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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
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itoring, Subcommittee SC 2, Measurement and evaluation of mechanijcalVibration and shock &
hines, vehicles and structures.

14839 consists of the following parts, under the general title Methanical vibration — Vibratio
hinery equipped with active magnetic bearings:
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Mechanical vibration — Vibration of rotating machinery
equipped with active magnetic bearings —

Part 4.

Technical guidelines

1 [Scope

Thig part of ISO 14839:

a) |indicates a typical architecture of an active magnetic bearing (AMB) system so-that users can|understand
which components are likely to comprise such systems and which functions these components provide;

b) |identifies the primary similarities and differences between AMB systems and'conventional mechani¢al bearings;

NOTE This information helps AMB system users better to understand the selection process and injplications of

trangition to AMB technology.

c) |identifies the environmental factors that have significant impact on AMB system performance

d) [identifies the operating limitations that are unique to AMB' systems and defines standardized|methods of
assessing these limitations;

e) |identifies typical mechanisms for managing these.limitations, especially rotor unbalance;

f) |provides considerations for the design and performance of touchdown bearing systems;

g) |defines a typical signal set for provision-in an AMB system for proper system/process interfacg as well as
condition and diagnostic monitoring;

h) |details current best practices«for-monitoring, operation and maintenance to achieve highest|operational
system reliability;

i) [|identifies typical fault-handling practices;

j) |recommends inspection and preventive maintenance processes for AMB systems.

2 [Normative-references

The]| following referenced documents are indispensable for the application of this document| For dated

references, only the edition cited applies. For undated references, the latest edition of the referenced document

(including any amendments) applies.

ISO 1940-1, Mechanical vibration — Balance quality requirements for rotors in a constant (rigid) state — Part 1:
Specification and verification of balance tolerances

ISO 14839-1:2002 + Amd.1:2010, Mechanical vibration — Vibration of rotating machinery equipped with active
magnetic bearings — Part 1: Vocabulary

3

For

Terms and definitions

the purposes of this document, the terms and definitions given in ISO 14839-1 apply.

© 1SO 2012 — All rights reserved
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4 Active magnetic bearing system architecture

Active magnetic bearings (AMBs) can be used as suspension elements in rotating machines in lieu of
conventional types of bearings such as rolling element bearings and sleeve/journal bearings. AMBs support or
levitate a shaft using an electromagnetic force controlled by a position feedback loop. A typical radial magnetic
bearing actuator consists of electromagnets arranged at four directions around a rotating shaft as shown in

Figure 1. In this case, there are two orthogonal control axes.

1 2

\

\

—F
. {:E

Key

1 controllef

2 power ainplifier

3 magneti¢ coil

4  displaceent sensor

5 rotor with rotational angular frequency o

Figure 1 — Schematic drawing of a magnetic bearing system

Key elemerts of the AMB are:

a) adisplacement transducerthat’detects the displacement of the shaft from a reference position or setp
b) a procgssor or controller that produces a control command signal based on the position error;

c) apowdr amplifier.to’convert the low level command signal to a control current;

d) an eledqtromagnetic actuator that applies a control force to the shaft based on the use of a magnetic fi

Rotational ¢irag losses are quite low in an AMB because the shaft is supported by a magnetic field wit

Dint;

eld.

hout

mechanical contact. The only drag Tosses are from eddy currents generated in the rotor and from windage.
These losses are small compared with the friction drag of rolling element bearings and very small compared
to the losses in sliding bearings. On the other hand, control of shaft position is not trivial. The magnetic force
acting on the shaft from each electromagnet is an attractive force that becomes larger as the shaft gets closer
to the actuator (see Figure 2). Thus it is passively unstable since a displacement from the equilibrium position

results in a force pulling the shaft further from its equilibrium position. This force/displacement relationsh
characterized by a negative stiffness.

ip is
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Figure 2 — Relationship between attractive force and clearance when the current is cq

Bs are operated with a bias flux produced either by the eleetromagnet or by a permanent
flux linearizes the force/control current relationship of.thé magnetic bearing making posi
er. Historically, magnetic bearings were controlled by analogue control hardware executing
le output (SISO) proportional, integral and differential, actions (PID) control or simple multi-
ut (MIMO) PID schemes. Digital controllers are used almost exclusively in new installations
ublication. Digital control provides all functionality available with the analogue control along
ementation and calibration.

onse control, as well as monitoring and-diagnostic functions. Generally, a digital controller for
ring has a software control program tunning in a digital signal processor (DSP) that is essentia
bl machine applications. Additionally, for a given machine application, there are parameters
control law and other application-specific characteristics. Magnetic bearings are typically aq
buchdown bearings that support the shaft when power is turned off, in the event of an equip

nstant

agnet. This
tion control
Single input
input multi-
at the time
with easier

,unbalance
a magnetic
ly the same
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companied
ment failure

hg operation, or in case an-overload is applied to the bearing. The touchdown bearings are alsp commonly

Fred to as back-up bearings, auxiliary bearings, catcher bearings, and retainer bearings.

clearance between a touchdown bearing and the shaft is commonly set to less than or equ
clearance betweén a magnetic bearing and the shaft. The magnetic bearing that controls sh

al to half of
aft position

e radial direetion is called a radial magnetic bearing. A common arrangement of a magnetic earing with

lacement\ransducers and touchdown bearings is shown in Figure 3.

the“other hand, a magnetic bearing that controls shaft position in the axial direction is cal

ed a thrust
touchdown

mag

nefic bearing, and a common configuration of this bearing, displacement transducer, and

bearing is shown in Figure 4.

5

5.1

5.1.1

Important differences between magnetic bearings and conventional beari

Some advantages of active magnetic bearings

functions by supporting or levitating a shaft in a magnetic field controlled by position feedback.

© 1SO 2012 — All rights reserved
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Key

1 shaft Cr= 0,56

2 radial tquchdown bearing Cr radial clearance

3  displacgment sensor or  radial magnetic gap
4 radial magnetic bearing

Figur¢ 3 — Typical arrangement of radial magnetic bearings, displacement transducers and
touchdown bearings (ISO 14839-1:2002, Figure 6)
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1 thrust Touchdown bearing Ca =~ 0,50,
2 thrust displacement sensor  Cy axial clearance
3 thrust magnetic bearing da axial magnetic gap
4 thrust disc

Figure 4 — Typical arrangement of thrust magnetic bearings,
thrust displacement transducers and thrust touchdown bearings

5.1.2 The following functions arise because the AMB uses an active control system:

a) AMBs have high static stiffness and lower dynamic stiffness;
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AMBs typically use unbalance control techniques which can:

1) minimize unbalance loads and transmitted vibration (using inertial axis rotation) or,
2) minimize harmonic displacement;

AMB control can be used to increase damping when passing a critical speed,;

AMBs can be used for monitoring and diagnostic purposes due to built-in instrumentation.

