 11.3.2 remain valid.

15.3 Noise, vibration and torsional oscillation

The statements of 11.4 remain valid.

15.4 Electrical machine insulation electrical stresses

The statements of 13.4 remain valid.
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15.5 Bearing currents

The statements of 13.5 remain valid.

16 Wound rotor induction (asynchronous) electrical machines supplied by
voltage source converters in the rotor circuit

16.1 System characteristics

for power factor correction (see IEC TS 62578 for more details). The stator winding is-conhected
directly to the mains. These electrical machines are also referred to as doubly_fed“electrigal
mpachines.

The speed of the drive is fixed by the formula n = (f; £ f5)/p , where f; is mains frequency and
fo| is converter output frequency. By this means, operation as electrical-machine motor pr
generator is possible at speeds below and above the synchronous speed f4/p.

The main advantage of this system is that the converter does not need to be rated for the full
rdted power of the induction electrical machine, but for a fraction only, which depends on the
miaximum slip and the reactive power requirement in\'ease of power factor correctiopn.
Flrthermore, it is possible to use a low voltage two leyvel converter for the rotor circuit, evegn
though the stator winding is for high voltage.

16.2 Losses and their effects

A$ the stator winding is connected directly,to the mains, the harmonic content of the statpr
current is very low and additional losses are negligible. For the rotor winding, the genernal
statements of Clause 5 apply. Special consideration needs to be given to the current
displacement in the rotor winding: Forwound rotor induction electrical machines with ratings(in
the MW range, the rotor winding is tsually made form solid copper bars. As the rotor frequengy
ofl doubly fed electrical machines can exceed 10 Hz, the losses in the rotor winding can be
significantly increased by current displacement, which increases the effective ohmic resistange
off the rotor winding. This~effect needs to be considered as well for the losses due to currgnt
harmonics in the rotor winding caused by the converter.

16.3 Noise, vibration and torsional oscillation

The statements.of 11.4 remain valid.

16.4 Electrical machine insulation electrical stresses

As-the stator winding is connected directly to the mains, its insulation stress does not differ

fromm mormatfixed=-speed—etectrical mactines. For the rotor winding, the statements of 1.5

remain valid.

16.5 Bearing currents

Due to the direct capacitive coupling, the bearing voltage ratio BVR is much higher in the case
of electrical machines connected to a converter in the rotor circuit than in the case of a converter
connected to the stator. Therefore, the bearings are endangered. An earth brush and insulation
of both bearings, to provide an impedance of at least 100 Q at 1 MHz, are recommended. To
protect the driven equipment and its auxiliaries, the coupling should be electrically isolating.
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17 Other electrical machine/converter systems

17.1 Drives supplied by cyclo-converters
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=
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Figure 41 — Schematic of cyclo-converter
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Rectifier operation
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Inverter operation

Figure 42 — Voltage and current waveforms of a cyclo-converter

A cyclo-converter has no intermediate d.c. circuit. It consists of three partial converters for each
of the three electrical machine phases. These partial converters are controlled independently
with the aim to generate a sinusoidal output current by directly connecting the electrical machine
phase for a certain period of time with one of the mains. The output frequency has to be lower
than 50 % of the frequency of the mains for the cyclo-converter of Figure 41. For synchronous

electrical machines, a unity power factor is possible. See also Figure 42.
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Even though the current is controlled to be nearly sinusoidal, cyclo-converter operation implies
voltage impressing for the electrical machine. Consequently, it is not beneficial to supply an
electrical machine with two circumferentially shifted winding systems with phase shifted
voltages from two converter systems. In cases where two converter systems are used, their
output voltages should be in phase and the electrical machine winding systems should not be
circumferentially shifted. Alternatively, the converter systems can be connected in series to
form a 12-pulse converter. Since the converters are usually equipped by thyristors, an enhanced
insulation system is usually not required.

The frequencies of the voltage and current harmonics follow the rule:

f=(1+6gq)fy + gZprmains

wnere

z is the number of pulses of the converter (6 or 12);

P
g1 g = 0; £1; £2; etc.,

oscillations is fairly low but increases with increasing converter ottput frequency. Even thou
thle harmonic components for g, = 0 are often not mentioned™in literature, they are prese

rgsulting from the small time periods without current between_positive and negative half-wave.

rgsulting in oscillating torque frequencies ' = 6g4/y + gozp/mains- The.Magnitude of the torqr

—

7.2 Wound rotor induction (asynchronous) electrical machines supplied by current
source converters in the rotor circuit

These arrangements are known as sub-synchronous (or super-synchronous) converter cascade
(§SCC). The stator of the wound rotor inductien electrical machine is directly connected to the
miins. The slip-rings are connected to a current source converter, thus being able to feed the
power sP; (s = slip, Py = power consumption from the mains minus stator losses) that appeafs

electrically in the rotor circuit, back to-the mains.

The advantage of this arrangement compared to converter-fed cage induction electrigal
miachines is that the rated power of the converter required for a SSCC is only the fraction s,L

offthat required in the latter'case, assuming that the speed control range is limited from (1 — 5,54 )10

Since the rotor currents are block-type like the stator currents of cage induction electrigal
miachines supplied by current source converters, the statements of 13.1 apply.

The rotori current contains harmonics of the order n = +1, -5, +7, —-11, +13, etc., causing
adlditional” losses in the rotor winding. In the cases where the rotor winding of wound rotpr
induction electrical machines usually is of the bar type, these additional losses will significan{ly
rigendue to current displacement. Since the converters are usually equipped by thyristors. &n
enhanced insulation system is commonly not required.

The harmonic currents result in oscillating torques with frequencies of 6sf; and multiples,
requiring a careful design with respect to torsional resonances of the rotating string.

An earth brush is recommended to prevent negative impacts on bearing currents.
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18 Special consideration for standard fixed-speed induction electrical machines
in the scope of IEC 60034-12 when fed from voltage source converter and
motor requirements to be considered a converter capable motor |5

18.1 General

A converter capable motor as defined in 3.17 is a motor designed for across-the-line start and
is suitable for operation on a converter without special filtering. See Figure 43. [6

Nﬁ'l'l: 4 Such oaotore ool d IEC Dociaga NN NN L1 LI P N = V4 e NEMA D HP-T- N S eOaakbich _oaon, he
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Figure 43 — Diagram comparing converter capable motor to converter duty motor



Clause 18 is revised to clarify the performance expectations of a converter capable motor.

Many across-the-line start motors are placed in inventory that are capable of running on a converter, but it was not clear how they are expected to perform and their limitations.
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Standard fixed-speed induction electrical machines in the scope of IEC 60034-12 when fed from
voltage source converter, Motors rated 1 MW and smaller are commonly stocked in inventory
and are defined as suitable for operation on a converter. The IVIC class of C/B has been defined
in accordance with IEC 60034-18-41 with a drive that produces an impulse to the motor of IVIC
class C/B or insulation system qualified in accordance with IEC 60034-18-42 with a drive that
produces an impulse to the motor of IVIC class 5/4 to ensure standard motor insulation can
operate. It is good to have this understanding, but that is not the only performance character
that is critical for a converter capable motor. Other performance characteristics shall also be
defined. This Clause 18 defines the considerations and requirements/expectations when using
a machine not specifically designed for converter capability and expectations of a converter
cdpable motor. |

NQPTE 2 Some systems use an insulation system with spike-resistant wire qualified in accordance wijth
IEIC 60034-18-42.

18.2 Torque derating during converter operation

18.2.1 General

frequency, the available torque is usually less than the rated torqué\on a sinusoidal volta
sypply due to increased temperature rise (harmonic losses). An{additional reason for t
reduction may be the voltage drop of the converter. Maintaining<«of_the rated torque may reduge
insulation service-life.

=

hen the electrical machine is supplied from a converter at the electrical machine ratid

The full-line curve in Figure 44 refers to a converter_producing approximately the same
fundamental electrical machine flux as at sinusoidal supply where flux is directly related fo
vgltage. The electrical machine manufacturer canydetermine the temperature rise for thfis
operating point if the harmonic spectrum of the/converter is known. The temperature rige
depends on the individual electrical machinexdesign and the type of cooling (e.g. IC 01 pr
Id 61441411). When determining the deratihg factor, the thermal reserve of the particulpr
electrical machine is important. Taking all-these influences into account, the derating factor pat
rgted frequency typically ranges from 0,8+\to 1,0.

Ut/Un
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Figure 44 — Fundamental voltage U, as a function of operating frequency f,

Frequently, in practice, the converter rating does not imply that the fundamental flux at rated
frequency is the same as on sinusoidal voltage. The consequence is an additional torque
deviation, the values of which depend on the individual parameters.


The impulse capability has in some cases been previously defined, but this guide improves the definition and defines the overall expectations. Other features of a converter capable motor were not as well defined.
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Within the speed setting range below the synchronous speed at electrical machine rated
frequency, applying a constant ratio U,/f; leads to a constant pull-out torque only if the stator

winding resistance is negligible in comparison with the electrical machine reactance. To
compensate for the effect of the electrical machine stator resistance, some converter controls
are designed to have a characteristic in accordance with the dashed line in Figure 44. At low
speeds, higher torques are generated than in the absence of such a compensation.

Above the 1,0 p.u. operation point of voltage and frequency in Figure 44, the converter output
voltage is generally constant as the frequency increases (field-weakening range). In the event
ofthi : o . . . e
w|th a rapid reduction in torque capability similar to the characteristic shown in Figure\45

i/ = 1.0.

Figure 45 shows an example of a derating curve for a typical electrical machine..Such a curye
can be declared by the electrical machine manufacturer, if the harmonic spectrum and the
voltage-frequency characteristics of the converter are known. With respeci~to the different
cgoling (IC 01 or IC 411) and ventilation methods (self-circulation cooling or independent
cgoling) it is not possible to produce a curve which applies to all cases. The*derating is norma
reduced as the switching frequency increases. Figure 45 is with self-cirgtlation.
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Figure 45 — Torque derating factor for cage induction electrical machines of design N
IC 01414414.(self-circulating cooling) as a function of operating frequency f; (example

18.2,2 ,'Self-cooled motors |8

Forecellcogled Lo g 1CA11 maolare opevalion in an oxionded coood rance imiplles modifled dir
flow and cooling effectiveness. A typical behavior of continuous torque vs. speed curve for self-
cooled motors is shown in the Cg curves in Figure 1. Derating required to meet design operating

temperature is shown in Annex D, Figure D.2.

When a motor is declared as converter capable, the manufacturer should state in documentation
the amount of torque derating to be expected for operation at speeds lower than rated, as well
as the maximum operating speed.

Depending on the specific motor application, operating a self-cooled motor at low speed has
different effects.



Sticky Note
This clause is added to define the expectation of a self-cooled motor running on a converter. Derating requirements now included were not previously defined.
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Constant torque applications — When reducing the operating speed while maintaining a
constant output torque, because of reduced cooling an increase in the motor operating
temperature is to be expected. The decrease in iron losses due to reduced frequency is
normally not enough to compensate for the reduced cooling. Typically, only a limited speed
range is suitable for continuous torque operation. A general rule cannot be given. Users
should carefully evaluate motor applicability case-by-case, using manufacturer information
about torque derating at low speed.

Variable torque applications (linear torque or quadratic torque) — In these kinds of
applications, even if air flow is reduced at low speed, motor losses are also significantly

reduced because of the lower reguired cutout.-Tyunical gnerating sneed range-inthis case is
-1 L J Lud J Ll ~J

18.2.3 Non self-cooled motors [9

M
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larger and can extend to very low speed values. ®

r speeds
nditions, qir
speed limit |is
uction.

NOTE It assumes that the control scheme behaves ideally.

Constant power applications — Constant power applications will normally
greater than rated and operate in field-weakening range. In such operatin

flow is increased with respect to the rated operating point and the ugﬁg"
typically related to mechanical limitations e.g., bearings, fan and rotob‘ str
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otors with different cooling arrangements (e.g. IC416, indepe %‘;@n cooling, or IC410, natunal
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th%eir speed range can be expected to extend to very Io

18.3 Losses and their effects\o

(0}

oling) have no or negligible reduction of cooling effectlvene e to reduced operating spe}
d

nce they do not suffer from the above described I|m|t They are typically declared
ve constant continuous torque versus speed curve curve Cx shown in Figure 1) a
alues

DTE 1 Since iron losses are reduced at lower supply fre Qy the output capability of such motors can actua
rease at low speed. Normally this is not declared, in o preserve design margins; however, the effect can
markable and is typically exploited in high dynamj |ab|e speed applications where a compact design
hndatory, e.g., servomotor applications.

DTE 2 In case of double cooling circuit (e.g. IO@ 1C616, IC666), circulation in each circuit can be arranged
her self-circulation or independent circulati The effect of reduced speed depends on the specific arrangemd
d manufacturer provided data should alw«i@ e used to determine the available speed range.
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bas
miaywBe allowed to run thermal class 155 (F) rise on the converter. 10

br a motor to bi}gﬁned as being converter capable, the temperature shall stay within the |in
ermal class _Ofithe motors as defined by the manufacturer with the harmonics delivered to the
otor from%ﬁ\ltage source inverter (VSI). The expected increase in losses and temperatufe
be of t @ tor could range up to 15 % to 25 % percent dependent on converter topology a:l:d
rrie uency as compared to a pure sinusoidal input. See Annex D for guidance on deratinfg
harmonic content. Many times, a class 130 (B) rise motor on a sinusoidal power supgly

18.4 Noise, vibrations and torsional oscillation

The statements of Clause 6 remain valid.

18.5 Electrical machine insulation electrical stresses

18.5.1

General

The mechanisms of how the converter operatlon stresses the electrlcal machine insulation are
glven |n Clause 7. A A


This clause is added to define the expectation of non self-cooled motor running on a converter. Derating requirements now included were not previously defined.

This document defines here the expected temperature rise of a motor running on a converter.
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The combination of fast switching inverters with cables will cause peak voltages due to
transmission line effects. For electrical machines rated at voltages less than or equal to 500 V
AC the insulation system should typically give satisfactory life when subjected to peak voltages
shown-in-Figure-40,—curve-A. Care shall be taken to avoid variable speed applications that
involve rapid speed changes as these can cause regenerative voltages at the converter output
up to twice the rated electrical machine-veltage volts.
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For electrical machines rated over 500 V AC, supplied from a fast switching inverter, @n
emhanced insulation.system and/or filters at the converter output (designed to increase the risp-
time and/or to limit'the peak voltages) may be required.

The actual impulse voltage to be expected at the electrical machine terminal can be determingd
ag described.in IEC TS 61800-8 where U | is equivalent to Vpp.

Tlhedetermined repetitive impulse voltage shall be less than that shown in-Figure-40,—curvetA
Table’d. The actual impulse voltage can be influenced by the topology of the PDS (power supgly
system input and output converter section, filtering section, cabling section and grounding
conditions). The impulse withstand capability of older insulations systems may not be able to

withstand these levels-higherthan-shown-inecurve B. It is recommended to contact the electrical

machine manufacturer to confirm what levels are acceptable.

In some PDS impulse voltage line to ground ULG may exceed impulse voltage line to line,
therefore ULG shall also be less than-the-limiting-curves given in-Figure-40 Table 4.
18.5.2 Converter capable motor

As stated in IEC 60034-1, for electrical motors with a rated voltage below 1000V, the
manufacturer can assign an impulse voltage insulation class (IVIC) according to
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IEC 60034-18-41 for the insulation system. Unless otherwise stated by the manufacturer, the

in
(0]

sulation system shall be suitable for IVIC C for phase-to-phase and IVIC B for phase-to-ground,
r in accordance with [IEC 60034-18-42 (IVIC) 5/4. 41

18.6 Bearing currents in converter capable motors

The mechanism for bearing currents is discussed in Clause 8.

The converter capable motors are those electrical motors that are optimally developed for dlrect

Cq

di

F
e

uch as insulated bearings) as an additional option which shall be applied for e ling
nverter operation. For electrical motors within the scope of this specification the inSL(Ig on pf
anm antifriction bearing can be achieved by replacement with an insulated bearing e sane

mensions. 12 (]/Q
br—standard these electrical-maechines motors, if a proper grounding % m is installe
perience shows that:

[oX

T2 07 2

When properly installed, ele\r ic motors, within the scope of this document and with shaft
heights up to 100 mm, there“is minimal occurrence of bearing failures caused by convertpr
operation due to low pac@sitic capacitances. Even for shaft heights up to 225 mm, bearing
failure is seldom expeﬁg ced, up to 280 mm sporadically. Nevertheless, the dielectric stregs
on the bearings variés widely with the type of control algorithm, pulse pattern and especially
with the switc@ﬁequency of the converter. To minimize bearing failures, measurgs
should be taI@ ccording to Table 6.

To minir?q§\bearing failures, electric motors with shaft heights of 280 mm and above may

have pr ion for at least one insulated bearing, with impedance of at least 100 Q pgr

beari 1 MHz, or other provisions per Table 6. For motors with shaft height 315 mm and

ab@ , shall have at least one insulated bearing, with impedance of at least 100 Q pgr
i

ng at 1 MHz, and consider other provisions per Table 6.
@ g p p

NOTE 1 A common practice to enable converter operation is the installation of an insulated bearing in the non-
drive end (NDE). The practice of insulating both electrical motor bearings (to include drive end (DE)) depends
on the installation site (e.g., plant where the whole drive system is installed). The installation should be examined
by an expert, including input power supply, the driven electric motor (insulation of the coupling), the converter,
and the grounding system (possibly use of an earthing/bonding brush).

For electrical-machinres motors within the scope of this document and with shaft heights
above-3145 280 mm, for which the insulation of the electrical-machire motor bearing is not
possible or not desirable, it is recommended either:

— to reduce the du/d¢ of the converter output voltage,

— or to use a converter with a filter designed to reduce the zero-sequence component of
the phase voltages (common-mode voltage).

And (additionally),


This clause defines the insulation requirements for a converter capable motor to ensure the compatibility of the motor and the converter. These requirements were also placed in the latest version of IEC 60034-1.

This clause defines the shaft current expectations for a converter capable motor. This is needed to increase reliability and is supported by the revisions in Clause 8.
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— to use common mode inductivities (chokes) which can reduce the excitation, i.e. the
common mode current. The attachment of nanocrystalline iron cores at the output of the
inverter is also a preventive measure. For that, the iron cores have to be installed in all
three phases (without ground).

NOTE 2 The proper grounding system can be achieved with the following measures:
e use of low impedance HF grounding of the motor and low impedance HF connection of the load;

e use of symmetrically shielded motor connecting cables;

e use of equipotential bonding between motor and load;

. ensuring all connection 1o pe aone tnrougn the 1argest possIbdle Surface.
11.7 Speed range mechanical limits 13

18.7.1 General

A$ a rule, converter fed motors operate over a wide speed range (which may jnclude operatifg
speeds above and/or below base speed) rather than at a single fixed speed,'during its servi¢e
life. For the motor to be able to operate successfully throughout the required“speed range bofh
the electromagnetic and the thermomechanical limitations of the maotor design have to be
observed.

