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Static converter-fed drives

Basic approach for an innovative protection concept for drives in hazardous areas

by Christian Lehrmann, Harald Pape, Uwe Dreger, Frank Lienesch

(sTAHL)

Figure 1: Explosion protected electrical drives in a chemical plant

Static converter-fed drive systems are re-
quired in the chemical and petrochemical
industry for flexible process technology. This
article introduces a new concept for protect-
ing static converter-fed drives in hazardous
areas. In order to draw a comparison, we will
start by depicting the conventional approval
procedures (joint testing of the converter and
motor in types of protection»e«and»n«). The
operating states of the drive system that are
critical for explosion protection and the avail-

able options to avoid these states will be an-
alysed below. The physical causes for the
increased losses and temperature rise during
converter operation will be displayed and the
available options to mathematically assess
the converter-related temperature rise and
losses will be introduced. Examples of how
the protection concept can be implemented
for a size 132 machine will be introduced
based on this knowledge.
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Testing and approval of static
converter-fed drives

The previous protection concept for static
converter-fed drives is primarily based on
monitoring the stator temperature using a
thermistor as well as coupling the converter
on the machine for machinery with the type
of protection increased safety e« ([1], [2]).
During testing, the critical operating parame-
ters are determined and are a constituent
part of the approval certification. The con-
verter type is listed together with the adjust-
able parameters for the adjustment ranges
specified in the certification.

Disadvantages of the previous
approval method

The previous protection concept for static
convert-fed drives of type of protection in-
creased safetyecis very inflexible and cost-
ly, as the converter must be tested together
with the machine that it is intended to oper-
ate with. This is very time-consuming and
expensive for large-scale machines, in par-
ticular (see Figure 2). The different product
cycles of the motor and converter are con-
sidered to be the decisive disadvantage.
While configuring a motor frequently takes
more than 10 years, the converters are sub-
jected to a continuous technological process
of change. This means that the approval must
be frequently updated, without influencing a
single technical safety aspect. The same
applies to subsequent repair or converter re-
placement or non-critical changes made to
the operating parameters. The standardisa-
tion of static converter-fed drives in type of
protection increased safety »ecdoes not pro-
vide specific requirements for testing, which,
depending on the experience of the notified

Linking converter and motor in one certification e.g. e«

Advantages:
> Fully tested and certified assembly
> Easy-to-use for the user

Disadvantages:

> Adjusting the user requirements is strictly
limited. Significant change require a new
approval

> Motor and converters can only be replaced by
components of the same type

» Expensive and time-consuming testing for
large-scale drives

Figure 2: Previous test and approval method for static converter-fed drives

type of protection increased safety re«

body, can resultin different requirements im-
plemented during the procedures involved in
the approval methods.

There are no requirements specified in
the standard EN 60079-1 (Electrical appara-
tus for explosive gas atmospheres; Part 1:
Flameproof enclosures »d« ) for static con-
verter-fed drives in flameproof enclosures.
The EN 60079-14 (Electrical apparatus for
explosive gas atmospheres Part 14; Electrical
installations in hazardous areas (other than
mines)), for example, specifies the use of
thermistors embedded in the winding, with-
out mentioning any other requirements. Since
the EN 60079-14 is not primarily aimed at
the manufacturer, but rather the erector and
user, the situation is not clear. Rotor tempera-
ture critical operating states (e.g. under-
voltage) may not be detected by using only a
thermistors in the stator-winding.

Objectives for improving
the protection concept

Essentially, the objectives of the new pro-
tection concept involve the following:

» discontinuing the rigid coupling between
the motor and converter for type of pro-
tection increased safety e«

» incorporating the easy interchangeability
of the converter during repair work

» ability to retrofit existing drives with a
converter

» providing secure protection for all drive
system operating states.

Implementing this concept would both
simplify the approval method as well as
reduce the related approval costs (Figure 3).
Figure 4 displays a possible scenario for
machine protection while implementing the
future protection concept. >
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Static converter-fed drives

In principle, the same physical dependen-
cy applies to the testing and approval of
static converter-fed drives of the type of pro-
tection flameproof enclosures »d¢, thus the
approach of the protection concept should
be implemented. Only the enclosure tempera-
tures must be used for this purpose.

