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Who we are
APQI, or the Asia Power Quality Initiative, is a joint
effort of the International Copper Association along
with the International Copper Promotion Council
(India) and the Electrical and Electronics Institute,
Thailand, the University of Bergamo (Italy), the
European Copper Institute (ECI, Belgium), to create
an independent platform that would build awareness
and capacities on issues related to Power Quality.
The initiative has local chapters in as many as seven
Asian and Southeast Asian countries under the Asia
Power Quality Initiative. In India, the International
Copper Promotion Council (India) leads the initiative.
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APQI has been established in 2008 with initial
financial support from the European Union's AsiaInvest programme. The initiative builds on the
previous success of the Leonardo Power Quality
Initiative (LPQI) established in Europe by the
European Copper Institute, Belgium.
APQI is a neutral platform supported by National
Support Network (NSN) partners representing
various stakeholders group.
What we do
APQI strives to engage all stakeholders - industry,
services, government, energy managers/auditors
and consumers - on the significance of power
quality in the economy. Poor power quality results in
higher cost in maintenance and replacement of
electrical and electronic devices, production chain
interruption and losses, high electricity bills, lower
production output quality and financial losses that
are astronomical. At APQI, we seek to make power
quality, the attendant problems and their resolution a
key part of all discussions on energy utilisation. We
work with a wide range of academicians, officials,
media houses, engineers and energy professionals
in India, China, Thailand, Malaysia, Indonesia,
Philippines and Vietnam. Separately, outreach
programmes are targeted at the countries of the Gulf
Cooperation Council region and Sri Lanka.
Why we do it
Power Quality as an idea is less understood in
several countries. Yet, it robs the economy of billions
in terms of lost production, burned out equipment
and poor reliability. A European survey has noted
that poor power quality costs European businesses
more than 150 billion Euros a year. In India, where
power shortage is endemic, Power Quality takes a
backseat over mere power availability, leading to
huge losses that are not even computed. As the
Asian economies prepare to increase generation
and switch to "smart grids" for intelligent resource
management, a focus on power quality will help
build a robust and efficient system for the long haul.
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FOREWORD

(Mr. Manas Kundu is the India co-ordinator
of Asia Power Quality Initiative (APQI) and
Director (Energy Solutions) of ICPCI)

Q

uality is a well understood and
widely demanded attribute in
our market driven economy today.
Across India, consumers demand
quality products & services and
companies are differentiated on the
basis of their capacity to serve
quality.
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But when it comes to power, the
idea of quality does not
automatically follow. Power Quality
(PQ) as an issue is largely ignored,
often not understood and so is
rarely demanded or enforced. The
Ministry of Power has cited "Quality
Power" as one of the six objectives
in its 2012 mission of "Power for All",
but PQ remains a distant goal even
today.
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PQ concerns remain confined to a
limited set of experts and engineers,
leaving the vast majority out of a
debate that can be as complex as it
is urgent. Building demand for clean
power remains a challenge in a
society where the growing base of
digital devices need quality power
but can equally pollute the power
system.
Our industry does not readily
recognise the impact of a poor PQ
environment since the costs are not
captured. There is a readiness to
invest in energy efficiency, where the
return is more easily visible, and a
tendency to ignore PQ, where the
idea of losses is nebulous or nonexistent. As awareness grows of the
hidden but high price we pay for PQ
issues, demand for PQ solutions will
take root and grow.
A recent study on the 'Impact of PQ
in Indian Industries' jointly
conducted by IIT-Delhi and APQI
found that "almost all industries
suffer due to various power quality
problems" and "many are not even
aware of various PQ problems…”

The study called for the BIS (Bureau of Indian Standards)
taking "firm and bold" steps to introduce power quality
standards for products that are suited for our country. This
will help create a reliable power grid and utility in our
country, enhancing productivity and GDP growth, the study
noted.
The pointer to GDP growth is important because power
quality hits our economy in an insidious manner. While we
cannot reliably calculate the loss due to poor power quality
in India, a European study said the European Union suffers
from a loss of Euro 150 billion per annum due to various
power quality issues.
In our case, the losses can only be much higher because
PQ plays havoc with our critical assets. Downtime and
production losses apart, quality issues cause incalculable
damage to our costly capital equipment and consequently
to business continuity and the economy in general.
The extent of the challenge before the nation in terms of
power quality can be judged form the simple fact that many
industries do not possess equipment to measure
aberrations in power quality, let alone demand power
quality.
It is the mission of the Asia Power Quality Initiative (APQI) to
address PQ issues in the manufacturing and service sectors
by raising awareness. We do this with a focus on shared
learning and providing a neutral platform for exchange of
knowledge and best practices.
This special supplement on Power Quality Management is a
step in that direction. Produced by the APQI in association
with Energy Press, the publication division of Society of
Energy Engineers and Managers, the supplement discusses
various aspects of power quality in the industrial sector. It
seeks to reach out to audiences primarily in the policy
sector, regulatory bodies, energy auditors/managers and
other identified stakeholder categories.
We must note that PQ is not about pinning blame on either
the consumer or the power utility; it is more an issue that
calls for harmonising a chain in which all stakeholders are
important. One weak link anywhere could impinge on the
entire system.
It is clearly in our national interest to wake up to the huge
losses incurred on account of PQ issues. Statutory Energy
Auditors and the Energy Manager community also have a
key role to play in building awareness and standards for
clean power while relentlessly pursuing the goal of
enhanced energy efficiency. India just cannot afford to
ignore these issues anymore.

E

nergy efficiency is the concept of reducing
energy consumption without the sacrifice of
comfort or delivered services.
The use of power electronics within the scope of
energy efficiency can be problematic from two
points of view:
1.

Effects on power quality (PQ) due to the more
efficient technologies based on power electronics

2.

Effects on losses in loads and components due
to poor PQ caused by the more efficient
technologies based on power electronics

power quality and
energy efficiency
Angelo Baggini and Franco Bua

Losses related to product wastage in industrial
processes caused by malfunctions due to poor PQ
can also be very important from the energy
efficiency (EE) perspective.
Impact of EE on PQ

Fluorescent lamps
The impedance of a fluorescent lamp is non-linear. If a
sinusoidal voltage is applied directly to the lamp, a nonsinusoidal current flows. In order to limit and control
this current, fluorescent lamps are equipped with a
ballast. Two kinds of ballasts are used [1]: (1) electronic
ballast and (2) electromagnetic ballast.
Electronic Ballast
The circuit of a fluorescent lamp with an electronic
ballast is shown in Figure 1. As illustrated, the
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These problems are discussed below with regard to
fluorescent lamps and variable-speed drives (VSDs).
These technologies are key elements of rational use
of energy, because lighting and drives represent the
main percentage of electricity consumption.

Technologies for energy efficiency can
impact power quality positively or
negatively. On the one hand, if
consumption is reduced by means of a
more efficient use of electrical loads and
by means of improved classic
technology, PQ is improved. On the other
hand, if efficient loads are connected to
the grid by means of a power electronic
interface, PQ may deteriorate. Increased
number of power electronic devices in
the distribution grid, to achieve higher
energy efficiency, often leads to an
increased level of electromagnetic
disturbances that can affect the power
electronic devices themselves as well as
traditional devices, causing additional
energy losses.
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On the one hand, if consumption is reduced by
means of a more efficient use of electrical loads
and by means of improved classic technology, PQ
is improved. Due to the resulting lower currents in
distribution systems, voltage drops are reduced.
Load variations, including transient changes,
become smaller, resulting in smaller variations of the
supply voltage at the points of common coupling
(PCCs). Because currents are lower, harmonic
currents are lower as well. This results in lower
harmonic content of the supply voltage. On the
other hand, if efficient loads are connected to the
grid by means of a power electronic interface, PQ
may deteriorate. Certain devices are a source of PQ
problems because of the highly distorted current
they draw.
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Technologies for energy efficiency can impact PQ
positively or negatively:
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Figure 1: Fluorescent lamp with an electronic ballast, consisting of
an AC filter, a rectifier, a DC capacitor, an HF oscillator, an inductor
and a capacitor.

The main disadvantage of electronic ballast is the
distorted current drawn by the rectifier. The extent of
this distortion depends on whether the rectifier is a
standard diode bridge rectifier [2] or a rectifier in
combination with a passive filter or active control
[1]. A passive filter can be added to the AC side to
filter out harmonic current. In case the rectifier is
equipped with active control, a nearly sinusoidal
current is drawn from the grid, resulting in a high
power factor. This type of ballast is more expensive
than ballasts with a simple rectifier.
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mains voltage is rectified, and then the DC is
inverted to AC at a high frequency, for example, 30
kHz, and is applied to the series circuit consisting of
the inductor and the lamp.

It is possible to supply high-frequency
voltage to multiple lamps in commercial
and professional environments where
separate electronic ballasts are used in
large lamps. These external ballasts are
equipped with a filter or wave-shaping
controls to keep the total harmonic
distortion (THD) minimal.