18.7.2 Maximum-safe-operating speed

The restrictions for high-speed operation of a congerter fed motor concerns both
electromagnetic and mechanical issues. The electromagnretic limitations correspond to the
mptor torque capability (18.3). The mechanical limitatiohs concern the motor safe operatiop,
which depends on the rotational capacity of the bearitigs and on the rotation speed factor of the
quricant grease and the rotor structure. The safe ‘@peration of the self-ventilated motor al$o
pends on the structure of the fan.

Htan—electri machine—is—intended-to-be-operated peeds—abovei ed-speed; The

miaximum safe operating speed is obtained from the rating plate of the electrical-machine motqr.
The limits of 9.6 of IEC 60034-1:20402022 apply if nothing else has been stated. Depending ¢n
thie electrical-machine motor design,“the operation at higher speeds may be permitted, but this
possibility should be verified by, the manufacturer.

When operating at speeds above rated speed, noise and vibration levels will increase. It may
also be required to refinethe balance for acceptable operation above rated speed.

Operation at speeds)close to the maximum safe operating speed for extended periods of time
mjay cause considerable shortening of the service life of the bearings. Moreover, the shaft se%s
arEd/or the regreasing intervals (or the grease service life in the case of greased-for-life bearings)

y be affected.

—

8.7.3_ )Minimum speed

—totors bt wHrantirettornrpea oS; ratrrestrettontortow -
lies on the thermal performance of the motor (particularly in case of self-ventilated motors), due
to the loss of efficiency of their cooling systems in this condition.

For motors using hydrodynamics bearings as discussed in 4.3.5, the minimum safe operating
speed should keep a thick-film lubrication on bearing. Below this limit, a hydrostatic system will
be necessary. Due to the number of interacting factors relevant for this effect, normally a case-
by-case analysis is required, and the manufacturer should verify the practical limits.

Torque derating factors (18.2) shall be carefully applied especially in the case of constant
torque (CT) loads. For operation at very low speeds, voltage boost may be also necessary to
compensate for the voltage drop within motor windings. In case of open loop control, low speed
operation may be limited by restrictions related to the converter.



This clause is added to define the speed limit expectations of a converter capable motor. This is needed to increase reliability.
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On flexible shaft motors, one or more critical speeds may exist within the required operating
speed range. Operation close to these speeds can raise the vibration levels above safe limits
and should be therefore avoided.

18.8 Overload torque capability

At times motors are required to run overload for short durations to meet either overload
conditions or starting high torque loads.

Gene xhich i 3 ated b ated k
some application may require ov
operation in a short time not to exceed 60 s. In case, followings should be tak@m
consideration; C)

oaa

e | Motor should have enough maximum torque which excess over-load torque r@h’ement, 50
that it can keep operation without stoppage or loss of synchronism. .

e | Both motor and converter should have enough temperature capacity t, low increase pf
current in a short time. In general, thermal capacity of motor is bigge%han that of convertqr,
so that over-load capability of converter is mainly to be considere@

<2

11.9 Excess overload current limits (b
.9.1 General C)

Infmany cases, converter defines a limitation of overload (xu&nt and time, such as 150 % — 60| s.
The limitation is to be considered for motor start, stof) and overload operation. The high
oYerload current can be a duration shorter than t %ime required to start or stop the motd
Therefore, if rapid speed change is required, ov d current limit of converter and the inerfjia
off motor/load are to be considered. \\
QO

18.9.2 Converter capable motor 14 %]
. S\

= D
. -

=

Short duration over-load is not typi a limitation of a motor it can often be a converte
limitation. A converter capable mo&&%‘can handle 150 % load for 60 s without damage to the
mpotor. Motor shall be allowed @ough time to cool to normal operating temperature befofe
rgpeating the overload. Smalm\ﬂnotors may overheat and be damaged if overload is frequen{ly
rgpeated. ‘\()

O

18.10 Volts/Hz ratic@id voltage boost
For converter cae@e motor see 4.3.

1$.11 Res@e

For co er capable motor there should be no undamped resonances within the defined speg¢d
rgn at would adversely affect the vibration and mechanical performance of the motor.
N

The manufacturer may provide a speed range that avoids speeds of known resonances when
operating on a massive foundation. As resonances are a system concern other speeds may
have to be avoided if the foundation introduces additional resonances.



This clause is added to define the current overload expectations of a converter capable motor.
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18.12 Hazardous area operation

18.12.1 General

Application of converter capable motors in hazardous locations requires that all equipment meet
applicable local codes. Additional considerations when operating on a converter rather than
sine wave power include:

a) Motor may experience increased temperature rise effects due to the harmonics produced
by the converter supply. These are a result of increased iron, copper, and hysteresis loss.

Tha overall ricag ic danandant an thg harmanic cantgnt of thg caonvartgr anitnut \wavgfarme
—+ -eaH+— S—-a8p-eRaehit—ohR—+He-raHRoR — A-SB8—O-ttpPH— WV e+eHRS,

d

A
b
a

sq
tel
sh
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18.12.2 Converter capable motor 15 Q<<

Tlhe motor rating should be selecte@& avoid overload conditions. The following paramete

déscribe the requirements for an application of a converter capable machine and its converter

voltage and current — and the specific machine design. Q
Motor may experience increased temperature rise effects due to reduced spee@s
primarily due to the reduction in airflow, developed pressure, or both. This is culavl

important for constant and/or linear torque loads. When auxiliary fans are use y shou
be designed for the area classification where they will be installed. (1/

Shaft voltages occur on all motors regardless of power source. Elevate aft voltages w

occur on converter-fed machines due to the presence of common-mc&e voltage (CMV) gt

the machine terminals. The manner and degree to which the shaft veltages and the resultiy
bearing currents are expressed at the machine bearings ( ical bearing load)
dependent on the specific drive topology, power cabling between drive and machin
grounding, etc. See details in Clause 8. The maximum C ssociated with the speci

drive topology for a given application should be obtainedArom the drive manufacturer; uge

this value to obtain the resulting shaft voltages due to Q/ citive coupling effects
Refer to IEC 60079-7 for Zone 2 locations. ‘\\

<

converter capable motor in a Zone 2 Iocation\\e
low when operating in the following comm onverter-fed application listed below. The lim
ply within the speed range defined on QE\Q)nameplate or in the documented literature.

b

hall be able to perform within the limits Iistid

is
ly
Id
ill
g
is

’

ic

S

S

urce in a Zone 2 location (involving equipment handling materials with auto-ignitign

mperatures in excess of 200_°C. Equipment manufacturers (converter and motor) and use
ould discuss each applis‘Qﬁbn to ensure the conditions described herein are satisfied.

Motor defined with.a class 130 (B) temperature rise should have a maximum 80 °C rise af
40 °C ambient ition under normal operation when operating, at the defined load poir
at all speed in the stated operating range when fed from a converter. In a variab

S

a
t

torque load, application, motors may exceed 80 °C rise at maximum speed due to t
maximu d requirement along with the additional losses due to the harmonics from t

e
e
e

converter. The motor temperature shall still not exceed 95 °C temperature rise or exceg¢d

uirement in [IEC 60079 series of standards.

ified temperature class (T3, T4, etc.) on any internal or external surface depending
e protection type of the motor (Ex eb, Ex ec, Ex db, etc.). See more detailg¢d

NOTE For Ex eb motors the limiting temperature is 130 °C by resistance method for motors with class 155 (
insulation system, refer to IEC 60079 series.

The operating load should not exceed the base nameplate power rating of the motor.
The motor should be operated at or below the maximum nameplate speed.

F)

The shaft load profile should be variable torque, as found in centrifugal loads where per unit
torque is approximately proportional to the square of the per unit speed.

Constant torque load profiles are considered an unusual service condition since it may
cause motors to overheat at lower speeds. Manufacturers may provide a speed range on
the nameplate for which constant torque is acceptable. This is per an agreement between
the manufacturer and the end user. Take care to stay within the allowed temperature rise or
maximum allowed surface temperature throughout the speed range.



This clause is added to define the safe operation of a converter capable motor in a Zone 2 location. This clause is harmonized with IEC 60079-7.
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e) The maximum ambient temperature should not exceed 40 °C. The minimum ambient should
not be lower than: -20 °C for grease lubrication, +0 °C for oil lubrication, or +5 °C for water
cooling. Higher or lower temperatures are considered an unusual service condition but may
be agreed on by the manufacturer and end user.

f) The maximum altitude should not exceed 1000 m above mean sea level.

g) The motor (and drive) should be designed for continuous (S1) duty operation.

h) Induction motors should have a torque-speed characteristic at rated load corresponding to

|

18

Where any one or more conditions differ from the complete list outlined in 18.12.1, the converter

Mptors outside the above range should be per agreement of manufacturer and end-user.

Shall be suitable unless otherwise specified for the sit€ conditions defined in IEC 60034-1:202p,
Clause 6 during operation, at standstill, in storag&or in transport.

a “low slip” design.

should not exceed 200 °C or the relevant auto-ignition temperature — whichever is loywer|—
when operated on a converter.

7

The voltage/frequency ratio during continuous operation should be within £10 %) or higher
of the nameplate base rating depending on the rating.

The motor should be manufactured to meet the applicable requirements of {EC 60034-1.

For converter-fed applications, the current setting should be 100 % of the rated motpr
current; overload device settings should be set no higher than 115+1%"*of rated nameplaje
current.

.13 Unusual service conditions

.13.1 Converter capable motors

.13.2 Unusual converter-fed applications

capable motor is deemed to be in an upltsual service condition. These situations require special

consideration by the user, applicatigR*engineer, and both motor and drive manufacturers to fully

umderstand the issues and develep a solution that will not be a source of ignition.

19 Additional considerations for synchronous reluctance electrical machine fef
by voltage source converters

19.1 System characteristics

The benefitsyof*a PDS consisting of a voltage source converter and a synchronous reluctange

e

1
T

lectrical machine instead of an induction electrical machine are:

in the converter shall be taken into account;

losses in the electrical machine might be lower. For system efficiency, a review the loss¢s

reduced electrical machine size, compared with an induction electrical machine of the same

rating;

no winding losses in the rotor gives lower bearing temperatures compared to an induction

electrical machine;

simpler cooling arrangements of the electrical machine, due to minimal rotor losses.
9.2 Losses and their effects

he statements of Clause 5 remain valid.
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19.3 Noise, vibration and torsional oscillation

The statement of Clause 6 remains valid.

19.4 Electrical machine insulation electrical stresses

The statement of Clause 7 remain valid.

19.5 Bearing currents

T

19.6 Particular aspects of synchronous reluctance electrical machines

he statement of Clause 8 remain valid.

Power factor is generally not as good as with induction electrical machines.

Operation in field weakening range requires special measures to ensure that needed torqiie
is available.
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Annex A
(informative)

Converter characteristics

.1 Converter control types

A.11 General
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1.1.1 General remarks

here are various converter control types: scalar, vector (sensorless or feedback), direct flix

d electrical machine torque control, etc. Each type has different characteristics, which a
scribed in A.1.1.2 to A.1.1.4.

1.1.2 Scalar control

Calar control is the original concept in a V/Hz converter. In such a converter, the output voltage

controlled according to the output frequency. Figure 3 shows examples of the ways in whi
is may be done.

ith converter output voltage proportional to frequency, the-electrical machine is operating with
approximately constant flux even without speed-feedback'sighals.

bltage boost (a fixed voltage which is added to the-gonverter output voltage), conventional

(stator winding resistance voltage drop) compensation, or advanced dynamic voltage
mpensation are commonly used options to improve starting and operating performance in the

W speed region.

bltage boost has more effect at low speeds when the electrical machine voltage is low, a:l:d

re should be taken to ensure that the boost voltage is not so high that the electrical machi
turates.

compensation, where at light loads the amount of boost voltage is proportional to the amount

current in the electricalimachine, is an improvement. Many scalar controls use spec
gorithms to dynamically~.compensate for the voltage drop caused by electrical machine stat

sistance and inductance. This provides even better starting and operating performance in the

W speed region,sand, by using additional electrical machine voltage and current feedba
gnals, such confrols can generate torque values close to vector control even at low
bquency regions.

calar control is generally applied where fast response to torque or speed commands is n
quirediand it is particularly useful if multiple electrical machines are to be supplied from
hgle converter.

[e

h
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e

al
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A.1.1.3 Vector control

An AC vector controlled converter essentially decouples the components of the electrical
machine current producing the magnetizing flux and the torque, in order to control them
separately.

This decoupling is achieved by calculation of the electrical machine characteristics using an
equivalent circuit (mathematical model) with or without speed feedback signals.

According to the level of performance required, different approaches may be taken for this
equivalent circuit calculation. In addition, a speed feedback (sensor) signal may further improve

th

e performance.
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Vector control is usually applied when fast torque and speed responses are required.

A1.14 Direct flux and electrical machine torque control

A direct flux and electrical machine torque-controlled converter has a hysteresis (also known
as sliding mode) control type, which adjusts the flux and the torque of the electrical machine by
mathematical model calculation of the electrical machine, with or without speed feedback
signals.

In
semiconductor being considered separately. In addition, a speed feedback (sensor) signal.may
further improve the performance.

Direct flux and electrical machine torque control is usually applied when fast torque and speg¢d
rgsponses are required.

Al1.2 Converter type considerations

All three types of control can be used for constant torque applications, @s\well as for applicatioIs
where the torque increases with speed (for example, centrifugal pumps-or fans). However, when
se¢lecting a converter, each aspect of the performance requirement should be considered fo
emsure optimal operation.

Inf general, the following aspects should be noted:
e | using scalar control, it is possible to operate €lectrical machines of different ratings |in
parallel with one converter (multi-machine opefation);

e | scalar control is typically insufficient for dedicated low speed load requirements (belgw
approximately 10 % of corner point speed), although the low-speed performance can be
improved by applying dynamic voltage.€¢ompensation;

¢ | the steady-state torque capability of'scalar control can be made equivalent to the sensorless
vector control by applying dynamic voltage compensation;

¢ | the most significant differencebetween scalar control and vector or direct flux and electrigal
machine torque control is.the-dynamic response;

o | vector or direct flux and.electrical machine torque control may be required if one or more pf
the following characteristics are needed:

— operation around zero speed,;
— precise tarque control;
— high peak'torque at low speed;

¢ | using (vector control or direct flux and electrical machine torque control, multi-electricgal
machine operation can be realized with or without speed feedback, provided that electridal
machines of the same rating are used;

electrical machine with or without flux or speed sensors.

Further details are available in IEC 61800-2.

A.2 Converter output voltage generation (for voltage source converters)

A.21 Pulse width modulation (PWM)

PWM covers those schemes of output voltage generation where the transition switching
commands of the converter are generated from a "carrier-frequency" synchronized controller
(the "modulator").
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The modulator controls the converter output switching pattern in such a way that the output
voltage is equal to the desired reference value.

NOTE The output voltage is-te-be understood as an average value for times related to the switching frequency and

an

instantaneous value for times related to the fundamental output frequency of the converter.

The carrier frequency may optionally be synchronized to line or to output frequency. It may be
selected to reduce losses, current ripple or generated noise, and it may be kept fluctuating
("wobbling" or “random” PWM) to distribute the harmonic spectra of the output voltage over a
wide range.

A
sy

A

H
cq
cq
aq

H
to

A

T
th
pf

C4q

jditionally, special control techniques may be used to optimize the current waveform
ectrum, for example to achieve minimum current peaks or to eliminate certain harmonics.

2.2 Hysteresis (sliding mode)

ysteresis covers those schemes of output voltage generation where the transition switchir
mmands of the converter are generated from a "carrierless" (and therefore’unsynchronize

tual and a reference value of a control parameter.

ysteresis switching can be used with several control parameters: voltage, current, flux
rque, depending on the type of control.

23 Influence of switching frequency

he converter output switching frequency will affectthe losses (in the electrical machine and
e converter), acoustic noise and torque ripple af/the overall PDS. It is not possible to proviq

Iculations should be made from them.

DTE 1 In Figure A.1, the vertical scales for;the electrical machine losses and converter losses are not the sam

DTE 2 For modulation schemes which.do not use fixed carrier frequencies, the expression “switching frequend
bans the average number of switching_pulses per second.

A

Additional losses

ntroller. Transition switching occurs as soon as a certain difference is'exceeded between an

ecise data on these effects, but they are shown.in a general manner by Figure A.1, Figure Al
amd Figure A.3. These figures are for illustratien only, and it is not intended that comparati

g
)

pr

in

<

Key

A Electrical machine losses

B Converter losses

Figure A.1 — Effects of switching frequency on
electrical machine and converter losses
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Figure A.2 — Effects of switching frequency on acoustic/noise
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Figure A.3 — Effects of switching frequency on torque ripple

A.2.4 Multi-level converters

In the two-level converter schemes described above, the output voltage is generated by
switching between the positive and negative levels of the d.c. bus voltage.

Multi-level converters offer intermediate voltage potentials for switching, and therefore the
“harmonic” frequency spectra are significantly reduced in amplitude and shifted to higher
frequencies.

NOTE Since multi-level converters require more switching semiconductors, they are more common for high voltage
applications (seeEC-64800-4 |IEC 61800-2).
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A.2.5 Parallel converter operation

Where the converter consists of more than one inverter bridge working in parallel, it is often
possible to design the electrical machine with the same number of parallel branches of the
three-phase winding and connect each inverter bridge to a different winding branch.

Where voltage impressing converters contain significant harmonics of the fundamental, it is
recommended that the output voltages of the inverter bridges should not be shifted in phase
against each other, nor should the winding systems be shifted by a circumferential angle
different from 0° or 360°/p, in order to prevent the generation of large harmonic currents.

For hysteresis controlled converters, winding systems mechanically shifted by 30%p>and
sypplied with voltages having 30° phase shift can be used.
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Annex B
(informative)

Output characteristics of 2 level voltage source converter spectra

The converter output voltage waveform, and therefore the output voltage spectrum, differs
according to the method of converter output voltage generation. Typical waveform is displayed
in Figure B.1. Examples of the frequency components at the outputs of a converter with constant
frequency (about 2,5 kHz) PWM switching and one with hysteresis switching (about 2,2 kHz
aYerage frequency) are shown in Figure B.2.

i

uLL

‘ ‘ 249° 3q0° 3§O°

>
JRLL =

1 I
60° 120° 180° ot

IEC

Figure B.1 — Waveform of line-to-line voltage U, , for voltage source
converter supply with switching frequency 1, = 30 x f; (example)

Copnverters using carrier modulation, tegether with synchronized and asynchronous pulge
patterns, as applied in many cases, produce the frequencies:

S =kgx fg £hkyx [

where kg = 1, 2, 3, etc.land &k = 1, 2, 4, 5, 7, etc., are multiplying factors of the switchi;l:g
frequency f; and of the operating frequency f;, respectively. The formula is valid also in the
case of converters/'wjith space-phaservector modulation.