5.1.3 The following advantages of AMBs relative to conventional bearings arise because of the non-contact

natyreof-theAMB:

a)
b)

<)

5.1

a)

e)

f)

5.2
AM

disgdvantages.

a)

b)

d)
e)
f)
9)

h)

A There are the following advantages on the grounds that AMBs are used without lubrication

There are no mechanical friction losses and only small electrical losses due to eddy _curren
AMB machines to have higher efficiency.

Higher peripheral speeds are possible, typically limited only by rotor lamination strésses.

required for these components.

AMBs eliminate oil contamination problems.
AMBSs can be used in a vacuum.
AMBSs can be used in a cryogenic environment.

Auxiliary lubricating systems, such as a hydraulie\pump, an oil cooler, an oil filter, and piping o
system, are unnecessary.

The system can be made simpler and installation space can be saved since the magnetic beg
hardware is smaller and more easily placed than an auxiliary lubrication system.

Maintenance is reduced substantially.

Some disadvantages(of active magnetic bearings

B has many features and advantages specified in 5.1. Nevertheless, there are also th

AMBSs require,electrical power.

The maximum load capacity of AMBs mainly depends on the maximum magnetic flux cap
actuatermaterials preventing the AMB from having an overload capacity.

The'specific load limit imposed by the magnetic saturation limits of available materials results

ts, allowing

There is no wear on the machine components (actuator and transducer), therefore there is no mpaintenance

a hydraulic

ring control

e following

acity of the

n a specific

laad (load nar sinit o) aonoidarabh by lovaar thaon Al £l and eallin s Alamaant haoerin o

O T (OO U P T Ot o O COTToTOCTaOTy TOW T tHal T O i oo Tom g CTreTrmo Tt oTaritTg oT

Since the control circuit can be complex, sufficient verification to establish reliability is require
Time and cost are needed to establish the control system reliability when the system is out of

Control of many modes is required, even beyond the operating speed range.

d.

order.

Advanced knowledge that fuses concept of mechanical engineering and electrical engineering is needed

for designing the magnetic bearing/rotor system.

Touchdown bearings have to be installed near the magnetic bearing to avoid unexpected contact between
the rotor and stator of the magnetic bearing in cases of overload, failure of the magnetic bearing controller

or power supply.

© 1SO 2012 — All rights reserved
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5.3 Comparison among rolling, fluid film and magnetic bearings
Table 1 summarizes and shows the differences among rolling bearing, fluid film bearing and magnetic bearing types.

The development of a dynamic model for an AMB system requires techniques beyond those used for a
conventional bearing system. The dynamic coefficients concept known for conventional bearings cannot
generally be applied directly due to the inherent characteristics of AMB systems. Examples include actuator
and transducer non-collocation, high-order control characteristics, MIMO control, dynamics of power and
transducer electronics. Thus, AMB vendors and their customers should agree on suitable analysis models
covering all required system dynamics.

6 System condition monitoring

6.1 Geng¢ral

Since an AMB relies on transducers for control, the position signals can be applicable for monitoring| the
working comdition. For this reason, it is possible to perform condition monitoring efthe rotor more delicafely,
and the fungtion of a failure diagnosis can be easily given. Since rotation of a rotor'without levitation is harmful,
a rotation request, e.g. of the motor inverter, is denied by the AMB system as I6hg as the rotor is not levitgted.

For AMB-e
take the for

mits
tion

quipped machines, it is common practice to establish operational condition limits. These i
M of ALARMS and TRIPS. An ALARM is set to provide a warning that a defined value of cond

has been rI

general, if
out to ident
of condition

immediate action should be taken to reduce the change ot¢he machine should be shut down.

Other comn
are ALARM

ached or that a significant change has occurred, at which remedial action may be necessar

fy the reason for the change and to define any remedial action. A TRIP is set to specify the v
beyond which further operation of the machine.can cause damage. If the TRIP limit is excee

nonly used names for ALARM are WARNING and ALARM1. Other commonly used names for T
2, FAULT, EMERGENCY STOP and EMERGENCY SHUTDOWN (ESD) (this ESD should ng

. In

n ALARM situation occurs, operation can continue for a period while investigations are cafried

hlue
led,

RIP
t be

confused wjth PLANT ESD for petrochemical applications).

What can f
during oper

e considered as TRIP or ALARM items which detect abnormalities in the diagnostic equipment

ation is explained in 6.2 to 6.10.

6.2 Excess rotor shaft displacement (radial x, y, and axial z)

In1SO 1483P-2, typical evaluation zones are defined to permit a qualitative assessment of the shaft displacement.

ALARM lim tive

to a baselir

its may vary~considerably for individual machines. The values chosen are normally set relz
e value-determined from experience for the measurement position or direction for that partiqular
machine. It[is reecommended that the ALARM limit be set higher than the baseline by an amount equal to
25 % of thg zohe boundary B/C. If the baseline is low, the ALARM may be below zone C. Where there } no
established[baseline (e.g. with a new machine) the initial ALARM setting should be based either on experignce
with other similar machines or relative to agreed acceptance values. After a period of time, the steady-state
baseline value is established and the ALARM setting should be adjusted accordingly. If the steady-state
baseline changes, e.g. after machine overhaul, the ALARM setting should be revised accordingly.

The TRIP limits generally relate to the mechanical integrity of the machine and are dependent on any specific
design features which have been introduced to enable the machine to withstand abnormal dynamic forces. The
values used are therefore generally the same for all machines of similar design and are not normally related to
the steady-state baseline value used for setting ALARMS. There can, however, be differences for machines of
different design and it is not possible to give more precise guidelines for absolute TRIP limits. In general, the
TRIP limit is within zone C or zone D.
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6.3 Excess of rotor expansion

If there is a possibility that the rotor can come into contact with the stator parts, influenced by the amount
of thermal expansion in the axial direction of the rotor, the TRIP value should be set by using an additional
installation of the displacement transducer which detects the elongation.

6.4 Overload of bearing (over current of bearing coil)

Bearing load can be evaluated by monitoring the electric current of the bearing. The electric current value
restricted with the capacity of amplifier is set as the TRIP value.

6.5 Bearjng temperature high

ALARM ang TRIP values should be determined from the coil wire specifications.

EXAMPLE A temperature of approximately 155 °C is set as the TRIP value for the F clasgs,ef wire insulation
classificatior].

6.6 Ovenspeed of rotor

Overspeed|[TRIP value should be established based on rotor design.
6.7 Power supply defect

6.7.1 General

If the mains|power supply is cut off or fails, as a matter of course;an AMB loses functionality. First the battgries
are used and at low speed, then the levitation of the rotor is stepped, and the rotor falls on the touchdown beafing.

Usually, thg methods specified in 6.7.2 and 6.7.3 are adopted as measures against electrical power failuge of
the magnet|c bearing control device.

6.7.2 Uninterruptible power supply

Electrical ppwer is supplied to the magnétie bearing control device automatically from an uninterruptible pqwer
supply (UPPB), inserted in the first input-side of the magnetic bearing control device at the time of electfical
power failure.

