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FOREWORD

E International Electrotechnical Commission (IEC) is a worldwide organization for standardization-com
national electrotechnical committees (IEC National Committees). The object of IEC is to promote‘intern
operation on all questions concerning standardization in the electrical and electronic fields.To this e
hddition to other activities, IEC publishes International Standards, Technical Specificationsy/Technical R4
blicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC)PUblication(s)”).
paration is entrusted to technical committees; any IEC National Committee interestéd\in the subject des
y participate in this preparatory work. International, governmental and non-goverpmental organizations |
h the IEC also participate in this preparation. IEC collaborates closely with the International Organizat
hindardization (ISO) in accordance with conditions determined by agreementbétween the two organizat

e formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern
hsensus of opinion on the relevant subjects since each technical £Lommittee has representation fr
brested IEC National Committees.

C Publications have the form of recommendations for internatiohal use and are accepted by IEC N
mmittees in that sense. While all reasonable efforts are made to ensure that the technical content
blications is accurate, IEC cannot be held responsible _for)the way in which they are used or fi
binterpretation by any end user.

order to promote international uniformity, IEC National' Committees undertake to apply IEC Publig
hsparently to the maximum extent possible in their natiohal and regional publications. Any divergence b4
IEC Publication and the corresponding national ot’regional publication shall be clearly indicated in the

N

C itself does not provide any attestation of conformity. Independent certification bodies provide conf
Eessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible f
vices carried out by independent certification bodies.

users should ensure that they have the latest edition of this publication.

liability shall attach to IEC or its/directors, employees, servants or agents including individual exper
mbers of its technical committeés)and IEC National Committees for any personal injury, property dam
er damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
benses arising out of the publication, use of, or reliance upon, this IEC Publication or any othd
blications.

ention is drawn to the)Normative references cited in this publication. Use of the referenced publicat
ispensable for the carrect application of this publication.

ention is drawn.torthe possibility that some of the elements of this IEC Publication may be the subject of
hts. IEC shall‘not be held responsible for identifying any or all such patent rights.

S 60034-25 has been prepared by IEC technical committee 2: Rotating machinery.
nicak.Specification.
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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:

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

2022

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

The |

This
acco
at w
desc

A list

anguage used for the development of this Technical Specification is English.

dance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement,.aya

ibed in greater detail at www.iec.ch/standardsdev/publications.

macHines, can be found on the IEC website.
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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
conditions, it is beyond the scope and object of this document to specify numerical or limiting

em.

values for all the quantities which are of importance for the design of the power drive sys

To a

N increasing extent, it is the practice that power drive systems consist of compo

prodyiced by different manufacturers. The object of this document is to explain, as f
possible, the influence of these components on the design of the electrical machine anfd its

perfo

This
conv
are d

rmance characteristics.

document deals with both AC electrical machines which are specifically designe
prter supply and converter-fed electrical machines within the scope of IEC 60034-12,
fesigned originally for mains supply.
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ROTATING ELECTRICAL MACHINES -

Part 25: AC electrical machines used in power drive systems —
Application guide
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bn converter supplies. For electrical machines specifically designed for conyerter
cation design features are defined. It also specifies the interface parameters
ctions between the electrical machine and the converter including installation guid

ibed in IEC TS 61800-8.

jeneral requirements of relevant parts of the IEC 60034 series of‘standards also ap
ical machines within the scope of this document.

lectrical machines operating in potentially explosive atmospheres, additional requiren
scribed in the IEC 60079 series for dust ignition proof ‘apply.

Hocument is not primarily concerned with safety{However, some of its recommendd
have implications for safety, which are considered as necessary.

e a converter manufacturer provides specific installation recommendations, they
dence over the recommendations of this ‘document.

lormative references

pllowing documents are referred to in the text in such a way that some or all of their co
itutes requirements of this'document. For dated references, only the edition cited ap
lndated references, -the latest edition of the referenced document (including
dments) applies.

0034-1:2022, Rotating electrical machines — Part 1: Rating and performance

0034-24{1) Rotating electrical machines — Part 2-1: Standard methods for determ
s and<efficiency from tests (excluding machines for traction vehicles)

IEC d

bart of IEC 60034 describes the performance characteristics of AC electrical machings for

duty
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bly to
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take
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blies.
any

ining

0034-2-2. Pnf:afing electrical machines — Part 2-2: Q’nnr‘ifir‘ methods for determ

ining

separate losses of large machines from tests — Supplement to IEC 60034-2-1

IEC 60034-2-3, Rotating electrical machines — Part 2-3: Specific test methods for determining

losse

s 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

three

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

IEC 60034-18-42:2017, Rotating electrical machines — Part 18-42: Partial discharge resistant
electrical insulation systems (Type Il) used in rotating electrical machines fed from voltage
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ISO {

brters — Qualification tests
0034-18-42:2017/AMD1:2020

0079 (all parts): Explosive atmospheres
0079-7, Explosive atmospheres — Part 7: Equipment protection by incréased safety

'R 61000-5-1, Electromagnetic compatibility (EMC) — Part 5: dnstallation and mitig
lines — Section 1: General considerations — Basic EMC publi¢ation

'R 61000-5-2, Electromagnetic compatibility (EMC) — Part 5: Installation and mitig
lines — Section 2: Earthing and cabling

1800-3, Adjustable speed electrical power drive)systems — Part 3: EMC requirement
fic test methods

1800-5-1, Adjustable speed electricalo power drive systems - Part 5-1: S
rements — Electrical, thermal and energy

S 61800-8:2010, Adjustable speed electrical power drive systems — Part 8: Specifid
tage on the power interface

[S 62578:2015, Power celectronics systems and equipment — Operation conditiong
cteristics of active infeed converter (AIC) applications including design recommenda
eir emission values_ below 150 kHz

erms and.definitions
ne purposes of this document, the following terms and definitions apply.

ndAEC maintain terminological databases for use in standardization at the follg

"

ation

ation

5 and
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ation

and
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wing

addr

SSes:

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

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

3.1
beari
BVR
ratio

ng voltage ratio

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 60050-
195:2021, 195-01-10 (equipotential bonding) and IEC 60050-195:2021,195-01-16 (functional equipotential bonding).
3.3
common-mode voltage
Ucm
mean of the instantaneous values of the phase voltages appearing between each phase
condpetorand-earth
[SOURCE: IEC 60050-161: 1990, 161-04-09]
3.4
comimon-mode current
icm
sum pf the instantaneous values of the line currents
3.5
convierter
unit for electronic power conversion, changing one or more electrical characteristicg
comgrising one or more electronic switching devices and’)associated components, sug
transformers, filters, commutation aids, controls, protections and auxiliaries, if any
Note 1 to entry: This definition is taken from IEC 61800-2 and, for the purposes of this document, embrac|
terms complete drive module (CDM) and basic drive module (BDM) as used in the IEC 61800 series.
3.6
convierter-fed electrical machine
electrical machine fed from a frequency converter independent of whether it is specifically
designed for converter supply or whether it is an electrical machine within the sco
IEC 60034-12, which is designed originally for mains supply
3.7
fixed-speed electrical machine
electrical machine ratedsby 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 v
speed
3.8
electromagnetic compatibility
EMC
ability— on

without introducing intolerable electromagnetic disturbances to anything in that environm

[SOU

3.9
field

RCE: IEC 60050-161:1990, 161-01-07]

weakening

electrical machine operating mode where electrical machine flux is less than the flux

corre

3.10

sponding to the electrical machine rating

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
earthiing a point or points in a system or in an installation or in equipment for the purposles of
electrical safety

[SOURCE: IEC 60050-195: 2021, 195-01-11, modified: "electrical" added before safety".

3.13
skip pand
small band of operating frequencies where steady-state operation efthe PDS is inhibited

3.14
surfgce transfer impedance
quotient of the voltage induced in the centre conductor of @ 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
persgn or organization which brings the @omponents of PDS together according to his scope of
supply and has therefore the system responsibility

3.16
rated voltage
Un
root-mean-square value“(RMS) of the fundamental line-to-line voltage assigned by the
manyfacturer for a specified power frequency operating condition of an electrical machin¢ and
indicated on its rating/plate

3.17
jump 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

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

4.1 General

Although the steps in specifying electrical machine and converter features are similan for any
appligation, the final selections are greatly influenced by the type of application. In-this clause,
thesqg steps are described, and the effects of various application load types are disclUssed.

NOTE| Converter capable motor are usually IEC Design N, NE, NEY, H, HE, or HEY, covered*by IEC 60034-12 or
NEMA| Design A, B, or C, covered by NEMA MG 1, and may be subject to National energy-efficiency regulations
(MEP$) in the EU, North American and other locations.

4.2 | System information

Complete application information that considers the driven load,.electrical machine, convgrter,
and Utility power supply, is the best way to achieve the required performance of the entire
system. In general, this information should include:

o tHe power or torque requirements at various speeds;
o the desired speed range of the load and electri¢al machine;

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

e sfarting requirements including the frequency of starts and a description of the loaq (the
ifertia 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, stops,
and speed changes; see clause 'duty in IEC 60034-1);

e ajgeneral description of the fype of application including the environment in which the]PDS
components will operate;

e aldescription of additional functionality that may not be met with the electrical machin¢ and

converter only (forrexample: electrical machine temperature monitoring, ability to bypass
e converter if negessary, special sequencing circuits or speed reference signals to control
e PDS);

al|descriptien of the available electrical supply power and wiring. The final configuratior] 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
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
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 represer]t the
usabllity of the motor that is commonly needed but does not necessarily represent its-max|{mum
capabpility.

At low frequency, the available torque may be reduced in self-cooled electtieal machinges to
avoid the possibility of overheating.

In some applications, for example with a high moment of inertia, it may-be possible to agply a
shortttime torque boost for starting.

T A

Corner point

no Hmax
IEC
Key
——+ Continuous operation T, Constant torque range Cy Separate cooling
------ L- » Short-time operation P, Constant power range Cg Self-cooling
Startina toraiia hanct L Extended-ranae Hfor induction T Toraue

tarting-torgueb £ E—Extendedrange-{forinduction 7 Fere
. Speed electrical machines)
no. 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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Te Pe fEx

fo fmax f
IEC
Key
——+ Continuous operation I Current
------ t-  Short-time operation P, Constant power range
f $Ypeed E, Extended range (for induction T Constant torque

f, $peed at corner point electrical machines) range

Jmax Maximum speed

Figure 2 — Current required by motor

NOTE| The current in Figure 2 is shown as(constant in the constant power (P) range. This would assume that the

power|factor remains constant. Normally forthe current to remain constant, the power will have to be reduced|or the
current will increase as the load get claser to motor break-down and the power factor reduces.

4.3.3 Electrical machine'rating

The nated point, whergethe 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 e]ectrical machine delivers its maximum torque and power, i.e. the point at n, corner [point
in Figure 1 wheére ny = ng. The maximum operational speed can be higher than the rated gpeed

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.
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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

4.3.5 Safe operating speed, over-speed capability and over-speed test

For an electric machine, designed for converter application, the capability of converieroperation
should be indicated on the nameplate. For low voltage cage induction motors theysafe opelating

speefl is defined in IEC 60034-1:2022, 9.6.