Copnverters with carrierless modulation, where no pre-determined switching frequency |is
existent, are{also in practical use. In this case, the frequency spectrum of the output voltage |is
characterised by broadband random noise without spikes at specific frequencies.
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a) Constant frequency PWM control b) Hysteresis control

igure B.2 — Typical output voltage frequency spectra-of converter-output-voltage for p

constant frequency PWM control versus\iysteresis control

1 |

gure B.3 compares a typical spectrum of a random_frequency (about 2,2 kHz average) PWM

Fi
converter with that of a hysteresis switching convetrter.
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a) Random PWM control b) Hysteresis control

Figure B.3 — Typical output voltage frequency spectra-of converter-output-voltage for

random frequency PWM versus hysteresis control

Figure B.4 shows typical spectra of a) a two-phase modulated converter at 4 kHz carrier,
average frequency about 2,7 kHz and b) a converter with hysteresis modulation and direct

torque control at 2,7 kHz average frequency.
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miachine load characteristics were kept constant. The frequency components of hysteresis

Figure B.4 — Typical-speectraof converter output voltage frequency spectra for a two-
phase modulated control versus hysteresisymodulation

all cases, the output frequency to the electrical machine.was about 40 Hz, and the electrig
ndom frequency PWM switching are generally lower in maximum amplitude than those

er the frequency range.

gure B.5 shows typical (normalized) electrical machine current time characteristics of the ty
nverters having the spectra illustrated\in Figure B.2 . In this case, the output (rotationd
bquency was about 10 Hz.

I/IN

nstant frequency PWM switching or two-phase-modulation, but are distributed more widdly

al
Dr
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~

a) Constant frequency PWM control b) Hysteresis control

Figure B.5 — Typical time characteristics of electrical machine current for a Constant

frequency PWM control versus hysteresis control

Figure B.6 shows the time characteristics of the output of the two converters having the spectra

ustrated in Figure B.4. Again, the output (rotational) frequency was about 10 Hz.
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Figure B.6 — Typical time characteristics of electrical machine current for a two-phase¢
modulated control versus hysteresis modujation

Figure B.1 to Figure B.6 are for illustration only. They should not'be used to qualify or disquaIIy
the methods of voltage generation as such. All methods of ‘output voltage generation can be
optimized in special ways to balance advantages and disadvantages in the application.
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Annex C
(informative)

Voltages to be expected at the power interface
between converter and electrical machine

In practice, the voltage to be expected at the terminals of an electrical machine fed from a
converter — especially of a voltage source converter — differs from the ideal theoretical pulse
patterns as given in Figure B.1 due to transient high frequen effe igure hows a
typical example. These effects are significantly influenced by various parameters such as\the

be¢ing used. Thus, a distinction shall be made between the slopes directly’ at the powkr
se¢miconductors, the values at the inverter output and those at the motor terminals. In principI'f,
theLe specified values for the voltage-rise-times in the area of the inverterf ¢éan be higher than the
permissible values at the motor terminals.

A$ described in 7.3 short voltage-rise-times at the electrical maehine terminals can possifly
lepd to early dielectric breakdowns turn-to-turn. The risk of such failures can be minimized Ipy
using enameled wires with an appropriate dielectric strengtlr ahd resin filling. The relevant figld
experience provides also the proof that despite the “above-mentioned differences in the
steepness values converter motor, a reliable operation’without harming the motor insulatign
system is provided.

Vep
s BRI
— . PP
Vstep 1 = — - XX Sy Yy lllr lllllll

A
\

TECT

Figure C.1 — Example of typical voltage curves and parameters of
a two level inverter versus time at the electrical machine terminals
(phase to phase voltage; taken from IEC TS 61800-8)

It is impossible to specify general limits for the maximum voltage stress to be expected. Instead,
it is necessary to determine the voltage stress for each application individually based on
IEC TS 61800-8, which provides all required information.

NOTE IEC TS 61800-8 uses different symbols for quantities from IEC 60034. E.g., V instead of U is used for
voltages, and the line-to-line voltage is addressed as Vpp instead of U | .
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order to identify the maximum values to be expected for the line-to-line and line-to-ground

voltage at the electrical machine terminals and other values that influence the proper choice of
the insulation system for the stator winding, the following information is required:

a)
b)

c)

Line section: Nominal voltage and type (TN, TT, IT) of supply system.

Input converter (rectifier): Single phase, three phase diode or three-phase active infeed
including kind of DC choke, if any.

Output converter (inverter): Two-level, three-level or multi-level (with floating capacitor or
multi DC-link).

d
e

=
of
by

E

vig a 2 m cable without filter.

Line section:
TN type supply with star point grounding and 400 V nominal ‘'voltage

0]

C TS 61800-8 provides the influence of these options on the maximum voltages.in,the foqm

afrangement. All table, formula and subclause numbers refer to IEC TS 6180028:2010.

put converter section:
nree-phase diode input converter without ®C choke and without dynamic breaking

utput converter section;
vo-level output converter

Filter section (if any): HF common-mode, évdu/d¢, output choke or sine wave.

Cabling section: Length and characteristic parameters (capacity and inductance) permetre.

tables with characteristic amplifying factors. The calculation scheme shall be @emonstrated
two typical examples showing the significant dependency of the voltagesson the POS

ample 1: 3 kW electrical machine for 400 U fed by a two-level converter with diode rectifipr

= differential mode amplification factor (5.4 Table 1)
VslVsn = 1,1 including 10 % line yoltage tolerance

= common-mode amplification factor (5.5, Table 2)
kco =0

= differential mode amplification factor (6.8, Table 6)

kD1 = 1,35
= common-mode amplification factor (6.9, Table 7)
kc1=0

= différential mode amplification factor (7.9, Table 18)

kD2 =1
—=.common-mode amplification factor (7.10, Table 19)
kcz = i%

= dynamic parameters (7.11, Table 20)
to =50 ... 200 ns

fplfy =5 ...300
Filter section:
No filter
= differential mode amplification factor (8.4, Table 21)
kD3 =1
= common-mode amplification factor (8.5, Table 22)
kC3 =1

= dynamic parameters (8.4 and 8.5, Tables 21 and 22)
t3 = t,=50...200 ns
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Cabling and electrical machine section:
Rated electrical machine power below 3,7 kW, 2 m cable with characteristic inductance
650 nH/m, characteristic capacity 130 pF/m

= propagation velocity (9.1, formula 27)
v =1/sqrt(650 nH/m - 130 pF/m) = 109 m/us
= critical cable length (9.1, formula 28)
lep = %2109 m/us - (50 ... 200 ns) = 2,725 m ... 10,9 m

cable length is below critical length

= reflection coefficient (9.2, Table 23)
r = n,or\

E

Li
I

In
T
re

)

= differential mode amplification factor (9.3, Table 24)
kps=(2-0,95/2,725+1)=17

= common-mode amplification factor (9.3, Table 24)
kcy =(2-0,95/2,725+1) =17

= dynamic parameters (9.3, Table 24)
trg =(50...200) ns - (2-0,95/2,725 + 1) = 85 ... 340/ns

Peak value of phase-to-ground voltage at electrical machine terminals:

v
=683V +374V =209..957V

Zero-to-peak value of phase-to-phase voltage at electriéal machine terminals:
“op Upp =1,1-400 MU-(1,35-1-1-1,7) = 1010 VU

ample 2: 3 kW electrical machine for 690 V fed{by*a two-level converter with diode rectifi

amd unsymmetrical DC choke via a 50 m cable without filter including dynamic breaking.

he section:
type supply with 690 V nominal voltage
= differential mode amplification factor (5.4, Table 1)
VAN Ul Ugy 31,1 including 10 % line voltage tolerance
= common-mode amplification factor (5.5, Table 2)
kCO = 0,577
put converter section:

ree-phase diode input ‘converter with unsymmetrical DC choke and dynamic breaking wi
sistor and chopper
= differential mode amplification factor (6.8, Table 6)
kD1 = 1,6
= common-mode amplification factor (6.9, Table 7)
kc1 =t 0,675

utput_converter section:

veilevel output converter

VoG Machine = 11400 VU /1,732 - (1,35 1-1-1,7)+ 1,1 400 VU - (0+ 0+ %) 1"

[
=

[th

= differential mode amplification factor (7.9, Table 18)
= common-mode amplification factor (7.10, Table 19)
kCZ = i%
= dynamic parameters (7.11, Table 20)
tp =50 ... 200 ns
fplfy =5 ...300
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Filter section:
No filter
= differential mode amplification factor (8.4, Table 21)
kD3 =1
= common-mode amplification factor (8.5, Table 22)
kC3 =1
= dynamic parameters (8.4 and 8.5, Tables 21 and 22)
t3 = t=50...200 ns
CJIUHIIB dlld Uicbtlibdi Illdbil;llc DUbt;UII.

R
64

hted electrical machine power below 3,7 kW, 50 m cable with characteristic inductan
b0 nH/m, characteristic capacity 130 pF/m
= propagation velocity (9.1, formula 27)
v =1/sqrt(650 nH/m - 130 pF/m) = 109 m/us
= critical cable length (9.1, formula 28)
lep = 72-109 m/us - (60 ... 200 ns) = 2,725 m ... 10,9 m

cable length is above critical length

= reflection coefficient (9.2, Table 23)
r =0,95

= differential mode amplification factor (9.3, Table 22)
kps =1+0,95=1,95

= common-mode amplification factor (9.3, Table 24)
kcy =1+0,95=1,95

= dynamic parameters (9.3, Table 24)
trg = (50 ... 200) ns - (1 + 0,95),=97,5 ... 390 ns

Peak value of phase-to-ground voltage at electrical machine terminals:

= (1367 V — 885 V) ... (1367 V#2593 V) = 482 ... 3 960 V

Zero-to-peak value of phase-to-phase voltage at electrical machine terminals:
Vpp =1,1-690V-(1,6-4-1-1,95)=2368V.

b6 Machine = 1,1 - 690 V/ 1,732 - (1,6 - 1 ¢ 5+1,95) + 1,1 - 690 V - (0,577 £ 0,675 + %) -
1,95

Ce
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Annex D
(informative)

Speed and harmonic capability of converter capable induction motor

D.1 General

The following clauses identify the derating that may be required on self-cooled motors when
rgnning on a converter It the motor would run at Its maximum allowed temperature at rated 10ad
a}d speed on a sinusoidal power supply. It is recognized that some motors may run coole ‘l&in
thie allowed insulation class and will not require derating or as much derating. 16 C)®

Degrating for independent cooled motors is not covered here as cooling is not asé}aendent on

speed. (],
P

Dl2 Harmonic capability of converter capable motors 17 %)

For a motor to be defined as being converter capable, it shall b QB% to stay within its ratg¢d
thlermal insulation class despite increased losses due to hajﬁﬁhics voltages and currenjts
delivered to the motor from a voltage source inverter (VSI) ~Thé expected increase in loss¢s
amd temperature rise of the motor could be range from 1%«’0 25 % as compared to a clegn

operation from a pure sinusoidal input. g\
O

AL motors rated for use on a power supply of fixed @uency (whether with a local AC generatpr
oll via a supply network) shall be suitable for op on on a supply voltage having a harmonic
vgltage factor (HVF) not exceeding: 0,03 for design N motors with no increase in temperatufe
rige. A thermal class 130 (B) rise motor shall%g capable of running within thermal class 155 (f)
insulation levels when running operating ny drive with harmonics in the output voltage that
result in an increase of losses up the 15°% to 25 % that could be expected. The motor shjll
stay in the thermal class 155 (F) tem ture range at speeds down to 80 %. of rated speed.|If
itlis desired to maintain the tempe re rise that would be achieved on a sinusoidal input and
w(th up to 0,03 HVF, the motorss\@)uld be de-rated per the following curve in Figure D.1.

The harmonic voltage fac@é{—HVF) is defined as follows:

O
3

whn
n —istheorderof odd-armonic, ot mctodingthose divisibte by three;
U, is the the per-unit magnitude of the voltage at the nth harmonic frequency.

EXAMPLE: With per-unit voltages of 0,10, 0,07, 0045, and 0,036 occurring at the 5, 7, 11, and
13th harmonics, respectively, the value of the HVF is:

= 0,0546

0,102 N 0,072 N 0,0452 4 0,362
5 7 11 13

For design N, NE, NEY, H, HE, and HEY motors defined in IEC 60034-12 and larger induction
motors when the HVF level is greater than 0,03 the motor should be derated per Figure D.1.



These clauses are added in support of the defining the expectations of a converter capable motor as defined in Clause 18.

This clause is added to define the motor derating necessary to stay within acceptable temperatures due to harmonics when operating on a converter.
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IEC (L
Vv
e

Figure D.1 — Derating curve for harmonic voltages GD

In[ this example derating would be to approximately 0,96 per unit of th&@l&f’or rating.

D|3 Speed capability and derating in variable torqug&fgg?matlon 18

When driving a variable torque (VT) Load, where the Ioacé}naxmum at the corner point @s
defined in Figure 1 the motor will run it’s hottest near to;ﬂﬁﬂe top-rated operating speed (corngr
point) within the VT range. It will run cooler as the opetating speed goes down. For a thermfal
clpss 130 (B) rise rated motor with sinusoidal inputvgltage, the motor could run on a convertpr
wlth a total winding temperature as high as C within the range of rated speed and
frequency range. Motor may run at the elg\gt d temperature to minus 15 % from ratgd
frequency (corner frequency). From minus 1 to ¥4 rated frequency motor should run withfin
thie class 130 (B) rise. For example, a 50 Hzymotor rated 130 (B) rise on a Sine wave the motpr
w|ll run < 130 (B) rise 12,5 Hz to 42,5 H&@]d < F rise 42,5 Hz to 50 Hz.

)
D|4 Speed capability and 8e§\ating in a constant torque application 19

When driving a constant to\ application, a thermal class 130 (B) Sinusoidal rated motor will
stpy with in thermal cla »‘)5 (F) insulation temperature rise within when operated betwegn
rgted frequency down to rated frequency minus 20 %. Below minus 20 % of rated frequengy,
the motor shall be é&(ed per Figure D.2 to stay within the class 155 (F) insulation class.

Induction mot be operated in adjustable-speed drive applications should also be derat¢d

a$ a result effect of additional losses introduced by harmonics generated by the contr I.

The tor vailable from the motor for continuous operation is usually lower than on

sinusoi%& voltage source. The reduction results from the additional temperature rise due to

hTr% losses and also from the voltage-frequency characteristics of some controls.
N

The rise in temperature at any load-speed point depends on the individual motor design, the
type of cooling, the effect of the reduction in speed on the cooling, the voltage applied to the
motor, and the characteristics of the control. When determining the derating factor, the thermal
reserve of the particular motor is important. Taking all of these matters into account, the
derating factor at rated frequency ranges from 0 % to 20 %.

Figure D.2 shows examples of a derating curve for a typical motor that are running close to
their design limit at rated frequency. If a motor has additional thermal reserve to the allowed
temperature class, such as may be seen on some premium efficiency motors or non-ventilated
motors, less derating will be required. For example, if the motor has a class 130 (B) temperature
rise but utilizes thermal class 155 (F) insulation and the full insulation class is permitted to be
utilized then no derating may be required at rated frequency. Torque derating may still be
required at reduced speed.


This clause is added to set the expectations and possible derating for a motor in a variable torque application. This was necessary in support of defining a converter capable motor.

This clause is added to set the expectations and possible derating for a motor in a constant torque application. This was necessary in support of defining a converter capable motor.
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Other motors with different thermal reserve, different methods of cooling (self-circulation
cooling or independent cooling) and used with other types of controls will have different derating
curves or may also require little to no derating. The curves shown here assume for example a

cla

ss 130 (B) rise motor runs at its temperature limit on a sinusoidal power supply.
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Fig g)D.Z — Torque capability at reduced speeds due to the effects
Q§of reduced cooling (applyies to 50 Hz or 60 Hz design N)

cu are based on a sinusoidal wave shape, rated air-gap flux. Additional derating fpr
r ¢ voltages should be applied as a multiplier to the above limits.

A\

a)

The curves may also apply to class 130 (B) 80 K if permitted to run at the next insulation
class of thermal class 155 (F) 105 K rise by resistance with an additional 15 % to 25 %
harmonics losses.

All curves are based on non-injurious heating which may exceed rated temperature rise.

Curves are applicable only to frame sizes and design types indicated. For larger frames or
other design types consult the motor manufacturer.
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List of comments

The primary purpose for this new edition is to add the definition of a converter capable
motor. We determined that Clause 8 on shaft currents was outdated and needed a
complete revision. Other editorial revisions are found throughout the document. The main
change regarding a converter capable motors are added to Clause 18 and Annex D.

Added here is the definition of a converter capable motor. We define in Clause 18 and
Annex D the performance expectations of that motor. Motor may be in inventory and not
specifically designed to operate on a specific converter. These motors can operate on a

12

14

variety of different converters.

Definition of a converter duty motor is added to define a motor that is specifically designed
to operate on a converter.

The bearing current section has significant changes and updates as this)technology |is
constantly improving.

—

Clause 18 is revised to clarify the performance expectations of a converter capable motd

Many across-the-line start motors are placed in inventory thatare capable of running ¢n
a converter, but it was not clear how they are expected to perform and their limitations

The impulse capability has in some cases been previously defined, but this guide
improves the definition and defines the overall expectations. Other features of a converter
capable motor were not as well defined.

This clause is added to define the expectation of a self-cooled motor running onja
converter. Derating requirements now included were not previously defined.

This clause is added to define the expectation of non self-cooled motor running on|a
converter. Derating requirements now’jncluded were not previously defined.

This document defines here the\expected temperature rise of a motor running onja
converter.

This clause defines the insulation requirements for a converter capable motor to ensufe
the compatibility of the-motor and the converter. These requirements were also placed |in
the latest version of-IEC 60034-1.

This clause defines the shaft current expectations for a converter capable motor. This|is
needed to inerease reliability and is supported by the revisions in Clause 8.

This clause-is added to define the speed limit expectations of a converter capable motg
This isyneeded to increase reliability.

—

ThisClause is added to define the current overload expectations of a converter capablle
motor.

16

17

18

Tl | + Aalad t aafi 4+l £ FH £ 'S Bl 4+ + Z
TS LiausT TS aUuutTUTuU UTITIT e Sarc UptTativulT uT a LUTTVOTTITT LapavuTc TTITutuT 1T a zZothe

2 location. This clause is harmonized with IEC 60079-7.

These clauses are added in support of the defining the expectations of a converter
capable motor as defined in Clause 18.

This clause is added to define the motor derating necessary to stay within acceptable
temperatures due to harmonics when operating on a converter.

This clause is added to set the expectations and possible derating for a motor in a variable
torque application. This was necessary in support of defining a converter capable motor.
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19 This clause is added to set the expectations and possible derating for a motor in a
constant torque application. This was necessary in support of defining a converter
capable motor.
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ROTATING ELECTRICAL MACHINES -

Part 25: AC electrical machines used in power drive systems —
Application guide
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FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization,comprisi
all national electrotechnical committees (IEC National Committees). The object of IEC is to pronote/internatiorn
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end a
in addition to other activities, IEC publishes International Standards, Technical Specifications; Technical Repor
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC' Publication(s)”). Th
preparation is entrusted to technical committees; any IEC National Committee interested.in the subject dealt w
may participate in this preparatory work. International, governmental and non-governmental organizations liaisi
with the IEC also participate in this preparation. IEC collaborates closely with thelnternational Organization

Standardization (ISO) in accordance with conditions determined by agreement(between the two organizations

The formal decisions or agreements of IEC on technical matters express, as-nearly as possible, an internatior
consensus of opinion on the relevant subjects since each technical committee has representation from
interested IEC National Committees.

IEC Publications have the form of recommendations for internatiofial’ use and are accepted by IEC Natior]
Committees in that sense. While all reasonable efforts are madé _to ensure that the technical content of IH
Publications is accurate, IEC cannot be held responsible /for.the way in which they are used or for a
misinterpretation by any end user.

