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A NEW APPROACH TO MINING
EARTH LEAKAGE PROTECTION
WITH MEDIUM VOLTAGE DRIVES

Reliable detection and limitation of earth currents is crucial to safety in underground
mining. However, variable speed drives (VSD) are complex voltage sources which can
bypass or disturb the conventional protection equipment. Even in earth fault limited
networks, a VSD can create local leakage current loops which exceed the maximum
level defined in the mining standard. This paper reveals a safe, simple and reliable
solution which complies with the applicable Australian mining standards.

By Tino Wymann (ABB Australia), Mark Pollock, REng. (Littelfuse),
and Jochen Rees (ABB Swifzerland)

problems which were not existent with fixed fundamental

frequency systems: earth current protection at variable
frequency, and high frequency coupling through leakage
capacitances (mainly in long cables). The Australian underground
mining industry is aware of the danger that comes with these
two properties of drives. In 2011 the NSW government issued
a Safety Bulletin discussing hazards associated with VSDs. The
theory behind the phenomenon is well known within the field of
science for many years but the user is still missing a diversity of
simple and reliable solutions. This paper presents a best practice
approach designed by ABB, offering an array of simple but
effective measures that are specifically certified for the mining
market and is successfully used in Australia.

l lsing a variable speed drive introduces two general

RELAY CAPABILITY

In the past, if an earth fault relay was designed for use with a VSD,
it typically meant utilizing a fixed-frequency filtering algorithm
centred near the fundamental frequency. For example, a Discrete
Fourier Transform (DFT) filter can be used to achieve strong
attenuation for signals outside of the 50-60 Hz range, resulting
in effective rejection of harmonics and high-frequency currents.
However, with VSD applications, the output frequency may not
always be fixed at 50 or 60 Hz. Other filtering algorithms, such
as peak detection, can be used to monitor the wider drive output
frequency, while still rejecting the majority of high-frequency
currents. These algorithms can vary greatly from one manufacturer
to another, and often have a slow roll-off that is included within
the specified frequency range. As a result, although a specific
frequency range may be listed in published documentation,
significant attenuation can still occur within those frequencies.
This can make it a challenge to apply and set an earth-fault relay
to a system where a VSD is used.

One aspect that is often overlooked, is the possibility of a DC
bus fault within the VSD, or elsewhere on the system. Due to the
fact that a DC fault is not easily detected by standard AC earth-
fault relays, the fault would likely go unnoticed until the system
has already sustained significant damage. In order to mitigate this
risk and meet the challenges already mentioned, the Littelfuse
EL731 relay was developed to provide sensitive, wideband AC and
DC earth leakage protection.

A new, patented measurement method was developed by
Littelfuse to measure DC and AC up to 90 Hz using a standard
current transformer (CT). This method provides a significant
inherent benefit—a single CT can be used to monitor current from
0-90 Hz, which includes the typical VSD output frequencies and DC,
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and ignores the high-frequency leakage currents. A CT is simple to
use and does not require a direct electrical connection to the circuit
to perform the measurement; this facilitates easy application to low
and medium-voltage earthed systems.

The second important consideration was to monitor high-
frequency currents instead of filtering them out. As already discussed,
in a VSD application there is inherently some level of high-frequency
current flowing due to leakage capacitance. As the relay will also be
measuring these leakage currents, it would therefore be necessary
to set the trip or alarm level above this current in order to avoid
continuous nuisance operation of the relay. However, this would
result in a trip level that is much higher than desired for the VSD
output frequency.

A very effective way to avoid this issue, is to provide two
independent sets of trip and alarm settings: one set to apply to the
low-frequency range and another set to apply to the high-frequency
range. This allows a sensitive setting to be used for the VSD output
frequency, while a more accommodating value is chosen where the
current through leakage capacitances are of concern. A second CT
input capable of AC measurements from 20 to 6,000 Hz is provided
for this purpose.

In order to achieve settings that are as sensitive as possible, it
is also helpful to limit the frequencies being monitored to those
that are of concern for a particular site or application. Adding user-
selectable filters is an effective way to provide this flexibility, and
ensures leakage current that is measured during ‘steady state’ is
minimized. For the Littelfuse EL731, frequency response options for
the second CT input are 20 to 6,000 Hz, 20 to 90 Hz, 190 to 6,000
Hz, or 20 to 3,000 Hz.

POWER DRIVE SYSTEM DESIGN

A. Protective Zone
A major problem seen in drives connected to a single feeding
transformer, is the potential for cross-coupling to occur between
the lengthy cables. Having multiple drives connected to one
transformer often leads to high leakage cuments under normal
operation. The effect becomes more pronounced as higher
system voltages are introduced. This implies that the jump from
low to medium voltage requires rethinking the design. Especially
(but not exclusively) for underground mining, high earth leakage
currents are not acceptable and a protective zone must be created.
In the case of medium voltage VSDs it is common practice to use an
input transformer in order to facilitate galvanic isolation. The feeder
transformer for medium voltage VSDs typically has multiple windings
in order to build a higher pulse system for harmonic mitigation.
Continued page 26 ¥
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Continued from page 24

Grounding on the secondary windings is not an option, as multiple
grounding points create current loops. The optimal single point of
grounding for the VSD topology utilized, is thus at the drive’s output.