For motors using hydrodynamics bearings, the minimum safe operating.speed should k¢ep a
thickifilm 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 analyfsis is

required, and the manufacturer should verify the practical limits:

The over-speed of AC electrical machines is defined in IEC-60034-1, but an over-speed test is
not nprmally considered necessary. The intention of a test, if specified and agreed, is to gheck

electrical machine it is practically impossible to reach'an operating speed above its synchr
speed, electrical generators can be accelerated above their synchronous speed by the tu
for example in case of a sudden load rejection,

the inptegrity of the rotor design with respect to centrifugal forces. Although for a fixed—apeed

nous
bine,

For donverter-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 [large
‘supgr synchronous’ electrical machines, it is often beneficial to design an electrical maghine
for afmaximum over-speed of 1,05”"times the maximum operation speed. Test may aljo be
perfofmed at 1,05 times maximum operating speed. There is no technically justified argyment

against such agreement.

It should be appreciated:'that with high speed running fine balancing of the rotor mgy be
required. If the high-speed is required for more than short periods the bearing life mgy be
reduged. Also, forshigh-speed applications, special attention should be paid to both the gfease

service life and the re-greasing interval.
4.3.6 Cooling arrangement

As F gure 1 |nd|cates the type of coollng mfluences the maximum torque/speed capabll
PDS.

ity of
cgoling

arrangement con3|st|ng of a prlmary coollng CIrCUIt (usually W|th air as prlmary 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 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{converter output voltage U is achieved gt the
field-weakening frequency f,.

B [The voltage increases with frequency, and the maximum converter output voltage U, is achieved abgve f
pt a new field-weakening frequency f,,. This provides an extended speed range at constant flux (constant
orque), but the available torque in this speedrange is less than that of case A.

C [The voltage increases with frequency upt6-7f,, and then increases at a lower rate, the maximum conyerter

putput voltage U, . being achieved atf . . This avoids excessive torque reduction in the constant flux rgnge.

D |A voltage boost is applied at vény-low frequencies to improve starting performance, and to prevenpt an
unwanted increase in current.

In 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 gxcite
resonances-in-partis of the electrical machine statorinthe electrical machine/load shaft syistem
or 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
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
4.3.9

Duty cycles

A 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.

o Electrical machine heat dissipation is variable, depending on rotation speed and cooling
method.

e Torque demands above electrical machine full-load torque may be required. Operation
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NOTE
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nd even decelerate the load. Operation above electrical machine rated current willihci
ectrical machine heating. This may require a higher thermal class of insudlatio
ectrical machine rated for the overload, or evaluation of the duty cycle to determine
ectrical machine has enough cooling for the application (see IEC 60034-1duty type

C injection, dynamic, or regenerative braking may be required to reduce the eled
achine speed. Regardless of whether the electrical machine is generating torque to
e application, generating power back to the converter due to the electrical machine
iven by the load, or supplying braking torque during deceleration, by applying d.c. cu

quare of the current while applied. This heating should be included in the duty
nalysis. Furthermore, the transient torques imposed on the shaft by braking shou
pbntrolled to a level that will not cause damage.

IEC TR 61800-6 provides information on load duty and curfent determination for the entire PDS.
2 High impact loads

impact loads are a special case of duty and are encountered in certain intermittent tq
cations (for example, IEC 60034-1, duty type S6). In these applications, the load is af

sitive (against the direction of rotation of the electrical machine) or negative (in the
ion as electrical machine rotation).

mpact load will result in(a' rapid increase or decrease in current demand (fron

brter. These transient currents create stresses in the stator winding. The magnitu
transient currentstis‘a function of the size of the converter and of the electrical mac

Electrical machine requirements

This subclause refers mainly to induction electrical machines, but some of the requirements may a
ht for other-electrical machine types.

2’ indicates some main individual aspects and design considerations.

pads,
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the windings, electrical machine heating takes place approxXimately proportionally to the
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moved from the electrical machine very quickly. It is also possible for this load torque to
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brter). If the torque is négative, the electrical machine may generate current back into the
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Table 2 — Electrical machine design considerations

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)

Speed feedback device

Precautions for mechanical interface.
Speed sensor may need to be electrically insulated

High

speed (field-weakening)

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

Imprg

ved electrical machine

efficigncy with converter
supplly

Rotor cage designs (rotor bars with less skin effect are preferred,~see 5.2).
May adversely affect line starting capability

Line bypassing or line start Rotor cage design shall be appropriate. Consequently the design may not He

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

High preakaway torque If possible, increase flux by 10 % to 40 % (depghding on electrical machine|
size) at near-zero frequencies

Voltapge drop in the converter Adaptation of the rated electrical machine/voltage to compensate for the voltage

becayise of modulation or filter | drop, i.e. the rated voltage of the electrical’machine can be lower than the

or cabling supply voltage to the converter.

Multi{electrical machine Similar slip/torque characteristics ©f the electrical machines

operdtion at approximately

synchronized common speed

In so
Tabld
conv

me applications, the electrical parameters-of the electrical machine equivalent circuit
3 for examples) may be requested from the electrical machine designer for tunin
erier.

(see
g the
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Table 3 — Electrical machine parameters for the tuning of the converter

Vector or
Parameter Description/explanation Scalar control | 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 shoutd be Yes, i discrete carrier
skipped by the converter, to avoid frequencies occur
acoustic and electrical machine

resorfances

Mechanical parameters

Inertip For high rates of acceleration Optional Optiongl
Coefffcients &, and k, of friction and | For some factory automation or Optional Optiongl
coolifg fan torque demand production tasks, when accurate

determination of mechanical output
(T =k X1+ ky Xn?) power is required

Electrical parameters of the T-equivalent circuit diagram for induction electrical machines

Statof resistance (Ry) | At operating temperature Optional for IR Yes
compensation
Rotoi resistance (R') |Atrated operating point and Optional for Yes
(see NOTE 1) ‘ temperature, different fromnlocked rotor | advanced
condition scalar control
Statof leakage reactance (X5s) | At corner point frequency Optional for Yes
advanced

scalar control

Rotoll leakage reactance (X' ) |Atrated operating point, different from | Optional for Yes
(see NOTE 1) " | locked-roter condition advanced
scalar control

Magnletizing reactance (X.,) | Ateorner point frequency and rated Optional for Yes
operating point advanced
scalar control
Magnetizing conductance (G;Y | At corner point frequency and rated Optional for Yes
operating point advanced
scalar control
Magnetizing inductance as a For field-weakening Yes, for Yes
function of voltage. advanced
scalar control
Laterpl critical speed if below Speed to be avoided for continuous Yes Yes
maxifum operational speed operation
Rotor skin effect, For accurate determination of harmonic | Optional Optiongl
(e.g. |adder 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 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 th.: vAdoT Uf VU:thU SUUTUT \JUIIVUItUIO, (<} Ir\IIUVV:UdUG Uf thU U:U\Jtllua: IIIG\;h;IIU cqul alent
circuit is normally not important for the design of the commutating circuit, but the harmonic

impef@lances of the electrical machine greatly influence the losses caused by harmonic¢s, Wd
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In addition to the well-known losses due to fundamental voltage and gurrent, the non-sinus
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frequiency (see Figure 4). This efféct’is caused by the small additional winding losses at
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See

e converters impress their output voltage on the associated electrical machines

to-peak value of the intermediate DC voltage).

y by a converter creates additional losses in the electricalmachine. These addi
s depend on speed, voltage and current, the converter output voltage waveform, an
n and size of the electrical machine. If neither series indtictances nor filters are prov
losses can amount up to around 10 % to 30 % of the fundamental losses for two
brters and thus up to about 1 % to 2 % of the rated’ output of the electrical mag
asing with increasing electrical machine size. For three-level converters, the addi
s due to converter supply are lower, typically 052 % to 1 % of rated output.

hagnitude and the characteristic behaviour, of the additional losses due to converter s
hd on the design of the electrical machijne; the type and parameters of the convertern
5e of filter circuits.

ptal value of the additional lossescaused by harmonics decrease with increasing swit

hing frequencies.

Annex A for converter types and characteristics.
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Key
1 Tofal harmonic losses
2 Hdrmonic winding losses

3 Hdrmonic iron losses

FiEure 4 — Example for the dependence of the electrical machine losses caused by
harmonics P, related to thelosses P¢ at operating frequency f,, on the switching

frequency f, in case of 2 level voltage source converter supply

5.2 | Location of the-additional losses due to converter supply and ways to reduce
them

For the converter output pulses the electrical machine appears as a frequency-dependent
impeflance. The‘losses of this impedance are mostly due to skin effect in the conductors (mainly
the rotor bars, but in some cases also the stator conductors) and to eddy currents in the legkage
flux gaths.(especially in the laminations).

The additional losses due to converter supply can be minimized by various design measures,
either internal or external to the motor, for example:

e rotor winding design with less skin effect;

e stator winding design with less skin effect;

e open rotor slots;

e avoidance of short-circuits between the rotor laminations;

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

¢ and external to motor reduced eddy current losses in series inductors or filters.


https://iecnorm.com/api/?name=dc22e2515b0536cc8d74f16fed4d6131

- 26 — IEC TS 60034-25:2022 © IEC 2022

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
QE 5
4
3,,
2
1
0 ‘ =
0 20 40 60 80 100 120
7, Hz
IEC
Key
A Fpll load, PWM supply B Full-load, sinusoidal C No load, PWM supply D No load, sinusqidal
supply supply

Figure 5 — Example of measured losses\P| as a function of frequency fand supply type

The most significant benefits of converter supply are achieved by optimizing the eledtrical
maclH|ine flux depending on load (for€example, reduction of flux at partial load) since this redquces
the fundamental losses which _are considerably higher than the additional losses. This| “flux
optimization” is frequently used'in pump and fan applications for which the required torque is
propgrtional to the square-of the speed. At lower speeds the torque is considerably requced
and gan therefore be created with lower flux and with lower losses in the electrical machine.

The game principle is“used in the "constant power factor control" in applications where thg load
torqule varies (motinecessarily the speed) by adjusting the electrical machine flux according to
the 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.
High¢r'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.
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5.4

Filters may be used at the output from a converter to feduce the amplitude and du/d¢ ¢
high-frequency switching voltage without excessively )affecting the low-frequency res
voltage appearing at the electrical machine termindls. The total effects will depend o
appligcation and dimensioning of the electrical machine and the filter. The voltage drop a

the

into @account in order to avoid an increasexin“the fundamental current loss in the eled
maclH|ine. Also, there will be some losses in the filter, but these will generally be lower than the
redugtion of additional electrical machine*losses due to converter supply, and so the o

efficiency of the PDS will improve.

In addition to reducing the additional electrical machine losses due to converter supply,
filterg may also have a bengefi¢ial effect in reduced voltage stress on the electrical ma
windings, decreased torque ripple, and improved EMC performance (see 9.2). However,

will

to the voltage drop acfoss the filter.