In order to promote international uniformity, IEC National” Committees undertake to apply IEC Publicatio
transparently to the maximum extent possible in their national and regional publications. Any divergence betwe
any IEC Publication and the corresponding nationakeryegional publication shall be clearly indicated in the latt

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conform
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for a
services carried out by independent certification bodies.

All users should ensure that they have thellatest edition of this publication.

No liability shall attach to IEC or its-directors, employees, servants or agents including individual experts a
members of its technical committees-and IEC National Committees for any personal injury, property damage
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) a
expenses arising out of thepublication, use of, or reliance upon, this IEC Publication or any other IH
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications
indispensable for the €orrect application of this publication.

Attention is drawn tothe possibility that some of the elements of this IEC Publication may be the subject of patq
rights. IEC shall not be held responsible for identifying any or all such patent rights.

C TS 60034-25 has been prepared by IEC technical committee 2: Rotating machinery. It is
pchnical. Specification.
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nisfourth edition of IEC TS 60034-25 cancels and replaces the third edition, published in 20

4.

This edition includes the following significant technical changes with respect to the previous
edition:

a) The definitions of a converter capable motor and a converter duty motor are added.

b) Clause 18 modified to include the performance expectations of a converter capable motor.

c)

Clause 8 modified to update shaft currents section.

d) Annex D added to define the derating requirements.
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The text of this Technical Specification is based on the following documents:

Draft Report on voting

2/2067/DTS 2/2097/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated
the above table.

The language used for the development of this Technical Specification is English

in

This document was drafted in accordance with ISO/IEC Directives, Part 2, and devel6ped

described in greater detail at www.iec.ch/standardsdev/publications.

miachines, can be found on the IEC website.

The committee has decided that the contents of this document will "&émain unchanged until t
stability date indicated on the IEC website under webstore.iee'ch in the data related to t
specific document. At this date, the document will be

¢ | reconfirmed,

e | withdrawn,

o | replaced by a revised edition, or

e | amended.

ag¢cordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, availabje
afl www.iec.ch/members_experts/refdocs. The main document types developedcby/IEC afe

Allist of all parts in the IEC 60034 series, published under the general title, Rotating electrical

in

e

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates that

¢ontents. Users should therefore print this document using a colour printer.

¢ontains colours which are considered to be useful for the correct understanding of itI
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INTRODUCTION

The performance characteristics and operating data for converter-fed electrical machines are
influenced by the complete drive system, comprising supply system, converter, cabling,
electrical machine, mechanical shafting and control equipment. Each of these components
exists in numerous technical variants. Any values quoted in this document are thus indicative

only.

In view of the complex technical interrelations within the system and the variety of operating

values for all the quantities which are of importance for the design of the power drive system|.

To an increasing extent, it is the practice that power drive systems consist of componenits
pfoduced by different manufacturers. The object of this document is to explain, ‘as far

pissible, the influence of these components on the design of the electrical machine and i
p

rformance characteristics.

This document deals with both AC electrical machines which are specifically designed fpr
canverter supply and converter-fed electrical machines within the scope-of IEC 60034-12, whi¢h

alle designed originally for mains supply.
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as part of a power drive system, but except for the voltage at the power interface which
de¢scribed in IEC TS 61800-8.

asg described in the IEC 60079 series for dust ignition proof apply.

constitutes requirements of this-document. For dated references, only the edition cited applig
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Scnpp

plication design features are defined. It also specifies the interface parameters a
eractions between the electrical machine and the converter including installation guidan

he general requirements of relevant parts of the IEC 60034 series of\standards also apply
ectrical machines within the scope of this document.

br electrical machines operating in potentially explosive atmoespheres, additional requiremen

This document is not primarily concerned with safety. However, some of its recommendations

ay have implications for safety, which are consideréed as necessary.

Where a converter manufacturer provides specific installation recommendations, they take
precedence over the recommendations of thissdocument.

Normative references

ne following documents are reférred to in the text in such a way that some or all of their conte

C 60034-1:2022( Rotating electrical machines — Part 1: Rating and performance

C 60034-2-1;* Rotating electrical machines — Part 2-1: Standard methods for determinif
sses and-éfficiency from tests (excluding machines for traction vehicles)

C_60034-2-2, Rotating electrical machines — Part 2-2: Specific methods for determinil
parate losses of large machines from tests — Supplement to IEC 60034-2-1

br undated references,\the latest edition of the referenced document (including afy
amendments) applies.

his part of IEC 60034 describes the performance characteristics of AC electrical machines fpr
uge on converter supplies. For electrical machines specifically designed for conyerter dufty

d
e
is

fo

fts

ht
S,

g

19

IEC 60034-2-3, Rotating electrical machines — Part 2-3: Specific test methods for determining

lo

sses and efficiency of converter-fed AC induction motors

IEC 60034-6, Rotating electrical machines — Part 6: Methods of cooling (IC Code)

IEC 60034-9:2021, Rotating electrical machines — Part 9: Noise limits

IEC 60034-12, Rotating electrical machines — Part 12: Starting performance of single-speed

th

ree-phase cage induction motors
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IEC 60034-14:2018, Rotating electrical machines — Part 14: Mechanical vibration of certain
machines with shaft heights 56 mm and higher — Measurement, evaluation and limits of vibration
severity

IEC 60034-18-41:2014, Rotating electrical machines — Part 18-41: Partial discharge free
electrical insulation systems (Type 1) used in rotating electrical machines fed from voltage
converters — Qualification and quality control tests

IE

1=

1=

SH

1=
re

IB
of

IS
ch
fo

3

F

1§

guidelines — Section 1: General considerations — Basic EMC publication

guidelines — Section 2: Earthing and cabling

C 60034-18-41:2014/AMD1:2019

nverters — Qualification tests
C 60034-18-42:2017/AMD1:2020

C 60079 (all parts): Explosive atmospheres
C 60079-7, Explosive atmospheres — Part 7: Equipment protection by increased safety "e"

C TR 61000-5-1, Electromagnetic compatibility (EMC) — Part 5:_Installation and mitigatid

C TR 61000-5-2, Electromagnetic compatibility (EMC) — Part 5: Installation and mitigatic

C 61800-3, Adjustable speed electrical power drive_systems — Part 3: EMC requirements al
ecific test methods

quirements — Electrical, thermal and energy

C TS 61800-8:2010, Adjustable speed electrical power drive systems — Part 8: Specificatid
voltage on the power interface

C TS 62578:2015, Power electronics systems and equipment — Operation conditions af

r their emission values'‘below 150 kHz

Terms and definitions

br the purgoses of this document, the following terms and definitions apply.

atl!dresses:

C 61800-5-1, Adjustable speed electrical)'power drive systems — Part 5-1: Safefty

aracteristics of active infeed converter (AIC) applications including design recommendations

O and~IEC maintain terminological databases for use in standardization at the following

n

n

n

hd

3.

IEC Electropedia: available at http://www.electropedia.org/

ISO Online browsing platform: available at http://www.iso.org/obp

1

bearing voltage ratio
BVR

ra

tio of the capacitively coupled bearing voltage to the common-mode voltage
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3.2
bonding
electrical connection of metallic parts of an installation together and to ground (earth)

Note 1 to entry: For the purposes of this document, this definition combines elements of IEC 6005
195:2021, 195-01-10 (equipotential bonding) and IEC 60050-195:2021,195-01-16 (functional equipotential bonding).

3.

3

common-mode voltage
Ucm

mgan of the Instanianeous values of the phase voltages appearing beiween each phajg

C(

3.

nductor and earth
OURCE: IEC 60050-161: 1990, 161-04-09]
4

c

iciw
sim of the instantaneous values of the line currents

35

converter
unpit for electronic power conversion, changing one or moré electrical characteristics ai
mprising one or more electronic switching devices andvassociated components, such as

C(
tr

te

3.

mmon-mode current

hnsformers, filters, commutation aids, controls, protections and auxiliaries, if any

te 1 to entry: This definition is taken from IEC 61800-2-and; for the purposes of this document, embraces t
ms complete drive module (CDM) and basic drive module {BDM) as used in the IEC 61800 series.

6

el
d
1=

fi

cEnverter-fed electrical machine

{7

ctrical machine fed from a frequency-converter independent of whether it is specifica
signed for converter supply or.whether it is an electrical machine within the scope
C 60034-12, which is designed originally for mains supply

ked-speed electrical machine

electrical machine rated by output power for 50 Hz and/or 60 Hz on-line operation

Ng¢te 1 to entry: Fixed-speed electrical machines may be capable of frequency converter operation with variah
speed.

38

ellectromagnetic compatibility

EMC

abiljty’of an equipment or system to function satisfactorily in its electromagnetic environme
wlthout introducing intolerable electromagnetic disturbances to anything in that environment

0-

d

ly
of

e

[SOURCE: IEC 60050-161:1990, 161-01-07]

3.

9

field weakening
electrical machine operating mode where electrical machine flux is less than the flux
corresponding to the electrical machine rating

3.

10

rise time
time interval between the 10 % and 90 % points of the zero-to-peak voltage (see Figure 12)
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3.11

power drive system

PDS

system consisting of power equipment (composed of converter section, AC electrical machine
and other equipment such as, but not limited to, the feeding section), and control equipment
(composed of switching control — on/off for example — voltage, frequency, or current control,
firing system, protection, status monitoring, communication, tests, diagnostics, process
interface/ port, etc.)

3.12

protective earthing
PE
earthing a point or points in a system or in an installation or in equipment for the purposes pf
electrical safety

[JOURCE: IEC 60050-195: 2021, 195-01-11, modified: "electrical" added beforel’safety".]

313
skip band
small band of operating frequencies where steady-state operation ofithe PDS is inhibited

3[14

s:l:rface transfer impedance
quiotient of the voltage induced in the centre conductor pf\a-coaxial line per unit length by the
current on the external surface of the coaxial line

[SOURCE: IEC 60050-161:1990, 161-04-15]

3[15

system integrator
person or organization which brings the, components of PDS together according to his scope pf
supply and has therefore the system responsibility

316

rgted voltage

U|

rgot-mean-square value <(RMS) of the fundamental line-to-line voltage assigned by tme
mianufacturer for a specified power frequency operating condition of an electrical machine a
indicated on its ratingplate

317

jump voltage
change_in-voltage at the terminals of the electrical machine occurring at the start of eag¢h
impulse;when fed from a converter

Nofe T1o entry: This Is sometime referred 1o as step voliage.

3.18

converter capable motor

electric machine designed for direct online start and suitable for operation on a power electronic
frequency converter without special filtering

Note 1 to entry: Such motors include but are not limited to IEC Design N, NE, H, or HE, or NEMA Design A, B, or
C which may be subject to energy efficiency regulation in the EU, North America or other locations

Note 2 to entry: The intent of the converter capable motor is to run within the thermal class of the insulation system;
but as the harmonic content of the converter output voltage varies between different drive topologies, coordination
with the manufacturer may be required by the end user.
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3.19

converter duty motor

electrical machine designed specifically for operation fed by a power electronic frequency
converter with a temperature rise within the specified insulation thermal class or thermal class

Note 1 to entry: Such motors have no IEC Design or NEMA Design letter and are exempt from energy efficiency
regulation in the EU, North America and other locations.

4 System characteristics

an General

Although the steps in specifying electrical machine and converter features are similar_for any
application, the final selections are greatly influenced by the type of application. In-this clausg,
thiese steps are described, and the effects of various application load types are discussed.

NQTE Converter capable motor are usually IEC Design N, NE, NEY, H, HE, or HEY, covefed-by IEC 60034-12 |or
NEMA Design A, B, or C, covered by NEMA MG 1, and may be subject to National enexgy “efficiency regulatiohs
(MEPS) in the EU, North American and other locations.

42 System information

Cpmplete application information that considers the driven load}lectrical machine, convertg
and utility power supply, is the best way to achieve the required performance of the entife
system. In general, this information should include:

—

o | the power or torque requirements at various speeds;
¢ | the desired speed range of the load and electrical machine;
¢ | the acceleration and deceleration rate requirements of the process being controlled;

o | starting requirements including the frequency of starts and a description of the load (the
inertia seen at the electrical machine:shaft, load torque during starting);

o | the duty cycle of the application (a'continuous process or a combination of starts, stop
and speed changes; see clause\duty in IEC 60034-1);

i

e | a general description of the*type of application including the environment in which the POQS
components will operate;

¢ | a description of additional functionality that may not be met with the electrical machine and
converter only (for example: electrical machine temperature monitoring, ability to bypasgs
the converter if nNecessary, special sequencing circuits or speed reference signals to control
the PDS);

e | a description.of the available electrical supply power and wiring. The final configuration may
be affected by the requirements of the system selected.

413 , (Torque/speed considerations

4,

4 o 1
T oCTreTar

(49

The typical torque/speed characteristics of converter-fed electrical machines, the significant
influencing factors and their consequences are shown in Figure 1, Figure 2 and Figure 3.
Depending on the performance requirements of the PDS, different electrical machine designs
are possible for an adaptation of the individual limiting values.

NOTE Figure 1 to Figure 3 do not show the possible skip bands (see 4.3.8).
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4.3.2 Torque/speed capability

Figure 1 shows the torque/speed capability of converter-fed electrical machines. The maximum
available torque is limited by the rating of the electrical machine and by the current limitation of
the converter. Above the field-weakening frequency £, and speed n( the electrical machine can
operate with constant power with a torque proportional to 1/n. For induction electrical machines,
if the minimum breakdown torque (which is proportional to 1/n2) is reached, the power has to
be further reduced proportional to 1/x, resulting in torque proportional to 1/n2 (extended range).
For synchronous electrical machines, the extended range does not apply. The maximum usable
speed n. .. is limited not only by the reduction of torque due to field-weakening at speeds above
nd, but also by the mechanical strength and stability of the rotor, by the speed capability of the
begaring system, and by other mechanical parameters. The short-term curves represéent' the
ugability of the motor that is commonly needed but does not necessarily represent its maximum
capability.

At low frequency, the available torque may be reduced in self-cooled electtical machines fo
ayoid the possibility of overheating.

Inf some applications, for example with a high moment of inertia, it may’be possible to apply|a
short-time torque boost for starting.

T A

Corner point

no Hmax
IEC
Key
+—— Continuous operation T, Constant torque range Cy Separate cooling
- Short-time operation P, Constant power range Cg Self-cooling
i Starting torque boost E, Extended range (for induction T Torque
Sneed electrical machines)
ny., Maximum speed n, Speed ay corner point

Figure 1 — Torque/speed capability

Figure 2 shows the corresponding converter output current (/) capability.
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3.3 Electrical machine rating

3.4 Limiting factors on torque/speed capability

Tc Pc Ex
fo fmax f
IEC

y
—-——  Continuous operation I Current
------- Short-time operation P, Constant power range

Speed E, Extended range (for indydction T Constant torque

Speed at corner point electrical machines) range

Jmax Maximum speed
Figure 2 — Current required by motor

DTE  The current in Figure 2 is shown as.gonstant in the constant power (P) range. This would assume that t

wer factor remains constant. Normally_for‘the current to remain constant, the power will have to be reduced or t
rrent will increase as the load get cleser to motor break-down and the power factor reduces.

ne rated point, where the electrical machine designed for converter application has its rated
eed, rated voltagerated current, rated torque and rated power, is in general the point whe
thle electrical machine delivers its maximum torque and power, i.e. the point at n, corner poi
Figure 1 whére ny = ng. The maximum operational speed can be higher than the rated spe
and depending on the voltage frequency characteristics (see 4.3.7) the maximum operation
Iltage can/exceed the rated voltage.

ne

e
ht

d
I

The significant factors which influence the torque/speed capability are shown in Table 1.
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Table 1 — Significant factors affecting torque/speed capability

Condition Electrical machine Converter
Breakaway Maximum flux capability Maximum current
Constant flux Cooling (IZR losses) Maximum current
Field-weakening Maximum speed (mechanical strength and stability) Maximum voltage

d d fl
(reduced flux) Maximum torque (breakdown torque)

Dynamic response | Equivalent circuit parameters (determined by modelling) Control capability

413.5 Safe operating speed, over-speed capability and over-speed test

For an electric machine, designed for converter application, the capability of converieroperatig
should be indicated on the nameplate. For low voltage cage induction motors the 'safe operatir
speed is defined in IEC 60034-1:2022, 9.6.

For motors using hydrodynamics bearings, the minimum safe operating speed should keep

thlick-film lubrication on bearing. Below this limit, a hydrostatic system-will be necessary. Dye

g

a

tol the number of interacting factors relevant for this effect, normally@ case-by-case analysis|is
rgquired, and the manufacturer should verify the practical limitss
The over-speed of AC electrical machines is defined in IE€/60034-1, but an over-speed test|is

Ck

ngt normally considered necessary. The intention of a test,"if specified and agreed, is to che

electrical machine it is practically impossible to reachvan operating speed above its synchrono
speed, electrical generators can be accelerated dbove their synchronous speed by the turbin
fof example in case of a sudden load rejection;

thie integrity of the rotor design with respect to centrifugal forces. Although for a fixed—speld

For converter-fed electrical machines, amacceleration to a speed higher than the maximum

operational speed determined in the control of the converter is unlikely. Especially for larg
‘super synchronous’ electrical machings, it is often beneficial to design an electrical machin
fof a maximum over-speed of 1,06"times the maximum operation speed. Test may also |
performed at 1,05 times maximum operating speed. There is no technically justified argume
against such agreement.

It|should be appreciated-that with high speed running fine balancing of the rotor may {
rgquired. If the high_speed is required for more than short periods the bearing life may §
rgduced. Also, for high-speed applications, special attention should be paid to both the greag
service life and the re-greasing interval.

4,3.6 Cooling arrangement

As$ Figure*1 indicates, the type of cooling influences the maximum torque/speed capability
PDS: ‘Electrical machines with power ratings in the megawatt range often have a coolif

S

® O D

=
—

pf

g
a

afrangement consisting of a primary cooling circuit (usually with air as primary coolant) and

secondary cooling circuit (with air or water as secondary coolant). The losses are transferred

via a heat exchanger from the primary into the secondary circuit.

e Where both primary and secondary coolants are moved by a separate device, and their flow

is thus independent of the electrical machine’s rotor speed (for example, IC656 according
to IEC 60034-6), the curve in Figure 1 for separate cooling applies.

Where the secondary coolant is moved by a separate device and the primary coolant by a
shaft-driven device (for example, IC81W or 1C616), the curve in Figure 1 for self-cooling
applies.

Where both primary and secondary coolants are moved by a shaft driven device, the output
torque should not exceed the curve T/Ty = n?/ng? and the minimum operational speed is

recommended to be = 70 % of rated speed.
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4.3.7 Voltage/frequency characteristics

The relationship between the converter output voltage (U) and frequency can have several
characteristics, as shown in Figure 3.

Ul

Umax

ﬁ) f01 fmax f

IEC

Key

A The voltage increases with frequency, and the maximum<gonverter output voltage U, is achieved at the
field-weakening frequency f,.