Required fundamentals
for the machine protection

To begin with, heat development within
the machine must be known during all opera-
tion times to ensure the thermal protection
of the drive system. Furthermore, particular
attention must be paid to the distribution of
power loss, since the technical measurement
monitoring of the rotor while in operation is
extremely complicated and is only worth-
while for large-scale machines (telemetric
systems). The rotational speed-dependent
heat-transfer resistance between the ma-
chine and the environment is a critical point
thatis considered a measure for the critical
lower drive speed.

The heat-transfer resistance was de-
termined using the test set up illustrated in
Figure 5. In order to measure the heat-
transfer resistance, the machine fan was
powered by a DC motor at variable speeds
and were heated using a stator winding. In-
stead of the rotor, the machine only contains
the rotor shaft to avoid causing any addition-
al eddy current losses in the rotor. The re-
sults for two machine sizes are displayed in
Figure 6. If there is an adequate precision
torque measuring system available, the en-
tire rotor can be used with a thermally-
insulated coupling, as the mechanical output
power can precisely be measured. In doing
so, a measurement should be made, even
for the non-energised machine, to determine
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motor and converter with separate certification

General approval for converter operation with Output parameters that are important for
determination of the limiting conditions: Ex-protection are specified in the certification:
> Frequency range > Voltage spectrum at the output

» Torque characteristics > Properties of any required filters

> Frequency spectrum » Adjustment options

» Cabling requirements

Advantages:

> Motor tested and certified as separate unit

> Available for adjustments

» Easy replacement of components

» Cost-saving while maintaining the safety level

Figure 3: Objective for the approval and test method of static converter-fed drives
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Actual vaIL_le Permissible machine
Converter influence operating parameters

f
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Thermistor used as backup protection

Hazardous area Non-hazardous area

Figure 4: Applying the new protection concept
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Measurement of
the electrical heat output

Measurement of the enclosure
and winding temperature

Measurement
of the drive speed

Adjustable DC source
for heating the machine

&

Phase winding
circuit

Figure 5: Test set-up for measuring the thermal resistance

the mechanical power absorbed by the ma-
chine fans.

Simply formulated: at all times, it must be
ensured that the highest permissible temper-
ature is divided by the heat-transfer resist-
ance to the environment and is less than the
constantly maintained power loss. Higher
power losses are permissible for a short
period of time; however, this state may only
exist until the highest permissible tempera-
tures have been reached. Afterwards, there
must also always be an adequately long
cooling phase. An example of the tempera-
ture sequence during overload is displayed
in Figure 7. To avoid triggering the therm-
istor, the overload must not last longer than
66 seconds. In practice, the converter is
preset with a maximum permissible overload

=t

”(‘_’i'h—g
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Asynchronous motor

withpacketless« rotor the test motor

time of 60 seconds. The temperature curves
illustrated in Figure 7 are based on a calcu-
lation using the thermal equivalent circuit
diagram (Figure 8) of the machine, and the
temperatures reached were verified by a
measurement. The required internal heat-
transfer resistance was determined by meas-
uring the temperatures with a known power
loss distribution.

DC machine for driving

Converter-related additional losses

The converter-related additional losses
can be divided into two groups:
> Increaseiniron losses caused by the
harmonic components in the supply volt-
age, predominantly in the machine stator.

Bus cabling

-

===

Calculation of the
heat-transfer
resistance of the
asynchronous
machine in relation-
ship to the speed

> Increase in electrical heating losses in
the stator winding and in the rotor cage.
The voltage harmonics drive currents
into the stator and the rotor of the machi-
ne that cause electrical heating losses
in the frequency-dependent ohmic resis-
tances.
The increase in losses caused by the static
converter supply can be explainin hat a
static converter-fed machine can also be
theoretically viewed as a machine that is
powered by basic sinusoidal oscillation and
is connected in parallel for every harmonic.
The speed of this harmonic machine«is
determined by the speed of the »basic oscil-
lation«¢ machine so thatin a sense, itisin
short-circuit for each harmonic. Each har-
monic now causes losses in their >