For large lamps, used in commercial and
professional environments, separate electronic
ballasts are used. Here it is possible to supply highfrequency voltage to multiple lamps. These external
ballasts are equipped with a filter or wave-shaping
controls to keep the total harmonic distortion (THD)
minimal. In many lighting applications, when
considerations of cost, aesthetics and available
space are so important, compact fluorescent lamps
(CFLs) become very tempting.
In order to limit the size and the cost of CFLs, the
integrated electronic ballast contains a standard
rectifier, resulting in current spikes on the AC side,
which correspond to a high level of harmonic
currents. Examples of the frequency spectrum of

CFL (20 W)

CFL (23 W)

FL with EM ballast (2x40 W)

Figure 2: Harmonic Spectrum of the Current of CFLs (power: 20 W and 23
W) and a Fluorescent Lamp with Electromagnetic Ballast (power: 2 × 40 W)
up to the 19th Harmonic (in % of the fundamental component) [3, 7].

this current are shown in Figure 2, for a CFL of 20 W
and for one of 23 W. The corresponding values of
the THD are 130.5% and 127.7%, respectively [3].

An analysis by Radakovic et al. in 2005
in a hotel concluded that the total active
power of CFLs should not exceed 10% of
the rated power of the supply
transformer. This number decreases if
other non-linear loads are installed in the
building. If the value of 10% is exceeded,
the voltage distortion in the hotel's
network exceeds the limits stated in
IEC/TR3 61000-3-6.

Due to the impedance of the network, harmonic
currents lead to harmonic components in the
voltage. In this way harmonic distortion is spread
over the local network. If the number of CFLs in a
grid section is small, their influence on the voltage
waveform is acceptable. However, if a large number
of CFLs are used, harmonic distortion will become
unacceptable. Radakovic et al. [4] analyse the
effect of CFLs in a hotel in order to determine the
allowable number of CFLs, taking into account the
relevant standards. They conclude that the total
active power of CFLs should not exceed 10% of the
rated power of the supply transformer. This number
decreases if other non-linear loads are installed in
the building. If the value of 10% is exceeded, the
voltage distortion in the hotel's network exceeds the
limits stated in IEC/TR3 61000-3-6.
When several lamps are operated in parallel, the
THD of the lighting system is lower than that of a
single lamp; the harmonic currents from the CFLs

Figure 2: Harmonic Spectrum of the Current of CFLs
(power: 20 W and 23 W) and a Fluorescent Lamp
with Electromagnetic Ballast (power: 2 × 40 W) up
to the 19th Harmonic (in % of the fundamental
component) [3, 7].

Another effect is the attenuation effect. Voltage
harmonics, caused by harmonic currents, are a
distortion of the supply voltage. The distortion
results in a reduction of the voltage wave when the
current spike occurs. Because of the voltage
decrease, the current spikes are lower than when a
sinusoidal voltage is applied. This results in an
attenuation of the current harmonics [5].

Variable-speed drives

Figure 4: Schematic Representation of a Variable-Speed Drive.
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The VSD consists of a rectifier, a DC filter and an
inverter. The frequency of the inverter's output
voltage can be adjusted. This voltage is supplied to
an induction motor. The rectifier is connected to the
three-phase grid via inductors.

Figure 3: Fluorescent Lamp with Electromagnetic Ballast (L) and
Starter (S).

The disadvantages of the electromagnetic ballast
are its weight, its large size and occurrence of the
stroboscopic effect. The frequency of the current is
the industrial frequency (50-60 Hz). As a result, the
light output pulsates at a frequency of 100-120 Hz.
If a single lamp is used, stroboscopic effect occurs:
Because of the pulsating light output, rotating
objects appear to be moving slower than they
actually are. Stroboscopic effect can be avoided by
using two fluorescent lamps in parallel the currents
of which are not in phase. This is achieved by
adding a series capacitor to one of the lamps. An
alternative way is to feed the lamps from different
phases of the power supply.

Figure 5: Input Current of One Phase of a Three-Phase Rectifier.

Both the rectifier and the inverter of a VSD
contribute to the emitted harmonic and interharmonic currents [8, 9]. The order of the harmonic
currents originating from the rectifier is calculated
using Equation 1. The frequency of the interharmonic currents is calculated using Equation 2
[9]. The symbol p is the number of pulses per
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Fluorescent lamps with electromagnetic ballast are
inexpensive and have a simple design. The
electromagnetic ballast is a series inductor, as
shown in Figure 3. The combination of the series
inductor and the lamp results in an impedance that
is more linear than the lamp's impedance. As a
result, the current is more sinusoidal, with a small
amount of harmonic distortion. An example of the
frequency spectrum of the current of a fluorescent
lighting unit with electromagnetic ballasts is shown
in Figure 2. The THD corresponding to this
spectrum is 19.4%. This particular lighting unit
consists of two parallel fluorescent lamps, each with
a ballast. The current waveform of a fluorescent
lamp can contain more distortion if saturation and
hysteresis occur in the ballast's iron core [6].

2013

Electromagnetic Ballast

In the same way as fluorescent lamps with
electronic ballasts, variable-speed drives can be a
source of harmonic distortion. VSDs with a diodebridge rectifier generate harmonic currents. The
outline of a VSD connected to a three-phase voltage
source (i.e., the supply network) is shown in Figure
4. A VSD consists of a rectifier, a DC filter (e.g., a
capacitor) and an inverter. With a three-phase
rectifier, the current waveform consists of two peaks
per half period, as illustrated in Figure 5. This
results in cancellation of the third harmonic if the
supply voltage is balanced [2]. If the supply voltage
is unbalanced, the two current peaks have different
magnitudes, resulting in a large third harmonic
component in the current [8].

power quality and energy efficiency

are partially cancelled by each other. Cancellation
occurs due to dispersion in the phase angles of the
harmonic currents. This is called the 'diversity
effect'. Dispersion is caused by variations in the
parameters of the network and the loads.
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period (e.g., 6); k and n are integer numbers; fN is
the mains frequency and fM is the fundamental
frequency of the voltage supplied to the motor.
h = k ×p ±1

(1)

fhi = h × fN ± n × p × fM

(2)

Three main inverter types are used in variablespeed drives: (1) inverter with pulse-width
modulation (PWM), (2) voltage-source inverter (VSI)
and (3) current-source inverter (CSI) [8]. In a PWM
inverter and a VSI, the DC link usually consists of a
large shunt capacitor, as in Figure 4. In the CSI the
DC link is a series inductor. The AC input current of
the rectifier supplying a PWM inverter or a VSI
charges the capacitor. When the capacitor is fully
charged, input current is zero. This results in an AC
current consisting of a sequence of positive and
negative spikes. This corresponds to strong
harmonic distortion. In the case of a CSI, the DC
current is always flowing. As a result, the AC current
resembles a square wave, which contains less
harmonic currents. The attenuation effect mentioned
in the discussion of fluorescent lamps occurs also
in VSDs [8].

To check whether or not the installation
of a VSD may result in problems
concerning harmonics, certain elements
have to be taken into account such as
the presence of capacitor banks without
tuning reactors and the short-circuit
capability of the supplying grid. A
harmonic analysis may be required to
determine the interaction of a VSD and
the grid.

The recommended practices and requirements to
control the harmonics are specified in standards
such as IEEE-519-1992 or IEC 61000-3-x. To check
whether or not the installation of a VSD may result in
problems concerning harmonics, certain elements
have to be taken into account such as the presence
of capacitor banks without tuning reactors and the
short-circuit capability of the supplying grid. A
harmonic analysis may be required to determine the
interaction of a VSD and the grid. If it is found that
the harmonic distortion due to the installation of
VSDs is beyond acceptable limits, one of the
following measures can be taken [10]:

w

Replacing the 6-pulse rectifier by a 12-pulse
rectifier with a 30 ° phase shift;

w

Replacing the three-phase bridge rectifier by a
PWM-controlled inverter bridge, which
generates a nearly sinusoidal current;

w

Installing passive filters tuned to the most
important harmonics (5th, 7th and 11th);

w

Installing active filters with the ability to
compensate current harmonics;

w

Lowering the impedance of the main distribution
transformer.

Impact of PQ on EE
Many new as well as traditional electrical devices
are sensitive to poor PQ and will malfunction when
PQ becomes too poor, involving energy wastage.
These issues are discussed below for some of the
main electrical and electronic devices.
Power transformers
Non-sinusoidal voltages involve variations in no-load
losses (P0), mainly located in the magnetic circuit
(iron losses). As commonly known, P0 consists of
two parts: (1) magnetic hysteretic losses and (2)
eddy current losses.