6.7.3 Reggenerative power{generation by the (a.c. or d.c.) motor equipped on the rotor

This methofl can be adopted when the built-in type motor is assembled on the rotor. At the time of detectign of
electrical popwer failure; the control system drives the motor as an electric generator automatically and obtpins
electrical ppwer frem rotational energy. To detect an electric power failure, a transducer can, for example,
monitor the|supply Voltage for voltage drops.

6.8 Battery power defect

When the normal power supply is cut off, the power supply generally switches to that from the battery. TRIP
action for stopping the shaft rotation is carried out immediately corresponding to the battery capacity.

6.9 Controller temperature high

Cooling of the control panel is performed by attaching a heat sink of enough cooling capacity for the power
amplifier, and making it discharge to the control-device exterior by passing surrounding air using a cooling fan.
TRIP or ALARM values should be managed by taking account the thermal examination result of the controller.

8 © 1S0 2012 — All rights reserved
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6.10 Cooling

The rotor and stator cooling can be achieved by a flow of gas (or air). A liquid cooling system can also be
located close to the stator of the bearing. TRIP or ALARM values should be managed by taking account of the
relevant parameters, such as outlet temperature, pressure or flow.

7 Environmental factors

7.1 Introduction

The| purpose of this clause is to identify the primary environmental factors that should be considgred by both
venglor and customer. It is assumed that acceptable ranges of these factors is established by mutual consent
between vendor and customer.

Excluded from “environmental factors” in this clause are operational forces acting.@n’ the rotor| These are
disqussed in Clause 8 and Annex F.

Special attention is drawn to the separate consideration of acceptable siorage, transport, anfl operating
conflitions and their relevant assessments because these may be different-in-many applications.

Envjronmental factors form a broad consideration for all technical products and their applicationis. Relevant
starjdards or parts of standards already exist for many different specific technical products. Tlherefore, a
method of listing the classes of considerations, consistent with-éxisting standards for other equipment, was
chopen and relevant available standards have been identified.EXxceptions to these standards as they apply to
AMB equipment are identified explicitly in 7.2. A four-column’tabular format has been chosen to present this
matgrial. Each table covers one environmental category. Fhe subjects of the columns are:

a) |environmental factor;

b) |reference standard for classification for storage, transport and operation;
c) |reference standard for testing for storage, transport and operation;

d) |exceptions for AMB application.

Wth equipment with one or mere AMBs is operated in an explosive atmosphere, the type ¢f explosive
protection should be considered by both vendor and customer. An AMB is electrical equipment afpd therefore
the psage of conformable |IEC-standards is recommended. A four-column tabular format was chosep to present
thege IEC standards in Fables 2 to 8. The subjects of the columns are:

— |type of explosive protection;
— |reference standard for operation;
— |reference ‘standard for testing;

— |exceptions for AMB application.

The severity of environmental parameter or explosive protection types can be different for different parts of a magnetic
bearing. The severity or protection type for each magnetic bearing part is specified separately in such a case.

Requirements for, and specification of, any sealing shall be determined by mutual consent of the purchaser
and the bearing vendor. Application of terms, abbreviated terms, and definitions for seal systems according
ISO 10438-1 is recommended.

The use of dry gas seals or graphite seals permits the bearings to be isolated from the process gas. This
solution is recommended when the gas is expected to be harmful to the bearings and a buffer gas is available.

All bearing cavities shall be provided with low point (gravity) drains to evacuate condensates unless the bearing
is specifically intended for wet (flooded) operation.

© 1S0O 2012 — All rights reserved 9
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In applications where the bearings are under pressure in the process gas, and are separated from the process
only by labyrinth seals, the bearings shall be compatible with the process environment.

When the AMB is exposed to process gas (i.e. seals and buffer gas are not employed), all electrical feeds
through the pressure boundary should be positioned above the shaft centreline, if possible, to avoid connections
located in areas subject to process liquid (contaminant or condensate) pooling.

7.2 Environmental category tables

NOTE

If no standard exists, then the notes to the tables are guidelines. If a standard exists and needs no change

in application to AMB technology, then the notes do not apply. If a standard exists but needs to be adapted for AMB

application, {

hen the notes explain the adaptation.

Table 2 — Environmental category: Climatic conditions

Environmental

Reference standard for
classification for storage,

Reference standard for testing
for storage, transport and

Exceptions for

factor transport and operation operation AMB applicatign
storage IEC 60721-3-1 storage IEC 60721-4-1 a
Temperaturp
transport IEC 60721-3-2 transport IEC 60721-4-2 b
Humidity stationary operation in places with | stationary operation in places with —
Pressure weather protection IEC 60721-3-3 | weather protection —
. L IEC/TR 60721-4-3
Movement ¢f the stationary operation in places _
surroundind medium | without weather protection stationary operation in places
- IEC 60721-3-4 without weather protection
Rainfall —
. . IEC/TR 6Q0721-4-4
Radiation operation on land vehicles _
IEC 60721-3-5 operation on land vehicles
Water except rain IEE60721-4-5 —
- operation on portable sets
Wetting IEC 60721-3-3 Operation on portable sets —
Condensatipn IEC/TR 60721-4-3 —
Creation of jce and —
hoarfrost

2  Theeled
Higher tempé
this part of I

b The bea

0 14839.

Fing heat during shutdown needs'to be considered.

trical insulation of an AMB stator winding needs to be either class F (155 °C) or class H (180 °C) as covered by IEC 60(85.
rature operation using ceramic insulation or other means is also possible but is unregulated at the time of publication of

Table-3 — Environmental category: Biological conditions

fac

Environmental

or

Reference standard for
classification for storage,
transport and operation

Reference standard for testing
for storage, transport and
operation

Exceptions fo|
AMB applicatign

-

storage IEC 60721-3-1
transport IEC 60721-3-2

storage IEC 60721-4-1
transport IEC 60721-4-2

Flora . Lo . stationary operation in places with o
stationary operation in places with .
weather protection IEC 60721-3-3 | "Weather protection

P IEC/TR 60721-4-3

stationary operation in places stationary operation in places
without weather protection without weather protection
IEC 60721-3-4 IEC/TR 60721-4-4

Fauna operation on land vehicles operation on land vehicles —
IEC 60721-3-5 IEC 60721-4-5
operation on portable sets operation on portable sets
IEC 60721-3-3 IEC/TR 60721-4-3
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Table 4 — Environmental category: Chemical conditions

Environmental
factor

Reference standard for
classification for storage,
transport and operation

Reference standard for testing
for storage, transport and
operation

Exceptions for

AMB

application

Salts in seawater

Salts for scattering

SO

Suppurated hydrogen

Oxides of nitrogen

storage IEC 60721-3-1
transport IEC 60721-3-2

stationary operation in places with
weather protection IEC 60721-3-3

stationary operation in places

storage IEC 60721-4-1
transport IEC 60721-4-2

stationary operation in places with
weather protection
IEC/TR 60721-4-3

Ozpne

Ammonia

Chlorine

Hydlrogen oxide

Hydirogen fluoride

Organic hydrocarbons

without weather protection
IEC 60721-3-4

operation on land vehicles
IEC 60721-3-5

operation on portable sets
IEC 60721-3-3

stationary operation in places
without weather protection
IEC/TR 60721-4-4

operation on land vehicles
IEC 60721-4-5

operation on portable sets
IEC/TR 60721-4-3

a

Thi

Higher levels of H2S can be toxic, hence all vented gas needs to be to a\safe area. Prior to maintenance, the systen]
pur@ed with clean dry gas for personnel protection.