[: The voltage increases with frequency, and the maximum converter output voltage U, is achieved above f
at a new field-weakening frequency f,,. This provides an extended speed range at constant flux (constant
torque), but the available torque in this speed.range is less than that of case A.
q The voltage increases with frequency up to f,, and then increases at a lower rate, the maximum convertefr

output voltage U, being achieved at fz; . This avoids excessive torque reduction in the constant flux rangg.

[ A voltage boost is applied at very low frequencies to improve starting performance, and to prevent ah
unwanted increase in current,

Ip all these cases, the voltage/frequency dependence may be linear or non-linear, according to the torque-speed
requirements of the load.

Figure 3 — Examples of possible converter output voltage/frequency characteristics

4)3.8 Resonant speed bands

The speed range of a converter-fed electrical machine may include speeds that can excite
rgsonances in parts of the electrical machine stator, in the electrical machine/load shaft syste
ol inithe driven equipment. Depending on the converter, it may be possible to skip the resonant
frequencies. However, even when resonant frequencies are skipped, the load will be
accelerated through that speed if the electrical machine is set to run at any speed above this
resonant speed. Decreasing the acceleration time can help minimize the time spent in
resonance. The speed range shall be agreed with machine manufacturer.
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4.3.9 Duty cycles

4.3.9.1 General

Cyclic duty applications are those in which transitions between speeds or loads are common
(see IEC 60034-1). Several aspects of this type of application affect the electrical machine and
the converter.

N

4
a
0
b
d

4

N

re

Electrical machine heat dissipation is variable, depending on rotation speed and cooling
method.

DTE IEC TR 61800-6 provides information on load duty and currént determination for the entire PDS.
3.9.2 High impact loads

H|gh impact loads are a special case of duty and*are encountered in certain intermittent torqy

rection as electrical machine rotation).

The impact load will result in*a’ rapid increase or decrease in current demand (from the
Cq
Cq

thlese transient currents. is-a function of the size of the converter and of the electrical maching.

4  Electrical machine requirements

Table 2<indicates some main individual aspects and design considerations.

Torque demands above electrical machine full-load torque may be required. Operation
above electrical machine full load torque may be required to accelerate, handle peak loads,
and even decelerate the load. Operation above electrical machine rated current will ihcreage
electrical machine heating. This may require a higher thermal class of insglation, an
electrical machine rated for the overload, or evaluation of the duty cycle to determine if the
electrical machine has enough cooling for the application (see IEC 60034-1,(duty type S1(

O —

DC injection, dynamic, or regenerative braking may be required to reduce the electric
machine speed. Regardless of whether the electrical machine is generating torque to dri
the application, generating power back to the converter due to the electrical machine being
driven by the load, or supplying braking torque during decelerationyby applying d.c. current
to the windings, electrical machine heating takes place approximately proportionally to the
square of the current while applied. This heating should<be’/included in the duty cycle
analysis. Furthermore, the transient torques imposed on the shaft by braking should be
controlled to a level that will not cause damage.

]

removed from the electrical machine very quickly. It is also possible for this load torque

plications (for example, IEC 60034-1, duty type S6). In these applications, the load is appl:}
positive (against the direction of rotation of the electrical machine) or negative (in the sa

® O Qd

nverter). If the torque is negative, the electrical machine may generate current back into the
nverter. These transient \currents create stresses in the stator winding. The magnitude pf

DTE This subgclause refers mainly to induction electrical machines, but some of the requirements may also pe
evant for other.electrical machine types.
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Table 2 — Electrical machine design considerations

IEC TS 60034-25:2022 © IEC 2022

Required aspect of
application

Design consideration

Long-term operation at low
speed

Thermal over sizing or independent cooling.

For long-term operation of sleeve bearings below 10 % of corner point speed,
the bearing performance should be confirmed by the manufacturer.
Consideration should be given to the type of grease and greasing intervals.

Large ratio of speeds

Cooling independent of speed (separate fan, or other cooling medium, for
example, water)

Innnri feedbhack device

Precautions for mechanical interface

Speed sensor may need to be electrically insulated

igh speed (field-weakening)

Mechanical aspects.
High breakdown torque (i.e. small leakage reactance).
U/f characteristic is constant until /> f, (see Figure 3)

hproved electrical machine
fficiency with converter

Lpply

Rotor cage designs (rotor bars with less skin effect are preferred, see 5.2).
May adversely affect line starting capability

ne bypassing or line start
Bpability

Rotor cage design shall be appropriate. Consequently the.désign may not be
optimized to reduce losses and improve efficiency — balanced compromise
necessary

T

igh breakaway torque

If possible, increase flux by 10 % to 40 % (depefiding on electrical machine
size) at near-zero frequencies

oltage drop in the converter
ecause of modulation or filter
I cabling

Adaptation of the rated electrical machine voltage to compensate for the voltag
drop, i.e. the rated voltage of the electricalymachine can be lower than the
supply voltage to the converter.

14

w o =100 <L

ulti-electrical machine
peration at approximately
ynchronized common speed

Similar slip/torque characteristics of.the electrical machines

In

C(

nverter.

some applications, the electrical parameters-of the electrical machine equivalent circuit (s¢e
Table 3 for examples) may be requested.-from the electrical machine designer for tuning th

e
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Table 3 — Electrical machine parameters for the tuning of the converter

Parameter

Description/explanation

Scalar control

Vector or
direct flux and
torque control

Maximum values

is required

Maximum speed Yes Yes
Maximum temperatures of the stator Yes Yes
and rotor windings
Acoustic parameters
Frequencies which should be Yes, if discrete carrier
skipped by the converter, to avoid frequencies occur
aroustic and electrical machine
r¢sonances
Mechanical parameters
Inertia For high rates of acceleration Optional Optional
(oefficients &, and k, of friction and | For some factory automation or Optional Optional
cpoling fan torque demand production tasks, when accurate
determination of mechanical output
(T = ky X+ ky x n?) power is required
Electrical parameters of the T-equivalent circuit diagram for induction electrical machines
Stator resistance (Ry) | At operating temperature Optional for IR Yes
compensation
Rotor resistance (R') |Atrated operating point and Optional for Yes
‘ temperature, different from locked rotor | advanced
(3ee NOTE 1) o
condition scalar control
Stator leakage reactance (X5s) | At corner point frequency Optional for Yes
advanced
scalar control
Rotor leakage reactance (X' ) |Atrated operating point, different from | Optional for Yes
(3ee NOTE 1) x locked-rotor'condition advanced
scalar control
Magnetizing reactance (X.,) | Atcorner point frequency and rated Optional for Yes
operating point advanced
scalar control
Magnetizing conductance (GyY | At corner point frequency and rated Optional for Yes
operating point advanced
scalar control
Magnetizing inductance.a@s a For field-weakening Yes, for Yes
finction of voltage. advanced
scalar control
Lpteral critical~speed if below Speed to be avoided for continuous Yes Yes
nmaximum operfational speed operation
Rotor skin-effect, For accurate determination of harmonic | Optional Optional
(¢.9.,ladder equivalent circuit) losses and temperature rise in
- applications where rapid current - -
Stator skin effect response and precise dynamic cantrol Optional Optional

NOTE 1

The rotor electrical parameters R’ and Xc'rare as referred to the stator circuit.

NOTE 2 Some converters do not require motors resistance and reactance values for tuning purposes, as those
determine required parameters by themselves.

Consideration shall be given also to torsional critical speeds where continuous operation at
these speeds shall also be avoided.
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For improved thermal modelling, or in applications where high torque with precise control

is

required at low speeds, it may also be useful for the electrical machine designer to supply data
on the internal thermal capacitances and resistances of the component parts of the electrical

machine. These parameters may be dependent on both rotational and switching frequency.

5 Losses and their effects (for induction electrical machines fed from voltage
source converters)

5.1 General

In[ the case of voltage source converters, a knowledge of the electrical machine equivale

circuit is normally not important for the design of the commutating circuit, but the harmonic

impedances of the electrical machine greatly influence the losses caused by harmonics. Voltag

sgurce converters impress their output voltage on the associated electrical machines. The

olitput voltage synthesizes a sinusoidal wave using quasi-rectangular voltagefpulses, havir
steep slopes and approximately constant amplitude (two-level convetters impress
pg¢ak-to-peak value of the intermediate DC voltage).

ht

e

g
a

Inf addition to the well-known losses due to fundamental voltage and current, the non-sinusoid

thiese losses can amount up to around 10 % to 30 % of the'fundamental losses for two-le

losses due to converter supply are lower, typically 0,2 % to 1 % of rated output.

The magnitude and the characteristic behaviouref the additional losses due to converter supp
depend on the design of the electrical machine; the type and parameters of the converter, ar
thie use of filter circuits.

The total value of the additional losses,;caused by harmonics decrease with increasing switchir
frequency (see Figure 4). This effect is caused by the small additional winding losses at hig
switching frequencies.

See Annex A for converter'types and characteristics.

sypply by a converter creates additional losses in the electrical machine. These additionfal
losses depend on speed, voltage and current, the converter outptt voltage waveform, and the
dT:ign and size of the electrical machine. If neither series inductances nor filters are provide(d,

converters and thus up to about 1 % to 2 % of the rated”output of the electrical maching,
decreasing with increasing electrical machine size. Fofthree-level converters, the additionjal

d
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-

K

F

0,2

0,1 @

y
Total harmonic losses
Harmonic winding losses
Harmonic iron losses
Figure 4 — Example for the dependence of the electrical machine losses caused by
harmonics P, related to the losses P¢ at operating frequency f,, on the switching
frequency f; in\case of 2 level voltage source converter supply

{2 Location of the additional losses due to converter supply and ways to reduce

them

th
fl

T

br the converter/output pulses the electrical machine appears as a frequency-depende

rotor bars, but in some cases also the stator conductors) and to eddy currents in the leakag
x paths:(especially in the laminations).

ir:[epedance. The'osses of this impedance are mostly due to skin effect in the conductors (mai

t

ly
e

e additional losses due to converter supply can be minimized by various design measure

el

ther internal or external to the motor, Tor example:

rotor winding design with less skin effect;

stator winding design with less skin effect;

open rotor slots;

avoidance of short-circuits between the rotor laminations;

thinner stator and rotor laminations, to reduce eddy-current losses;

and external to motor reduced eddy current losses in series inductors or filters.
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5.3 Converter features to reduce the electrical machine losses
5.3.1 Reduction of fundamental losses

Figure 5 shows examples of the losses at no-load and at full-load for a 37 kW, 50 Hz electrical
machine powered from sinusoidal and 5,5 kHz voltage source converter supplies. It can be seen
that the additional losses due to PWM supply are small compared with the fundamental losses.

s A
X
a5
Y
4
3,,
2
1
0 ‘ >
0 20 40 60 80 100 120
7, Hz
IEC
Key
A Full load, PWM supply B Full-load, sinusoidal C-No, load, PWM supply D No load, sinusoidal
supply supply
Rigure 5 — Example of measured losses®| as a function of frequency fand supply type
The most significant benefits of cofverter supply are achieved by optimizing the electrical
miachine flux depending on load (forexample, reduction of flux at partial load) since this reducIS

the fundamental losses which ‘aré considerably higher than the additional losses. This “fllix
optimization” is frequently used in pump and fan applications for which the required torque |is
proportional to the square™of'the speed. At lower speeds the torque is considerably reducgd
amd can therefore be created with lower flux and with lower losses in the electrical machine.

The same principlé_is used in the "constant power factor control" in applications where the load
torque varies (not_hecessarily the speed) by adjusting the electrical machine flux according fo
thie need so that the electrical machine current power factor stays at the optimum value.

The fundamental losses may also be reduced by variation of the intermediate DC voltage.
H|ghert DC link voltage may also help to decrease over-modulation.

5.3.2 Reduction of additional losses due to converter supply

The additional losses due to converter supply may be reduced by reducing the harmonic content
of the converter output voltage by, for example:

e optimizing the pulse patterns;

e increasing the switching frequency; typically, the additional losses due to converter supply
in the electrical machine show a strong decline with increasing pulse frequency up to a few
kHz (see Figure 6). However, the commutation losses in the converter increase with the
pulse frequency (see Figure A.1) with the result that the sum of the losses has a minimum
at a few kHz. For hysteresis or random PWM controlled converters, an average switching
frequency applies which may also depend on voltage and current;

e multi-level converter configuration.


https://iecnorm.com/api/?name=109ef634595b82b9e1d117387ee6281f

IE

Fi
hi
V(g

M4 Use of filters to reduce additional electrical machine/losses due to converter
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Figure 6 — Additional losses AP of an electrical machine (same electrical

machine as Figure 5) due to converter supply, as a function of pulse
frequencyfp, at 50 Hz rotational frequency

supply

gh-frequency switching voltage without excessively\affecting the low-frequency resulta
Iltage appearing at the electrical machine termindls. The total effects will depend on t

Iters may be used at the output from a converter to reduce the amplitude and du/dr of t}e

a

thie filter will reduce the voltage at the electrical. machine terminals, and this should be tak

plication and dimensioning of the electrical machine and the filter. The voltage drop acro

t
e
S

info account in order to avoid an increase ‘in/the fundamental current loss in the electri
mfachine. Also, there will be some losses_indhe filter, but these will generally be lower than the
regduction of additional electrical machine:losses due to converter supply, and so the overall

e

In

filters may also have a beneficial effect in reduced voltage stress on the electrical machir

w

5
T
w
w

{5 Temperature influence on life expectancy

iciency of the PDS will improve.

addition to reducing the additional electrical machine losses due to converter supply, su
ndings, decreased torqué ripple, and improved EMC performance (see 9.2). However, the

the voltage drop across the filter.

ne sum of/the fundamental and additional losses due to the load condition and the voltag
bveform(results in a temperature rise of the electrical machine windings. The temperature rig

r<1nge.

Il be a slowing of the dynamic response of the PDS, and there may be other limitations dye

Il also:be affected by a change in cooling at the operating point within the specified spegd

n
I

h
e
G

e
e

There are several ways to take this effect into account, for example:

NOTE

use of a separate cooling supply, such as ICOA6 or IC1A7 (see IEC 60034-6) for an air-

cooled electrical machine;

use of a higher thermal insulation class (see IEC 60034-1);

full compensation for the intended operating ambient temperature (see IEC 60034-1);
use of oversized electrical machine;

optimization of converter output waveform.

and hence the bearing lifetime.

Increased temperatures may affect not only the winding insulation ageing but also the bearing lubrication,
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The influence of variable load and speed on the winding temperature is characterized by the
duty type as defined in IEC 60034-1. The most suitable duty types for converter-fed electrical
machines are S1 and S10. Duty type S1 considers the maximum permitted temperature,
whereas S10 (for operation at varying load and speed) permits temperature rises which exceed
the limit values of the thermal class for limited periods. Limit values of temperature rise are
given in IEC 60034-1:2022, and Annex A of that standard gives a formula for the estimation of
thermal life expectancy.

5.6 Determination of electrical machine efficiency

The recommended methods to determine the electrical machine efficiency on sinusoidal supply
alle given in IEC 60034-2-1 and IEC 60034-2-2, For voltage converter fed cage induction matofs
anew method to determine harmonic losses is described in IEC TS 60034-2-3.

If[practical, if required to achieve a more accurate assessment of the overall losses’(including
thie additional harmonic losses), they should be determined with the behaviour of{the final PD

UJ

6| Acoustic noise, vibration and torsional oscillation

6.1 Acoustic noise
6.1.1 General

The converter and its function create three variables which'directly affect emitted noise. The¢y
afe:

¢ | changes in rotational speed which may range<{from near zero speed to values in excess pf
the corner point speed. The components and factors that influence noise emissions afe
bearings and lubrication, ventilation and anyyother features that are affected by temperatufe
changes;

o | electrical machine power supply frequency and harmonic content which have a large effelct
on the magnetic noise excited in theistator core and, to a lesser extent, on the bearing noisg;

o | torsional and radial excitations of the stator core due to the interaction of waves of different
frequencies of the magnetic<field in the electrical machine air gap.

6.1.2 Changes in noise'emission due to changes in speed

(=2}

{1.2.1 Sleeve (or.plain) bearings

There will be no significant change in the noise level emitted by plain bearings.

1.2.2 Rolling element bearings

6.

The fundamental frequencies of potential noise emission from a rolling element bearing will
varyrsdirectly with the rotational speed. If the bearing is "quiet” at the corner point speed, it|is
unlikely for the noise level to change significantly when the speed is reduced. However, when
the speed is increased above the corner point speed there is the possibility that the noise level
could increase dramatically due to harmonics of the fundamental frequencies growing due to
skidding of the rolling elements. The susceptibility to this phenomenon has been shown to
increase rapidly at speed factors (bearing diameter in mm x rotational speed in r/min) greater
than 180 000. Experience has shown that the noise level increase can be countered by
increasing the lubricant supply to the bearing by regreasing at very short intervals or by utilising
oil bath or oil mist lubrication.

When operating at the highest speeds in the electrical machine’s range, the bearing
temperature will be higher than running at lower speeds. It is important therefore to ensure that
adequate nominal clearance and/or a spring-loaded arrangement is embodied in the design.

Grease lubricated bearings will perform perfectly satisfactorily at low operating speeds.
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6.1.2.3 Ventilation noise

For a shaft-mounted fan, the noise generated will vary approximately as the characteristic
shown in Figure 7 (for a fan peripheral velocity up to 50 m/s). The fan noise S(dB) will decrease
per the following formula AS(dB) = 50.log4o(R) or by about 15 dB for a 50 % reduction in speed
and increase by about 9 dB for a speed increase of 50 %. If the drive is unidirectional, very
effective noise reduction can be achieved by utilising a fan on the electrical machine with
unidirectional fan (axial or centrifugal).

A

+40 1
+30 1
+20 1

+10 7

AS (dB)
o
v

IEC

Key

AS Change in sound pressure R Fan speed p.u.

45(dB) = 50.l0g,,(R)

Figure 7 — Relative fan noise as a function of fan speed

61.3 Magnetically excited noise

Mpagnetic noise is gssentially caused by waves of tensile stress acting in the radial direction ¢n
thie stator core at the air gap. These so-called Maxwell forces are excited by the interaction pf
thle various magnetic fields in the air-gap. The tensile stress is characterized by its amplitudf,
frequency ahd mode. As the amplitudes are small, the tensile stress results in disturbing tongs
omnly when frequency and mode of a specific wave coincides with the frequency and mode of|a
natural-frequency of the stator core.

Intthe-ease-of sirusoidal-supply-veltagesthe-magnetic-roise-is-caused-by-the-spatiatharmeni€s
of the air-gap field. The aim of a professional design is to avoid resonances at the rated
operating conditions of the electrical machine. But, because of the large variety of contributing
spatial harmonic fields, audible magnetic noise is unavoidable at specific speeds, when the
electrical machine is operated at constant flux over a wide speed setting range, even when the
supply voltage is sinusoidal. Skipping of a small frequency band is frequently used to avoid a
too high noise emission at the associated speed. This means this effect is not associated with
the converter supply and would also occur in case of variable-frequency sinusoidal supply
voltages.
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The statements given above are valid also when an electrical machine is supplied from a
converter. But, in this case, the magnetic fields produced by the time harmonics are
superimposed. With respect to considerable magnetic noise, it is sufficient to consider the
interaction of the fundamental air-gap fields (number of pole pairs p) of the operating frequency
and the different harmonics. Therefore, the additionally generated waves of tensile stress are
of the modes r = 0 and r = 2p. The natural frequencies of these modes depend on the size and
the design of the electrical machine

The objective of PDS designers is to create optimum noise solutions, but it should be recognized
that such solutions are not the responsibility of either the converter designer or the electrical
mjachine designer alone and that in many cases design co-operation is essential.