P0 = k1 fBM n + k2 f 2B 2

(3)

where the first term represents magnetic hysteretic
losses, and the second one the eddy current
losses; f is the frequency, B is the inductance and k1
and k2 are constants.
With reference to the hysteretic losses, it is to be
noted that the maximum value of the inductance is
related to the voltage (e) through the expression
(4)
and is therefore proportional to the mean value of
the voltage. In the case of a non-sinusoidal wave,
the hysteretic losses are those that would occur with
a sine wave of the same average value.
As for the eddy current losses (PCP), an accurate
assessment in the case of distorted waves can be
made considering that in the case of a sine wave,
rms voltage is proportional to fB, and for nonsinusoidal waves we have
¥

E 2 º å f n 2 . Bn2
n =1

(5)

w

Pm is the measured no-load losses at rated
voltage with a mean value voltmeter (reading
multiplied by 1.11);

w

P1 is the ratio between hysteretic losses and total
no-load losses;

w

P2 is the ratio between eddy current losses and
total no-load losses;

w

k is the ratio between the readings of an rms
and a mean voltmeter (k = 1 for a sinusoidal
wave).

For transformers with core made of grain-oriented
sheet, we can assume P1 = P2 = 0.5. In general we
can say that if the waveform is not highly distorted,
the iron losses for the same rms voltage do not vary
too much.
We should also keep in mind that in a fully loaded
transformer, no-load losses represent only 20-25%
of total losses.
With reference to the issue of additional load losses,
the argument is rather complex since the laws
pertaining to variation of these losses are
dependent on many factors such as frequency,
temperature, resistivity, type of construction of the
windings and so on. With THD higher than 5%, it
should be noted that the additional losses increase,
and, consequently, for the same rms value of
current, winding temperature rise would be higher.
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Reactors
In general, reactors do not suffer from such
unbalances present to some extent (say 10%). In
the case of shunted reactors with a laminated
magnetic circuit, the same considerations set out
above with reference to no-load losses of
transformers apply.
Series reactors subjected to distorted currents show
an increase of losses in the windings due to the
additional losses depending on frequency. The
discussion on no-load losses for transformers
applies here as well.
In general, you may experience a significant
increase in losses with the need to reduce the
power rating.
Induction motors
In rotating machines, unbalanced voltages involve
the presence of negative sequence rotating fields
produced by inductor currents, which cause severe
losses, as well as affecting the electromagnetic
torque.
The reverse field causes in the cage eddy currents
with a frequency of 2f - s (where s is the slip
frequency) limited only by an impedance at the
terminals of the stator just a bit different from the

www.apqi.org

where
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(6)

Like the other static components, transformers are
not seriously affected by minor voltage variations
and unbalances, but from an EE perspective,
sometimes small percentages can also become
significant. For example, voltage unbalance can
increase no-load losses in a Dyn MV/LV transformer,
as the magnetic core works with impressed
voltages. The three columns have different levels of
excitation with a possible increase of no-load
losses.

2013

So, in the case of non-sinusoidal waves, eddy
current losses are still proportional to the rms
voltage. For an approximate evaluation of iron
losses with non-sinusoidal waves (P0), we may use
the simplified formula below:

Though transformers are not seriously
affected by minor voltage variations and
unbalances, sometimes small
percentages can also become significant
from an EE perspective. For example,
voltage unbalance can increase no-load
losses in a Dyn MV/LV transformer, as
the magnetic core works with impressed
voltages. The three columns have
different levels of excitation with a
possible increase of no-load losses.
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one at the locked rotor.

Capacitor banks

The voltage induced in the rotor is proportional to
(2f - s), and the same applies to the reactance of
the rotor.

For capacitor banks the most important
phenomenon is harmonics. To analyse the problem
we have to use the following equation:

If the asynchronous machine operates as a motor
and there is a torque on the shaft, the normal load
current is superimposed on that due to the
presence of the reverse field. This involves extra
losses as well as a reduction in the useful
mechanical torque on the shaft. The limit of this
condition occurs in the case of interruption of one
phase.

I n = nw CU n

The presence of harmonics in the system voltage
results in eddy rotating fields that affect the
performance of and the losses in the motor.
To get this idea clarified, you can refer to the simple
case of balanced systems that generate direct or
reverse simple harmonic rotating fields.

2013
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Excluding, for obvious reasons, the presence of the
3rd harmonic, we can consider the 5th and 7th
harmonic fields. The former, reverse, would generate
a reverse torque which in turn generates an emf in
the rotor, which generates currents whose field (also
rotating) creates a braking torque. This implies an
increase of losses in the windings and a reduction
of the available torque.

10

The field due to the 7th harmonic is direct, and the
rotor would tend to rotate in the same direction as
that of the main field, but at a speed 7 times higher.
As compared to the main torque, the harmonic
torque is modest and, hence the motor does not
reach the speed of the considered harmonic; so,
with reference to the harmonic system, the motor is
permanently in the start-up phase, leading to a
further increase in losses in the windings.
If the total voltage harmonic distortion is less than
5%, this phenomenon assumes, however, relatively
small proportions and affects only marginally the
behaviour of the motor except for energy efficiency.

(7)

where
w In is the n th order harmonic current;
w

ω is the fundamental frequency;

w

C is the capacitance;

w

Un is the nth order voltage

The ratio Un/In is not a constant for any n; so, in the
case of voltage harmonics, the current drawn from
the capacitor is more strongly deformed.
Its root mean square value is

I = I1 2 + I 3 2 + I 5 2 + L + I n 2

(8)

which can be considerably higher than the one with
a sine wave (I1). Practically, the problem of heating
affects only the internal connections and terminals,
as in modern synthetic film capacitors dielectric
losses are always very small. If the bank has an
inductor in series, the problem of additional losses
in the reactor is also there.
Power cables
The phenomenon of harmonics can lead to
permanent high-frequency overcurrents in the phase
conductors and neutral conductor (triple n
harmonics). The problem is amplified by skin effect
losses due to such operating conditions. The
problem is more evident in the higher sections,
where the skin effect is more prominent. In general,
in the case of AC conductors, the relationship
between resistance to AC (RAC) and the DC
resistance (RDC) depends on the shape of the
conductor and the square root of frequency and has
a rather complex analytical expression. Figure 6
6

Synchronous motors
In case of unbalance, the presence of rotating fields
produced by the negative sequence currents
generates additional losses as well as affecting the
electromagnetic torque.
In synchronous motors fitted with damper windings,
these currents are caused by the variable flux of the
reverse field. The dual-frequency eddy currents are
related to the amplitude of the negative sequence
and to a reactance very close to the subtransient.
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Figure 6: Ratio RAC/RDC in the Case of Circular Conductors, As a
Function of the Radius of the Conductor (r) and the Depth of
Penetration ( d = 2r / wm with ρ being the electrical resistivity, µ the
magnetic permeability of the material and ω = 2πf where f is the
frequency of the AC current)
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For example, for a cylindrical copper wire of
diameter 20 mm, at a frequency of 350 Hz
corresponding to the 7th harmonic, the ratio RAC/RDC
is equal to 1.6.

It is found that CFLs are less sensitive to
voltage flicker than are incandescent
lamps and fluorescent lamps with
electromagnetic ballast. The variation in
light intensity is the lowest for CFLs due
to the high frequency of the current
flowing through the lamp.

Variable-speed drives
Variable-speed drives are sensitive to voltage dips.
This can be explained by analysing the energy input
and output of the DC bus during a voltage dip. A
voltage dip causes the capacitor of the DC bus not
to be charged to its rated value. During normal
operation of a VSD, the inverter driving the motor is
fed by the rectifier and the capacitor of the DC bus.
When a dip occurs, the rectifier does not supply
power because the amplitude of the AC voltage has
dropped below the voltage of the DC bus. Because
the energy stored in the capacitor alone is available
to the inverter now, the DC voltage decreases as the
capacitor is discharged. This is illustrated in Figure
7 for a three-phase voltage dip. If the DC voltage
drops below the decreased AC voltage, supply
through the rectifier is restored, and a lower, steady
DC voltage is established.

power quality and energy efficiency

shows the ratio RAC/RDC, in the case of circular
conductors, as a function of the radius of the
conductor (r) and the depth of penetration (δ ) [4].

Lamps

During an unbalanced dip (two-phase or singlephase dip) energy is still supplied by the unaffected
phase (s). During a two-phase dip, the unbalance in
the voltages causes the rectifier to operate in
single-phase mode [10]. Whether or not the DC bus
voltage will reach the undervoltage protection level
Umin, and consequently trip the drive, depends on
the load conditions and size of the capacitor of the
DC bus. This is illustrated in Figure 8 for a twophase dip. In this example, the capacitor is
discharged sufficiently slowly by the inverter; the

www.apqi.org

To prevent speed fluctuations and to protect the
power electronics of the VSD against the high inrush
currents that flow when the supply voltage is
restored, most VSDs are equipped with
undervoltage protection. If during the dip the DC
voltage becomes lower than Umin, the setting of the
undervoltage protection, the VSD is switched off.
Typical values for the protection device are 70 to
85% of the rated DC voltage.