5.5

The sum of\the fundamental and additional losses due to the load condition and the vo
waveformresults in a temperature rise of the electrical machine windings. The temperatur

Is6’be affected by a change in cooling at the operating point within the specified slpeed
range-

will

= A
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400 \
200
N— |
0 >
0 5 10 15 20
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Figure 6 — Additional losses AP of an electrical machine (samg’electrical

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

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

filter will reduce the voltage at the electrical’machine terminals, and this should be

be a slowing of the.dynamic response of the PDS, and there may be other limitation

Temperature influence on life expectancy
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B rise

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

NOTE

and

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.

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
are grven I HEC-66634=2=tandHEC-66634=2=2For vuitagc converter-fed cage rduettomrmotors

a ney 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 lossés”(incltiding
the additional harmonic losses), they should be determined with the behaviour 6f the final PDS.

6 Acoustic noise, vibration and torsional oscillation

6.1 Acoustic noise
6.1.1 General

The ¢onverter and its function create three variables which-directly affect emitted noise. |They
are:

changes in rotational speed which may range from near zero speed to values in excgss of
the corner point speed. The components and/factors that influence noise emissiong are
bearings and lubrication, ventilation and anysother features that are affected by temperpature
clhanges;

e electrical machine power supply frequency and harmonic content which have a large éffect
on the magnetic noise excited in theistator core and, to a lesser extent, on the bearing rjoise;

e tgrsional and radial excitations of the stator core due to the interaction of waves of different
frequencies of the magneticield in the electrical machine air gap.

6.1.2 Changes in noise emission due to changes in speed
6.1.2|1 Sleeve (or plain) bearings

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

6.1.2(2 Roling element bearings

The fuddamental frequencies of potential noise emission from a rolling element bearing will
vary directly with the rotational speed If the bearing is "quiet” at the caorner paint 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
+30 T
+20 T

+10 7

AS (dB)
o
Y

IEC

Key

AS | Change in sound pressure R Fan speed p.u.

AS(dB) = 50.l0g,4(R)

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

6.1.3 Magnetically éxcited noise

Magnetic noise is gssentially caused by waves of tensile stress acting in the radial directipn on
the sfator core atithe air gap. These so-called Maxwell forces are excited by the interaction of
the various magnetic fields in the air-gap. The tensile stress is characterized by its amplitude,
frequency and-mode. As the amplitudes are small, the tensile stress results in disturbing {ones
only when frequency and mode of a specific wave coincides with the frequency and modeg of a
natural“ffequency of the stator core.

In the case of sinusoidal supply voltages, the magnetic noise is caused by the spatial harmonics
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
machine designer alone and that in many cases design co-operation is essential.

Expefrience has shown that with pulse frequencies less than 3 kHz, the harmonic freéquéncies
can Qe close to the natural frequencies of the electrical machine core and structureon' mgdium
and large electrical machines and consequently with wide speed range applicatiohs;resonance
points are nearly unavoidable at some pointin the speed range (see Figure A.2). The resorlance
frequiencies for the modes » = 0 and r = 2p (see Figure 8 for illustrations ofsmodes r = 0, 2 and
4) ar¢ less than 2,5 kHz for 2-pole and 4-pole electrical machines with shaftyheight greater than
315 mm. By contrast, the trend to increase the converter pulse frequeney’to 4 kHz or 5 kHz or
even| higher will result in possible resonance occurring on progré€ssively smaller eledtrical
machines.

IEC

IEC
IEC

Figure 8 — Vibration modes of the stator core

The jincrement of noise of electrical machines supplied from PWM controlled converters
compgared with the same electrical machine supplied from a sinusoidal supply is relatively gmall
(a few dB(A) only) when the switching frequency is above about 3 kHz. For lower switching
frequencies, the noise increase may be tremendous (up to 15 dB(A) by experience). Some
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 60034-9:2021,
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
the application.

Alternatively, and preferably for larger electrical machines, tests may be carried out at ng load
and nated 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,
as information, the typical expected increments of the sound power'‘level of convertgr-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 hy the
following factors:

¢ tHe electromagnetic design of the electrical machine;

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

o shaft stiffness;

o tHe rigidity of the coupling between the electrical machine shaft and the driven equipment;
e the output waveform of thée-converter.
Provided that the converter-has suitable output characteristics and also that due attention is
paid [fo the mechanicakfeatures of the electrical machine and its mounting, similar vibration
levels$ to that prodyced by an electrical machine operating on a sinusoidal supply wjll be
obtaiped. Thus, forelectrical machines supplied from PWM voltage source converters, there is

no nged to establish vibration levels that are different from the figures for sinusoidal supplied
electfical machjnes given in IEC 60034-14.

IEC ¢ reely
susp:e d 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
different.

0034=14 gives test vibration limits for electrical machines when they are either

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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Vibration level determination and limits

A 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

2022

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 a

Alter
no lo

NOTE

NOTE

6.2.2

pplication.

hd and rated frequency, using a sinusoidal supply.

1 This recommendation can significantly increase the test time and is not necessary per'IEC 60034-1

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

3 Vibration level limits

natively, by agreement between manufacturer and customer, tests may be carried|gut at

When testing under the conditions specified in 6.2.2.2, it is recommended that the vibiation
magrnitude measured on the bearing housings should not exceed the vibration level Gra
giver] in IEC 60034-14.

6.3
The

gene

Torsional oscillation
asynchronous (time-constant) torques generated by harmonics have little effect o

rated in the shaft of electrical machines-supplied from converters. The magnitude

operation of the drive. However, this does not-apply to the oscillating torques whiﬁ are

torqule ripple and its frequency are such that they can produce torque vibrations in the co

conn

bcted mechanical system which sheuld be carefully checked in order to avoid dam

mecHanical resonances.

In dri

are d

Thus

the oscillating torque amplitudes may be as high as 15 %, of the rated torque pro

that the switching frequehcy exceeds 10 times the corner point frequency, which is usual

case
frequ
appli

With higher switehing frequencies (in the order of 21 x f;) the oscillating torqu

bd (e.g. modulation with a sinusoidal reference wave or space-phasor modula

He A,

n the

f the
plete

hging

ves with pulse-controlled converters, the frequencies of the dominant oscillating tofques
etermined by the switching“frequency while their amplitudes depend on the pulse width.

vided
y the
es of

encies 6 x f4 and 12 x f; are practically negligible, provided a suitable pulse pattgrn is

tion).

Addifjonally, osgillating torques of twice the switching frequency are generated. These, hoWever,
do nqt exert'detrimental effects on the drive system since their frequency is far above the c
mechanical,frequencies.

ritical

A DC

component, or a negative-sequence component produced by asymmetries o

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.


https://iecnorm.com/api/?name=dc22e2515b0536cc8d74f16fed4d6131

IEC TS 60034-25:2022 © |IEC 2022 - 33 -

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

A voltage source converter generates rectangular pulses of fixed amplitude voltage that have
varying width and frequency. The amplitude voltage of the pulses at the output of the converter

is ge
differ|
conv
clear
outpd

ential mode transient effects throughout the whole topologies of power supply)sy
brter system plus the auxiliaries like earthing conditions, cabling and filteringshave
y analysed and taken into account (see IEC TS 61800-8). Modern low voltage con

herally determined by DC bus voltage (T p.u.) but the superposition of common-mod¢ and

stem,
to be
erter

t voltage rise-times may be in the 20 ns to 400 ns range. They are kept'as shqrt as

possible to minimize switching losses in the output semiconductors. Thesg: converterg can
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repetitive voltage strength. Figure 9 shows a plot of the surge count-at the terminals
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le, which can reduce the life of an electrical machine insulation sysiem if they exce

rate repetitive voltage overshoots at the terminals of an electrical machine connect¢d by

ed its
bf an

ical machine fed from a converter, measured over a period oftime under various opetating
tions. As can be seen, there is not a simple relationship between the surge count and the
me and magnitude. However, the risk of insulation damage (due to partial dischargg, see
hd 7.6) is more severe with surges of fast rise-time and high voltage, which indicates that
s in the upper right-hand portion of this diagram, when viewed from the ¢, scale dirgction

are more significant.
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urge 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
enlarged view of one surge shown in Figure 11. For support of a comprehensive analysis
conspHHECT-S-64800-8-

It is [recommended that the system integrator of converter and electrical machine” should
meagure the phase-to-ground and phase-to-phase voltage at the electrical machine ternjinals
after [system installation in order to confirm the expectation, because the actual'magnitud¢ and
rise-fime are complicated as shown in Figure 9. If the actual surge voltage is\more severe than
the elxpectation, the system integrator should take countermeasures following 7.5 in order to
avoid unexpected system faults in service.

- [T

IEC
Key

C Hhase 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 S — S —

B
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Key

C 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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Figure 12 — Definition of the rise-time 7, of the voltage pulse
at the electrical machine terminals

part of the stress is determined by the levelof voltage applied to the main insulation (p
ase or phase-to-ground) of the winding coils. The other is limited by the inte
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Figure 13 — First turn voltage as a function of the rise-time

rise-time impulses at electrical machine terminals also cause high turn-to-turn vol
first coil(s) of each winding phase and can be followed by early dielectric breakdown
n. This can be due to inadequate dielectric strength of the enamel coating, inade
fill. However, field experience has shown, that in most cases no dielectric break
s, because the probability of critical turns to be located close to each other is ratheg
the recommended LVIC are met.

Limits and responsibility

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

insulation”system of electrical machines rated at less than 1 000 V specifically des

ages
turn-
uate
down
r low

gned

pply from voltage source converters may be qualified according to 60034- 18 41 (without

ating

bility

of the electrical machlne manufacturer to document on the nameplate or prowded machine
documentation the ability of the electrical machine winding insulation. Assigning 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. 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 insul

abiliti

es to system requirements economically and reliably.

ation
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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 gystem integrator is responsible for determining and specifying the voltage stressdeyel at
the el|ectrical machine terminals (see Annex C for an example of the calculation of these yqQltage
stress levels).

In cape the actual or expected levels at the electrical machine terminals are higher than those
giver| in the impulse insulation class defined in Table 4 either the PDS topology or the eledtrical
maclH|ine insulation shall be adapted. The maximum levels defined in Tahle-4 covers a suff|cient
number of typical applications, but it is possible that levels exceed this'and the capability ¢f the
motof insulation system. It is the responsibility of the system integratorito make system chgnges
or to communicate the special requirements to the electrical machiné or converter manufagturer.
Methpds 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 peak/peak operating voltages in units of Uy
insulation class
Phase/phase Phase/ground
C B
IVIC|C/B 5,9 3,1

NOTE| Special agreements between™manufacturers and system integrators might be subject to a dedicated
installfation.