(sanL)



Static converter-fed drives
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Figure 6: Characteristics of the thermal resistance of the enclosure and envirement Ry, in K/W for
180 und 132 size machines, in relationship to the frequency

assigned »harmonic machine«that adds up
on all»harmonic machines¢, which in turn
equals the total harmonic loss. According to
this, it follows that both the total harmonic
loss can be calculated by adding the individ-
ual losses and that the harmonic currents
are predominantly dependent on the leak-
age inductances of the machine (s = 1). The
harmonic losses depend both on the voltage
of the respective harmonic as well as its
frequency [3], [4]. The power loss generated
by an individual harmonic can be deter-
mined for a strand using the interrelation-
ship P=U-I-cos ¢. The current | is linked
with the impedance Z by the equation 1=U/Z
so that for the power loss, you can also
write:

P=U%Z cosg
The impedance Z and the phase displace-
ment angle are frequency-dependent
and must be determined in a separate test.
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The current displacement effects primarily
occur in the rotor of the machine. This in-
creased ohmic resistance is transformed to
the stator winding (for the harmonic, the
machine is nothing more than a transformer
with a very small resistance in the second-
ary circuit).

The increase in the ohmic partincreases
the cos @ and is thus included in the loss
calculation.

In contrast, the machine temperature in-
crease favourahly effects the converter,
as the usual high start-up loss associated
with mains operation does not occur (in
broad terms, the entire rotational energy to
be stored in the drive system is transformed
into heat in the rotor during the start-up
procedure). Starting from the speed 0, the
machine is always operated at the rated
point with the usual operational slip values.

The fact that the power supply network is

not loaded with high start-up currents when
switching on the machine provides another
advantage.

In addition, the »short-circuit operation
mode« of the machine (blocking the machine
with machine currents at rated voltage up to
10 times the rated value) cannot occur, as
the converter limits the machine currents to
a significantly lower value (generally, no
more than 120 % of the rated current). The
degree of the converter-related additional
losses depends on the operational mode
of the converter and its design. However,
the dependence can be ascribed to the out-
put spectrum of the converter. The output
spectrum is explained in detail in citations
[5] and [6].

Interrelationship between the losses and
the machine temperature raise

Heating during continuous operation

To reach a stationary state, the heat vol-
ume generated in the machine for each unit
of time must correspond to the heat volume
released into the environment. Analogous
to the electrical circuit, a thermal resistance
can be defined between the environment
and the machine and can be calculated
using the equation.

Tmotur - Tenviroment

Rtherm = )
Vtotal, motor

In this simplified view, the machine is treat-
ed as a separate entity with one tempera-
ture (one-body model) and it is assumed that
there is thermal equilibrium.

Transient Phenomenon
A transient phenomenon is described as
the transient response of the temperature
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Figure 7: Calculated
temperature course
during overload.
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during a step change in power loss, e.qg.
during a brief change in the machine load.
As the equilibrium between the generation
of heat and the dissipation of heat is dis-
turbed here, the energy difference causes
the machine components to heat up or cool
down until equilibrium sets in again. As an
e-function, the temperature approaches
your stationary final value.

The course of the machine temperature
change AT can be mathematically described
in relation to the time t:

AT = (APV' Rtherm) (1= el )
with T= Ctherm ’ Rtherm

To determine the continuous operation tem-
perature at a known power loss, the thermal
transfer resistance to the environment plus
the thermal capacities of the machine com-
ponents (Figure 8) are required to calculate
transient procedures. The thermal capacity
can also be mathematically determined
from the temperature time characteristic at
a known power loss and the temperature
reached during continuous operation by using
the thermal time constant. The thermal
capacity can also be calculated by using the
mass of the materials used for the individual
machine components. If the construction
data is known, the second method generally
provides exacter values. >

Time/s

Environment

Figure 8: Thermal
equivalent circuit
diagram of the
asynchronous machine
Enc = enclosure