Experience has shown that with pulse frequencies less than 3 kHz, the harmonic frequenciaiTs1
can be close to the natural frequencies of the electrical machine core and structure on mediu
:l:d large electrical machines and consequently with wide speed range applications, resonang¢e
ints are nearly unavoidable at some point in the speed range (see Figure A.2): The resonang¢e
bquencies for the modes » = 0 and r = 2p (see Figure 8 for illustrations of modes » = 0, 2 and
are less than 2,5 kHz for 2-pole and 4-pole electrical machines with shaft‘height greater than
5 mm. By contrast, the trend to increase the converter pulse frequency to 4 kHz or 5 kHz pr
en higher will result in possible resonance occurring on progressively smaller electrical
achines.

T Q

30 wh

IEC

IEC

Figure 8 — Vibration modes of the stator core

The increment of noise of electrical machines supplied from PWM controlled convertefs
compared with the same eIectricaI machine supplied from a sinusoidal supply is relatively smII
(9
free c S c . c
advanced PWM or hystereS|s -controlled converters no Ionger use fixed carrier frequenmes and
therefore produce a widely spread spectrum of non-fundamental frequencies. Thus, the typical
noise increase and the subjective audible noise can be drastically reduced.

It may be necessary to create” skip bands” in the operating speed range in order to avoid
resonance conditions.

For an indication of the noise increase when operated on a converter see IEC 60034-9:2021,
Annex B (informative).
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6.1.4 Sound power level determination and limits
6.1.4.1 Methods of measurement

Sound power levels should be determined in accordance with IEC 60034-9.

6.1.4.2 Test conditions

If practical the electrical machine should be rigidly mounted and, tests should be made with the
electrical machine supplied from a converter with the output characteristics that will be used in
theapptication.

A"‘ternatively, and preferably for larger electrical machines, tests may be carried out at'no load
and rated frequency, using a sinusoidal supply.

6.1.4.3 Sound power level limits

Sound power level limits are specified in IEC 60034-9:2021. Table B.2 ofthat standard shows,
a$ information, the typical expected increments of the sound powerflevel of converter-fed
electrical machines compared with sinusoidal supply.

6.2 Vibration (excluding torsional oscillation)
6.2.1 General

The level of vibration produced by a converter-fed electrical machine will be influenced by the
following factors:

¢ | the electromagnetic design of the electrical.machine;

¢ | the electrical machine structure, particularly the frame assembly;
¢ | the electrical machine mounting;

o [ shaft stiffness;

¢ | the rigidity of the coupling between the electrical machine shaft and the driven equipment;

e | the output waveform of the converter.

Provided that the converter-has suitable output characteristics and also that due attention |is
paid to the mechanical features of the electrical machine and its mounting, similar vibratign
levels to that produced by an electrical machine operating on a sinusoidal supply will e
obtained. Thus, forelectrical machines supplied from PWM voltage source converters, there|is
ng® need to establish vibration levels that are different from the figures for sinusoidal suppligd
electrical machines given in IEC 60034-14.

IHC 60034-14 gives test vibration limits for electrical machines when they are either freely
suspended or rigidly mounted. The measured test figures give the vibration level produced by
ap “uncoupled electrical machine under specific mounting conditions and as such are in
indication of the quality of the electrical machine. When an electrical machine is mounted in an
apparatus or at a site coupled to driven equipment, it is expected that the vibration level will be
different.

For an electrical machine coupled to a driven equipment there are many natural resonances
and if the application requires the electrical machine to operate over a wide speed range it can
be extremely difficult to avoid all of them. If problems are experienced, it is sometimes possible
to program the controller so that the frequency bands that are exciting the mechanical
resonances are “skipped” (see 4.3.8).

It will be appreciated that as many of the factors influencing the level of vibration are due to the
total system, it is not possible to address all vibration problems by considering the design of
the electrical machine on its own.
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6.2.2 Vibration level determination and limits
6.2.2.1 Method of measurement

Vibration levels should be determined in accordance with IEC 60034-14 (see 6.2.2.2).

6.2.2.2 Test conditions

If practical the electrical machine should be rigidly mounted and, tests should be made with the
electrical machine supplied from a converter with the output characteristics that will be used in
theapptication.

Alternatively, by agreement between manufacturer and customer, tests may be carried,out pt
n¢ load and rated frequency, using a sinusoidal supply.

NQTE 1 This recommendation can significantly increase the test time and is not necessary per.IEC 60034-14.

NOTE 2 For in situ measurements, refer to ISO 10816-3.

62.2.3 Vibration level limits

When testing under the conditions specified in 6.2.2.2, it is re¢ommended that the vibration
miagnitude measured on the bearing housings should not exceed the vibration level Grade A,
given in IEC 60034-14.

3 Torsional oscillation

eration of the drive. However, this does net ‘apply to the oscillating torques which afe
nerated in the shaft of electrical machines supplied from converters. The magnitude of t}e

6.
The asynchronous (time-constant) torques generated by harmonics have little effect on the
o}
g

torque ripple and its frequency are such that’they can produce torque vibrations in the complete
connected mechanical system which sheuld be carefully checked in order to avoid damaging

meechanical resonances.

ane determined by the switching“frequency while their amplitudes depend on the pulse width.
Thus, the oscillating torque.@amplitudes may be as high as 15 %, of the rated torque provided
thiat the switching frequehcy exceeds 10 times the corner point frequency, which is usually the
case. With higher swijtching frequencies (in the order of 21 x f;) the oscillating torques pf
frequencies 6 x f; and 12 x f; are practically negligible, provided a suitable pulse pattern |is
applied (e.g. modulation with a sinusoidal reference wave or space-phasor modulation).
Agdditionally, aescillating torques of twice the switching frequency are generated. These, howevgr,
dthot exert/detrimental effects on the drive system since their frequency is far above the critical
mlechanical)frequencies.

In[ drives with pulse-controlled converters, the frequencies of the dominant oscillating torquI_’s
t

omponent produced by asymmetries of t

A| D€, component, or a negative-sequence ¢

cd cutputveltage-will-gene oFrgHe

frequency and should therefore be carefully prevented. It should be borne in mind that, for DC,
only the resistance, and, for negative sequence, a short-circuit impedance, are effective, and
therefore small asymmetrical voltages will produce rather high asymmetrical currents and thus
oscillating torques, especially when meeting a resonance frequency of the shaft train.
Oscillating torques will lead to damage due to clearances in gear sets, couplings or some shaft
connections if the torque transmitting surface is able to disconnect and afterwards to "hammer"
back.
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7 Electrical machine insulation electrical stresses

7.1 General

The insulation system of the electrical machine is subjected to higher dielectric stress when
converter-fed than in the case of a pure AC sinusoidal source.

7.2 Causes

conditions. As can be seen, there is not a simple relationship between the surge count and th
rige-time and magnitude. However, the risk of insulation damage*(due to partial discharge, s¢
713 and 7.6) is more severe with surges of fast rise-time and‘high voltage, which indicates thpt
syrges in the upper right-hand portion of this diagram, when viewed from the ¢, scale directign

alle more significant.

IEC

Key

A Surge magnitude (p.u.) t. Rise-time (ns) n Surge count (per second)

Figure 9 — Typical surges at the terminals of an electrical
machine fed from a PWM converter
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Depending on the rise-time of the voltage pulse at the converter output, and on the cable length
and electrical machine impedance, the pulses generate voltage overshoots at the electrical
machine terminals (up to 2 p.u. phase-to-phase and phase-to-ground for each polarity). These
voltage overshoots are created by reflected waves at the interface between cable and electrical
machine terminals due to impedance mismatch, and depend on the converter output, the cable
length between the converter and the electrical machine and electrical machine terminal
impedance. This phenomenon is fully explained by transmission-line and travelling wave theory,
using the harmonic content of the output voltage. As the rise-time decreases, so the harmonic
frequencies present in the voltage waveform will increase. Typical voltage surges measured at
a converter output and at the electrical machine terminals are given in Figure 10 with an
effifarged View Of one surge shown In Or support of a comprenensive analysis

consult IEC TS 61800-8.
It|is recommended that the system integrator of converter and electrical machihne shoufd
mifasure the phase-to-ground and phase-to-phase voltage at the electrical machine terminals
after system installation in order to confirm the expectation, because the actual' magnitude and
rige-time are complicated as shown in Figure 9. If the actual surge voltage is,more severe than
thie expectation, the system integrator should take countermeasures followirig 7.5 in order fo
aYoid unexpected system faults in service.
‘ MW il MMW‘W
M
L
IEC
Key
Phase voltage at converter M Phase voltage at electrical machine
Figure 10 — Typical voltage surges on one phase at the converter
and at the electrical machine terminals (2 ms/division)
c :W s s P
M
|
IEC
Key
Phase voltage at converter M Phase voltage at electrical machine

Figure 11 — Individual short rise-time surge from Figure 10 (1 ps/division)

Experience indicates that as the cable length increases, the pulse overshoot generally may
increase to a maximum then may decline. Meanwhile, the rise-time at the electrical machine
terminals increases. Voltage overshoots might be decreased in the case of installations using
converters installed close to associated electrical machines, where the cable length between
converter and electrical machine is short.
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3 Winding electrical stress

The dielectric stress of the winding insulation is determined by the peak to peak voltage and
the rise-time (for definition, see Figure 12) of the impulse at the electrical machine terminals,
and on the frequency of the impulses produced by the converter.
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Figure 12 — Definition of the rise-time's, of the voltage pulse
at the electrical machine terminals

he part of the stress is determined by the levelof voltage applied to the main insulation (phas
-phase or phase-to-ground) of the winding coils. The other is limited by the inter-tu
sulation and determined by the rise-time-of the impulses. Short rise-time impulses result

voltage being unevenly distributed.throughout the coils, with high levels of stress prese
tween turns at the line end coil(s).@f the individual phase winding.

not known better, this.can be considered as the expected worst-case voltage stressing tk
rn-turn-insulation-of-the electrical machine.

5 illustrated, the shorter the rise-time, the more voltage appears across the first turn of tf
il.

gure 13 shows the worst-case-distribution of the voltage across possibly adjacent first and
lalst turns of a random-wound winding as a function of the rise-time.
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torturn. This can be due to inadequate dielectric strength of the enamel coating, inadequate
rgsin fill. However, field experience has shown, that in most cases no dielectric breakdown

/4 Limits and responsibility
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Figure 13 — First turn voltage as a function of the rise-time

hort rise-time impulses at electrical machine terminals also cause high turn-to-turn voltages
the first coil(s) of each winding phase and can be followed by early dielectric breakdown turp-

curs, because the probability of critical turns to be located close to each other is rather Iqw
hen the recommended WIC are met.

4.1 Electrical machines design for low voltage (<1 000 V)

ne insulation-system of electrical machines rated at less than 1 000 V specifically designed
r supplrfrom voltage source converters may be qualified according to 60034-18-41 (without
brtial-Discharge Type 1) or 60034-18-42 (with Partial Discharge Type Il), possibly indicating
isdn the documentatlon and on the name plate ofthe electrical machme Itis the respon3|b|I| y

of

documentatlon the ablllty ofthe electrlcal machlne wmdmg |nsulat|on ASS|gn|ng an IVIC will
affect the withstand voltage test in IEC 60034-1.

For general purpose PDS applications it is recommended that the electrical machine should

fo

llow the impulse voltage insulation class C/B, Table 4. Electrical machine manufacturer

should ensure that the electrical machine complies with these levels, i.e. the values in Table 4.

Higher and lower values as well as different combinations of P-P, P-G, T-T Classes for specific
applications are given in IEC 60034-18-41, in order to adapt electrical machine insulation
abilities to system requirements economically and reliably.
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Ensuring that no significant service lifetime reduction of the electrical machine insulation occurs,
the actual stress due to converter operation should be lower than the Impulse voltage insulation
class (IVIC) for Type | Insulations according to IEC 60034-18-41 and the voltages per Type Il
Insulations according to IEC 60034-18-42.

It should be known that dependent on the PDS topology significantly higher voltages could
occur. The actual voltage stress to be expected can be determined according to
IEC TS 61800-8, taking into account possible voltage reflection depending on the topology and
operating mode of the converter, cable type and length, earthing, etc. Relevant parameters for
insulation stress are: transient peak to peak voltage values, rise-time, repetition rate, etc.

The system integrator is responsible for determining and specifying the voltage stress_level pt
thie electrical machine terminals (see Annex C for an example of the calculation of these.voltage
stress levels).

In| case the actual or expected levels at the electrical machine terminals are higher than thosge
given in the impulse insulation class defined in Table 4 either the PDS topology or the electrical
miachine insulation shall be adapted. The maximum levels defined in Table’4 covers a sufficient
ndmber of typical applications, but it is possible that levels exceed this(and the capability of the
mptor insulation system. It is the responsibility of the system integratorio make system changégs
oll to communicate the special requirements to the electrical machine or converter manufacturgr.
Methods of insulation stress reduction are given in 7.5.

Table 4 — Operating voltage at the terminals.in units of Uy where

the electrical machines may operate reliably without special agreements
between manufacturers and.system integrators

Impulse voltage Allowable péak/peak operating voltages in units of Uy
insulation class
Phase/phase Phase/ground
(¥ B
IVIC C/B 5,9 3,1

NQTE Special agreements between manufacturers and system integrators might be subject to a dedicatpd
ingtallation.

7)4.2 Electrical machines designed for medium and high voltage (> 1 000 V)

The insulation system' of electrical machines rated at greater than 1 000 V specifically designgd

ensure compatlblllty If the drive topology and system are known IEC TS 61800-8 can be an
indication of the peak voltage seen at the at the motor terminals and therefore the motor’s
needed IVIC.

7.5 Methods of reduction of voltage stress

There are several possible solutions for reducing the surge severity in a given situation. These
can be judged when viewing the complete PDS. Most of the influencing aspects can be
calculated by following IEC TS 61800-8. Annex C gives an example of how simple it is to use
IEC TS 61800-8.
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6 Insulation stress limitation

The upper limited level at which this over-voltage stress becomes harmful is the PDIV (the
voltage at which partial discharges begin to occur) or, in the air, the Corona Inception Voltage
(CI1V). Partial discharges may cause degradation of the insulation system through both chemical
and mechanical erosion. The rate of insulation degradation depends on the energy and
frequency of occurrence of the partial discharges.

PDIV and CIV in an electrical machine are influenced by:

Fi
Cq

Kg

J

winding type: random or form-wound;

design: phase separation and ground wall material;
varnish type and impregnation technology;

wire size: larger diameter wire has a higher PDIV;
wire insulation type;

enamel thickness: thicker enamel coating of wire increases PDIV;

by 30 % from 25 °C to 155 °C); this is true only partially and in @eneral not for form wou
electrical machine windings;

environment atmosphere (composition and pressure);

condition of the insulation (contamination by dirt or humidity, etc.).

gure 14 shows a partial discharge pulse that has sesulted from a surge on one phase of
nverter-fed electrical machine.

DTE The discharge occurs at the rising edge of a converter generated voltage surge, as the voltage stress acro
oid in the insulation reaches its breakdown strength:

D | |
avrmenmia A s A rp M'wl?'f*\"f‘_w,v\,u E L PRV PR
},
N
IEC
y
Yoltage surge at electrical machine terminals D Discharge pulse

operating temperature: when the winding temperature increases, PDJV decreases (typica’lly

d

a

5SS

Figure 14 — Discharge pulse occurring as a result of converter generated
voltage surge at electrical machine terminals (100 ns/division)
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Bearing currents

1 Sources of bearing currents in converter-fed electrical motors

1.1 General

Several situations can cause bearing currents. Bearings within electric motors as well as the
driven load could be affected. The resulting material alternations at the raceways of the
bearings in the form of corrugated patterns lead to an early and unplanned shutdown of the
drive system. The classification of the different bearing current types is shown in Figure 15.

Bearing currents ‘
- )
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Direct on line (DOL) External ‘ | Converter operation ‘
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Motor build-up Electrostatic build-up ‘ Voltage related ‘ ‘ Current related ‘
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1.2 Circulating currents due to magnetic asymmetry

ue to magnetic asymmetry e o v e due, t_o common mode
low frequency high frequency

Figure 15 — Classification‘of bearing currents

DTE Also auxiliary devices such as encoders or tachometers as per 9.1.4.4 which are connected to the electrig
btor can be affected by bearing currents.

symmetry in the magnetic circuit\of’an electrical motor creates a situation that causes Io
bquency bearing currents. Thiscis more common in electrical motors greater than 400 kW b
n exist in small electrical motors with magnetic asymmetries, as well, such as those with

ng flux) in the yoke. This induces an AC voltage in the conductive loop comprising t
ectrical motor shaft, the bearings, the end brackets, and the outer frame of the electrical mot
the induced voltage:is sufficient to break down the insulation provided by the Iubricant, curre

direct on-line operating motors systems

1.3 Electrostatic build-up

e voltage can also be caused by an electrostatic build up on the shaft due to the driven log
chias an ionized filter fan.

gmented construction. AnCasymmetric magnetic circuit results in a circumferential a.c. fllix

Il flow through the_loop, including both bearings. This kind of bearing currents mainly appeafs
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1.4 High-frequency effects in converter operation

The converter transforms the input voltage from the supply, which is, as a first approximation,
constant in amplitude and frequency, into a variable voltage in frequency and amplitude. For
that purpose, a rectifier unit is feeding a DC voltage link, in which DC link capacitors act as
voltage smoothers and energy storage. The subsequent inverter transforms the DC link voltage
with the procedure of pulse-width modulation into a variable AC voltage. In this way, the
connected electrical motor can be controlled in terms of speed and torque.
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Regarding to the characteristics of inverter-related bearing currents, the high-frequency
properties of the earthing system are of particular importance. Due to the use of fast switching
semiconductors, which are operated at high switching frequencies, the inverter shall be
assigned the role of an interference source within a Power Drive System — in sense of EMC.
The interference sinks are the subsequent electro-mechanical components such as the electric
motor, gear unit and driven machine, via which the conducted, asymmetrical interference
currents flow. These cause additional, high-frequency voltage drops at the components of the
drive system. Due to the respective parasitic conditions, each component of the system has a
corresponding impedance to earth at which additional voltages drop. In Figure 16 these are
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Figure 16 — Parasijtic impedances to earth of drive system components

Bfsed on the typical output voltage waveform of VSI converters, the mechanisms can be dividg
info three types of bearing currents: EDM, circulating and rotor ground currents. Due to the
umderlying mechanisms, these can be divided into two main groups: the current related and tH
vgltage related bearing currents. Within the former group the bearing currents are caused by
the high-frequency components of the common-mode current (circulating and rotor grour
currents) while for the latter group these are generated due to the inherent common-moq
voltage_(EBPM currents). The classification of the aforementioned bearing current types

d
e
d

e
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8.2 Generation of high-frequency bearing currents
8.2.1 Common mode voltage

A significant side effect in the operation of voltage source inverters (VSI) is the inherent
occurrence of a common mode voltage. Since only discrete voltages and switching states are
available in a VSI, the sum of the generated phase voltages (urg, tgg, utg) iS usually non-zero
— which is different to classical three-phase AC system. In addition to that, the respective
modulation methods inevitably require the switching of zero vectors to generate the desired
output voltage. These are states of operation where the positive or the negative DC link voltage

influencing factor for the undesired, parasitic bearmg current The common mode vpltage [is
equal to one third of the sum of the three voltages phase-to-ground. In Figure 17 — on the right,
thle typical common mode voltage waveform ug)y, of a two-level inverter with a digde“front end
as$ three phase rectifier is exemplified as well as the resulting common mode curients. Steps pf
+4/p/6 and +Up/2 with the corresponding fast voltage changes du/d¢ can occufs At each changg,

thle resulting common mode current pulse ic), is clearly visible.