a2 | Natural gas that contains hydrogen sulfide (H2S) or significant quantities of carbon digxide{(CO>) is in the category pf “sour gas”.
type of gas is acidic either alone or when associated with water and is potentially harmful'to the bearings. When the|gas is “sour”,
the|bearing should be protected (e.g. canned). The can material and construction shall\be able to resist this particuldr type of gas
and may need to limit the maximum pressure inside the bearing cavity. Natural gas’thatdoes not contain H2S or significgnt quantities
of O3 is in the category of “sweet gas”. When the gas is “sweet”, it is not harmifulNin itself, but the bearing should be
desjgned with a reinforced protection of the coils and electrical connections t@ resist impurities in the gas.

liquid proof”,

needs to be

Table 5 — Environmental category: Abrasive contaminants

Environmental

Reference standard for
classification for storage,
transport and operation

Reference standard for testing
for storage, transport and
operation

AMB

a

ExcepIions for

plication

factor
Sanfd
Dusgt
Airborne dust
Seftled dust
Mud
Sopt

storage IEC 6072131
transport IEC 60721-3-2

stationary-operation in places with
weathgr protection IEC 60721-3-3

stationary operation in places
without weather protection
JEC 60721-3-4

operation on land vehicles
IEC 60721-3-5

operation on portable sets
IEC 60721-3-3

storage IEC 60721-4-1
transport IEC 60721-4-2

stationary operation in places with
weather protection
IEC/TR 60721-4-3

stationary operation in places
without weather protection
IEC/TR 60721-4-4

operation on land vehicles
IEC 60721-4-5

operation on portable sets
IEC/TR 60721-4-3

© 1SO 2012 — All rights reserved
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Table 6 — Environmental category: Non-abrasive contaminants

Environmental
factor

Reference standard for
classification for storage,
transport and operation

Reference standard for testing
for storage, transport and
operation

Exceptions for
AMB application

Engine lubrication oil

Gearbox oil

Oil for hydraulics

Transformer oil

Brake liquid

storage IEC 60721-3-1
transport IEC 60721-3-2

stationary operation in places with
weather protection IEC 60721-3-3

stationary operation in places

storage IEC 60721-4-1
transport IEC 60721-4-2

stationary operation in places with
weather protection
IEC/TR 60721-4-3

Cooling liquid

Lubricant

Driving fuel

Electrolyte for
accumulatofs

without weather protection
IEC 60721-3-4

operation on land vehicles
IEC 60721-3-5

operation on portable sets
IEC 60721-3-3

stationary operation in places
without weather protection
IEC/TR 60721-4-4

operation on land vehicles
IEC 60721-4-5

operation on portable sets
IEC/TR 60721-4-3

Table 7 — Environmental category: Mechanical conditions

Environmental
factor

Reference standard for
classification for storage,
transport and operation

Reference standardfor testing
for storage, transport and
operation

Exceptions fo
AMB applicatign

—

Vibration

Free fall

Impact by fgreign
matter

Dynamic angle
movement

Static anglg deviation

Steady accgleration

Static load

Turn-over

storage IEC 60721-3-1
transport IEC 60721-3-2

stationary operation in places with
weather protection IEC 60721-3-3

stationary operation in places
without weather protection
IEC 60721-3-4

operation on land vehicles
IEC 60721-3-5

operation on portable sets
IEC 60721-3-3

storage IEC.60721-4-1
transport IEC 60721-4-2

stationary operation in places with
weather protection
IEC/TR 60721-4-3

stationary operation in places
without weather protection
IEC/TR 60721-4-4

operation on land vehicles
IEC 60721-4-5

operation on portable sets
IEC/TR 60721-4-3

a

a  Use of apbreviated terms according'to ISO 2041 is recommended.

Table 8 — Environmental category: Electric and electromagnetic disturbances

Environmental

Reference standard for
classification for storage,

Reference standard for testing
for storage, transport and

Exceptions fo|

—

Harmonic distortion

Signal voltage

Supply voltage and
frequency fluctuations

Induced voltage

Disturbing pulses

stationary operation in places with
weather protection IEC 60721-3-3

stationary operation in places
without weather protection
IEC 60721-3-4

operation on land vehicles
IEC 60721-3-5

operation on portable sets
IEC 60721-3-3

transport IEC 60721-4-2

stationary operation in places with
weather protection
IEC/TR 60721-4-3

stationary operation in places
without weather protection
IEC/TR 60721-4-4

operation on land vehicles
IEC 60721-4-5

operation on portable sets
IEC/TR 60721-4-3

factor transport and operation operation AMB applicatign
Magnetic field efnrs\gp IEC 60721-3-1 anrngn IEC 60721-4-1 —
Electric field transport IEC 60721-3-2 —

12
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7.3 Explosive atmosphere types

General requirements for equipment that is intended for operation in an explosive atmosphere are given in
IEC 60079-0. Classification of areas “explosive gas atmospheres” is given in IEC 60079-10-1. Classification of
areas “combustible dust atmospheres” is given in IEC 60079-10-2. The method of test for ignition temperature
is given in IEC 60079-20-1.

Table 9 — Table of explosive atmosphere types

Type of equipment Reference standard for Reference standard for testing Exceptions for
rotection operation AMB application
Flameproof enclosures “d” | IEC 60079-1 IEC 60079-20-1 —
Engapsulation “m” IEC 60079-18 — —
Incfeased safety “e” IEC 60079-7 — —
Prgssurized enclosures “p” | IEC 60079-2 — —
Intfinsic safety “i” IEC 60079-11 — —
Ignjtion IEC 60079-20-1 — —
Poyvder filling “q” IEC 60079-5 — —
Oillimmersion “0” IEC 60079-6 “— —

8 [System requirements
8.1 Estimation of bearing load

8.1/1 Static load of radial bearing

It is|[necessary to take the following loads into geonsideration as a static load:
— |gravity force on rotor;

— |fluid force;

— |external force by misalignnient;

— |un-equilibrium magnetic attractive force of motor;

— [inertial loads due-to.base movement.

Among the statie Joads stated above, ISO 10439 gives an example of the loading condition of tHe expander
conjpressor from-the view point of fluid force. In ISO 10439, the conditions of a fluid static load [are defined
by gdssuming.that the side load equivalent to 4 % of all the fluid torque at normal operation affedts the outer
diameter ‘ofieach impeller.