Power Quality Management

To prevent speed fluctuations and to
protect the power electronics of the VSD
against the high inrush currents that flow
when the supply voltage is restored,
most VSDs are equipped with
undervoltage protection. If during the dip
the DC voltage becomes lower than Umin,
the setting of the undervoltage
protection, the VSD is switched off.
Typical values for the protection device
are 70 to 85% of the rated DC voltage.

Figure 7: DC Bus Voltage of a Variable-Speed Drive during a ThreePhase Voltage Dip. At about 0.022 s, UDC becomes lower than Umin.
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Concerning lighting, an important type of distortion
is voltage flicker. This is a low-frequency variation of
the voltage. Flicker results in a visible variation in
the light output of lamps. Chang and Wu [11]
compare the performance of incandescent lamps,
fluorescent lamps with an electromagnetic ballast
and fluorescent lamps with an electronic ballast
(including CFLs). It is found that CFLs are less
sensitive to voltage flicker than are incandescent
lamps and fluorescent lamps with electromagnetic
ballast. The variation in light intensity is the lowest
for CFLs. This is due to the high frequency of the
current flowing through the lamp. Different types of
incandescent lamps show identical performance
when flicker occurs, whereas a dispersion of
performance is found for different types of
fluorescent lamps and CFLs.
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voltage remains higher than Umin. This indicates that
the probability that a VSD will not trip is higher when
an asymmetrical dip occurs.

8. Xu W., Dommel H.W., Hughes M.B., Chang G.W.K. and Tan L.
(1999) Modelling of Adjustable Speed Drives for Power System
Harmonic Analysis, IEEE Transactions on Power Delivery 14(2): 959601.

Increased number of power electronic devices in the
distribution grid, to achieve higher energy efficiency,
often leads to an increased level of electromagnetic
disturbances that can affect the power electronic
devices themselves as well as traditional devices,
causing additional energy losses.
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Till a few years ago, PQ phenomena were
considered just because of their effects on the
electromagnetic behaviour of electrical devices, with
a focus on fault probability, components' loss of life
or overload and so on. Now, increased attention to
environmental protection and energy savings in
general forces us to consider PQ phenomena also
in the perspective of related energy losses.
Among the others, fluorescent lamp and variablespeed drive technologies are key elements of
energy efficiency, because lighting and drives
represent the major part of electricity consumption.
Network conditions have to be carefully evaluated to
maximize benefits.

Power Quality Management
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The proliferation of 'sensitive' equipment
such as process controllers in
manufacture, electronic appliances,
computers and so on during the last two
decades has brought the power quality
issue to the centre stage since
breakdown of such devices, mainly due
to transient voltage spikes, sags and
swells, caused large financial losses.
Apart from these, a number of other
issues such as the cost of 'poor quality',
legal rights to 'good quality' and
economics of installation of equipment
for power quality improvement are being
discussed in technical forums. The
purpose of this article is to highlight
some of the recent power quality issues,
especially in the Indian context.

recent perspectives on
electric power quality
Arun Sekar

The proliferation of 'sensitive' equipment such as
process controllers in manufacturing, electronic

Power Quality Management

Power system reliability remained a
prominent area of research during the
period 1960-80. A number of reliability
indices such as System Average
Interruption Frequency Index (SAIFI) and
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Development of low-power electronic devices did
not have much of an impact on the abovementioned three features, until large power
electronic invertors and convertors and adjustable
speed drives began contributing substantially to
harmonic currents. Subsequently, there had been
much focus on the impact of these harmonic
currents on the transmission and distribution
systems. However, the problem still remained a
steady-state one. Supply interruptions were
considered more from a reliability point of view.
Lightning surges and other transient phenomena
were still viewed as contributing more to supply
reliability than to power quality.

appliances, computers and so on during the last two
decades has brought the power quality issue to the
centre stage, since breakdown of such devices, mainly
due to transient voltage spikes, sags and swells,
caused large financial losses. These problems
remained clearly demarked as utility-generated or
consumer-caused, till open access to transmission and
distribution facilities permitted distributed generation
such as from wind generators. Apart from these, a
number of other issues such as the cost of 'poor
quality', legal rights to 'good quality' and economics of
installation of equipment for power quality improvement
are being discussed in technical forums. The purpose
of this article is to highlight some of the recent power
quality issues, especially in the Indian context.
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T

he origin of the term 'power quality' is difficult to
trace in the evolution of electric power systems.
The early 'constant current' DC distribution systems
were quickly overrun by 'constant voltage' AC
transmission and distribution, after transformers
facilitated easy voltage transformation. The three
basic features or qualities of voltage, namely,
magnitude, frequency and sinusoidal waveform,
were assumed to be inherently maintained uniformly
in any power system, and all appliances were
designed to operate efficiently while adhering to
these three features. DC traction using large
mercury arc rectifiers introduced some localized
distortion in the waveforms.
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Customer Average Interruption
Frequency Index (CAIFI) were developed
to quantify power supply interruptions.
Frequency of interruptions and duration
of outages were recorded by many
utilities and used for long-term design of
their circuits. However, there is still no
agreement on whether reliability
supplements or complements power
quality.

Definition of Power Quality

2013

Power Quality Management

www.apqi.org

Early definitions of power quality were simple and
addressed any deviation from the specified
magnitude and frequency of the voltage, and its
non-sinusoidal content. The duration of such
violations was either ignored or taken into account
separately. Power system reliability remained a
prominent area of research during the period 196080. A number of reliability indices such as System
Average Interruption Frequency Index (SAIFI) and
Customer Average Interruption Frequency Index
(CAIFI) were developed to quantify power supply
interruptions. Frequency of interruptions and
duration of outages were recorded by many utilities
and used for long-term design of their circuits .
However, there is still no agreement on whether
reliability supplements or complements power
quality.
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A pithy and somewhat adequate definition of power
quality is offered in IEEE Standard 1159 [1]: " Any
power problem manifested in voltage, current, or
frequency deviations that results in failure or misoperation of customer equipment is based on
deficient power quality". Since many complex
factors have come into consideration relating to
power quality, a non-definition also is given, which
is as follows: "Good power quality, however, is not
easy to define because what is good power quality
to a refrigerator motor may not be good enough for
today's personal computers and other sensitive
loads. For example, a short (momentary) outage
would not noticeably affect motors, lights, etc. but
could cause a major nuisance to digital clocks,
videocassette recorders (VCRs) etc."
A new and more comprehensive term appears to be
'security' of a power supply, which is defined as
follows by the Union of the Electricity Industry EURELECTRIC - AISBL, Belgium [2]: "Security of

electricity supply is the ability of the electrical power
system to provide electricity to end-users with a
specified level of continuity and quality in a
sustainable manner, relating to the existing
standards and contractual agreements at the points
of delivery." Unfortunately, the term 'security' in
power system research is applied to problems of
stability and unit commitment; however, the term
can relate to power quality problems in India and
similar countries seeking to balance energy
generation to the growing load demand.

A Summary of Common Power Quality
Problems
Power quality problems can be classified in different
ways. One common description is whether it is a
transient or a steady-state problem. Transient
problems need time-domain analysis whereas
steady-state ones use a phasor model of the
system. Table 1 lists the various types of power
quality disturbances.
Table 1: Power Quality Disturbances
Categories and Characteristics of Power System Electromagnetic Phenomena
Categories
1.0 Transients
1.1 Impulsive
1.1.1 Nanosecond
1.1.2 Microsecond
1.1.3 Millisecond
1.2 Oscillatory
1.2.1 Low frequency
1.2.2 Medium frequency
1.2.3 High frequency
2.0 Short-duration variations
2.1 Instantaneous
2.1.1 Interruption
2.1.2 Sag (dip)
2.1.3 Swell
2.2 Momentary
2.2.1 Interruption
2.2.2 Sag (dip)
2.2.3 Swell
2.3 Temporary
2.3.1 Interruption
2.3.2 Sag (dip)
2.3.3 Swell
3.0 Long-duration variations
3.1 Interruption, sustained
3.2 Undervoltages
3.3 Overvoltages
4.0 Voltage unbalance
5.0 Waveform distortion
5.1 DC offset
5.2 Harmonics
5.3 Interharmonics
5.4 Notching
5.5 Noise
6.0 Voltage fluctuations

Typical Spectral
content

Typical
duration

5-ns rise
1-µs rise
0.1-ms rise

<50 ns
50 ns-1 ms
> 1 ms

<5 kHz
5-500 kHz
0.5-5 MHz

0.3-50 ms
20 µs
5 µs

0-4 pu
0-8 pu
0-4 pu

0.5-30 cycles
0.5-30 cycles
0.5-30 cycles

<0.1 pu
0.1-0.9 pu
1.1-1.8 pu

30 cycles-3 s
30 cycles-3 s
30 cycles-3 s

<0.1 pu
0.1-0.9 pu
1.1-1.4 pu

3 s-1 min
3 s-1 min
3 s-1 min

<0.1 pu
0.1-0.9 pu
1.1-1.2 pu

>1 min
>1 min
>1 min
Steady state

0.0 pu
0.8-0.9 pu
1.1-1.2 pu
0.5-2%

Steady state
Steady state
Steady state
Steady state
Steady state
Intermittent

0-0.1%
0-20%
0-2%

0-100th harmonic
0-6 kHz
Broadband
<25 Hz

7.0 Power frequency
variations

Typical voltage
magnitude

0-1%
0.1-7%
0-2-2 Pst

<10 s

NOTE: s= second, ns= nanosecond, µs= microsecond, ms= millisecond, kHz=
Kilohertz, MHz= megahertz, min = minute, pu = per unit.