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

The ipsulation system’of electrical machines rated at greater than 1 000 V specifically designed
for sypply fromvoltage source converters may be qualified according to IEC 60034-18-42((with
Partial Discharge Type Il), possibly indicating this in the documentation and on the name |plate
of thqg electrical machine. It is the responsibility of the electrical machine manufacturer to sgecify
the gbility of the electrical machine winding insulation. Assigning an IVIC may affeqgt the
andrvoltage test in IEC 60034-1. Since drive topologies will vary greatly, and these lprger
i ; rgmi i tical.
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.

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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Insulation stress limitation

2022

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

frequ

PDIV

e W

ency of occurrence of the partial discharges.

and CIV in an electrical machine are influenced by:

inding type: random or form-wound;

e d
v

NOTE
a void

arnish type and impregnation technology;

bsign: phase separation and ground wall material;

re size: larger diameter wire has a higher PDIV;
re insulation type;
namel thickness: thicker enamel coating of wire increases PDIV;

berating temperature: when the winding temperature increases, PRIV decreases (typ
30 % from 25 °C to 155 °C); this is true only partially and incgéneral not for form w
ectrical machine windings;

nvironment atmosphere (composition and pressure);

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

e 14 shows a partial discharge pulse that has_resulted from a surge on one phas¢g
brter-fed electrical machine.

The discharge occurs at the rising edge of a converter generated voltage surge, as the voltage stress
in the insulation reaches its breakdown strengtht

D | |
N T VL W WP M'wl?'f*\"f‘_w,v\,u E L PRV PR
},
5
IEC
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S  Maltage surqge at electrical machine terminals D _Discharge pulse

ically
ound

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

8.1
8.1.1

Sources of bearing currents in converter-fed electrical motors

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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|

pct on line (DOL) ‘ ‘ External ‘ | Converter operation ‘

Dir}
/ W'
otor build-up Electrostatic build-up ‘ Voltage related ‘ t Current related ‘
J o o N o L 1
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in dir|

8.1.3

nagnetic asymmetry e o v e due t_o common mode
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Figure 15 — Classification of'bearing currents

Also auxiliary devices such as encoders or tachdmeters as per 9.1.4.4 which are connected to the elg
can be affected by bearing currents.

Circulating currents due to magnetic asymmetry

metry in the magnetic circuit<of an electrical motor creates a situation that cause
ency bearing currents. This\is more common in electrical motors greater than 400 k\
xist in small electrical motors with magnetic asymmetries, as well, such as those \
ented construction. An\asymmetric magnetic circuit results in a circumferential a.c
flux) in the yoke. This induces an AC voltage in the conductive loop comprisin

induced voltagg is’sufficient to break down the insulation provided by the lubricant, cy

bw through the loop, including both bearings. This kind of bearing currents mainly ap
ect on-line operating motors systems

Electrostatic build-up

IEC

ctrical

5 low
V but
ith a
. flux
j the

ical motor shaft, the'bearings, the end brackets, and the outer frame of the electrical motor.

rrent
bears

The

oltdge can also be caused by an electrostatic build up on the shaft due to the drive

load

such

8.1.4

as an ionized filter fan.

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
marked uGO tO MG4

" Filter

|
1= |
NI
=]
|
| = |

—
B
2

Ugo P U Piugy  1i|Ugs Pt

-

r

20
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R . T

Figure 16 — Parasitic impedances to earth of drive system components

Base[d on the typical output voltage waveform of VSI converters, the mechanisms can be diyided
into fhree types of pearing currents: EDM, circulating and rotor ground currents. Due tp the
undeflying 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 caus¢d by
the Righ-frequency components of the common-mode current (circulating and rotor ground
currgnts) 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
depiqgtedvin Figure 15.
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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
is connected to the three motor termmals The resultmg common mode voItage represents the
input C S 4 S S SO an
mquencmg factor for the undeswed parasmc bearing current The common mode voIt ge is
equal to one third of the sum of the three voltages phase-to-ground. In Figure 17 — omthe fight,
the typical common mode voltage waveform ugy, of a two-level inverter with a diode front end

as three phase rectifier is exemplified as well as the resulting common mode currents. Stgps of
+Up/b and £Up/2 with the corresponding fast voltage changes du/d¢ can occuf., At each change,

the rgsulting common mode current pulse ig), is clearly visible.

The manner and degree to which this CMV is expressed at the terminals is dependent on the
specific Converter topology converter infeed, grounding, etc. The resultant electrical bearing
stress will depend on a number of system design factors including-ASD carrier frequency, motor
geometry, 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 is
established by the subsequent drive system. For the high-frequency equivalent circuit of the
motor the components of this network shall be explicitly considered as interface areas, air gaps
and insulation inside the drive system. The HF equivalent circuit diagram of the motor 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 (Cyr), between rotor and stator (Crg) and inside the rolling bearings

(Cg)- While the first three portions are determined solely by the geometric dimensions, the latter

is hepvily dependent on the operating conditions. Speed, temperature, bearing load anf the
excitation of vibrations have a very strong impact on the bearing capacity.

The gurrent flow into the bearings can change rapidly, depending on the condition“of the bejaring.
For ipstance, the presence of capacitance in the bearings is only sustained for ‘as long ds the
anti-friction bearings are covered in lubricant and are non-conducting. This‘capacitance can be
shorttcircuited if the bearing voltage exceeds the threshold of the breakever value or |f 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
irreglilarities caused by current passage, firstly due to a more distinct separation of the sjiding
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 bedrings
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 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 ground
(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 mode
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.

On trmmnmmmmrmmidrop
acrogs the lubrication gap of the bearing which is a portion of the common mode vpltage as

depigted in the motor HF equivalent circuit (Figure 18). This kind of bearing currént’can be
described also by a peak value and the basic frequency of the following damping-oscillation
which is in the range of 1 MHz to 5 MHz. In this case the number of peak events-per tim¢ unit
is dirpctly connected to the isolation ability of the lubrication film inside the bearing.

A grgphical representation of the different high harmonic bearing current\types highlighting the
involyed physical components of the drive unit is shown in Figure 19. These types of bearing
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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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, on the
left. e—right-hand—side—the—eurrent—time 3 ed—at—both—m i

indicated. Both current courses show a phase displacement of 180° at identical ampljtudeg

A S Rraa - t P10 east a 00O v pearmes are

the rate of rise of the voltage at the electrical motor terminals and the DC link voltage level.

icm

J =]

1

lcm

Common mode
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a) b)

Figufe:20 — Principle of circulating currents formation

8.2.4 Rotor ground current

The ¢urrent flowing from the winding through the capacity Cyg — illustrated in Figure 1§ — to

the sfator-core lamination is routed back via the enclosing grounding system to the soufce —
the DCAink of the converter. In case, the grounding conditions at the motor are design}ed in
such|a\way, that a path of low impedance is leading to the shaft of the motor, currents of
considerable amplitude can flow via the connection motor shaft coupling a load. In this way,
they can potentially damage electrically passive plant component that are connected to 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 the
converter’s common-mode voltage. The/ common-mode current will seek the path of |least
impe@ance. If a high amount of impedance is present in the intended paths, like the gfound
conngction of the electrical motor, frame, the electrical motor frame voltage will cause some of
the common-mode current to becdiverted into an unintended path, such as through the building.
In practical installations, a number of parallel paths exist. Most have a minor effect on the yalue
of cgmmon-mode current -or bearing currents, but may be significant in coping with [EMC
requirements.

Howgver, if the value-of this impedance is high enough, voltage drops of over 100 V may pccur
betwegen the electrical motor frame and the converter frame. If, in such a case, the eleqgtrical
motof shaft is=connected through a metallic coupling to a gear box or other driven macHhinery
that is solidljxgrounded and near the same potential as the converter frame, then it is pogsible
that part(ofi'the converter common-mode current flows via the electrical motor bearingg, the
shaft|and/the driven machinery back to the converter.

If the shaft of the machinery has no direct contact to the ground level, current may flow via the
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
currents is dependrng on the amplrtude of the common mode voltage of the converter on the
paras T f '
lubrigation conditions in the roIIer bearing of the drlvmg motor The energy content of the arc
discharge which is caused by these EDM currents is compared to the circular currents and
rotor{to-ground currents which may be significantly smaller, but it can progressively alsqg lead
to the formation of ripples in the bearings.

ig

e

|
-
n

Detailt /’
h
0,8 18
A N v
J I‘
A\
® A &
|\ =
] ‘\'
-0,3 -6
-

IEC

Figure 22 — Example of measured EDM-current pulses for a 400 V
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
mountain-and-valley structure of the raceway surface. This “washboard“ dynamically excites

the r'\llinﬂ alamante ta vihrata which rocultc in on aviramaly incoraacad wwaoar of tho Kb arin
..... g-eloments—to—vibrate—which—resulis—in-an—oextremelyincroased—wearof-the—b g

comgonents. This can result in fatigue fractures and following bearing failure.

As denoted under b), the lubricant changes its consistency and loses lubricity, The bagic oil
with the correspondent additives is bonded in the so-called soap frame. Due’to the|high
tempgratures, these substances are reacting: the soap frame and the basiceil are burnipg or
cokinlg, and the additives often decompose quickly. After all, the lubricant will be discoloufed in
black and hardened (Figure 23a). This disintegration of the lubricant\is” a typical effgct of
damgge as a result of current passage. It could decisively influence the lifetime of the lubri¢ated
roller|bearings without regreasing device.

Fluted motor
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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,
which become perceptible with increasing degree of damage. From Grade 3 (medium
corrugasen o—=sfade—4—ahn A g AHSE Satas~ SHHR3HE < S D

Likewise, the black coloration of the grease clearly indicates the influence of an gledtrical
beari
failur
condftion that can occur in the course of the far advanced damage process of ripplé formation.

Table 5 — Different grades of roller bearing damages

Cofrugation Grade Outer ring Detail / Grease Sizp /
level Ball Type

Grey . SH 315
frosted 6218 C3
IEC IEC IEC
SH355
Hight 1 6220 C3

IEC IEC
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Corrugation Grade Outer ring Detail / Grease Size /
level Ball Type
Lightl/ medium- | 2

Medi

SH 450
6226 3
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Corrugation Grade Outer ring Detail / Grease Size /
level Ball Type

Medium / 4 SH895
heavy- 6220 3
IEC 1EG, IEC
SH 345
Heay 5
6226 3

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. Standard
equipment earthing practices are mainly designed to provide a sufficiently low impedance
connection to protect people and equipment against system frequency faults. A variable speed
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eispect to the previously described EDM currents, the iron cores are not effective at all.

can be effectively grounded for high common-mode current frequencies, if the instal
s the principles of Clause 9.

Other preventive measures

se insulated bearing(s).