VRotor

Enclosure environment

Stator core-enclosure

Stator winding-stator core
Rotor-stator core

Enclosure heating capacity
Stator core heating capacity
Stator winding heating capacity
Rotor heating capacity
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Figure 9: Example of calculated harmonic losses

Projection of converter-related
additional loss

Harmonic losses

A possible method for projecting the ad-
ditional losses and temperature rise caused
by harmonics is based on the method of
describing the machine using a frequency-
dependent impedance (see section Con-
verter-related additional losses). This pro-
cedure is displayed as an example for a
machine in Figure 9. The figure illustrates
that the impedance strongly increases with
the frequency (comparison of the voltage
and current curve). The converter pulse
frequency (4 kHz) has the largest proportion
[6] of converter-related additional losses
for the machine in question.

The additional temperature rise caused
by the harmonic losses can be calculated
together with the speed-dependent heat-
transfer resistance.
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The metrological determination of ma-
chine impedance was realised using a func-
tion generator with an upstream linear am-
plifier system. The procedure is examined in
detail in [6].

Losses caused by current displacement
effects

The impedance measurement takes into
account the influence of the current dis-
placement effects. The current displace-
ment effects primarily occur in the rotor
bars with the machine sizes in question (up
to approx. 200). However, the current dis-
placement effects in the stator cannot
necessarily be ignored, as even with the
wire cross sections, less than twice the
current penetration occurs in the winding
due to current displacement effects of the
wire bundling [7]. The influence of the cur-
rent penetration in the rotor depends on
the groove shape. With a double bar rotor

at the identical frequency, the current den-
sity on the upper edge is considerably great-
er than with a round bar rotor with the same
bar cross section surface [8] [9].

Calculating the machine temperatures

In order to assess the machine regarding
the explosion protection, the temperature
class is determined for which the tempera-
ture reached during continuous operation
must be ascertained.

To project the temperature rise caused
by converter operation, the calculated
power loss must be calculated for the con-
sidered speed using the equation

AT = I:’V : Rtherm

The fundamental frequence losses,
which occur in the motor, raise the machine
temperature the most, however, these
losses can be significantly increased during
operation with undervoltage (voltage re-
quirement of converter, filter or»>long«lines).

Additional influences
on the machine temperature

Undervoltage

The conducted measurements show that
operation with undervoltage is very a criti-
cal event. If the torque is held constant,
machine slip increases as the voltage is re-
duced due to the lower magnetic field
strength. As the slip increases so do the
rotor currents that then raise the rotor tem-
perature via the ohmic losses. Operation
with undervoltage can occur very quickly
with a static converter-fed machine, as
the converter has a voltage requirement of
approx. 10—15V, depending on the load.
However, significantly larger values can
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also be achieved through unfavourable con-
verter configurations. < 250 [ Rotor temperature 6000 =

In worst-case scenarios (long line routes, g ] Stator temperature 2
using a sinusoidal filter), the total voltage g = %mm:ng;zz’:&‘j temperature o 5000 <
drop between the mains and the motor can g 200 O Power loss 3 E
significantly increase. If the permissible tol- § S 4000
erance range (£5 %), according to range A, e 150
of the mains voltage is now utilised, this 3000
results in a converter input voltage of 380 V
with a 400 V network. While taking into 100
account the converter voltage requirement © 2000
and any cable or filter losses, the fundamen- 50 8
tal frequency voltage at the machine termi- 1000
nals can drop to 340 V.

This raises the temperature of the test STy U=400V-5% (Area A)  U=400V-10% (Area B)
machine at a rated load of approx. 30 K, see

. 1=47A 1=51A 1=56A

Figure 10. Un=360V Un=342V Un=321V

Converter with a broad input voltage range

To achieve universal applicability, the
converters are more and more frequently
equipped with a broad input voltage range
that allows them to be operated, for exam-
ple, using a 400 V supply voltage and 500 V
industrial networks. If the converter is oper-
ated with 500 V instead of 400V, the inter-
mediate circuit voltage is increased by the
same ratio. To generate the identical funda-
mental frequency output voltage, the modu-
lation ratio must be decreased, which in
turn increases the machine losses (mainly
iron losses) ([7] [10] [11]). This was proven
through measurements conducted at the
PTB. This effect is ascribed to an increase
of the harmonic proportion that can be seen
in a Fourier analysis.