Source: IEEE Standard 1159

A Short List of Power Quality Problem Resolution
Techniques
When the source of the problem is clearly indicated, a
choice of solutions will be available to mitigate the
problem. The solution can be fully satisfactory in most

Table 2: Problems and Solutions

Electrical Power System Problems and Solutions
Problem

Description

Duration

Cause

Effect

Possible Solution

Momentary Interruption

Very short planned or
accidental power loss

0.5 cycles to 3 sec

Switching Operations
interrupting to locate
electrical problem and
maintain power to
your area

w Equipment trips off
w Programming is lost
w Disk drive crashes

UPS or standby power
supply (SPS) for critical
loads

Temporary Interruption/
Long-term outage

Planned or accidental
total loss of power in a
localized area of the
service area

w Temporary (3 sec-1 min)
w Long-term (over 1 min)

w Equipment failure
w Contractors digging
into underground
conductor wires
w Vehicle hitting pole
w Storms

System shuts down

Uninterruptable power
supply (UPS) for
critical loads

Sag/Swell

Brief reductions or
increases in voltage

0.5 cycles to 1 minute.
Sags or swell longer
than 1 minute are
called under voltages
or over voltages

w Major equipment
startup or shut-down
w Short circuits (faults)
w Undersized electrical
wiring

w
w
w
w

Memory loss
Data errors
Dim or bright lights
Shrinking display
screens
w Equipment shutdown

w Relocate equipment
to different electrical
circuit within facility
w Power conditioners
or UPS Systems for
Critical Loads

Surge

Sudden change in
voltage up to several
thousand volts (also
called impulse, spike,
or transient)

< 1 msec

w Lightning
w Turning major
equipment on or off
w Utility switching

w Processing Errors
w Data loss
w Burned circuit boards

Install surge suppressor
at main panel (best when
used in combination with
branch circuit surge
suppressor)

Noise Harmonic
Distortion

Continues distortion
of normal voltage

Steady State

w Electromagnetic
w Continuous distortion
interference from
of normal voltage
appliances, machines, w Random data errors
radio and TV
broadcasts
w Harmonic distortion
from non linear loads
(computers, lights)

A generalization of the impacts of deficient power
quality is difficult, since adequate quality differs for
different situations. It can be mentioned in general
that harmonic currents flowing in the system
increase the energy losses. Voltage dips can cause
brownouts and blackouts that can lead to large
financial losses due to plant shutdowns. Table 3 lists
the costs incurred in some typical industries due to
one such 'event' of supply interruption.
Table 3: Cost of Poor Power Quality

Industry Typical financial loss per event
Semiconductor production
Financial trading
Computer centre
Telecommunications

w Metering: Poor power quality can affect the
accuracy of utility metering.
w Protective relays: Poor power quality can cause
protective relays to malfunction.
w Downtime: Poor power quality can result in
equipment downtime and/or damage, resulting
in loss of productivity.
w Cost: Poor power quality can result in increased
costs due to the effects mentioned above.
w Electromagnetic compatibility: Poor power
quality can result in problems related to
electromagnetic compatibility and noise.

€ 3 800 000
€ 6 000 000 per hour
€ 750 000
€ 30 000 per minute

Steel works

€ 350 000

Glass industry

€ 250 000

Source: The cost of Poor Power Quality, Power Quality Applications
Guide, Copper Development Association, March 2007.
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Impacts of Deficient Power Quality

w Use a noise fiber
designed for application
(sometimes incorporated
with surge suppressors)
w Power conditioner

Power Quality Monitoring and Auditing
Extensive monitoring and recording of the electrical
quantities becomes necessary to trace the source of
any power quality problem and design suitable
mitigation solutions. Following the surge of interest
in the power quality aspects of electric power
systems, new types of monitoring equipment have

Power Quality Management

0.5 cycles to 3 seconds

recent perspectives on electric power quality

Any deviation from the nominal constant voltage,
constant frequency sinusoidal waveform can have
wide-ranging consequences in the entire system
operation. Some of the impacts are listed below:
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of the cases, and it is only a matter of working out
the cost of the solution and its economic
implications. Table 2 lists some typical problems
and their causes with possible mitigating solutions.
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flooded the market. With fancy names such as
power quality meters and power recorders, new
instruments based on digital sampling techniques
and built-in analysis software and display screens,
with high price tags, are available from many
vendors.

Free power quality monitoring services
are made available to clients at their
premises by utilities like Tennessee
Valley Authority (TVA). Latest power
quality metering equipment are pressed
into action, and field engineers are
trained to interpret the data and
recommend remedial solutions.

Utilities like Tennessee Valley Authority (TVA) make
available to their clients free power quality
monitoring services at the client's premises. Power
quality metering equipment of most recent vintage
are pressed into action, and field engineers are
trained to interpret the data and recommend
remedial solutions. Dranetz was one of the
pioneering leaders in power quality measurements
and had compiled a large number of 'power
signatures' of voltage and current waveforms in a
single volume [3]. Figure 1 shows the layout of a
typical monitoring and data logging scheme.

Many electrical consulting companies offer services
at a charge to study potential power quality
problems in commercial and industrial
establishments and give detailed corrective
procedures. An automobile factory at Pune, India,
faced poor power factor due to their spot welding
machines and utilized the services of an agency for
improving the plant power factor to almost 100%
[4]. A new term 'power quality auditing' signifies an
extensive, all-embracing approach to power quality
problems that includes the following in a single
package.
w Site survey
w Thermograph test
w Power quality monitoring
w Analysing measurement results from electrical
and cost points of view
w Solving power quality problems
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Figure 1: Power Quality Monitoring and Data Logging.

Power quality
monitoring
instruments

Power Quality Management
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Digital fault
recorders

Power Quality Standards
Data
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Voltage
recorders

w Giving a comprehensive economic analysis of
the solution and its impact

Data
translator

Data
translator

Data
translator

Power quality data
interchange format
Power quality data characterizer

Site
information

Event
viewer

Power quality monitoring database
Database manager

Data
trending

Protection
analysis

Energy
analyais

Event
information

Statistical
analyais

Applications

Source: http://ecmweb.com/mag/electric_interpreting_analyzing_power/
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Since the latter half of the 1980s, standards
organizations such as Institute of Electrical and
Electronic Engineering (IEEE), American National
Standards Institute (ANSI) and International
Electrotechnical Commission (IEC) and industry
voices such as Computer Business Equipment
Manufacturers Association (CBEMA), Information
Technology Industry Council (ITIC) and US National
Electric Manufacturers Association (NEMA) have
been actively working on developing power quality
standards. Standards are helpful to all end-users
(industrial, commercial and residential), and
transmission and distribution agencies (the utilities)
achieve some common ground on issues affecting
them. The standards recommend limits for events

Cost of Good Power Quality
Recent advances in digital monitoring and control,
and high-capacity power electronic devices are
helping alleviate, mitigate or even completely solve
many power quality problems. Harmonics are
eliminated at their source, such as the terminals of
the convertors, and prevented from entering the
main supply grid through precisely tuned passive
and active filters. Sensitive pieces of equipment are
enabled to ride through voltage sags of longer
durations by installing dynamic voltage regulators
(DVR). Line conditioners using active devices can
supply the required quality of supply to any
consumer equipment. The age-old solution of
having backup supply lines, such as a parallel
distribution line, or use of dedicated transformers
and distribution lines can ensure clean
uninterrupted supply. Fast transients are trapped by
surge suppressors.

The cost of such power quality improving solutions
remains quite high in many instances. The question
is - who bears this cost: is it the customer at whose
terminals these devices sit or is it the utility that
wants to save the grid from 'power quality pollution'?
Figure 2 shows how this cost increases depending
on the location of mitigation for a sag-ride through
problem. The problem solution at the customer
terminals costs the lowest, but still the cost can run
into large amounts. Voltage disturbance alleviation
methods such as harmonic filters, surge
suppressors, constant voltage transformers and
batteries can cost from Rs. 2500 to a few lakhs of
rupees per kiloVoltAmpere [6].
Figure 2: Cost of Sag-ride through Solutions.
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In a recent study on power quality standards in
India the conclusion is that "Existing norms in India
are unsatisfactory and we have to aim at achieving
international standards ". India was given the lowest
rating of 1.85, the rating point being 1 to 6 for poor
to excellent position of power supply, by the World
Economic Forum in its 1996 report on Global
Competitiveness. There seem to be little or no
efforts to develop specific norms for Indian
conditions.