DTE 1 Several kinds of bearing insulation with different thickness and placed, at different locatiof
ample, between shaft and inner bearing race, between outer bearing race and_end-bracket, betwee
acket and frame) are in practical use. Anti-friction bearings with a ceramic,coating at the outer surfag
lled coated bearings) are customary. Bearings with ceramic rolling elements\are also available.

esides the improvement of the impedance conditions, the/use of additional common
ductivities (chokes) can reduce the excitation, i.e.(the” common mode current.
tachment of nanocrystalline iron cores at the output(of the inverter is also a preve
easure. For that, the iron cores shall be installed,in<all three phases (without ground

DTE 2 The optimum number of iron cores depends on, the selected type of cable, the cable length a
btor power. The effectiveness of the iron cores is limited‘to high frequencies, i.e. low-frequency comp
the common mode current will result in a magnétic saturation of the iron cores. These low-freg
mponents can arise, e.g. from unsymmetrical motor cables or single conductor arrangements. M4
turation can result in an almost complete neutralization of the effectiveness in the high-frequency rangq

se a filter that reduces common-mdade voltages and/or du/d¢ .

irrents.
se brush contact(s) between shaft and electrical motor frame.
se lower voltage elegtrical motor and converter if possible.

un the converter _at the lowest switching frequency that satisfies audible nois€
mperature requirements.

void simultaneous switching of two inverter phases in opposite polarity. (p3
vitching).

6,campares the effectiveness of some of these measures.

ation

s (for
h end-
e (so-
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The
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hd the
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uency
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se non-conductive couplings forloads or other devices which may be damaged by bejaring

and

rallel
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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
Only protects 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 dn
rolling elements OnIy_protects one OnIy_protects one DE and NDE is
bearing bearing recelmmnénded
3) NDE and DE Effective: Effective Not effective: Require additiopnal
hearing ) brush contact tp
ihsulation 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 additiopnal
hearing with . brush contact tp
deramic rolling | One insulated prevent rotor
dlements bearing is adequate grounding by tHe
for this current type load
5) NDE and DE Effective Effective Effective Servicing
hearing necessary
ihsulation Does not protect
4 bearings_in‘driven
dhaft earthing load
kBrush DE
6) NDE and DE Effective Effective Effective To prevent
hearing circulating beating
ihsulation Does not protect currents in the Joop
4 bearings in driven of motor and lokad
dhaft earthing load the use of an
brush NDE insulated coupljng
is mandatory
Servicing
necessary
7) NDE and DE Effective Effective Effective Most effective
hearing (especially for
ipsulation larger electrica
4 motors).
iphsulated
doupling Help§ to prevent
4 possible damage to
dhaft’earthing driven load.
brush DE or Servicing
NDE necessary
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
gqorntacis, UL recessdary

gdnd NDE

No bearing
ipsulation

Care needed to
ensure low brush
contact impedance

Increase of
circulating bearing
currents.

Does not protect
bearings in driven
load

Care needed to
ensure low brush
contact impedance

Increased(brush
wear due. to
increased

cireulating currents

12) Uow resistance
lpbrication
gnd/or carbon-
filled bearing
deals

Poor

Poor

Effective:

Depends on
condition of’
materials

No long term
experiences.

Lubrication
effectiveness
reduced

13) Rotor in
HFaraday cage

Not effective

Not effective

Very effective

Problems from
converter
generated
circulating currents
that normally oply
occur in larger
electrical motois

14) ¢ommon mode Effective Effective Not effective The effectivengss
ipductivities . of the iron coref is
(Ehokes) Limitsd limited to high

effectlvengss due frequencies.
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-mogle

Reduced HF

voltage also
decreases LF
currents

voltage if filter
fitted at converfer
output

[

16) Ipsulated
doupling

Not effective

Very effective

Not effective

Also prevents
possible damage to
driven load

17) Hrame to driven

Not effective

Effective

Not effective

Also prevents

load connection

possible damage to
driven load

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

8.5

2022

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.

bW running speed and high bearing temperature as well as high bearing load increa
baring current risk due to thinner lubricant film.

S
L
b
R
ball bearings due to higher clearances and capacitances.
Al
depending on the earthing configuration.

S

s

sfator-fed electrical motors.

Additional considerations for electrical motors fed by high voltage source
converters

8.5.1 General

oller bearings are more vulnerable than sleeve bearings but have higher gndurance| than
h active front end of the converter may increase the bearing voltages considgrably

ip-ring electrical motors supplied by voltage source converters-in the rotor circuit rejquire
pecial attention because the bearing voltage ratio (BVR) is much higher (BVR = 1) than in

All the bearing current statements made before\with respect to low-voltage electrical mlotors
supplied by voltage source converters are validinh general for high-voltage electrical motor
converters, but there are also some differenceés, as shown in the following examples.

High-voltage electrical motors have  usually high output power (from hundreds o

baring as standard.

u

b

T

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
v

rigk.

Due to high/voltage at the d.c. bus the common-mode voltage amplitude is high

electrical motors is in the same range as in low-voltage electrical motors).

8.5.2 Bearing protection of cage induction, brushless synchronous and permane

5 and

f kW

pwards) and they are rather higyin frame size; therefore, they usually have one insylated

hicker slot insulation reduces the winding-core capacitance, reducing also the elegtrical

high-

bltage convertersy-in spite of the higher number of steps, increasing the circulating cyrrent

and,

thereforej.the capacitive discharge bearing current risk is considerable (BVR of high-vdltage

nt

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

motors with brush excitation

Bearing protection for slip-ring electrical motors and for synchronous electrical

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.

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

9

hstallation

9.1 Earthing, bonding and cabling
9.1.1 General

The necommendations 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 ispues.
For slpecific installations, local regulations concerning earthing/should be followed and agreed
with fhe system integrator, and the converter supplier’s instfuctions concerning EMC shodld be
obsefved. See IEC 61800-3 and IEC 61800-5-1 for more’ information on EMC and dafety
considerations for PDS. See also IEC 61000-5-1 and IEC 61000-5-2 for comprehepsive
guidgnce on general EMC installation techniques.

9.1.2 Earthing
9.1.2|1 Objectives of earthing

The pbjectives of earthing are safetyand reliable, interference-free, operation. Tradifional
earthiing is based on electrical safety, It helps to ensure personal safety and limits equigment
damgge due to electrical faults.(For interference-free operation of the PDS more profound
methpds are needed to ensur€_that the earthing is effective at high frequencies. This| may
require the use of equipotential'ground planes at building floor, equipment enclosure and dircuit
board levels.

In addition, correct €arthing strongly attenuates electrical machine shaft and frame voltages,
reduging high frequency bearing currents and preventing premature bearing failure and pogsible
damgge to auxiliary equipment (see Clause 8). The earthing configuration can also haye an
effect on the (phase-to-ground insulation voltage stress levels (see 7.4).

9.1.2|2 Earthing cables

For safety, earthing cables are dimensioned on a case-by-case basis in accordance with local
regulations. The appropriate 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
be taken to prevent coupling across insulated bearing housings, e.g. by using insulating sleeves
and yashers for the fasteners, and foundation bofts as wellas use of msuiating type] pipe
sectipns made of ceramic or high density oil resistant PVC.

) Q
I o,
ALTTIIRAN

IRRRAN

IEC

Key

Tb Tlerminal box PE Connection‘to electrical machine frame S Bonding strap

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

9.1.4 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 grfound
condyctors are symmetrically disposed may be beneficial to reduce HF bearing currentq; 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-
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).
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;

e tHree-core cable with three symmetrical conductors for protective earthing and a cohcéntric
shield/armour (see Figure 30 B). The shield of this cable type is for EMC and\ physical
pfotection only;

NDTE 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|(see
Flgure 30 C). If the shield has an insufficient cross-section for use as.@"protective conddctor,
a|separate earthing conductor is needed.

A @ Cc
PEs
Scu
Cv Cv
PE uvw PE Uvw
L] L
Txfr Txfr
PE { PE —
— —
L uV L uVw
) RE ) PE
M 3~ M 3~
PEs
IEC
Key
Scu | Concentrie copper AFe Steel armour Txfr Transformer Cv Converter PEs Separate
(or atuminium) screen ground wife

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=

Figufe 26 — Parallel symmetrical cabling of high-power conyverter and electrical maghine

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.and the electrical machine enclosure.| This
requifes that the electrical machine terminal box.issmade of an electrically conductive material
like aluminium, iron, etc. that is high frequency electrically connected to the enclosure| The
shieldl 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 voltageg and
imprgves EMC performance.

Exanpples of good practice for the converter and electrical machine ends with lower powagr are
showln in Figure 27 and Figure.28'respectively.
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SC Supply cable MC Electrical machine cable UL Unscreenedderigth (as short as possibld)
S (able shield P  “Pigtail” (as short as possible) U Unpainted'gland plate
G HMC cable gland C Cables (outside enclosure) F Contintiods 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 maghine
(¢onddctjve) possible) frame
Gs (onductive 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

9.1.4/4 Cabling and earthing of auxiliary devices

Auxillary devices, such as tachometersy should be electrically insulated from the eledtrical
maclhiine in order to prevent the formation of current paths through them, leading to |false
readings or possible damage. An“electrically insulating coupling is a possible solution [for a
coupling-type encoder. The insulation may be implemented for a hollow-shaft type tachometer
by ingulating the ball joints or the bar of the engaging arm. The shield of the tachometer gable
should be insulated from the tachometer frame. The other end of the shield is grounded at the
converter.

Hollow-shaft tachameters with electrical insulation between the hollow-shaft and the tachometer
fram¢ will allow-Connection of the cable shield to the tachometer frame.

The use of'double shielded cable is preferred for a pulse encoder. To minimize HF interfefence
problems\the shield should be grounded at the encoder end via a capacitor. Single shi¢lded
cablgd may be used with an analogue tachometer.

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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9.2
9.2.1

Reactors and filters

General

In 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.

9.2.2

Output reactors

These are specially designed reactors which can accommodate the PWM waveform and are

used

can

theor
with

incre
outpy
comg
up to

9.2.3

In thi

to limit the du/d¢, drastically reducing the peak voltage and<inereasing the rise-time. |

exam

Some increased losses of 0,5 % to 1,0 % should be accommodated, and there may

redug

9.2.4

A spd

the resulting voltage waveform on the output\fo the electrical machine becomes sinusoidal

phas
frequ

filters.

b) D

Thes
volta
will n

9.2.5

a) DEsign with both phase-to-ground and phase-to-phase filtering.

to_reduce the dui/d:t and peak voltace. However care is needed as reactor
™ T 4

etically extend the duration of overshoot if incorrectly selected — particular care ism¢
ferrite core inductors. In the case shown in Figure 30a, the addition of the reacto
hsed the rise-time to around 5 pys and reduced the peak voltage to 792 V. Normally
t reactor is mounted within the converter cabinet. Output reactors can also ‘be us
ensate for cable charging currents and may be used for electrical machine”“cable le
many hundred metres on larger drives.

Voltage limiting filter (du/dz filter)

5 case, a design consisting of capacitors, inductors and diedes or resistors may be
ple shown in Figure 30b, the peak voltage is reduced. to"684 V with a du/d¢ of 40
tion in breakaway and breakdown torque.

Sinusoidal filter
bcial design of low pass filters allows the high frequency currents to be shunted awa

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

sign with only phase-to-phase filtering.

e filters are expensive and have also other limitations. They prevent the electrical ma
je from exceeding90 % of the supply voltage (thereby de-rating the converter). They
ot be suitable for applications that require high dynamic performance.