The manner and degree to which this CMV is expressed at the terminals is dependent on tme
specific Converter topology converter infeed, grounding, etc. The, resultant electrical bearing
si'ess will depend on a number of system design factors including ASD carrier frequency, motpr
ometry, cable type and drive train interaction.
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Figure 17 — Common mode voltage a) determination b) waveform example
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8.2.2 Motor HF equivalent circuit and the resulting bearing current types

Practically, the common mode voltage is the input variable for the parasitic network which
established by the subsequent drive system. For the high-frequency equivalent circuit of t
motor the components of this network shall be explicitly considered as interface areas, air ga
and insulation inside the drive system. The HF equivalent circuit diagram of the motor

22

is
he
ps
is

depicted in Figure 18. The applied common mode voltage uc), generates the current component
icy to flow mainly through the parasitic capacity component Cyyg. This capacity component is
formed between the winding system of a motor and its stator. Other capacities are present

between winding and rotor (C between rotor and stator (C and inside the rolling bearin

is| heavily dependent on the operating conditions. Speed, temperature, bearing load .and' t
excitation of vibrations have a very strong impact on the bearing capacity.

The current flow into the bearings can change rapidly, depending on the condition of the beari
For instance, the presence of capacitance in the bearings is only sustained for-as long as t
anti-friction bearings are covered in lubricant and are non-conducting. This capacitance can
short-circuited if the bearing voltage exceeds the threshold of the breakover value or if t
b

The main focus is on the alterations in roller bearings. ,Slide bearings rarely show a
irfegularities caused by current passage, firstly due to a more-distinct separation of the slidi
partners (lubrication film thickness is 40 up to 50 times bigger compared to roller bearings) a
sg¢condly due to the non-existent rolling mechanism. As(a‘consequence of this sleeve bearin
ugually have little to no abnormalities that could beftraced back to an electrical stress on t
begarings.

Current related@ Voltage related
i
| — 3
b Winding /// \
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Capacitances

Cws: winding — stator
Cwr: Winding — rotor
CRs : rotor — stator
Cg : bearing

Stator / frame

S

(dg)- While the first three portions are determined solely by the geometric dimensions, the latter
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K
g¢aring lubricant film is depleted and makes contact with both bearing-faces. At very low spee
the bearings may also have metallic contact due to the lack of insulating lubricant film.
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Figure 18 — HF equivalent circuit diagram (a) of a motor (b)
geometrical representation of capacitances
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A distinction is made between three types of bearing currents (Figure 15): high-frequency

circular currents inside the motor as well as high-frequency currents from rotor to grou

nd

(current related bearing currents) and the EDM currents with flash-overs in the lubrication film

of the bearing (voltage related bearing currents). For every rapid change of the common mo

de

voltage a common mode current peak occurs (Figure 17). Only in this instant a current related
bearing current may appear. The characteristically waveform for such a bearing current event
can be described with two magnitudes: the peak value of the current and the basic frequency
of the following damping oscillation which is in the range of 200 kHz to 300 kHz. Additionally,
the number of peak events per time unit which is directly connected to the common mode

voltage slope defines the appearance frequency of this current related bearing currents.

agross the lubrication gap of the bearing which is a portion of the common mode valtage
de¢picted in the motor HF equivalent circuit (Figure 18). This kind of bearing currént can
described also by a peak value and the basic frequency of the following damping-oscillati
which is in the range of 1 MHz to 5 MHz. In this case the number of peak everts per time u
is|directly connected to the isolation ability of the lubrication film inside the bearing.

injolved physical components of the drive unit is shown in Figure 19These types of beari
currents are principally shown in a schematic drive system in Figure 19. These are explain
in| detail in the following subclauses.
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types in the drive unit highlighting the involved physical components

Oh the other hand, the voltage related bearing currents are strongly related to the voltage drgp

Algraphical representation of the different high harmonic bearing currenttypes highlighting the

Figure 19 — Graphical representation of the different high frequency bearing current
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8.2.3 Circulating current

The circular currents depicted in the left part of the equivalent circuit diagram in Figure 20 has
a crucial influence — in form of the parasitic capacity between winding and stator lamination
Cws- The high-frequency common mode current, which is flowing off via the slot insulation,

induces a circular magnetic flux, which encircles the shaft of the motor. The voltage induced by
that flux into the shaft of the motor causes a high-frequency circular current, which closes over:
laminated core — bearing shield — motor bearing — shaft. This differs from the classical circular
bearing current which leads to a circular current with motor fundamental frequency due to
magnetic unbalances. The circular current caused by converter operation features has a
significantly higher frequency. The circumstances are schematically shown in Figure 20, onithe
left. On the right-hand side, the current time plots, measured at both motor bearings afe
indicated. Both current courses show a phase displacement of 180° at identical amplitude amd
thjus they represent a circular current. This circulating current typically causes damage to the
bg¢arings with typical peak values of 3 A to 20 A, depending on the size of the eleétrical motqr,
thie rate of rise of the voltage at the electrical motor terminals and the DC link voltage level.

icm

100 ps

Circular magnetic flux

IEC IEC

a) b)

Figure20 — Principle of circulating currents formation

8.2.4 Rotor ground current

The current flewing from the winding through the capacity Cyg — illustrated in Figure 18 — fo

thle statorseore lamination is routed back via the enclosing grounding system to the source|—
the DC.link” of the converter. In case, the grounding conditions at the motor are designed jin
such @ way, that a path of low impedance is leading to the shaft of the motor, currents pf
considerable amplitude can flow via the connection motor shaft coupling a load. In this waly,
they cam potentiatty danmage etectricalty passive pramt—componentthat—are conmectedto the
motor. Thus, the amplitude of the current from rotor to ground is strongly dependent on the
quality of the enclosing grounding system. In Figure 21, the possible current paths are
illustrated that are originated by the extension of the HF equivalent circuit diagram depicted in
Figure 18. Here, the capacities of the motor, the load and the impedances of the enclosing
grounding system can be identified.
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Figure 21 — Rotor ground current principle

The potential difference between the electrical motor frame to ground is a portion of th
converter’s common-mode voltage. The ‘common-mode current will seek the path of lea
pedance. If a high amount of impedance is present in the intended paths, like the grou
cannection of the electrical motor frame, the electrical motor frame voltage will cause some
the common-mode current to be:diverted into an unintended path, such as through the buildin
In[ practical installations, a number of parallel paths exist. Most have a minor effect on the valy
off common-mode current or’bearing currents, but may be significant in coping with EM
rgquirements.

Hpwever, if the value of this impedance is high enough, voltage drops of over 100 V may occ
bg¢tween the electrical motor frame and the converter frame. If, in such a case, the electric
mptor shaft is.connected through a metallic coupling to a gear box or other driven machine
thiat is solidly-grounded and near the same potential as the converter frame, then it is possib,
thiat part\ef/the converter common-mode current flows via the electrical motor bearings, th
shaft and the driven machinery back to the converter.
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gear box or load electrical machine bearings. These bearings may be damaged before the

electrical machine bearings.

8.2.5 Electrostatic Discharge Machining (EDM) currents

This type of bearing current is named according to the manufacturing process on the basis of
spark erosion, the so-called Electrostatic Discharge Machining. The basis for that is the
application of the common mode voltage from the parasitic motor capacities on the lubrication
gap of the rolling bearing. The capacities between winding and rotor and between rotor and
stator constitute a voltage divider, which generates a potential difference between rotor and
stator of the motor, and thus driving a bearing current ig. The voltage ratio can be described by

the Bearing Voltage Ratio (BVR) in the following formula:
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g _ Cwr
Ucm = BIVR = CWR+CRS+2.CB

In case the voltage across the bearing exceeds the breakdown voltage of the lubrication film in
the bearing, the resulting arc discharge will melt or vaporize material out of the bearing raceway.
In Figure 22, the waveforms of the common mode voltage, the bearing voltage at the DE bearing
as well as the resulting bearing current are exemplified. The bearing current can follow the
stepped characteristic of the common mode voltage only partially, and a corresponding bearing
current is measurable in the case of a voltage breakdown. The amplitude of the EDM bearing
c{rrents is depending on the amplitude of the common mode voltage of the converter, on\the

parasitic motor capacitances and especially on the load- and operating-point-dependent
luprication conditions in the roller bearing of the driving motor. The energy content of the afc
discharge which is caused by these EDM currents is compared to the circular currents and
rdtor-to-ground currents which may be significantly smaller, but it can progressively also lead
to the formation of ripples in the bearings.
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and 500 kW induction motor in converter operation

8.3 Consequences of excessive bearing currents

Characteristic damages in roller bearings due to current passage are described in the following.
The arc flash, which is developing in the lubrication gap and the subsequent current flow have
— among others — the following consequences:

a) The energy, which is unleashed by the arc flash, results in material melt-out or vaporization
in the load zone of the roller bearing. Depending on the run time, these changes can
propagate over the complete circumference.

b) The lubricant changes its composition, and the lubricity will decrease.
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The meltings mentioned in a) predominantly result in the formation of a crater-like formation
with material properties that are deteriorated compared to the original condition. The hardened
material is much more brittle, the underlying layer is annealed and thus softer than the basic
material. These meltings (size approximately 1 ym to 5 ym) consolidate to a porous, spongy-
like structure and lead to the typical “matt-frosted” appearance of current-loaded raceway
surfaces. In Figure 23b the conditions are depicted macroscopically and microscopically in form
of a scanning electron microscope (SEM) exposure. Generally, the frosted raceway has no
influence on the lifetime of the bearing. However, the formation of ripples (“washboarding®)
turns out to be much more problematic, which is characterized by a multitude of heterochromatic,
gray lines, crosswise to the raceway (Figure 23c). These lines are formed by a virtually periodic
mpuntain-and-valley siructure of the raceway suriace. This ~washboar ynamically exciigs
thie rolling elements to vibrate, which results in an extremely increased wear of the bearing
camponents. This can result in fatigue fractures and following bearing failure.

As$ denoted under b), the lubricant changes its consistency and loses lubricity.cThe basic oil
w(th the correspondent additives is bonded in the so-called soap frame. Due to the high
telmperatures, these substances are reacting: the soap frame and the basig, 6il‘are burning pr
cgking, and the additives often decompose quickly. After all, the lubricantwill’be discoloured |in
black and hardened (Figure 23a). This disintegration of the lubricant>is a typical effect pf
damage as a result of current passage. It could decisively influence the.lifetime of the lubricated
rdller bearings without regreasing device.

Fluted motor
bearing race
A J N

Change to the Bearing raceswith
lubricating grease matt surface

IEC IEC IEC

a) b) c)

Figure 23 — Photographs of damaged motor bearings
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Table 5 shows different shapes of roller bearing damages in various grades. This is based on
macroscopic images of the outer raceway, the balls and the lubricants of different roller bearings,
which have been operated approximately 50 000 h in motors of different shaft heights. Starting
from the initially slight ripple formation (Grade 1), the transition to fatigue failures (Grade 5) is
shown in five steps. It should be noticed that Grade 0 corresponds to the gray frosted raceways
that have no influence on bearing lifetime. Grade 1 (light corrugation) shows a sequence of a
multitude of small melting craters. Here, the frosting is an optical impression which can be
attributed to a change in light scattering, induced by the summation of the melt craters. In the
case of the damage of Grade 2, the first indications (shades) of an emerging crosswise ripple
formation are visible. In this phase, the lubricant already shows the typical black discolorations,
w Increasing g

cgrrugation) to Grade 4 an increasing crosswise ripple formatlon (fluting) becomes visibl
L;{emse the black coloration of the grease clearly indicates the influence of an etectri

bearing load. Finally, Grade 5 (heavy corrugation) corresponds to a bearing that exhibitsfatig
fafilures in the raceways and at the balls in addition to the corrugation. This is adequate to
caondition that can occur in the course of the far advanced damage process of ripple formatio

?’mcb_.

Table 5 — Different grades of roller bearing damages

Corrugation Grade Outer ring Detail / Grease Size /
level Ball Type

Grey 0 SH 315
ffosted 6218 C3
IEC IEC IEC
SH355
Lot 1 6220 C3

IEC IEC
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Corrugation Grade Outer ring Detail / Grease Size /
level Ball Type
Uight / medium- | 2 Q@

Medium

IEC

SH 450
6226 C3
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Corrugation Grade Outer ring Detail / Grease Size /
level Ball Type

Medium / 4 SH855
feavy- 6220 C3
IEC IEC IEC
SH 355
Heavy 5
6226 C3

8.4 Preventing high-frequency bearing current damage
8.4.1 Basic approaches

There are four basic approaches used to prevent high-frequency bearing currents, which can
be used individually or in combination:

e a proper cabling and earthing system;

e modifying the bearing current loops;
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e damping the high frequency common-mode current;

e damping the high frequency common-mode voltage.

All these tend to decrease the voltage across the bearing lubricant to values that do not cause
high-frequency bearing current pulses at all or dampen the value of the pulses to a level that
has no effect on bearing life. For different types of high-frequency bearing currents, different

measures need to be taken.

The basis of all high-frequency current solutions is the proper earthing system. Standar

eqrd v—¢ S - wAciere
codnnection to protect people and equipment against system frequency faults. A variable speg
difive can be effectively grounded for high common-mode current frequencies, if the installatiq
follows the principles of Clause 9.

c Ci \/ o'W

84.2 Other preventive measures

e | Use insulated bearing(s).

NOTE 1 Several kinds of bearing insulation with different thickness and placed-at different locations (
example, between shaft and inner bearing race, between outer bearing race and)énd-bracket, between er]

called coated bearings) are customary. Bearings with ceramic rolling elements*are also available.

o | Besides the improvement of the impedance conditions, the Use of additional common moq
inductivities (chokes) can reduce the excitation, i.e.,, the common mode current. T}
attachment of nanocrystalline iron cores at the output ©of the inverter is also a preventi
measure. For that, the iron cores shall be installed ipall three phases (without ground).

NOTE 2 The optimum number of iron cores depends on"the selected type of cable, the cable length and t
motor power. The effectiveness of the iron cores is limitedvto high frequencies, i.e. low-frequency componer
in the common mode current will result in a magnetic saturation of the iron cores. These low-frequen
components can arise, e.g. from unsymmetrical (motor cables or single conductor arrangements. Magne
saturation can result in an almost complete neutralization of the effectiveness in the high-frequency range. W
respect to the previously described EDM currepts/the iron cores are not effective at all.

¢ | Use afilter that reduces common-mode voltages and/or du/d¢ .

currents.
o | Use brush contact(s) between shaft and electrical motor frame.

o | Use lower voltage electrical motor and converter if possible.
temperature requirements.

switching)

Table 6_compares the effectiveness of some of these measures.

¢ | Use non-conductive couplings fortoads or other devices which may be damaged by bearing

| Run the converter at the lowest switching frequency that satisfies audible noise and

e | Avoid simultaneous switching of two inverter phases in opposite polarity. (parallel

7S]

n

or
d-

bracket and frame) are in practical use. Anti-friction bearings with a ceramicccoating at the outer surface (do-

he
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Table 6 — Effectiveness of bearing current counter measures

Current type

Counter measure Circulating Rotor ground EDM currents Additional
currents currents (8.2.5) comments
(8.2.3) (8.2.4)
1) NDE bearing Effective Not effective: Not effective: NDE insulated to
insulation avoid need for an
Snly_protects one Doe_s not prevent insulated coupling
earing against the voltage
drop across the
bearing lubricating
film
3) NDE bearing Effective Not effective: Not effective: The use of(similar
with ceramic bearing types on
rolling elements OnIy_protects one OnIy_protects one DE and\NDE is
bearing bearing recofN¥nded
3) NDE and DE Effective: Effective Not effective: Require additional
bearing ) brush contact to
insulation One‘msglated Doe.s not prevent prevent rotor
bearlng is adequate against the voltage grounding by the
for this current type drop across the load
bearing lubricating
film
4) NDE and DE Effective: Effective Effective Require additional
bearing with . brush contact to
ceramic rolling | One insulated prevent rotor
elements bearing is adequate grounding by the
for this current type load
8) NDE and DE Effective Effective Effective Servicing
bearing necessary
insulation Does not pfotect
+ bearings:in driven
shaft earthing load
brush DE
6) NDE and DE Effective Effective Effective To prevent
bearing circulating bearing
insulation Does not protect currents in the loop
+ bearings in driven of motor and load
shaft earthing load the use of an
brush NDE insulated coupling
is mandatory
Servicing
necessary
1) NDE and DE Effective Effective Effective Most effective
bearing (especially for
insulation larger electrical
+ motors).
insulated
coupling Help§ to prevent
+ possible damage tg
shaft'earthing driven load.
brush DE or Servicing
NDE AeeessaRy
neeesSary
8) NDE and DE Effective Effective Not effective: To prevent floating
bearing rotor potential the
insulation Does not prevent use of a shaft
+ against the voltage earthing is
insulated drop across the mandatory
coupling ]E’”ers”ng lubricating | (see measure 7)
9) NDE and DE Effective Effective Effective To prevent floating

bearing with
ceramic rolling
elements

+

insulated
coupling

rotor potential the
use of a shaft
earthing is
mandatory

(see measure 7)
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Current type

Counter measure Circulating Rotor ground EDM currents Additional
currents currents (8.2.5) comments
(8.2.3) (8.2.4)
10) One brush Not effective: Effective: Effective: Critical especially

contact for larger electrical
Only protects one Does not protect Care needed to motors

No bearing bearing. Increase of | bearings in driven ensure low brush

insulation circulating bearing load contact impedance Servicing
currents in the non- necessary
insulated bearing

11) Two brush Effective: Effective: Effective: Servicing

:zzt:l%tz’ DE Care needed to Does not protect Care needed to necessary
ensure low brush bearings in driven ensure low brush Increased brush

No bearing contact impedance load contact impedance wear duejto

insulation increased

Increase of
circulating bearing
currents.

circulating currents|

Faraday cage

12) Low resistance Poor Poor Effective: No long term
lubrication experiences.
and/or carbon- Depends on o
filled bearing condition of Lubrlc_atlon
seals materials. effectiveness

reduced

13) Rotor in Not effective Not effective Very effective Problems from

converter
generated
circulating currents
that normally only
occur in larger
electrical motors

voltage also
decreases LF
currents

14) Common mode Effective Effective Not effective The effectiveness
inductivities . of the iron cores is
(chokes) Limijsd limited to high

effectiveness due frequencies.
tonSaturation

effects caused by

high common-mode

current peaks

and/or low-

frequency

components

15) Common-mode Effective: Effective Effective Greatest reduction
voltage filter of common-mode

Reduced HF

voltage if filter is
fitted at converter
output

16) Insulated
coupling

Not effective

Very effective

Not effective

Also prevents
possible damage tg
driven load

17) Frame to driven
load connection

Not effective

Effective

Not effective

Also prevents
possible damage tg
H A

Al 1
v er—Toat

18) Use of Not effective Very effective Not effective Also prevents
symmetrical, possible damage to
shielded motor driven load
cable

DE: Drive End.