Sin¢ethe control axes of a horizontally oriented magnetic bearing system are normally arranged gt +45° tilted
to the direction of static load, Fstat, as shown in Figure 5, the static load supported by each control axis is 12
of that supported by one independent control axis only.
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Key
F. stat stat]

a  Control

8.1.2 Loa
It is necess
— fluid th
— couplin
— gravita
— rotatior

— inertial

8.2 Limif

c load

XIS,

Figure 5 — Direction of static load and cantrol axis

i of thrust bearing
Ary to take the following loads into consideration-as load of thrust bearing:
ust force (with labyrinth seals in both as new and end of life condition);
g reaction force;
ion force in case of vertical rotor, orientation;
synchronous “force” due te-iilting of the axial transducer target;

loads due to base moyement.

ation of d//d: forlaminated bearings

When the flequency iner€ases, the load capacity decreases due to the influence of the inductance, L. Figure 6

shows the relationship between frequency and load capacity. The limitation of d//dr at high frequency is as follpws:
% < ﬁLa_X (1)
where
1 is the coil current;
Vmax is the maximum output voltage of the power amplifier.

14
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Key

N —

a8  Maximum current limit of AMB.
b IAMB temperature limit or coil temperature limit.
¢ Moltage limit.

As 1
whs

static load capacity F  force
peak transient load capacity f frequency of magneticforce
dynamic load capacity for maximum continuous operation

Figure 6 — Load capacity of an AMB;,(ISO 14839-1:2002, Figure 11)

he coil current is determined by the sensed rotey motion, it is possible that the maximum d//d
n the amplitude and/or frequency of rotor motion is large. For instance, if the response amplit

is reached
ide of high-

frequency bending modes is large and d//dt exgeeds the limit, the control current wave form becomgs triangular

[with a slope of (d//df)max] and the current amplitude and phase are not as intended for correct contro

Con

not fo exceed the limitation of d//dx Each value of d//d¢ translates to a corresponding value of dF

sequently, it is important to monitorthe high-frequency response amplitude or amplifier duty

of the rotor.

cycle, so as
dz, with the

linegrity of the dF/dr curve determined by the bias level of the bearings. A typical force versus freqliency curve

iss
high

Hen

nown in Figure 6, with thé low-frequency capacity determined by the actuator static load capa
-frequency capacity determined by the maximum d//d¢ as follows for an electromagnetic bias

d_F=4KI_0d_I
dr 52 a1

ce the dynamic force capability is as follows:

F £oak 10 Vmax

City and the
pbearing:

(2)

52 oL

where

F is the attractive force;
K is the coefficient of the electromagnet;

Io is the bias current;

© 1SO 2012 — All rights reserved
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1) is the nominal radial magnetic gap;

Vimax is the maximum voltage of the amplifier;

10} is the frequency of a dynamic load, in radians per second;
L is the inductance.

For a permanent magnet bias bearing:

dF 4 Bodl
dr 5, a7

)

Hence the dlynamic force capability is as follows:

B
F < 4K Bo Vmax (5)
1
8o ol

K1 is the coefficient of the permanent magnet bias electromagnet;

Bo is the bias flux.

8.3 Balancing

Due to a number of specific properties unique to AMBSs, the effect of unbalance on rotor vibration has t¢ be
considered|differently compared to systems equipped with conventional roller element or oil/gas bearipgs.
Such uniqug properties are listed in the following.

— The mipimum radial clearance in an AMB system is.typically much larger than for conventional bearipgs.
Clearapces depend on system size and applicationitype and could be up to several hundreds of micromefres.

— Vibrati¢n forces transmitted to the machine foundation can be kept at very low levels even in the presgnce
of condiderable residual rotor unbalance if the magnetic bearing control provides UFRC (unbalance fprce
rejectign control). See Annex F for details.

— IS0 14B39-2 defines zone limits forthe vibration of rotors in AMBs, which generally also apply to unbalgnce
induced vibration. Acceptablefor-unrestricted long-term operation are vibration levels of up to 40 % of the
minimym radial clearance (zonés A and B).

— 1SO 14839-2 also clearly states that any limit values for rotor vibration (zone limits) are independent of “rotatipnal
speed’|(angular frequency), hence, apply to the whole range of rated speeds. This independence of fotor
speed is enabled.mainly due to the lack of wear and friction and due to the absence of need for any lubricafion.

As a consequence.of the above mentioned unique properties of AMB systems, balancing quality can usually be
lower than for rotor systems with conventional bearing conﬂguratlons Moreover speed- dependent balanging
quality judg :
can be excesswely strlngent for AMB systems in normal operation below bendlng mode critical speeds

Under abnormal conditions in which the rotating rotor drops into the touchdown bearings, low residual unbalance
levels help to minimize touchdown bearing wear and allow for a quicker recovery from this exceptional situation
by means of the magnetic bearings themselves (impact recovery). Examples of abnormal conditions include
overload and failure.

If the machine operates close to or above a bending mode critical speed, the balancing procedure is also
more stringent.
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8.4 Location of bearings and transducers

When the rotor rotates above its first bending natural frequency or when elastic mode control is indispensable
to stable operation, free-free vibration mode analysis should be performed to examine the arrangement of
bearings and transducers because the position of bearings and transducers should not become the same as

the

8.5

node of the natural vibration mode.

Fault recovery and fault handling

As discussed in Clause 6, any of several conditions may lead to an ALARM. If the ALARM condition clears, the

ALA

As
and
pur(
pro

systems, UPS charging state may need to be considered.

8.6

8.6.

In o
ana

8.6.

The
ope

is ngcessary. Since the resistors and capacitors,used in these filters determine the frequency chara

the
of tu

8.6.

In th
req
digi
syn
calg
10 K

Tal signal processor (DSP). It is necessary to select the sampling frequency of the digital metho

RBM annunciator should self-clear.

iscussed in Clause 6, any of several conditions may lead to a TRIP. Typically, TRIP conditions
initiate rapid stop of the machine followed by delevitation. Once delevitation is completed; the
haser review the data and mutually agree to corrective action. The following actions{might be|
ess check, re-balance adjustment of the rotor, readjustment of the controller, ete:-In case of |

Signal processing

I General

rder to realize the signal processing function of the desired-controller, there are two groups
ogue and digital.

P Analogue methods

analogue methods are also known as analogué:filtering, and the controller is realized using
rational amplifiers. Consequently, in designing\with the analogue method, knowledge of the an

controller in the analogue method, any_adjustments necessitate changes of components and
ning is time consuming.

B Digital methods

e digital methods, the filter characteristics can easily be changed by software. Since computatio
ired for implementing the-signal processing of an AMB control system, the computing element

hetically the operation ability of DSP itself, the conversion time of the A/D converter and D/A cq
ulation time ofthe transfer function, the maximum speed of the rotor, etc. A sampling frequer
Hz is enoughto control almost all rotors practically.

are latched
vendor and
performed:
PS backed

pf methods:

a series of
plogue filter
cteristics of
he process

hal speed is
S typically a
by judging
nverter, the
cy of about

8.6.4 Rapidity
The|amalogue method does not have an inherent latency between the input and the output of the cgntroller. On
the other hand, in the case of a digital controller, it is necessary to pay attention to the lag time due to digital
signal processing such as A/D conversion, calculation time as well as D/A conversion time, which would induce
phase lag to the controller performance.