B. Earth fault detection

Under healthy operational conditions there is only one point of
grounding in the protective zone. In the case of an earth fault the
only path the current can take is via the star point of the resistor
network. That's also the point where the relay measures the earth
fault current (see Figure 1). Any earth fault in the system can be
immediately detected by this measurement. The other purpose of
the resistor network is to limit a possible earth fault current until
the drive ceases operation.
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Figure 1 Protective zone for power drive systems

There is one critical operational condition where it is impossible
to detect an earth fault on motor side with the method above.
At low motor speed (rule of thumb lower than 10% speed), the
output voltage becomes inadequate (voltage divided by frequency
is always constant). An earth fault current on the output side of the
drive would therefore sit below the trip level. The supply side is not
affected by this limitation.

Normal operation of the motor happens above that speed but for
start-up or inching, the drive operates for a short time within this
speed range. The solution is to use an insulation measurement when
the VFD is not running, which is interlocked with the circuit breaker
close command. In the event where the level of resistance becomes
too low, the drive is not allowed to start. The complete solution can
be found on Figure 2. The ground resistance measurement will be
disabled during VSD operation, as the reaction on an earth fault is
not fast enough to comply with underground mining standards.
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Figure 2 Complete underground mining solutio

If the end-user’s regulation requires additional safety, the options
in Figure 2 can also be added. The first option is a redundancy of
ground current monitoring systems. The other option, is to add a
zero-sequence CT on the output of the drive, in order to measure
the earth leakage current.
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C. Zero-sequence current
Every VSD is a common mode voltage source.
The finite number of output voltage levels do not allow to have:

Uy + U, + u, =0Vt

which would be approximately true for a conventional system
(where u is the instantaneous motor terminal voltage of phase u, v
and w). The averaged sum of all instantaneous output voltages is
zero but not its RMS value. The common mode cannot be seen in
the phase-to-phase voltages and thus, does not affect the electro-
magnetic state of the motor (as long as the motor star point is
not grounded). By contrast, the stray capacitances get exposed
to the common mode voltage. Figure 3 shows the drive system
from a common mode perspective, also known as, zero-sequence
diagram (resistances and inductances are neglected for the matter
of simplicity). Any common mode voltage jump drives a current
through the leakage capacitances (towards ground) which is the
cause for earth leakage current loops in drives without having
a ground fault. This current cannot be avoided but reduced by
control of the stray capacitances.
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Figure 3 Zero-sequence diagram
The current in a capacitance can be defined as follows:

; dugm
tem = g total dt

The input and the output capacitances can be summed together,
such that we can only distinguish two capacitances Cgin and
Caout . These two capacitances are now connected in series.
This leads to:

c i Coin * Coout

S Cam " Cdonr

As the du/dt is determined by the converter, the only way iem can
be influenced is through the stray capacitances. The output stray
capacitance is mainly determined by the length of the motor cable
and is therefore not in the hand of the manufacturer. The only
sufficient way to reduce the earth leakage current is to keep Coin
as small as possible, thus minimizing the distance between the
transformer and the drive.

Any earth fault has the possibility of providing a low impedance
path for earth leakage currents and therefore needs to be detected
immediately with a relay that is fast enough, in order to protect
persons working in close proximity to the equipment. In drive
systems without galvanic isolation Csin won't be controllable
and leads to a low impedance path back from the motor cables.
Additionally there will be an interaction with other equipment in
the plant favouring uncontrolled earth leakage currents. It is for this
reason why it is recommended to have a protective zone for VSDs in
underground mining applications.

A proper design according to these principles helps to maintain
a good signal-to-noise ratio and leads to a reliable detection of an
earth fault.

October-December 2015



TEST RESULTS

Figure 4 and 5 and show a motor earth fault simulated in the lab.
The motor was running at 50Hz when a 1k resistor had been
connected (at 0.2s) between ground and one phase of the motor
terminal. The drive eliminates the fault within 80ms and sends a
trip signal to the main breaker. During this time the earth current
is limited to an acceptable value. Figure 4 also shows a small earth
leakage current during normal operation. This is the zero-sequence
current loop between drive output and transformer secondary
windings and cabling.
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Figure 4 Fault current during a simulated earth fault on the motor
terminal
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Figure 5 Motor terminal voltages during a simulated earth fault on
the motor
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For the AS/NZS 2081:2011 certification a total of 121 measurements

had been taken and evaluated. The following tests were done at

different operating speeds of the motor:

* Low voltage tests with relay,

¢ Medium voltage tests with ground faults provoked at
transformer, dc-link and motor, and

¢ Special tests including insulation monitoring, maximum fault
current, common mode voltage and ground resistor failure.

The maximum fault current under worst-case conditions is listed

below. Worst-case means the relay is disabled and a low impedance

short circuit of one motor phase to ground is applied at maximum

output voltage.

| Maximum fault current limited by the grounding resistors 280 mA
Lowest motor frequency for detection of motor side 5.8 Hz

| earth faults '
Insulation monitoring trip time when the drive is not 841
operating

CONCLUSIONS

We have demonstrated that using VSDs in underground mining

doesn’t mean that compromises need to be made with safety and

that compliance with the actual regulations is possible. The paper

also suggests that the following actions should be implemented in

order to achieve maximum safety for the people working around

the equipment:

e Selecting the right relay,

o Set up of protective zone for each drive,

e Keep input stray capacitances small, by minimizing the distance
between the transformer and the drive, and

* Maintain a single point of high impedance grounding at the
output of the drive.

The solution offered was certified by Bureau Veritas, in order to be

compliant with the Australian standard AS/NZS 2081:2011. This

approach is also used in other countries which have even more

stringent regulations, such as Russia and China. e
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