NDE: Non Drive End.
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8.4.3 Other factors and features influencing the bearing currents

Large physical size or high output power of the electrical motor tends to increase the induced
shaft voltage.

The physical shape of the electrical motor also has an effect on the induced shaft voltage:
short and thick shape is generally better than long and thin electrical motor design.

High pole numbers tend to reduce the induced shaft voltage.

High stator slot number tends to increase the shaft voltage.

High break down torque means low stray reactance and higher shaft voltage

{5

SU
C(

{5

5

| the bearing current statements made before with respect to low-voltage electrical motofs
pplied by voltage source converters are valid.in general for high-voltage electrical motors and
nverters, but there are also some differences, as shown in the following examples.

| General

.2 Bearing protection of cage induction, brushless synchronous and permanent

Short electrical motor cable increases the induced shaft voltage.

Low running speed and high bearing temperature as well as high bearing load increase the
bearing current risk due to thinner lubricant film.

Roller bearings are more vulnerable than sleeve bearings but have higher endurance than
ball bearings due to higher clearances and capacitances.

An active front end of the converter may increase the bearing veltages considerably
depending on the earthing configuration.

Slip-ring electrical motors supplied by voltage source converters-in the rotor circuit requife
special attention because the bearing voltage ratio (BVR) is much higher (BVR = 1) than |in
stator-fed electrical motors.

Additional considerations for electrical motors fed by high voltage source
converters

High-voltage electrical motors have usually high output power (from hundreds of kW
upwards) and they are rather big<n frame size; therefore, they usually have one insulated
bearing as standard.

Thicker slot insulation reducés the winding-core capacitance, reducing also the electrical
motor common-mode currént and the circulating type bearing current risk.

On the other hand, the“voltage steps of the common-mode voltage are much larger in high-
voltage convertetrs,nin spite of the higher number of steps, increasing the circulating currept
risk.

Due to high voltage at the d.c. bus the common-mode voltage amplitude is high anfd,
thereforge; the capacitive discharge bearing current risk is considerable (BVR of high-voltage
electrical*motors is in the same range as in low-voltage electrical motors).

magnet electrical motors

The high-voltage in the converter intermediate circuit and the physical size of the electrical
motor emphasize to protect the bearings. Use insulated bearing structure for both bearings or
one insulated (NDE) bearing and an effective shaft earthing brush at the DE bearing or an
effective common-mode filter at the converter output (see Table 6).

8.5.3 Bearing protection for slip-ring electrical motors and for synchronous electrical

motors with brush excitation

As the electrical motor already has slip rings and brushes, an additional effective shaft earthing
brushes in both ends will protect the bearings. Alternatively, another applicable method from
Table 6 may be selected.
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If the voltage source converter is connected into the rotor circuit, high common-mode voltage
and BVR are to be expected. Therefore, special attention should be paid to the bearing
protection in these circumstances.

8.6 Bearing current protection for electrical motors fed by high-voltage current
source converters

Practical experience and tests have shown that current-source converter supply has little impact
on shaft voltage and, therefore, no special measures for bearing protection are necessary.

Egrthing brushes are recommended only for slip-ring electrical motors supplied by curreht
sgurce converters in the rotor circuit shaft.

9( Installation
1 Earthing, bonding and cabling
ne recommendations in 9.1 give general guidance only on the suitability of conductors for us

$ PE connections and electrical machine cables, and on reliability’and EMC installation issue
br specific installations, local regulations concerning earthing should be followed and agrej

1.1 General

[

9
9
T
a
F
w(th the system integrator, and the converter supplier’s instruetions concerning EMC should
olbserved. See IEC 61800-3 and IEC 61800-5-1 for more”information on EMC and saf

considerations for PDS. See also IEC 61000-5-1 and' IEC 61000-5-2 for comprehensi
glidance on general EMC installation techniques.

O O O

1.2 Earthing

9.
91.2.1 Objectives of earthing
T

e objectives of earthing are safety\and reliable, interference-free, operation. Traditionfal
earthing is based on electrical safety. It helps to ensure personal safety and limits equipment
damage due to electrical faults. For interference-free operation of the PDS more profound
methods are needed to ensuré. that the earthing is effective at high frequencies. This may
require the use of equipotential-ground planes at building floor, equipment enclosure and circyit
board levels.

In[ addition, correct earthing strongly attenuates electrical machine shaft and frame voltages,
rgducing high frequiency bearing currents and preventing premature bearing failure and possibje
damage to auxiliary equipment (see Clause 8). The earthing configuration can also have an
effect on the-phase-to-ground insulation voltage stress levels (see 7.4).

911.2.2 Earthing cables

Forsafety, earthing cables are dimensioned on a case-by-case basis in accordance with local
regulations. The appropriaie selection of cable characteristics and cabling rules also helps to
decrease the levels of electrical stresses applied to the different components of the PDS, and
therefore increases its reliability. In addition, the cable types should follow the EMC
requirements.

9.1.3 Bonding of electrical machines

Bonding should be implemented in a manner that will not only satisfy safety requirements but
will also enhance the EMC performance of the installation. For bonding straps, suitable
conductors include metal strips, metal mesh straps or round cables. For these high frequency
systems, metal strips or preferably copper braided straps are better. Experience has shown that
a typical dimensional length/width ratio for these straps should be less than five.
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With electrical machines from 100 kW upwards, the external earthing conditions of the driven
machinery may require a bonding connection between the electrical machine frame and the
driven machinery. Typical applications are pumps (grounded by water) and gearboxes with
central lubrication (grounded by oil pipes). The purpose of this connection is to equalize the
potentials and improve the earthing. It should have low inductance, so a metal strip or preferably
copper braided strap should be used, and it should follow the shortest possible route. In some
cases, additional bonding of the electrical machine components, for example between the
electrical machine frame and the terminal box, may be required (see Figure 24).

Where a common lubrication system is used for electrical machine and driven load, care shall
bé taken to prevent coupling across insulated bearing housings, e.g. by using insulating sleevés
and washers for the fasteners, and foundation bolts as well as use of insulating type\pipe
sgctions made of ceramic or high density oil resistant PVC.

IEC

Key

Tb Terminal box PE Connectionto electrical machine frame S Bonding strap

Figure 24 =-Bonding strap from electrical machine terminal
box to electrical machine frame

911.4 Electricallmachine power cables for high switching frequency converters
9.1.4.1 Recommended configurations

For power“/levels greater than 30 kW, cables where the single core power and ground
conductors are symmetrically disposed may be beneficial to reduce HF bearing currents and
EMCceffects.

Shielded multicore cables are preferred for lower powers and easy installation. Up to 30 kW
electrical machine power and 10 mm2 cable size, unsymmetrical cables may also be
satisfactory but require more care in installation. A foil shield is common in this power range.

To operate as a protective conductor, the shield conductance should be at least 50 % of the
phase conductor conductance. At high frequency, the shield conductance should be at least
10 % of the phase conductor conductance. These requirements are easily met with a copper or
aluminium shield/armour. Because of its lower conductivity, a steel shield requires a larger
cross-section, and the shield helix should be of low-gradient. Galvanizing will increase the high-
frequency conductance. If the shield impedance is high, the voltage drop along it caused by
high-frequency return currents may raise the electrical machine frame potential with respect to
the (grounded) rotor sufficiently to cause undesirable bearing currents to flow (see Clause 8).
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The EMC-effectiveness of the shield may be assessed by evaluation of its surface transfer
impedance, which should be low even at high frequencies.

Cable shields should be grounded at both ends. 360° bonding of the shield will utilize the full
high-frequency capability of the shield, corresponding to EMC good practice (see 9.1.4.3).

Some examples of suitable shielded cables are:

e three-core cable with a concentric copper or aluminium protective shield (see Figure 30 A).

ln-this case, the phacn wires are at an nqunl distance from each other and from the shiel ,
which is also used as the protective conductor;
¢ | three-core cable with three symmetrical conductors for protective earthing and a concentijic
shield/armour (see Figure 30 B). The shield of this cable type is for EMC and physical
protection only;
NOTE For low-power systems, a single conductor for protective earthing might be satisfactory.
o | three-core cable with a steel or galvanized iron, low pitch, stranded .armour/shield (sg¢e
Figure 30 C). If the shield has an insufficient cross-section for use asra-protective conductqr,
a separate earthing conductor is needed.
A @ C
PEs
Scu
Cv Cv
PE Uuvw PE Uvw
L L
Txfr Txfr
PE { PE —
— —{
L uv L uVw
) PE : PE
M 3~ M 3~
PEs
IEC
Key
$cu Concentric copper AFe Steel armour Txfr Transformer Cv Converter PEs Separate
(or aluminium) screen ground wire

In all cases, the length of those parts of the cable which are to be connected at the frequency
converter junction and at the electrical machine terminal box, and therefore have the shield
removed, should be as short as possible.

Typically, shielded cable lengths up to about 100 m can be used without additional measures.
For longer cables, special measures, such as output filters, may be required. When a filter is
used, the above recommendations apply to the cable from the converter output to the filter. If
the filter is EMC-effective, the cable from the filter to the electrical machine does not need to
be shielded or symmetrical, but the electrical machine may require additional earthing.
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Single-core unshielded cables may be suitable for electrical machine cables for higher powers,
if they are installed close together on a metallic cable bridge which is bonded to the earthing
system at least at both ends of the cable run. Note that the magnetic fields from these cables
may induce currents in nearby metalwork, leading to heating and increased losses.

9.1.4.2 Parallel symmetrical cabling

When cabling a high-power converter and electrical machine, the high current requirements
may make it necessary to use several conductor elements in parallel. In this case, the
appropriate cabling for easy (symmetrical) installation should be done according to Figure 26.

A7

7

T

WN =2 W= W=

Flgure 26 — Parallel symmetrical cabling of high-power converter and electrical machine

9.1.4.3 Cable terminations

hen installing the electrical machine cable, it should be ensured that the shield is high
frequency (HF) connected to both the converter.@nd the electrical machine enclosure. This
rgquires that the electrical machine terminal box'is made of an electrically conductive material
like aluminium, iron, etc. that is high frequeney'electrically connected to the enclosure. The
shield connections should be made with 360> terminations, giving low impedance over a wide
frequency range from DC to 70 MHz. This-effectively reduces shaft and frame voltages and
improves EMC performance.

Examples of good practice for the converter and electrical machine ends with lower power afe
shown in Figure 27 and Figure 28’respectively.
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Key
$C Supply cable MC Electrical machine cable UL Unscreened length (as short as possible)
$ Cable shield P  “Pigtail” (as short as possible) U Unpainted-gland plate
¢ EMC cable gland C Cables (outside enclosure) F Contifiuous Faraday cage
Figure 27 — Converter connections with' 360° HF cable glands
showing the Faraday cage
Key
T Terminal box S Cable shield P Pigtail (as short as M Electrical maching
(conductive) possible) frame
¢s Conductive gaskets G EMC cable gland F Continuous Faraday
cage

Figure 28 — Electrical machine end termination with 360° connection

The shield connections at the electrical machine terminal box should be made with either an
EMC cable gland as shown in Figure 29a or with a shield clamp as shown in Figure 29b. Similar
connections are required at the converter enclosure.
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Figure 29 — Cable shield connection

Cabling and earthing of auxiliary devices

Lixiliary devices, such as tachometers,“should be electrically insulated from the electric
achine in order to prevent the formation of current paths through them, leading to fals
adings or possible damage. An-glectrically insulating coupling is a possible solution for
upling-type encoder. The insulation may be implemented for a hollow-shaft type tachomet
insulating the ball joints orlthe bar of the engaging arm. The shield of the tachometer cab
ould be insulated from thetachometer frame. The other end of the shield is grounded at t

bllow-shaft tachometers with electrical insulation between the hollow-shaft and the tachomet
hme will allow €éonnection of the cable shield to the tachometer frame.

:I\e use of-double shielded cable is preferred for a pulse encoder. To minimize HF interferen
oblems\the shield should be grounded at the encoder end via a capacitor. Single shieldgd
blemay be used with an analogue tachometer.

[
-

e

To prevent unwanted coupling, the cable routing of auxiliary devices should be separated from
that of the power cabling.

9.

1.4.5

Cabling of integrated sensors

In general, the recommendations for analogue tachometers given in 9.1.4.4 apply to integrated
sensors (for example, thermocouples). However, as the wiring to integrated sensors is usually
routed in close proximity to the power wiring within the electrical machine, its insulation needs
to be adequate for the higher voltages encountered. In these cases, the use of shielded cable
may not always be possible.
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9.
9.

In

2 Reactors and filters
2.1 General

some installations, for example to reduce voltage stress or to improve EMC performance, the

use of reactors or output filters may be beneficial. However, the electrical machine performance
may be affected due to the voltage drop across these components.

2.2 Output reactors

C(

9.

In
to
e
S
re

9.
A

up to many hundred metres on larger drives.

sed to reduce the du/dt and peak voltage. However care is needed as reactors can
thieoretically extend the duration of overshoot if incorrectly selected — particular care is-needgd
th ferrite core inductors. In the case shown in Figure 30a, the addition of the reactor has
creased the rise-time to around 5 pys and reduced the peak voltage to 792 V. Normally, the
olytput reactor is mounted within the converter cabinet. Output reactors can also be used fo

mpensate for cable charging currents and may be used for electrical machine”cable lengths

2.3 Voltage limiting filter (du/dz filter)

this case, a design consisting of capacitors, inductors and diodes or resistors may be usgd
limit the du/d¢, drastically reducing the peak voltage and increasing the rise-time. In the
ample shown in Figure 30b, the peak voltage is reduced\to 684 V with a du/d¢ of 40 V/..:L
bme increased losses of 0,5 % to 1,0 % should be ascemmodated, and there may be|a
duction in breakaway and breakdown torque.

2.4 Sinusoidal filter

th

phase-to-phase output voltage (differential) for approximately 1,5 periods of the corner poiEt
frequency is shown in Figure 30c. Generally, there are the following two types of sinusoid
filters.

a
b

T
Vv
w

9.
A

special design of low pass filters allows the-high frequency currents to be shunted away and
resulting voltage waveform on the output to the electrical machine becomes sinusoidal. The

Design with both phase-to-ground and phase-to-phase filtering.

Design with only phase-t6;phase filtering.

nese filters are expensive and have also other limitations. They prevent the electrical machinge
Itage from exceeding 90 % of the supply voltage (thereby de-rating the converter). They also
Il not be suitable for applications that require high dynamic performance.

2.5 Electrical machine termination unit

h electrical machine termination unit can be connected at the electrical machine terminals. Its

p

1

rpose'is to match the electrical machine impedance to that of the cabIe thereby preventing

,0 % Iosses.
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Figure 30c — Sinusoidal filter Figure 30d — Electrical machine termination unit
Figure 30 — Characteristics of preventative measures
9)3 Power factor correction
Ppwer factdr-correction at the input of the converter should never be undertaken withopt
harmonic(analysis.
Theluse of power capacitors for power factor correction on the load side of an electronic control
. ; ; T . by

occur and power factor capacitors are not generally rated for the high frequencies to which they
are subjected.

Power factor correction at the input of a voltage source converter can be achieved by the use
of a converter with an active front end.

See IEC TS 62578.
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9.4 Integral electrical machines (integrated electrical machine and drive modules)

When a converter is mounted inside the electrical machine enclosure, i.e. in the electrical
machine terminal box or in a separate compartment forming an integral part of the total electrical
machine enclosure construction, where both converter and electrical machine utilize a common
cooling system, the whole unit is called an integral electrical machine.

It has some clear benefits for the user:

e easy installation and commissioning (usually no special cables or additional bonding or
earthing);

¢ | common integral enclosure helps to fulfil the EMC-requirements (a Faraday cage).«ltvalgo
reduces the risk of shaft grounding current;

¢ | no long cables or leads between the converter and the electrical machine keep jthe voltage
reflections and peak voltage low and predictable but du/d¢ is not reduced;

e | compact solution i.e. savings in total required space and installation;

o | a single supplier for electrical machine and converter, i.e. clear responsibility for the PDS.
But it has some disadvantages too:

¢ | depending on the application, the environment may be“very hostile for the convertpr
electronics (high degree of enclosure protection required(@and shock and heat/cold resistant
circuit boards and components);

o | the technical life of the main components may differsignificantly (electrical machines sonpe
15 to 20 years but converters only 5 to 10 years):

10 Additional considerations for permanent magnet (PM) synchronous electrical
machines fed by voltage source converters

10.1 System characteristics

The benefits of a PDS consisting\of a voltage source converter and a permanent magngt
synchronous electrical machine.instead of an induction electrical machine are:

o | lower VA rating of the converter, as a synchronous electrical machine can be rated for unity
power factor;

¢ | losses in the electrical machine might be lower. For system efficiency review the losses |fin
the converter shall be taken into account;

¢ | reduced machine size, compared with an induction electrical machine of the same rating;

e | in a properly designed electrical machine, the rotor losses are minimal and therefore wjill

have-no/effect on the thermal behavior of the rotor;

¢ | simpler cooling arrangements of the electrical machine, due to minimal rotor losses.

Onthe other hand, operation i the fiefd-weakening range requires special measures, as the
field of the PM needs to be reduced by the stator current, which might require a reduction of
the available output power.

10.2 Losses and their effects

The statements of Clause 5 remain valid.

As PM synchronous electrical machines do not usually have a damper winding, the harmonic
currents can, depending on the rotor design, cause eddy currents in the permanent magnets or
in the solid parts of the rotor (or both). The heating of the magnets due to increased stator
losses and the eddy currents in the magnets can cause permanent demagnetization.
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10.3 Noise, vibration and torsional oscillation

The statements of Clause 6 remain valid.

10.4 Electrical machine insulation electrical stresses

The statements of Clause 7 remain valid.

When the electrical machine is operating in regenerating mode, care should be taken that the
back EMF does not exceed the capabilities of the installation. This should be a part of the
installation risk analysis under particular fault circumstances, for example control loss dufki
ep field weakening, or short circuit of the wiring, etc.

11.5 Bearing currents

The statements of Clause 8 remain valid.

NQTE There may also be an additional bearing in the feedback device.

10.6 Particular aspects of permanent magnets

Permanent magnet demagnetization during electrical machin€) operation usually occufs
bg@cause of abnormally large demagnetizing current peaks, due for instance to fault conditiois
OI motor control loss. Heating of permanent magnets,‘can increase this risk, making
demagnetization happen at lower current values.

=]

11 Additional considerations for cage induction electrical machines fed by hig
voltage source converters

11.1 General

Inf general, the statements made withsfespect to low-voltage electrical machines supplied by
voltage source converters are valid f6F medium-voltage or high voltage electrical machines and
converters as well. Nevertheless, some differences exist.
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