8.7 Monitoring system

Vibration monitoring is conducted to assist in the evaluation of the “health” of the machine during sustained
operation. Depending on the machine type and the critical components to be monitored, one or more
measurement parameters, and a suitable monitoring system, have to be selected.

Condition-monitoring systems take many forms. They utilize permanently installed, semi-permanent or portable
measuring equipment.
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A decision to select the appropriate measuring system shall be adjusted by the purchaser and the bearing
vendor. Application of the classification of the condition-monitoring systems according 1SO 13373-1 is
recommended. More details are provided in 10.3.

9 Touchdown bearings

Touchdown bearing requirements

The proper design of AMB supported rotors includes the use of touchdown bearing surfaces for both radial

9.1

and axial |

proper ope

a) At zerg
rolled q

b) Due to
bearing
forces

c) During
safe st

9.2 Design of touchdown bearings

Touchdown
continuous
a) deepg
b) duplex
c) solidb
d) foil bes
e) specia
f)  closurg
g) hybrids
If rolling elg

however, c4

The touchd

compregssor surge.

betwee

WWMM@M&WW the
ation of AMB systems. These functions are as follows for touchdown bearings.

power to the AMB controller, the rotor rests on the touchdown bearing and allows the rotor t
ver without fear of destroying the AMB stator or rotor.

the lower unit load capability of AMBs, as compared with antifriction or hydredynamic fluid
s, it is necessary to provide momentary support to prevent excessive transient or shock loa
from causing the rotor to contact the AMB stator. Such loading may, for,example, occur du

power or component failures, the touchdown bearings shall provide for a specified numbe
bps from full speed/worst case load conditions. The number of safe stops should be agreed u
n the vendor and the customer. This number depends on theyapplication.

bearings are designed to protect the system from*a limited number of rotor drops, but no
operation. The application of touchdown bearings*has seen the following designs:

roove or duplex pair rolling element bearings for radial support;

pair rolling element bearings for radial-and thrust support;

Ishings (wetted/dry lubricated/hardened/surface treated);

rings;

geometry (e.g. cone shaped, tilting pad, pad mounted dry lubricated);
-based mechanismsfor achieving zero clearance;

of the above/designs.

ment bearings are used, a typical high-speed design uses cageless bearings with ceramic b
ged bearing and steel balls can be used in less demanding applications.

own bearings may be hard or soft mounted. Consideration shall be given to the rotor dyna

D be

film
ing
e to

r of
pon

for

alls,

mic

regimes (e.g. sub- or supercritical bending mode operalion, process loads, unbalance levels, alignment issues,
and deceleration rate).

The rotor may exhibit a number of orbit responses including:

pendulum vibration in the clearance space (dynamic forces are lower than static loads, Figure 7);

combined rub and bouncing (dynamic forces are higher than static loads, Figure 8);

full rub

(backward or forward whirling, Figure 9).

If the touchdown bearings are used for support of the rotor during transport, then this function shall be considered
in the design. A common alternative is to provide a locking mechanism to support the rotor during transport.

18
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500\\<
~500 0] 500 x/pm
Key
x,y | displacement @ Rotational direction. NOTE Measurement duraffjon is 0,2 s.
Figure 7 — Experimentally obtained rotor orbit at inboard end for drop at inboard g¢nd
with balanced condition on to hard mount lubricated ball bearings
$/pum
500 a
S
Y=
AR
~500 /O \ 500 x/pm
SRV :
A" wsi;?\-“;!z\
"i 5’4\\)‘»
b -‘ s
-500
Key
x,y displacement @ Rotational direction. NOTE Measurement duration is 0,2 s.

Figure 8 — Experimentally obtained rotor orbit at inboard end for drop at inboard end
with high unbalance on to hard mount lubricated ball bearings
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—500-
Key
X,y displacement @ Rotational direction. NOTE Measurement duration is 0,2
Figure|9 — Experimentally obtained rotor orbit with full rub condition caused by a mass loss
9.3 Toudhdown bearing monitoring

The manufacturer should specify a method of-quantifying touchdown events such that the deterioratio]

the touchdd
system con

9.4 Toucg

9.41 General

Touchdown
user of the

9.4.2 Safety issues

wn bearing can be assessed and the residual life can be estimated. Shutdown sequences of
ponents should be decided based on the duration and severity of the touchdown.

hdown test methods

tests should/bévUndertaken as agreed between the magnetic bearing manufacturer and the
Equipment.

h of
the

end

Appropriatd

actions shall be taken to ensure the safety of any personnel undertaking touchdown tests

9.4.3 Timing of touchdown

The sequencing of the test parameters should be defined by the manufacturer and the vendor to reflect the
likely condition of a real touchdown event.

For the mot

or-driven machine, the timing of the touchdown condition is very important.

If the motor current is live when the touchdown is performed, the increase of the magnetic attractive force by
the eccentricity of the motor may cause unexpected behaviour of the rotor.

20
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Since it becomes a very transitional examination, it is recommended that the record of the rotor vibration be
carried out continuously. The touchdown test is repeated several times to confirm that the system damping
and stiffness characteristics have worked properly for repeatability. The transducer range shall be sufficient to
capture full orbit motion. Account should be taken of the stator and rotor compliance, since the orbits may be
larger than those evaluated from the geometric constraints.

9.4.5 The check item after touchdown test

Aft

r completing the touchdown test. the disassembly inspection shall be performed for the soun

ness of the

stat
che

The

a)

b)

onery and rotor elements. The discoloration, deformation and wear by contact with rotor @n
cked. The bend of the rotor, damage grade on touchdown bearing, etc. are also checked:

flow of the touchdown test is as follows.

In case of planning the touchdown test, confirm the following points:

1) the number of repetitions of the touchdown;

2) measurement system;

3) inspection items after test.

Safe protection should be prepared considering the following points:

1) scattering of rotating parts;

2) sudden heat generation from contacting portion;

3) large vibration and noise;

4) leakage of gas or liquid from damaged)seal.

Measurement system to:

1) monitor the rotor behaviour-using displacement transducers which are used for AMB con
2) record the transient béhaviour of the rotor;

3) confirm the allowance of rotor position.

Confirm the timirg-of touchdown, i.e. the sequence of simulated de-energizing of magnetic bg

1) check_the~de-energizing timing between magnetic bearings and motor driving syste
electrically controlled mechanism.