Operation at low speeds

During operation at low speeds, the cool-
ing capacity initially moderately drops with
the speed and then begins to drop at a con-
siderably accelerated rate upon reaching
a specific speed. The previous > 4

Figure 10: Influence of the converter input voltage on the machine temperature increase and U,, = fundamental

frequency voltage at the machine terminals
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Figure 11: Temperatures for different torque adjustment procedures

[ Rotor temperature / K
Winding overhang temperature / K
M Enclosure temperature / K

@ Torque /Nm

25 Hz, Current
linear

10 Hz, Current

linear

(sTAHL)



Static converter-fed drives
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Important dimension for
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Figure 12: The most important parameters for the rise in machine temperature

approval method accommodated this state
by using forced air ventilation or by utilising
a temperature-rise test at the lower rated
speed. In most cases, the temperature-rise
test is not necessary if a working machine
is utilised to ensure a quadratic reduction of
torque along with the speed.

However, experiments have demonstrat-
ed that considerably higher torque levels
can be achieved at lower speeds than those
torque levels achieved by inducing a quad-
ratic reduction, without posing a risk of ex-
cessive temperatures. The objective here is
to determine, where possible, a universally
valid limiting curve for the maximum permis-
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sible torque for self-ventilated machines
during continuous operation.

A testing procedure has been developed
in which the constant permissible power
loss at a speed value is determined using
the ratio of the heat-transfer resistance of
the enclosure and the environment. Previ-
ously this was determined using technical
measurements (see Figure 5). Supposing
that the machine losses are primarily elec-
trical heating losses and these quadratically
depend on the equation P, = R 1% the cur-
rent must be converted using the root from
the ratio of the heat-transfer resistances.
The torque levels possible while limiting the

calculated current are considerably higher
than the values calculated with the quadratic
conversion using the speed. During the pre-
viously conducted trials, the temperatures
while operating with an adjusted current at
25Hz and 10 Hz in the stator and rotor were
significantly lower than the temperature

at 50 Hz and the rated load. Plans have been
made to record full load curves at low speeds
for different machines in order to determine
the moment of load in which the machine
temperature corresponds to the value at

50 Hz. The objective here is to determine the
correction factor for the current adjustment
that depends on the heat-transfer resistance



and allows the machine current to be calcu-
lated for every speed in which the tempera-
ture rise corresponds to the value at 50 Hz.

Field weakening operation

Operation within the field weakening
range occurs once the converter can no
longer track the voltage in proportion to the
frequency, as the intermediate circuit volt-
age is being limited by the line voltage. If
the load is not reduced, the machine slip in-
creases and extremely high temperatures
may occur in the rotor. To avoid this prob-
lem, the output power in the field weakening
range must be kept constant. Since the volt-
age is constant, constant output power also
means an approximate constant current.
Depending on the supply voltage or due to
the voltage drop on the converter, filter or
longer line, the field weakening operation
mode can start prior to the rated speed, and
then the motor can no longer be loaded with
the rated output.

Basic approach for a protection concept

The objectives of the future protection
concept are primarily concerned with re-
ducing the testing costs for the approval of
explosion-protected converter fed machines
of the type of protection increase safety e«

A central point of the new conceptis to
avoid the strict coupling between the motor
and the converter for the type of protection
increased safety»e«. One method of achiev-
ing this lies within defining an interface be-
tween the motor and the converter in which
the output parameters of the converter that
cause the additional losses (harmonic spec-
trum, voltage requirement of the conver-
ter, modulation procedures, adjustable pulse

frequency range) are determined.

The »sensitivity« of the converter-related
influences must be defined for the machine,
e.g. the frequency-dependent impedance,
the relationship between the speed and the
heat-transfer resistance to the environment
as well as the voltage range in which the
machine can provide full torque at the rated
speed. This value is important for the start
of the field weakening operation. When
applying the new procedure, this interface
definition for explosion protection is synony-
mous with the rating plate specifications of
the machines during mains operation.