Electrical machine termination unit

An el

purpgseis to match the electrical machine impedance to that of the cable, thereby preve

ctrical machine termination unit can be connected at the electrical machine termina

eded
r has
, the
ed to
ngths

used
h the
\V/us.
be a

and
. The
point
oidal

chine
also

s. Its

nting

voltage reflections at the electrical machine. For the example illustrated in Figure 30d the peak
voltage is now only 800 V with a rise-time of 2 ys. Typically, these filters add around 0,5 % to
1,0 % losses.
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Fligure 30a — Output reactor (3 % voltage drop) Figure 30b — Output du/d¢ filter
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Figure 30 — Characteristics of preventative measures

IEC

Figure 30c — Sinusojidal filter

9.3 Power factor correction

7

A

M1 max.
800V
/‘/v/ K B AL SV SV LIS
M1 R,
6 Dec 1996
400 V 2,00 us 12:22:56

IEC

Figure 30d — Electrical machine termination ynit

Power factor-correction at the input of the converter should never be undertaken without
harmpnic analysis.

The use of power capacitors Tor pOwer factor correction on the load side of an electronic control
connected to an induction electrical machine is not recommended; damage to the control may
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);

e common integral enclosure helps to fulfil the EMC-requirements (a Faraday cage)~|{ also
rgduces the risk of shaft grounding current;

e np long cables or leads between the converter and the electrical machine keep the valtage
re¢flections and peak voltage low and predictable but du/d¢ is not reduced;

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

e a|[single supplier for electrical machine and converter, i.e. clear responsibility for the BDS.
But if has some disadvantages too:

e 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 differsignificantly (electrical machines some
1p 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 penefits of a PDS consistingof a voltage source converter and a permanent magnet
synchronous electrical machingqinstead of an induction electrical machine are:

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

e Igsses in the eleetrical machine might be lower. For system efficiency review the losges in
the converter shall be taken into account;

e rgduced machine size, compared with an induction electrical machine of the same rating;

e in a preperly designed electrical machine, the rotor losses are minimal and thereforg will
have ho effect on the thermal behavior of the rotor;

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

On the 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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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 during

deep

10.5

The 1

NOTE
10.6

Perm
beca
or m
demd

11 A
V

1.1

In ge
volta
conv

Tield weakening, or short circuit or the wiring, eltc.
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tatements of Clause 8 remain valid.

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

Particular aspects of permanent magnets

ise of abnormally large demagnetizing current peaks, due for instance to fault cond

gnetization happen at lower current values.

oltage source converters

General

je source converters are valid for medium-voltage or high voltage electrical machine
brters as well. Nevertheless, some differences exist.

anent magnet demagnetization during electrical machine operation usually ogcurs

tions

otor control loss. Heating of permanent magnets“can increase this risk, mgaking

\dditional considerations for cage induction electrical machines fed by high

neral, the statements made with\respect to low-voltage electrical machines suppli¢d by
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11.2 System characteristics
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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, =V2 Uy, 0, 72 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 harmaonic vditage
causing harmonic currents into the electrical machine. The additional high frelquency Igsses
genefated in the stator winding due to these harmonic currents depend significantly oh the
height of the strands of the stator winding and its arrangement in the cross-sectional arga of
the s|ots, since the effective a.c. resistance of the winding increasesstrongly with freqyency
and with the strand height. Where the level of harmonic currents is low, a special design o¢f the
stranfds or strand transposition is usually not necessary for electrical.nachines fed from vdltage
sourge converters.

As mientioned in 11.2, three-level or multi-level converters-impress a better (more sinusgidal)
waveform of the output voltage, reducing harmonic curtents. High voltage converters usgually
have|a lower pulse frequency, which reduces the additional iron losses but tends to incfease
the harmonic currents. Due to the numerous factors influencing the additional losses ip the
electfical machine, a general statement is not possible.

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

11.3.2 Measurement of additional,losses

For drives with power ratings (inn the megawatt range, a test of the complete PDS ip the
manyfacturer’s test field is often not economic, since it consumes a significant amount of| time
and dost. Nevertheless, the additional losses have to be considered for the overall efficierjcy of
the 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
calculation shallyconsider the main influencing factors.

By agreement between manufacturer and customer, tests may be performed according tp the
IEC 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
of more than 50 % of the rated speed — not possible to keep the speed control range free of
lateral critical speeds.
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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

A critieatparameterthatdeterminesthefirstturnelectrical-stress-is-the-maximumrate-efvgltage
change (du/d¢) on the winding (Figure 33). For low-voltage systems, the applied voltage will
genefally be within the range of 400 V to 690 V, and so the du/d¢ can be sufficiently~spegified
by thg rise-time. For high-voltage systems, there is a greater range of applied voltage, anpd so

it is necessary to consider the actual du/dt.

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

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

11.5.2 Electrical machine terminal overvoltage

In addition to the factors mentioned in 7.1 to 7.3, the overvoltage appearing at the terminals of
a converter-fed-electrical machine also depends on the number of converter stages. Vdltage
impulse levels'shall be determined by the system integrator according to IEC TS 61800-8{ The
resull shallkbe communicated to the electrical machine manufacturer so the insulation system
can he 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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Cation of phase-to-phase insulation

Cation of phase-to-ground insulation

Cation of turn-to-turn insulation

ase insulation/end-winding insulation

bund insulation

and insulation

t voltage stress control layer

d-winding voltage stress control layer (stress grading)

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

ffects of these additional stator winding.voltage stresses on the stator winding insu

are of the characteristics of converteroutput voltage waveforms, as seen at the eled
ine terminals, to ensure that these.are taken into account during stator winding desi

3.2 Voltage stresses between adjacent conductors in line end coils

re are air voids next to ‘or)between the turn insulation, failure from partial discharges
ccur if inadequate turn insulation is used. Such failures result from continuous exp
h-voltage surges-fiaving rise-times below 2 ys. Short rise-time voltage surges will h
niform voltage-distribution across the winding line end coils to significantly elevate
n voltages stresses. Most electrical machine manufacturers are aware of this ang
ble strand orturn insulation and good vacuum pressure impregnation (VPI), or hot prd
rich coilinsulation processes, in stator windings rated 2,3 kV and above. This app
bctivedn.minimizing the risk of turn failures from PD caused by continuous high freqy
s and)air voids around the winding conductors.
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3.3 Voltage stresses between conductors and ground

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

accel

erated 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

surfa

11.5.

ces in different phases should be reduced.

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

High-voltage electrical machines with form-wound coils may have a grading layer of material,
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to attenuate high-voltage stresses at the interface between the stress-control laye
nd-windings (see Figure 34). Operating experience has shown that conventionalivo
5 control materials can degrade fairly rapidly as a result of high frequency vol
icantly increasing dielectric heating in both the conductive and grading~materials
is exacerbated because the higher frequencies also cause the siliconicarbide mat
less effective in linearizing the voltage along the surface of the coils which ten
bntrate the heating to a shorter area near the core ends. Manufacturers and resear
ow looking at capacitive grading systems to overcome this preblem which shou
fied by IEC 60034-18-42 stator winding insulation system qualification tests.

Bearing currents

tatements of Clause 8 remain valid.

\dditional considerations for synchronous electrical machines fed by
oltage source converters

System characteristics

benefits of a PDS consisting of a\voltage source converter and a synchronous eled

bwer VA rating of the conyerier, as a synchronous electrical machine can be rated for
bwer factor.

e converter shall’betaken into account.

gher pull-out toerque in the field-weakening range of the converter.
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Losses and their effects
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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.
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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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Filgure 36 — Current and voltage waveforms of block-type current source convertrr

The converter 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

appro

13.2

ximate value for proper design of the commutation capacitors.

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.

Another important part of extra losses caused by harmonics are the winding losses in the cage

due {o the high frequencies approximately (n — 1)f; of the harmonic currents. Theretqr

extra

typically higher than the extra losses of the same electrical machine supplied by a PWM iny

The
elect

with different harmonic content and from a sinusoidal supply. The example illustrate
relative importance of the different types of losses for the converter systems most widely

today
mach

frequencies). To facilitate comparison in Figure 37, the fundamental voltages and cur
during converter operation are assumed to be the same as undér rated conditions.

losses of an electrical machine supplied by a current source converter at fullloag

e the

, are
erter.

olumns in Figure 37 show, as an example, the calculated loss compositiof~of a spgcific
ical machine (frame size 315 M; design N) when supplied both from different converters

5 the

used

. The comparison cannot be transferred to other converter-fed cage induction eledtrical
ines and other types of converters (with different modulation schemes and pulse

rents

Accofding to Figure 37, the harmonic losses are higher for §upply by current source converters
by voltage source converters. The difference diminishes at partial load, becausg¢ the

than

harmpnic losses are constant for voltage source cenverter supply, but the harmonic Iq
increpse with load for current source converter supply.

SSes
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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.

Subclause 11.3.2 is valid for these electrical machines as well.

13.3 | Noise, vibration and torsional oscillation

Additjonal magnetic tones are produced by the interaction of the fundamental waves (nu]mber
of pole pairs p) of the harmonics and of corner point frequency. The waves of|tensile sfress,
which are responsible for the noise emission of magnetic tones, are of the modes » = 0 or /= 2p
and ¢f the frequencies f, = (n £ 1)f; (n = 1, 2, 3, etc.) respectively. Since~harmonics of prder
n > 1B are of small amplitude, they can normally be neglected. Therefore, the frequencies of
the agdditional tones are less than 1 kHz, far away from the resonance~frequencies of the stator
which are much higher. The increase of noise at converter supply in comparison to the operation
of the¢ same electrical machine at sinusoidal supply (at the samevalues of Uy, f; and load) is

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

The most important negative effect of current sourceconverters on the performance of|cage
indudtion electrical machines is the generation of pulsating torques of relatively high amplifudes.
In a $ix pulse circuit, the oscillating torques with 6tand 12 times the operational frequendy (f;)
are of practical importance; their amplitudes are in-the order of 15 % (frequency 6 x f;) and 5 %
(freqliency 12 x ;) of the rated torque. In addition, oscillating torques are excited by harmpnics
which are based on the ripples of the DC ¢urrent in the intermediate circuit; these torquefs are
of the frequency 6(f; —fp) and 12(f, —fp), where fo is the power frequency of the mains| The
current ripple in the intermediate circuit (i,,x — imin)/ipc IS typically of the order of 10 %| and
resulfs in pulsating torques having amplitudes of a few per cent of the rating torque.

Because of these pulsating._torques, a careful torsional analysis of the complete rofating
assembly 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 a this
speed is not permitted-and may be dangerous. This is especially the case when couplings of
small damping coefficient (metal-elastic couplings) are used. In such cases skipping of a pmall
frequency band’issadvisable.