Inspéetion after the touchdown test:

H stator are

rol;

arings:

m or other

1) damage of the touchdown bearings:;

f)

2) existence of other unexpected contacting portion;
3) healthiness of seals;

4) looseness of joints, connecting parts.
Replacement of damaged parts and re-assembling:
1) replacement of damaged touchdown bearings;

2) estimation of the number of uncontrolled rundowns allowed before replacement of the
bearings by investigating the degree of damage.
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10 Preventive inspection

10.1 Introduction

Magnetic bearings characteristically require very little maintenance. The bearing actuators and transducers,
located in the rotating machine housing, are maintenance free in most applications and do not need a routine
inspection. These components should generally have design lives similar to electric motor/generators of greater
than 30 years. However, in typical applications, some parts of the magnetic bearing controller should have a
periodic inspection or replacement. Regular inspection and maintenance is specified in 10.2. If necessary, the
controller can also be made maintenance free by taking some alternative design choices and with the addition

of higher cg

Since magn
abnormal cq

There are mhany possible application areas for magnetic bearings, from benign environments,with steady v

known bea
Therefore t
In all cases
a generic p
steps to be
analysis an

10.2 Regl

A regularin
machine-m
need perioq
for periodic

Other contr
The bus ca
with the ma

Additionally
connectors

If a battery
manufactur

StToMmpoTTETtS:

etic bearing systems have built-in monitoring capability, the controller should automatically ehec
nditions and issue a fault condition if a problem is found. This condition monitoring is specified in 1

fing loads to harsh environments with corrosive working fluids and heavy of{intermittent lo
ne guidelines given here are general in nature and intended to give a reference point to the U
, the manufacturer’s guidelines for a specific application should be followed. ISO 17359 prov
rocedure that can be used when establishing a condition-monitoring program, and specifies
followed. In particular, this part of ISO 14839 indicates the importance of performing a cost/be
1 a reliability and criticality audit when defining the extent of a mgnitering or maintenance prog

lar inspection and maintenance

spection should be performed once every 2 or 3 years by'stopping the machine. Visible parts o
bunted magnetic bearing hardware should be visually~inspected. Some parts of the controller
ic replacement depending on the manufacturer’s'guidelines. Parts that are usually recommen
replacement are the controller ventilating fans@nd air filters.

bller parts may require replacement during-the life of a machine, particularly in critical applicati
pacitors, amplifier board or switching regulator, and power supply should be replaced in accordz
nufacturer’s instructions. In critical-applications, this is typically every 5 to 10 years.

depending on installation, service and environmental requirements, the control cables
may need periodic inspection:

is used to supply system.back-up power, it should be replaced every 2 years or according to
br's guidelines.

10.3 Condition monitoring (recommendation)

ISO 17359 |discusses considerations for determining parameters to be measured in a condition-monitg

program.

interval, sgmpling frequency, and measurement locations. An associated standard, ISO 13373-1 g
specific guifielines for vibration measurements, specifying transducer types, mounting locations, and tren

e standard describes the importance of considering the measurement technique, monitg

for
0.3.
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ring
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considerations. In a machine supported by magnetic bearings, high sample rate rotor position measurements,
actuator coil current measurements, and speed measurement are always integrated into the system. These
built-in measurements often meet all of the vibration measurement requirements for a particular machine.
In some types of machines, additional vibration measurements, such as housing accelerometers or velocity
transducers may be desired by some customers, in which case ISO 13373-1 provides the necessary guidance.
Low-frequency temperature measurement is also generally part of a magnetic bearing system.

Magnetic bearing systems should have built-in monitoring capability as specified in Clauses 6 and 8. Part or all of
the vibration-monitoring requirements for a particular machine are satisfied by taking advantage of this capability.
Rotor displacements, bearing actuator coil currents, and key temperatures can be continuously monitored.
The controller automatically checks for abnormal conditions and issues a fault condition if a problem is found.
Regardless, it is important to routinely compare the levels of monitored parameters against long-term trends and
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against the manufacturer’s guidelines to help identify a potential problem with either the magnetic bearing system
or the machine. Rotor vibration limits and vibration trending are specified in ISO 14839-2:2004, 4.3.

It is also important to review any event or ALARM logs that are available from the controller interface. This
information can help identify potential problems.

10.4 Inspection checklist

The periodic check is an assessment of the magnetic bearing system operational status, review of event history
and evaluation of integrity. Table 10 summarizes the inspections described in this clause.

Table 10 — Inspection items and criteria

Item

Criteria

Begring hardware

Cables and connection

No damage or.looseness

Leakage (gas or liquid)

Abnormal smell

Noise

Corrosion, rust

Look for'tnusual condition
dantage

b Or

C

o

htrol system hardware

Air filters

Cooling fan

Battery for real time clock

Battery for power back-up

Refer to the manufacturer’y
guidelines.

Air filters: typically 6 month

Other equipment: Typical r
after 2 to 3 years

S

bplacement

Bus capacitors

Power supply

Power amplifier board

Refer to the manufacturer’y
guidelines. Typical replace
5to 10 years in critical app

Mment after
ications

Environmental:condition (temperature,
humidity, dust, etc.)

Visually inspect for conditig
manufacturer’s guidelines

ns outside

Control system condition
mohitoring

Shaft{vibration and position

Cyil eurrents (bearing load)

Bus voltage

Cabinet temperature

Bearing temperature

Compare to long-term tren
to the manufacturer’s guide

s and refer
lines

Event logs

Review event logs for indid]
potential problems

Ations of
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Sizing of magnetic bearings

A.1 General

Approximatl sizing of magnetic bearings for each load capacity provides useful information to the designer ofrotating
machinery lgvitated by magnetic bearings at the conceptual design stage of the machine before detail design.

A.2 Ragdial magnetic bearing

Table A1 shows a series of typical dimensions of radial magnetic bearings. The maximum load capacity is
estimated gs follows.

Froax =|FoLB3 A1)

where Bs ig a saturated magnetic flux density of the magnetic material (typically between 1,3 T and 1,5 T)|and
Foisa forcI scaling coefficient. For higher saturation densities, a more detailed design analysis is requiredl. In
Tables A.1 &nd A.2, Np denotes the number of poles.

Table A.1 — Typical dimensions of radial magnetic bearings

Ds dr d; or L=\ Nmax Fo N,
mm mm mm mm mm r/min N/mm/T2 P
85 30 18 0,2 10,0 120 000 2,9 8

98 40 24 0,3 11,0 90 000 3,9 8

107 50 30 03 11,0 72 000 4,9 8

116 60 36 0,3 12,0 60 000 59 8

126 70 43 0,4 14,0 51000 6,9 8

138 80 49 0,4 16,0 45000 7,8 8

151 90 55 0,5 19,0 40 000 8,8 8

164 100, 74 0,6 21,0 36 000 9,8 16

177 410 81 0,6 23,0 33 000 10,8 16

191 120 89 0,8 25,5 30 000 11,8 16

239 150 111 0,8 31,5 24 000 14,7 16

398 250 185 1,0 52,5 14 400 24,5 16

478 300 221 1,2 63,0 12 000 29,4 16

NOTE For dimensional symbols, see Figure A.1.
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NOTE

A3

Table A.2 shows a series of typical dimensions-of axial magnetic bearings, of which magnetic flux d

dr
Ds

For dimensions, see Table A.1.