The cost of power quality improving
solutions remains quite high in many
instances, which can be from Rs. 2500 to
a few lakhs of rupees per kVA. The
question is - who bears this cost: is it the
customer or the utility?

INCREASING COST
Customer Solutions
4 - Utility Solutions

3 - Overall
Protection
inside Plant

2 - Controls
Protection

1 - Equipment
Specifications
1

Utility
Source

Feeder or
Group of
Machines

2

CONTROLS

3
4

MOTORS

OTHER LOADS
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On a rating scale of 1 to 6 for poor to
excellent position of power supply, India
was given the lowest rating of 1.85 by
the World Economic Forum in its 1996
report on Global Competitiveness,. There
seem to be little or no efforts to develop
specific norms for Indian conditions.

The root cause of many power quality problems,
namely, power electronic devices, in conjunction
with microcontrollers and switching logic, helps
eliminate all enemies of clean and constant power.
A good power system designer possesses the
analytical ability to mitigate the electromagnetic
causes of power quality deterioration with digital
control and programmed microcontrollers. An
example is the elimination of line current distortion
caused due to non-linear and phase controlled
loads [5].
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that degrade power quality. Mandatory acceptance
of the standards is still left somewhat open to the
stakeholders. IEEE 519 and 1159, IEC 61000 Series
of Standards and ANSI C84.1 are documents
directly addressing power quality, whereas IEEE
colour-coded books such as grey, green, orange,
emerald and gold focus on specific topics such as
grounding, standby supplies and so on for
commercial and industrial customers.

Sensitive Process Machine

Source: Dugan R.C., McGranaghan M.F., Santoso S. and Beaty H. W. (2003)
Electrical Power Systems Quality. New York: McGraw-Hill.
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Economic justification of such mitigating equipment
is not as simple as that of the installation of a power
factor improvement capacitor in earlier times. With
fast-changing technology and a fluid financial
market the calculations become fuzzy and
intractable. Some attempts have been made to
quantify such efforts [7].

to the tune of 7.5% in energy (kWh) availability". This
situation exists in many Latin American and African
countries [11]. The real power quality problem is
traced to this ever-widening gap between generation
and demand, and pointed efforts need to be made
to balance environmental concerns and power
quality requirements in an economical manner.

Power Quality Perspectives in India

Legal Aspects of Power Quality

The results of a power quality survey on a 33 kV
industrial supply system in India are described by
Kushare et al [8]. The conclusions are that the
power quality of industrial systems has deteriorated
over the last 10 years and that no power quality
standard has been enforced in India. Moreover,
Government of India's energy conservation act of
2001 will increase the use of non-linear loads and
worsen the trend. Most of the problems cited in the
survey such as harmonics and voltage sags can be
solved by emerging technological tools, but the cost
of such equipment needs to be brought down.
Mandatory use of such equipment by manufacturers
has to be implemented, but this will offset the
benefits of the conservation efforts.

Maharashtra Electricity Regulatory
Commission (electricity supply code and
other conditions of supply) Regulations
2005 contains sections on quality of
supply and system of supply, and power
factor/harmonics. It mentions that it shall
be obligatory for the HT consumers and
the LT consumers (industrial and
commercial only) to control the
harmonics of their loads at levels
prescribed by IEEE STD 519-1992 and in
accordance with the relevant orders of
the Commission. However, dispute
resolution procedures are not very clear.

Malleswara Rao et al.[9] cite the statistics of power
quality problems categorized in terms of the type of
customers: Domestic customers (56%) account for
the major share of problems followed by
commercial (12%), agricultural (11%), industrial
(10%) and other (11%) customers. Voltage-related
problems are shown to be the major ones with a
contribution of almost 92% overall. Undervoltage
problems account for almost two-thirds of the total.
It is common knowledge that home appliances such
as refrigerators and televisions come fitted with socalled voltage regulators, which, in trying to correct
the local problem, can adversely impact the system
stability.

As pointed out in the report prepared for the
USAID_SARI/Energy Program Nexant[10], industry
in most south Asian countries are now served from
standby generation due to poor power quality and
power shortages, leading to significant
environmental impacts and higher energy costs to
end-users. The report points out the chronic power
and energy shortage and notes that "the actual
power supply position for India as on March 2002
indicates that, at the aggregate level, power
consumers in India face power shortages to the
tune of 12.6% in peak power (kVA) availability and

As mentioned earlier, the responsibility for good
power quality is still very difficult to assign to any
specific party. There are many legal battles
underway related to power quality complaints, and it
is mostly customer versus utility. The basic question
is what the rights of the customer are with regard to
power availability in general and power quality in
particular. The Indian Electricity Act of 2003 [12]
mentions quality of supply in many places (mostly
coupled with continuity) but no definition, not even a
vague one, is given. The customer rights are
addressed in matters of tariff disputes, but with little
mention of rights of quality and continuity. Even the
Consumer Protection Digest on Electricity Services,
which lists hundreds of cases, mentions no case of
poor power quality. Maharashtra Electricity
Regulatory Commission (electricity supply code and
other conditions of supply) Regulations 2005
contains sections on quality of supply and system
of supply, and power factor/harmonics. It mentions
that it shall be obligatory for the HT consumers and
the LT consumers (industrial and commercial only)
to control the harmonics of their loads at levels
prescribed by IEEE STD 519-1992 and in
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End-user power quality problems such as
harmonics, voltage sags and transients can be
effectively eliminated from leaking into the supply
grid by many mitigation procedures. The question is
that of economics and how manufacturers and end
users can come to a compromise and give priority
to the resulting good power quality and the
associated benefits. The long-term interruptions that
may fall under the reliability category occur due to
deficient available generation and an increasing
load demand. The standby supplies have to be
designed from an all-encompassing point of view of
conservation, environmental preservation and clean
power. In the Indian context, stronger norms and
standards specific to the situations existing here
need to be set. The electricity acts and regulations
must protect the interests of all consumers. As
Director Ralph van Hof of Ecopower insists, "Rules
are necessary to guarantee continuity of power
supply" [13].

10. Economic Impact of Poor Power Quality on Industry: Review of
Studies. Report prepared for USAID_SARI/Energy Program,
Nexant, November 2003.
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All attempts to deliver clean power need to focus on
environmental concerns. The designs of all
equipment starting from energy-consuming ones
such as household, commercial, industrial and
agricultural need to go back to the drawing table,
and environmental factors such as efficiency,
heating, and waste disposal need to be factored
into. As indicated in various reports, conservation
efforts seem to be counteracting the power quality
standards. While choosing and designing standby
power supplies, environmental factors should
override cost benefits. Sustainable development
needs a long-range perspective.

recent perspectives on electric power quality

6.

2013

accordance with the relevant orders of the
Commission. However, dispute resolution
procedures are not very clear.
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Generators, transmission service
providers, system operators, distribution
entities and the consumers - all have
responsibility in ensuring the desired
power quality. The increasing number of
loads sensitive to power quality and also
the fact that the loads themselves
becoming important causes of the
degradation of quality may demand
effective policy guidelines.
Internationally, the Institution of Electrical
and Electronics Engineers (IEEE) has
attempted to address this problem by
developing a standard that includes
definitions of power disturbances. In
India, though various standards and
codes have specified PQ norms,
monitoring mechanism is missing or not
effective. There is an urgent need to
focus on PQ implementation in Indian
power utilities.

olicy direction plays a key role in the
development of any sector. The right policy
helps in speeding up growth and sets the tone for
future goals and objectives. It also helps formulation
of a roadmap for technology development. In the
power sector, the service received by the ultimate
consumer determines the power quality
requirements. To identify the requirements, service
degradation needs to be studied. Generators,
transmission service providers, system operators,
distribution entities and the consumers - all have
responsibility in ensuring the desired power quality.
Policy can be evolved to satisfy the interests of all
stake holders. Policy has to be implementable. The
increasing number of loads sensitive to power
quality and also the fact that the loads themselves
becoming important causes of the degradation of
quality may demand effective policy guidelines.
Systems developed, to achieve minimum frequency
excursions during disturbances require high
spinning reserves, and conservative transfer limits
between congested areas may be quite expensive
for the market agents. Restructuring the industry
has separated those who may gain from less
restrictive operation from those responsible for
system security. The need for justification of the
applied standards and finding an appropriate
balance between expected benefit and expected
cost become more and more important. In India,
most of the state systems are facing power
shortage and the sector has opened up. In such an
environment, PQ implementation poses more
challenges.
PQ - Definitions
The Institution of Electrical and Electronics
Engineers (IEEE) has attempted to address this
problem by developing a standard that includes
definitions of power disturbances. This standard,
IEEE Standard 1159-1995: IEEE Recommended
Practice for Monitoring Electrical Power Quality,
defines disturbances as "interruptions, sags and
swells, long-duration variations, impulsive
transients, oscillatory transients, harmonic
distortion, voltage fluctuations, and noise". Power
quality is also defined in the IEEE Dictionary of
standard terms as "The concept of powering and
grounding electronic equipment in a manner that is
suitable to the operation of that equipment and
compatible with the premise wiring system and
other connected equipment".
In general, electric power quality refers to
maintaining a near-sinusoidal voltage to a bus at
rated magnitude and rated frequency. In addition,

Voltage quality is the quantitative form of
describing power quality and includes
both steady-state power quality variations
and momentary disturbances. Categories
of voltage quality include power
frequency, magnitude of the supply
voltage, harmonics and inter-harmonics,
voltage unbalance, flicker, voltage sags
and momentary interruptions (rms
variations) and transients.