13.4 | Electrical machine insulation electrical stresses

As already stated in 13.1, the phase-voltage of the electrical machine contains transients|at all
commutation intervals of the current. These transients stress the winding insulation; however,
since the inverters are usually equipped by thyristors, the peak values and the rise-time are not
so extreme that an enhanced insulation system would 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.


https://iecnorm.com/api/?name=dc22e2515b0536cc8d74f16fed4d6131

- 74 - IEC TS 60034-25:2022 © IEC 2022

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
corner point frequency exist. The frequencies of the pulsating torques follow the expression
12k rtk—t2ete):

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

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

14 Additional considerations for synchronous electrical machines fed by L(C

14.1| System characteristics
Synchronous electrical machines with static or brushless(excitation can also be suppligd by
currgnt 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 puldating

torques caused by the harmonic fields. If a solid-pole construction is used, the induced |eddy
currejnts have the same effect as a damper winding:

The nectifier connected to the power supply’is 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
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The inverter connected to the electrical machine is load commutated. The synchronous
electrical machine is operated overexcited in order to supply the reactive power which is
necessary for the commutation of the inverter. In this case, the reactive power is not supplied
by the converter, whereas in the case of an induction electrical machine both the active and the
reactive power shall be supplied by the converter. Therefore, the converter of a synchronous
electrical machine can be designed to be smaller and less expensive. In addition, the
commutation is as simple as that of the line-side inverter.

Another distinctive feature is that the synchronous electrical machine can produce reactive
power only when it is turning, not at standstill. Therefore, starting would be impossible without
additional measures such as DC link pulsing, whereby the reactive power, which is necessary

The six-phase arrangements shown in Figure 38 can be regarded as two six-pulse current
sourge converters, each feeding one of the electrical machine’s two three-phase windings.
Alterpatively, a real 12-pulse arrangement can be designed by using a|three-winding
transformer between the two six-pulse converters and a three-phase electsical machine | This
arranjgement eliminates in the transformer the frequencies -5f;, +7/,\=17f;, +19f,| etc.

(reducing additional losses in the stator winding). In addition, this arrangement allowp the
possibility to synchronize the electrical machine direct with the mainsi-in case speed adjustfment
is not required for some operation modes.

Electrical machines with eight or more poles are commonly salient pole electrical machineg with
lamirjated poles or pole shoes. A damper cage is incorpordted in the pole shoes. For eleqgtrical
maclhines with four or six poles, a laminated cylindricalrotor, or a rotor with laminated or|solid
salient poles is common. Two-pole electrical machines always have a cylindrical rotor| with
eithel a laminated or a solid active part of the rotor. ‘Cylindrical rotors always have a damper
cage| in solid salient pole rotors damper currentscwill flow in the solid surface of the pole shoes.
The ¢opper damper cage of cylindrical rotors fras the benefit of lower additional losses in the
cagel|and somewhat lower pulsating torquesicompared to electrical machines with solid salient
poled. Nevertheless, a general statement on the overall efficiency of both designs i$ not
possible, since salient pole electricalsmachines naturally have lower windage losses|than
electfical machines with cylindrical raotor.

14.2 | Losses and their effects

The gtatements of 13.2 and 13.6 remain valid.

The additional losses due to current harmonics require a proper design of the damper winding,
espegially in case_of a three-phase electrical machine supplied by a 6-pulse convgrter.
Othefwise, these additional losses can have a negative influence on the temperature of thq field
winding.

As alreddy’stated in 14.1, a real 12-pulse converter arrangement will lead to a reduction <|>f the
additlonal 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 valid.
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15 Additional considerations for cage induction electrical machines fed by
pulsed current source converters (PWM CSI)

15.1 System characteristics (see Figure 39)
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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

A significant reduction of the harmonic voltages and currents caused by a current source
converter can be achieved by a PWM of the inverter output current combined with filter
capacitors at the converter output. Figure 40 shows that both electrical machine current and
electrical machine voltage are close to a sinusoidal form. Nevertheless, the remaining
harmonics need to be considered.
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15.2 Losses and their effects

Due to the relatively low content of voltage and current harmonics, the additional iron losses
are smaller than for electrical machines supplied by voltage source converters. There are no
significant commutation losses to be expected. The additional losses in the stator winding are
comparable to electrical machines supplied by voltage source converters, so that a strand
transposition is usually not required.

NOTE Although the harmonic voltages of PWM CSI converters are lower than those of voltage source converters,
their frequencies are also lower. It is therefore not possible to make a general statement concerning the relative
amplitudes of the harmonic currents.

The gtatements of 71.3.2 remain valid.

15.3 | Noise, vibration and torsional oscillation

The gtatements of 11.4 remain valid.

15.4 | Electrical machine insulation electrical stresses

The gtatements of 13.4 remain valid.

15.5 | Bearing currents

The gtatements of 13.5 remain valid.

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

16.1 | System characteristics

Slip-1ing electrical machines with rotor.Supply from a voltage source converter are custgmary
to bel used as wind-turbine generators*in the power range above 1 000 kW, but may be|used
also in electrical machine applications. The converters are usually equipped as an active infeed
for pgwer factor correction (see [EC TS 62578 for more details). The stator winding is conngcted
direcfly to the mains. These-electrical machines are also referred to as doubly fed eledtrical
maclHines.

The gpeed of the drive.is fixed by the formula n = (f; = f5)/p , where f; is mains frequency and
f> is ponverter output’frequency. By this means, operation as electrical motor or generator is
possible at speeds below and above the synchronous speed f;/p.

The main_ advantage of this system is that the converter does not need to be rated for the full
rated| pawer of the induction electrical machine, but for a fraction only, which depends oph the
i i ' i i ction.
Furthermore, it is possible to use a low voltage two level converter for the rotor circuit, even
though the stator winding is for high voltage.

16.2 Losses and their effects

As the stator winding is connected directly to the mains, the harmonic content of the stator
current is very low and additional losses are negligible. For the rotor winding, the general
statements of Clause 5 apply. Special consideration needs to be given to the current
displacement in the rotor winding: For wound rotor induction electrical machines with ratings in
the MW range, the rotor winding is usually made form solid copper bars. As the rotor frequency
of 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 resistance
of the rotor winding. This effect needs to be considered as well for the losses due to current
harmonics in the rotor winding caused by the converter.
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Noise, vibration and torsional oscillation

The statements of 11.4 remain valid.

16.4

Electrical machine insulation electrical stresses

2022

As the stator winding is connected directly to the mains, its insulation stress does not differ
from normal fixed-speed electrical machines. For the rotor winding, the statements of 11.5
remain valid.

16.5

Bearing currents
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o the direct capacitive coupling, the bearing voltage ratio BVR is much higher inthe
ctrical machines connected to a converter in the rotor circuit than in the case of.a gony
bcted to the stator. Therefore, the bearings are endangered. An earth brush and’insu
th bearings, to provide an impedance of at least 100 Q at 1 MHz, are recommende
ct the driven equipment and its auxiliaries, the coupling should be electrically isolati
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Figure 41 — Schematic of cyclo-converter
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— Interval at zero current

Rectifier operation

Inverter operation
IEC

Figure 42 — Voltage and current waveforms ofia cyclo-converter

A cydlo-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 fhe aim to generate a sinusoidal output current by{directly connecting the electrical maghine
phasg for a certain period of time with one of the mains. The output frequency has to be [ower
than B0 % of the frequency of the mains for the cyclo-converter of Figure 41. For synchrdnous
electrical machines, a unity power factor is possible. See also Figure 42.

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
outpyt voltages should be in-phase and the electrical machine winding systems should njot be
circumferentially shifted. Alternatively, the converter systems can be connected in series to
form g 12-pulse converteriSince the converters are usually equipped by thyristors, an enhgnced
insulation system is usually not required.

The frequencies‘ofithe voltage and current harmonics follow the rule:

f=(1+6g)f1 + gzzpfmains

where

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

p
g1, 8 = 0; £1; £2; etc.,

resulting in oscillating torque frequencies /' = 6g4f; + gozp/mains- The magnitude of the torque

oscillations is fairly low but increases with increasing converter output frequency. Even though
the harmonic components for g, = 0 are often not mentioned in literature, they are present

resulting from the small time periods without current between positive and negative half-wave.
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17.2 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
(SSCC). The stator of the wound rotor induction electrical machine is directly connected to the
mains. The slip-rings are connected to a current source converter, thus being able to feed the
power sPs (s = slip, Py = power consumption from the mains minus stator losses) that appears

electrically in the rotor circuit, back to the mains.

The advantage of this arrangement compared to converter-fed cage induction electrical
machines is that the rated power of the converter required for a SSCC is only the fraction 5,54
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An earth brush is recommended to prevent negative impacts on bearing currents.
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18.1

A converter capable motor as defined in 3.17 is a motor designed for across-the-line star

is sui

NOTE
subjed

t required in the latter case, assuming that the speed control range is limited from (1 —3,

the rotor currents are block-type like the stator currents of cage induction eleg
ines supplied by current source converters, the statements of 13.1 applyx

rotor current contains harmonics of the order n = +1, -5, +7, &1, +13, etc., ca
onal losses in the rotor winding. In the cases where the rotérywinding of wound
tion electrical machines usually is of the bar type, these additional losses will signifig
ue to current displacement. Since the converters are usually equipped by thyriston
hced insulation system is commonly not required.

harmonic currents result in oscillating torques with frequencies of 6sf; and mult
ring a careful design with respect to torsional résonances of the rotating string.

bpecial consideration for standard fixed-speed induction electrical mach
h the scope of IEC 60034-12.when fed from voltage source converter ang
notor requirements to be considered a converter capable motor

General

table for operatiomon a converter without special filtering. See Figure 43.

1 Such motars include IEC Design N, NE, NEY, H, HE, or HEY, or NEMA Design A, B, or C which n
t to energy €fficiency regulation in the EU, North American and other locations.
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Asynchronous motor
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igure 43-XDiagram comparing converter capable motor to converter duty motg

=3

Standard\fixed-speed induction electrical machines in the scope of IEC 60034-12 when fed from
voltate source converter, Motors rated 1 MW and smaller are commonly stocked in inventory
and are defined as suitable for operafion on a converter. The TVIC 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
capable motor.

NOTE 2 Some systems use an insulation system with spike-resistant wire qualified in accordance with
IEC 60034-18-42.
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18.2 Torque derating during converter operation
18.2.1 General

When the electrical machine is supplied from a converter at the electrical machine rated
frequency, the available torque is usually less than the rated torque on a sinusoidal voltage
supply due to increased temperature rise (harmonic losses). An additional reason for the
reduction may be the voltage drop of the converter. Maintaining of the rated torque may reduce
insulation service-life.

The full-line curve in Figure 44 refers to a converter producing approximately the same
fund a-eleetricat-machi t—as—at-siruseidal-supphy—w —is—dHrecthy—rela

voltage. The electrical machine manufacturer can determine the temperature rise for this
operating point if the harmonic spectrum of the converter is known. The temperaturg rise
depehds on the individual electrical machine design and the type of cooling (e.g: I1C D1 or
IC 411). When determining the derating factor, the thermal reserve of the particular eledtrical
machine is important. Taking all these influences into account, the derating factor at rated
frequency typically ranges from 0,8 to 1,0.

Us/UN

0,8

0,6

0,4

0,2 Y.