Figure A.1 — Cross-section of a‘tadial magnetic bearing

Axial magnetic bearing

gap|is assumed to be 1,0 T. The load capacity of each design is F.

Table A.2 — Typical dimension of the outer side of thrust magnetic bearings

ensity in air

Do Di 04 B Lmin Nmax F N
mm mm mm mm mm r/min N P
46 24 0,3 17,0 4,0 115 000 50 2

60 31 0,3 21,0 5,0 89 000 200 2

85 44 0,3 25,0 7,0 61 000 500 2

150 78 0,4 50,0 20,0 33 000 4000 2

200 106 0,4 62,0 27,0 24 000 8400 3
300 156 0,5 65,0 35,0 16 000 15700 3
406 205 8-6 £5:8 306 12066 24386 3
500 260 0,6 82,0 35,0 9500 38400 3
600 310 0,8 94,0 40,0 7 500 56 000 3

NOTE For dimensional symbols, see Figure A.2.

© 1SO 2012 — All rights reserved

25


https://standardsiso.com/api/?name=5ebc8486d3c31d190cb9d94b7323c901

ISO 14839-4:2012(E)

NOTE
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br dimensions, see Table A.2.

Figure A.2 — Shape of a thrust magnetic bearing
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Example of a design specification check list

An example of a design specification check list is given in Table B.1.
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Table B.1 — Example of a design specification check list

Machine
1 Type
2 Customer
3 End user
4 New design/retrofit

General characteristics

5 Operating speed range r/min
6 Nominal speed r/min
7 TRIP speed r/min
8 Orientgtion (horizontal/vertical/any)

9 Power gt nominal speed kW
10 Rotor weight kg

1" Rotor I¢ngth mm
12 Balancg quality G

13 Nature of process fluid

Machine environment

14 Internal medium (air/vac/fluid) Temp.: °C, Pressure: kPa

Other info (composition/corrosive/humidity/etc.)

Available cooling medium (water/air/other/none)

15 Externgl medium (air/vac/fluid) Temp.: °C, Pressure: kPa

Other info (composition/corrosive/humidity/etc.)

Available cooling medium (water/air/other/none)

16 Electrohic cabinet environment Temp.: °C, Pressure: kPa

Distance to machine m

Back-up batteries

Back-up time min

Load definition

17 Assemply drawing

18 Static grocess load (radial) N Axial location: mm

19 Static grocess load (thrust) N Axial location: mm

20 Dynamjc process load (radial) N Axial location: mm
Frequency Hz

21 Dynamjc process load (thrust) N Axial location: mm
Frequency Hz

22 Additiopal dynamic load margin (radial)

23 Additiopal dynamic{6ad 'margin (thrust)

Touchdlown bearifng

24 Suppligd by (vendor/customer)

25 Type (Hall bearings/other)

26 Mounting (resilient/hard)

Speed sensor

27 Supplied by (vendor/customer)

28 Type (Hall effect/optical/other)
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Annex C
(informative)

Example conditions for acceptance tests

Example 1 (stability test)

ISO 14839-4:2012(E)

See

C.2

Se¢d

ISO 14839-3:2006, Annex C.

Example 2 (unbalance response examination)

ISO 14839-2:2004, Annex A.
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Touchdown test method example

Since the shop test is carried out mostly without load, the braking torque during shop test is substantially
smaller than that of an actual field operation. Thus, the rotor slows down much more slowly in the test following

the field condition, so partial levitation during coast-down is reasonable to make an equivalent temperaturé|rise

a TRIP sigrjal. In the test, the heat generation of touchdown bearings exceeds the expected amount of hetlat in

in the touchdown bearings. Figure D.1 shows an example of the delevitation coast-down test with relevita

As shown in the waterfall diagram of rotor displacement (Figure D.1, upper part), the compressor fotor was
down from the maximum continuous speed of 11 445 r/min and delevitated simultaneously:After 9 s, the

on.

shut
fotor

was levitatgd again and kept levitation until the rotational speed reached 3 340 r/min. The fetor was delevitated
again from 3340 r/min to stop. The relevitation period was determined so as to match the maximum temperature

that the touphdown bearings would reach when subjected to the actual field braking-terque condition.

The orbital ffigures (Figure D.1, lower part) show the rotor displacement at thecradial transducer in which |1, 2

and 3 corrgspond to the rotational speeds specified in the waterfall diagram: The air gap length is 500 U'E at

the magnetjc bearing and 220 ym at the touchdown bearing. The rotoryis, able to deflect beyond 220 p
touchdown |bearing, because special corrugated springs are installed behind the touchdown bearings.

at
The

possible deflection at the touchdown bearing is 300 um in total. The stable rotor response during delevitationfand
smooth relgvitation results prove the touchdown bearing functionality and the magnetic bearing controllability

for the sevdre initial condition.
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Figure D.1 — Example of touchdown test results
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Example of system limitations (current/voltage saturation)

A power amplifier supplies current in the AMB coils corresponding to the control command. Pulse width
modulation (PWM) and switching power amplifier are used most commonly. The evaluation of current and

voltage in th
example is

Figure EA

transformeq
two states i
the other to
the coil curr
the switchin

current is d¢termined only by the applied voltage and coil inductance. Figure E.3(shéws the duty cycle varig

and the cur
voltage is s
negative voj
monitoring

e coils is stated as guidelines in ISO 14839-2:2004, Annexes A to C. In this annex, a more prac
bresented.

shows the PWM power amplifier system. In the power amplifier, the control commands

into pulses of different durations, which drive the switches in the switching amplifiérs. There
n PWM, which control the duty cycle. One state corresponds to an increase in the_ current in the
a decrease of current. Figure E.2 shows the pulse width modulated voltage,applied to the coil
ent. Since the line resistance is negligible in most cases when compared with the coil impedang
g frequency, the switching voltage brings a triangular wave of current into:the coil. The derivatiy

rent. At 50 % duty cycle, the average current flowing through the coilis constant. When the pos
vitched on longer than the negative one, the current rises over several switching periods. Wher
tage is switched on longer than the positive one, the current decreases. Figure E.4 shows ovs
bf a PWM command that enables it to identify the margin.of the duty cycle to 0 % or 100 9

this case, t

period, it indicates that the duty cycle reaches both 0 % and 10Q@)%. This means that the bearing curre
being changed at its maximum possible rate and also that the"dynamic load is at the limit of voltage capa
Exceeding this limit can lead to a phase lag in the amplifier,;which induces instability sometimes in the bed

control sys

A power ar

applied to tihe rotor and the control command to:the amplifier exceeds the maximum current limit, the resu

coil current

the rotor may make contact with the touchdown bearing.

ere is still approximately 30 % duty cycle margin to thelimit. If the pulse variation fills the ov

m.

hplifier also limits the maximum current. ‘As shown in Figure E.5, if an unexpected large log

is truncated at the limit. This means that the bearing cannot sustain the load any longer and

)
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Figure E.1 — Pulse width modulation power amplifier
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