Voltage quality
Voltage quality is the quantitative form of describing
power quality and includes both steady-state power
quality variations and momentary disturbances.
Categories of voltage quality include power
frequency, magnitude of the supply voltage,
harmonics and inter-harmonics, voltage unbalance,
flicker, voltage sags and momentary interruptions
(rms variations) and transients.
PQ in India
The Electricity Act (EA), 2003, explicitly specifies the
responsibility to supply quality power to end
consumers. The relevant provisions are listed below:
In Section 24 (1) it is indicated that if a licensee fails
to deliver quality supply, his license can be
suspended for a period of 1 year.
As per Section 29 (1), if any dispute arises with
reference to the quality of electricity during regional
grid operation, it shall be referred to the Central
Commission for decision by the Regional Load
Despatch Centre.
Section 33 (1) specifies that during state grid
operation, if any dispute arises with reference to the
quality of electricity, it shall be referred to the State
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Section 73 (1): The authority shall perform such
functions and duties as the Central Government
may prescribe or direct, and in particular … (b)
specify the technical standards for construction of
electrical plants, electric lines and connectivity to
the grid; … (d) specify the grid standards for
operation and maintenance of transmission lines.
Section 79 (1): The Central Commission shall
discharge the following functions, namely, (i) to specify
and enforce the standards with respect to quality,
continuity and reliability of service by licensees.
Section 86 (1): The State Commission shall
discharge the following functions, namely, (i) specify
and enforce standards with respect to quality,
continuity and reliability of service by licensees.
Electricity supply code for distribution utilities has to
be specified by the Regulator, under section 50. The
technical standards for construction of electrical
plants and electric lines and connectivity to the grid
under clause (b) of section 73 and the grid
standards specified under clause (d) of section 73
have to be specified by the Central Electrical
Authority (CEA). Grid code has to be specified by
the Central Commission under clause (h) of substation (1) of section 79 and the state grid code
referred to under clause (h) of sub-section (1) of
section 86 has to be specified by the respective
State Commission.

In line with EA 2003 provisions, Central
Electricity Authority (Technical Standard
for Grid Connectivity) Regulations, 2007,
was notified in the Gazette of India on 17
February 2007. The standards specified
include limits of steady-state voltage,
temporary overvoltage due to sudden load
rejection, maximum permissible values of
voltage unbalance, maximum fault
clearance times, voltage waveform quality
and so on. The transmission licensee shall
ensure that the voltage waveform quality
is maintained at all points in the Grid.
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The nature of current quality depends upon the type
of load, and it can be measured in terms of total
harmonics distortion (THD).

Section 57 (1) specifies that the appropriate
commission may specify standards of performance
of a licensee. It also has indicated the penalty for
non-performance and the compensation clause for
affected parties.
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Current quality

Commission for decision by the State Load
Despatch Centre.
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the energy supplied to the customer must be
uninterrupted from the reliability point of view.
According to the Council of European Energy
Regulators (CEER) Working Group on Quality of
Supply, PQ refers to customer service, continuity of
supply, current quality and voltage quality.
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Standards and Codes
In line with EA 2003 provisions, Central Electricity
Authority (Technical Standard for Grid Connectivity)
Regulations, 2007, was notified in the Gazette of
India on 17 February 2007. The standards specified
include limits of steady-state voltage, temporary
overvoltage due to sudden load rejection, maximum
permissible values of voltage unbalance, maximum
fault clearance times, voltage waveform quality and
so on. The transmission licensee shall ensure that
the voltage waveform quality is maintained at all
points in the Grid by observing the limits given in
Table 1.
Table 1. The Limits Specified in Central Electricity Authority
(Technical Standard for Grid Connectivity) Regulation 2007

Sl. System
No. Voltage
(kV rms)

Total
Harmonic
Distortion (%)

Individual
Harmonic of any
Particular
Frequency (%)

1

765

1.5

1.0

2

400

2.0

1.5

3

220

2.5

2.0

4

33 to 132

5.0

3.0
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It is also stated that the standards (voltage and
current harmonics) shall be implemented in a
phased manner so as to achieve complete
compliance not later than 5 years from the date of
notification in the official gazette (notified on 21
February 2007).
Central Electricity Authority (Grid Standard)
Regulations, 2010, was notified in the Gazette of
India on 26 June 2010.
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Central Electricity Authority (Technical Standards for
Construction of Electrical Plants and Electrical
Lines) Regulations, 2010, was notified in the official
gazette on 20 August 2010.
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Central Electricity Regulatory Commission (Indian
Electricity Grid Code) Regulations, 2010, was
notified on 28 April 2010.
Most of the state electricity regulatory commissions
(SERCs) have notified state grid code, supply code
and standard of performance regulations, in line
with the EA 2003 provisions.
Maharashtra Electricity Regulatory Commission
(MERC) (Electricity Supply Code and Other
Conditions of Supply) Regulations, 2005, and MERC

(Standards of Performance of Distribution
Licensees, period for giving Supply and
determination of Compensation) Regulations, 2005,
were notified on 20 January 2005. MERC (State Grid
Code) Regulations, 2006, was notified on 15
February 2006.
Some SERCs have notified distribution code.
Gujarat Electricity Regulatory Commission has
notified 'Gujarat Electricity Distribution Code' on 25
August 2004. Orissa Electricity Regulatory
Commission has constituted a PQ monitoring
committee to oversee the quality of supply.

Though various standards and codes have specified
PQ norms, monitoring mechanism is missing or not
effective. PQ implementation status needs to be
reviewed by regulatory bodies. Distribution utilities
shall have to observe the norms mentioned in the
standard of performance regulations. SERCs may
have to evaluate the PQ performance index of
licensees; full return on equity (ROE) in the annual
revenue requirement of a licensee can be approved
based on achievement of the stipulated PQ
index/norms.
Observations on Frequency Specification and
Control
In the CEA (Grid Standard) Regulations, 2010,
under the sub-section 'Standards for Operation and
Maintenance of Transmission Lines', it has been
specified that "All Entities, Appropriate Load
Despatch Centres and Regional Power Committees,
for the purpose of maintaining the Grid Standards
for operation and maintenance of transmission lines,
shall, (a) make all efforts to operate at a frequency
close to 50 Hz and shall not allow it to go beyond
the range 49.2 to 50.3 Hz or a narrower frequency
band specified in the Grid Code, except during the
transient period following tripping."
It is to be noted that the frequency band has been
subsequently revised to 49.5-50.2 Hz by the Central
Electricity Regulatory Commission (CERC) in their
Indian Electricity Grid Code (IEGC). Also in the
IEGC, under the section 'System Security Aspects
5.2 (m)', it has been specified that "All Users, SEBs,
SLDCs, RLDCs and NLDC shall take all possible
measures to ensure that the grid frequency always
remains within the 49.5-50.2 Hz band".

Regional system has been defined as the
'Control Area'. It is the responsibility of the
regional load despatch centre (RLDC) to
maintain the frequency of the region within the
stipulated band.

b) State load despatch centre (SLDC) needs to be
told to estimate a day ahead the demand at 50
Hz. Gap in supply, if any, has to be managed
through load management measures.
c)

The frequency deviation permitted should be
revised now, and NLDC/RLDC should be told to
operate the system close to 50 Hz.

d) Frequency control in any control area should be
undertaken by the head of the control area.
Responsibility should be fixed on him. The
statement in IEGC "All users … shall take all
possible measure to ensure grid frequency … "
needs to be amended.