0 0,2 0,4 0,6 0,8 1,0 1,2 1,4
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Figure 44 — Fundamental voltage U, as a function of operating frequency f;

Freqlently, 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 tgrque
devigtion( the values of which depend on the individual parameters.

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
of this occurring within the frequency operating range, then the derating factor will change
with a rapid reduction in torque capability similar to the characteristic shown in Figure 45

f1/fN = 1,0
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Figure 45 shows an example of a derating curve for a typical electrical machine. Such a curve
can be declared by the electrical machine manufacturer, if the harmonic spectrum and the

voltage-frequency characteristics of the converter are known. With respect to the diff

erent

cooling (IC 01 or IC 411) and ventilation methods (self-circulation cooling or independent

cooling) it is not possible to produce a curve which applies to all cases. The derating is nor
reduced as the switching frequency increases. Figure 45 is with self-circulation.
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Figure 45 — Torque derating factor for cage induction electrical machines of desig

18.2.2 Self-cooled motors

For sglf-cooled (e.g., IC411) motors{operation in an extended speed range implies modifig
flow and cooling effectiveness. A typical behavior of continuous torque vs. speed curve foi
coolgd motors is shown in the €§.curves in Figure 1. Derating required to meet design opef

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

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

IC 411 (self-circulating cooling) as a fungtion of operating frequency f; (example)

h N,

ed air
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well

Depgnding_onh-the specific motor application, operating a self-cooled motor at low speed has

different éffects.
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Hng 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 required output. Typical operating speed range in this case is
larger and can extend to very low speed values.

NOTE It assumes that the control scheme behaves ideally.
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e Constant power applications — Constant power applications will normally cover speeds
greater than rated and operate in field-weakening range. In such operating conditions, air
flow is increased with respect to the rated operating point and the upper speed limit is
typically related to mechanical limitations e.g., bearings, fan and rotor construction.

18.2.3 Non self-cooled motors

Motors with different cooling arrangements (e.g. IC416, independent cooling, or IC410, natural
cooling) have no or negligible reduction of cooling effectiveness due to reduced operating speed,
hence they do not suffer from the above described limitations. They are typically declared to
have constant continuous torque versus speed curve (see curve Cx shown in Figure 1) and
their ppeedTange tam beexpectedtoextendtovery tow vatues:

NOTE|1 Since iron losses are reduced at lower supply frequency, the output capability of such motors\can aftually
increape at low speed. Normally this is not declared, in order to preserve design margins; however,theleffect can be
remarkable and is typically exploited in high dynamic variable speed applications where a c0mpact degign is
mandgtory, e.g., servomotor applications.

NOTE|2 In case of double cooling circuit (e.g. IC611, IC616, IC666), circulation in each Circuit can be arranged as
either [self-circulation or independent circulation. The effect of reduced speed depends.anjthe specific arrangement
and mpnufacturer provided data should always be used to determine the available speed range.

18.3 | Losses and their effects

For 4 motor to be defined as being converter capable, the temiperature shall stay within ﬂhe in
thernpal class of the motors as defined by the manufacturer-with the harmonics delivered to the
motof from a voltage source inverter (VSI). The expectéd increase in losses and temperpature
rise qf the motor could range up to 15 % to 25 % percént dependent on converter topology and
carrigr frequency as compared to a pure sinusoidal.input. See Annex D for guidance on defating
basefl on harmonic content. Many times, a class 130-(B) rise motor on a sinusoidal power slpply
may be allowed to run thermal class 155 (F)_rise ‘on the converter.

18.4 | Noise, vibrations and torsional oscillation

The gtatements of Clause 6 remain vatid.

18.5 | Electrical machine insulation electrical stresses
18.5.1 General

The mechanisms of how the converter operation stresses the electrical machine insulation are
giverl in Clause 7.

The pombination™ of fast switching inverters with cables will cause peak voltages diye to
transmission.line effects. For electrical machines rated at voltages less than or equal to §00 V
AC the insulation system should typically give satisfactory life when subjected to peak voltages.
Care|shall be taken to avoid variable speed applications that involve rapid speed changgs as
theS’ vdll LauotT ICHCIIUIG‘L:VU VU:tGHUO Gt thc UUIIVUItCI uutput Uy tU tVV;bU thc IatUd U:Ubtrical

machine volts.

For electrical machines rated over 500 V AC, supplied from a fast switching inverter, an
enhanced insulation system and/or filters at the converter output (designed to increase the rise-
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 determined
as described in IEC TS 61800-8 where U| | is equivalent to Vpp.

The determined repetitive impulse voltage shall be less than that shown in Table 4. The actual
impulse voltage can be influenced by the topology of the PDS (power supply 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
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levels. It is recommended to contact the electrical machine manufacturer to confirm what levels

are a

cceptable.

In some PDS impulse voltage line to ground U,_G may exceed impulse voltage line to line,

there

18.5.

fore U g shall also be less than given in Table 4.

2 Converter capable motor

As stated in IEC 60034-1, for electrical motors with a rated voltage below 1 000V, the
manufacturer can assign an impulse voltage insulation class (IVIC) according to

IEC W&W—Mw
insulation system shall be suitable for IVIC C for phase-to-phase and IVIC B for phase-to<gj

Orin
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accordance with IEC 60034-18-42 (IVIC) 5/4.

Bearing currents in converter capable motors

nechanism for bearing currents is discussed in Clause 8.

onverter capable motors are those electrical motors that are optimally developed for
e operation which either their default components are able“to“cope with the cony
tion or their modular design allows the utilization/replacement of specific compo

as insulated bearings) as an additional option which/shall be applied for eng
prter operation. For electrical motors within the scope of this specification the insulat
tifriction bearing can be achieved by replacement with an insulated bearing of the
nsions

nese electrical motors, if a proper grounding system is installed, experience shows t

hen properly installed, electric motors;within the scope of this document and with
bights up to 100 mm, there is minimaloccurrence of bearing failures caused by con

ilure is seldom experienced, up te\280 mm sporadically. Nevertheless, the dielectric s
n the bearings varies widely with)the type of control algorithm, pulse pattern and espe
th the switching frequencylof the converter. To minimize bearing failures, mea
nould be taken according-to-Table 6.

b minimize bearing failures, electric motors with shaft heights of 280 mm and above
bve provision for at\least one insulated bearing, with impedance of at least 100 (
baring at 1 MHz, or)other provisions per Table 6. For motors with shaft height 315 mn
bove, shall have) at least one insulated bearing, with impedance of at least 100 (
baring at 1_MHKZ, and consider other provisions per Table 6.

DTE 1 Alcommon practice to enable converter operation is the installation of an insulated bearing in th
ive end<(NDE). The practice of insulating both electrical motor bearings (to include drive end (DE)) d¢
the installation site (e.g., plant where the whole drive system is installed). The installation should be ex3
an/expert, including input power supply, the driven electric motor (insulation of the coupling), the con

r the
ound,
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d the grounding svstem (possibly use of an earthing/bonding brush)
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e For electrical motors within the scope of this document and with shaft heights above
280 mm, for which the insulation of the electrical motor bearing is not possible or not
desirable, it is recommended either:

A

NOTE

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).
nd (additionally),

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
three phases (without ground).

2 The proper grounding system can be achieved with the following measures:

in all
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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;

e ensuring all connection to be done through the largest possible surface.
18.7 Speed range mechanical limits
18.7.1 General

As a rule, converter fed motors operate over a wide speed range (which may include operating
speeds above and/or below base speed) rather than at a single fixed speed during its service
life. Forthe motorto be able to operate successiuiy throughout the Tequited speed rangg both
the glectromagnetic and the thermomechanical limitations of the motor design havelfo be
obsefved.

18.7.2 Maximum speed

The |restrictions for high-speed operation of a converter fed motor concerns |both
electfomagnetic and mechanical issues. The electromagnetic limitations correspond tp the
motof torque capability (18.3). The mechanical limitations concern/the”motor safe operation,
which depends on the rotational capacity of the bearings and on thé\rotation speed factor ¢f the
lubrigant grease and the rotor structure. The safe operation of{the self-ventilated moton also
depepds on the structure of the fan.

The maximum safe operating speed is obtained from the rating plate of the electrical motor.
The ljmits of 9.6 of IEC 60034-1:2022 apply if nothing‘else has been stated. Depending on the
electrical motor design, the operation at higher speeds may be permitted, but this possjbility
should be verified by the manufacturer.

When operating at speeds above rated speed, noise and vibration levels will increase. I{f may
also be required to refine the balance for.acceptable operation above rated speed.

Operption at speeds close to the maximum safe operating speed for extended periods of time
may ¢ause considerable shortening of the service life of the bearings. Moreover, the shaft geals
and/qr the regreasing intervals:(Qr'the grease service life in the case of greased-for-life begrings)
may pe affected.

18.7.3 Minimum speed

For nmpotors built with;antifriction bearings, the main restriction for low speed operation normally
lies gn the thermal performance of the motor (particularly in case of self-ventilated motors), due
to th¢ loss ofefficiency of their cooling systems in this condition.

For motors’using hydrodynamics bearings as discussed in 4.3.5, the minimum safe opefating
speed shiould keep a thick-film lubrication on bearing. Below this limit, a hydrostatic systein 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.

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.
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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.

Generally, a motor should be operated at rated torque which is calculated by rated kW and
rated speed shown on its nameplate. However, some application may require overload
operation in a short time not to exceed 60 s. In case, followings should be taken into
consideration;

e Motor should have enough maximum torque which excess over-load torque requirement, so
e Bpth motor and converter should have enough temperature capacity to allow in€tease of

clrrent in a short time. In general, thermal capacity of motor is bigger than that of‘converter,
s that over-load capability of converter is mainly to be considered.

18.9 | Excess overload current limits
18.9.1 General

In mgny cases, converter defines a limitation of overload current and time, such as 150 % — 60 s.
The limitation is to be considered for motor start, stop, and overload operation. The :Etigher

overlpad current can be a duration shorter than the time required to start or stop the motor.
Thergfore, if rapid speed change is required, overload current\limit of converter and the inertia
of mqtor/load are to be considered.

18.9.2 Converter capable motor

Shor{ duration over-load is not typically a limitation of a motor it can often be a converter
limitgtion. A converter capable motor can hardle 150 % load for 60 s without damage tp the
motof. Motor shall be allowed enough timé-to cool to normal operating temperature before
repeating the overload. Smaller motors may overheat and be damaged if overload is freqently
repeated.

18.10 Volts/Hz ratio and voltage-boost

For converter capable motor.see 4.3.

18.11 Resonance

For cpnverter capable motor there should be no undamped resonances within the defined gpeed
range that would.adversely affect the vibration and mechanical performance of the motor

The manufacturer may provide a speed range that avoids speeds of known resonances Wwhen

operating on a massive foundation. As resonances are a system concern other speeds| may
haveliarhe avoided if the foundation introduces additional resonances

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.
The overall rise is dependent on the harmonic content of the converter output waveforms —
voltage and current — and the specific machine design.
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