Interface parameters

Output parameter of the converter,
metrological determination

The converter is operated at its rated out-
put on the upper and lower limits of the rat-
ed voltage range. For these operating states,
the spectrum is measured and the worst-
case scenario is used for further observation.
If the converter allows different pulse fre-
quency settings, the spectrum must also be
verified for the lowest and highest possible
frequency.

For a converter with a broad input volt-
age range (e.g. 400 V —500 V), the spectrum,
including the highest input voltage, must
be taken into account, since the converter
input voltage influences the output spectrum.

The measurement at maximum current
is required, as the harmonic rates in the
lower range of the spectrum increase in
some converters operating with increasing
current. Such increases appear especially
in the harmonic rate at 150 Hz. This must
be taken into consideration, especially for
converters with a»narrow intermediate
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circuit«. At a higher current load, the lower
capacity of the intermediate circuit capaci-
tor causes a considerable ripple to occur
that is conveyed into the output. A ripple
voltage of approx. 20 % was measured in the
intermediate circuit of the utilised testing
converter at rated current.

Machine-side interface parameters

(for the certification)

The machine-side interface parameters
essentially consist of:

» The frequency-dependent impedance
and the frequency-dependent phase
angle between the current and voltage.

» The speed-dependent heat-transfer
resistance between the machine enclo-
sure and the environment.

» The permissible operating voltage range
of the machine at rated load and rated
frequency. The lower limit of this range
is defined at the beginning of the field
weakening range during operation.

Metrological determination of the converter-
related additional losses and temperature
rise for testing the projection

The technical measurement of the con-
verter-related additional losses is deter-
mined by comparing the power loss gener-
ated in the machine (absorbed electrical
input power minus the released mechanical
output power) at the identical mechanical
load between network and frequency con-
verter operation. To conduct these measure-
ments, even at frequencies other than 50 Hz,
a generator was used to supply the energy
for the tests conducted. These tests were
performed using various converter settings
and external limiting conditions (e.g. pulse

>
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Figure 13: Converter-related additional losses of a size 132 machine with no load and at rated load

Figure 14: Permissible
continuous machine
current in relation to the
rated current and
depending on the speed
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frequency, converter input voltage, load
state of the converter).

It must also be taken into consideration
that the percentage of the harmonic losses
for the entire machine changes with the
load, even if the absolute value is not load
dependent.

An example of the interrelationship for a
size 132 machine is displayed in Figure 13.

Summary
of the new protection concept

An essential component of applying this
protection concept requires precise knowl-
edge of the machinery (sensitivity with
respect to the harmonics caused by the con-
verter) as well as the converters being
used (output spectrum, voltage requirement,
etc.) in order to correctly assess the indi-
vidual influencing factors on the rise in ma-
chine temperature (see Figure 12). To simpli-
fy this protection concept in the future,
it would be worth considering defining a ref-
erence machine whose parameters allow
the converter-related additional losses to be
calculated for the considered converters.
To simplify the process for selecting the
converter for the machine manufacturer, it
would also be reasonable to introduce a
classification for converters similar to the
energy efficiency classes for electrical
household equipment. Using the fictive ref-
erence machine, the converter would be
classified in the corresponding class, de-
pending on the degree of additional losses
caused by this converter in comparison to



mains operation. If uniformly implemented
by all manufactures, this marking could con-
siderably simplify the process of selecting a
suitable converter for the user and further
reduce the testing costs concerning explo-
sion protection. In order to achieve a simple
and practical implementation, it would be
suitable to regulate the speed-dependent
cooling effect by reducing the machine load
in linear fashion to a level below a critical
speed. Although this would make the ma-
chine more difficult to utilise than by simply
reducing the torque via the thermal resist-
ance (Figure 11), it would, however, enable
a simple implementation into the control
software of the converter. The machine cur-
rent allows the torque characteristics to

be easily monitored. An example displaying
the characteristics of the permissible ma-
chine currentin relation to the speed for a
132 size machine is shown in Figure 14.
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