At present, in Indian power systems,
frequency control is entrusted to
commercial signals as defined in the
availability based tariff (ABT) mechanism.
This approach should have been
adopted only as a short-term solution. As
a long-term solution, the system operator
has to control area frequency using
technical tools.
It is further suggested that the frequency of
operation should not have a band. It should be fixed
at 50 Hz. Frequency of operation is one of the
power system parameters that need to be controlled
by the system operator by means of technical tools.
At present, in Indian power systems, frequency
control is entrusted to commercial signals as
defined in the availability based tariff (ABT)
mechanism. This approach should have been
adopted only as a short-term solution. As a long-

Voltage dip limits specified in various international
standards are listed in Table 2.
Short supply interruptions
Table 3 describes the limits of power supply failures
to be categorized as short supply interruptions.
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Voltage dip

Unbalance factor
Table 4 lists the voltage unbalance factor limits at
points of common coupling, according to various
international standards.
Current/voltage distortion limits
Current distortion limits according to IEEE-519 for
general distribution systems and low-voltage
systems are listed in Table 5 and Table 6,
respectively; limits for the harmonic content of arc
furnace current at two stages of the melting cycle
are given in Table 7; and Table 8 depicts voltage
distortion limits.

Importance of PQ is well understood
internationally, and appropriate methods
have been developed and employed to
operate the system at the specified
frequency. In India adequate stress has
not been placed on supplying quality
power. Regulatory agencies need to fill
the big gap by focusing on
implementation other than just notifying
the respective standards and regulations.
Indian power system operation frequency, though
specified in CEA's Grid Standard and CERC's IEGC,
is based on the ABT provision. However, frequency
of operation in the control area has to be
independent of tariff mechanism. Importance of PQ
is well understood internationally, and appropriate
methods have been developed and employed to
operate the system at the specified frequency. In
India adequate stress has not been placed on
supplying quality power. Regulatory agencies have
satisfied themselves by notifying the respective
standards and regulations. In the implementation
arena, a big gap is noticed. Though it is mandated
in the Electricity Act to supply quality power, the
Indian consumer is deprived of receiving the same
even after 8 years from notification. Full annual
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a)

International Power Quality Standards
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The following observations are made on the Grid
Code and Grid Standards:

term solution, the system operator has to control
area frequency using technical tools.

2013

Frequency control in any control area
should be undertaken by the head of the
control area. Responsibility should be
fixed on him. The statement in IEGC "All
users … shall take all possible measure
to ensure grid frequency … " needs to be
amended.
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Table 2. International Standards of Voltage Dip

Standards

Amplitude

Min. Duration

Max. Duration

IEC 1000-2-1

10-100% of Un

0.5 cycle

Several seconds

IEC 1000-2-5

10-99% of Un

10 ms

Several seconds

EN 61000-4-11

10-95% of Un

0.5 cycle

Several seconds

EN 50160

10-99% of Un

10 ms

1 min

GOST 13109-97
(Russian Standard)

More than 10% of Un

10 ms

Several tens of seconds

IEEE Std. 1159-1995

10-90%

0.5 cycle

1 min

Brazilian classification

10-90%

1 cycle

1 min

EPRI

<95%

1 cycle

1 min

UIE (International
Union for Electricity
Applications)

10-99% of Un

10 ms

1 min

Note: Un Nominal system voltage
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Table 3. Short Supply Interruptions in Various Standardizations

Standards

Amplitude

Min. Duration

Max. Duration

IEC 1000-2-1

Voltage loss (100%)

-

1 min

IEC 1000-2-5

Less than 1% of Un

1 min

EN 61000-4-11

More than 95% of Un
80-100% of Un
(measuring practices)

1 min (inf)

EN 50160

More than 99%

3 min

IEEE Std.1159-1995

More than 90% of Un

Brazilian classification

More than 90% of Un

3s

UIE (International
Union for Electricity
Applications)

More than 90%

1min

0.5 cycle

1 min

Note: Un Nominal system voltage

2013
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Table 4. Limit Values of the Unbalance Factor in Interruptions Standards

24

Standards

Values of Unbalance Factor

Remarks

IEC 1000-2-5

Two disturbance degrees are defined
Degree 1, K2U = 2%
Degree 2, K2U = 3%

Classification of
phenomenon

EN 50160

K2U = 2%
In some areas, unbalance
up to 3% may occur

Voltage characteristics
95% percentile

GOST 13109-97
(Russian Standard)

K2U = 2%, referred to 95%
percentile, K2U = 4%, referred to
maximum values

Voltage characteristics

UIE (International Union for
Electricity Applications)

Compatibility levels for LV and
MV systems: K2U = 2%

-

Note: K2U Unbalance factor

Isc/IL

Individual Harmonic Order (Odd Harmonics)
<11

11 < h < 17

17 < h < 23

23 < h < 35

35 < h

TDD

<20*

4.0

2.0

1.5

0.6

0.3

5

20 to <50

7.0

3.5

2.5

1.0

0.5

8

50 to <100

10.0

4.5

4.0

1.5

0.7

12

100 to <1000

12.0

5.5

5.0

2.0

1.0

15

>1000

15.0

7.0

6.0

2.5

1.4
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Table 5. Current Distortions Limits (Maximum Current Distortion as Percentage of IL) for General Distributions Systems (120 V through 69000 V)

Even harmonics are limited to 25% of the odd harmonic limits above.
Current distortions that result in a DC offset, e.g., half-wave converters, are not allowed.
*All power generation equipment is limited to these values of current distortions regardless of actual Isc/IL
Notes: Isc, Maximum short-circuit current at points of common coupling (PCC); IL, Maximum demand load current (fundamental frequency
component) at PCC;.TDD, Total demand distortion.
Table 6. Low-Voltage System Classification and Distortion Limits

Parameter

Special Applications*

General System

Dedicated System#

Notch Depth

10%

20%

50%

THD (Voltage)

3.5%

5%

10%

Notch Area (A)@

16400

22800

36500

Notes: The values of A for other than 480 V systems should be multiplied by V/480
*Special applications include hospitals and airports
#A dedicated system is exclusively dedicated to the converter load
@In volt-microseconds at rated voltage and current
Table 7. Harmonic Content (as Percentage of Fundamental) of Arc Furnace Current at Two Stages of the Melting Cycle

3

4

5

7

Initial melting
(active arc)

7.7

5.8

2.5

4.2

3.1

Refining
(stable arc)

0.0

2.0

0.0

2.1

0.0

Table 8. Voltage Distortion Limits

Bus Voltage at PCC

Harmonic Order
Individual
Total
Voltage
Voltage
Distortion (%) Distortion
THD (%)

69 kV and below

3.0

5.0

69.001 kV
through 161 kV

1.5

2.5

161.001 kV and above

1.0

1.5

revenue requirement of the licensees should be
granted by SERCs only after ensuring the quality of
supply to consumers. There is an urgent need to
focus on PQ implementation in Indian power
utilities.
(Mr. Velayutham has about 4 decades of service in
the power sector, including his long tenure in the
Central Electricity Authority (CEA) and as Member
at the Maharashtra Electricity Regulatory
Commission (MERC). He is currently offering
Power and Energy Systems consultancy services,
including advising APQI on Power Quality aspects,
representing as member in National Committees
of Power Sector, delivering lectures as guest
faculty member at NPTI and providing solutions
concerning Infirm Power Grid integration issues.)
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Harmonic Order
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Furnace Condition

Note: PCC, Point of common coupling.
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A

integrated
earthing systems
Rob Kersten and Frans van Pelt

n integrated earthing system (earthing grid)
aims to protect digital/electronic equipment
from the effects of severe electric and magnetic
disturbances (such as lightning, short circuits, etc.)
and enables the equipment to function properly,
both in the short term and in the long term.
An earthing grid normally has three different primary
functions:
1. Preventing electrocution or fire caused by short
circuits or insulation defects
2. Avoiding human injuries and fatalities in case of
a direct or nearby lightning strike
3. Protecting electronic equipment from the effects
of electromagnetic disturbances so that it can
continue to function properly in both the short
term and the long term

2013

Power Quality Management

www.apqi.org

Historically, these three protective functions were
developed separately, under the names 'protective
earthing', 'lightning protection' and 'functional
earthing'. In the course of time it became clear that
these three different earthing systems could influence
each other up to the point of hampering each other's
proper and efficient functioning. As a result, the only
way to ensure that all protective functions are well
covered was to design a single integrated earthing
system that deals with all three issues simultaneously.
Designing such a network is a complex task, to be
executed by a specialized engineer.
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Historically, the three earthing
functions were developed
separately, under the names
'protective earthing', 'lightning
protection' and 'functional
earthing'. These three different
earthing systems could influence
each other up to the point of
hampering each other's proper
and efficient functioning. The
only way to ensure that all
protective functions are well
covered is to design a single
integrated earthing system that
deals with all three issues
simultaneously. This earthing grid
provides a single metal matrix for
the entire facility.

IT systems are used more and more in
places where reliability is absolutely
imperative and failure is not an option,
for example in public transport facilities
such as digital signalling systems and
airline/railway traffic management, as
well as data centres and corporate
computer systems. The integrity and
reliable functioning of such IT systems
have grown in importance to the level of
affecting the safety of human life. As a
result, functional earthing has become
just as vital as traditional protective
earthing and lightning protection.

Growing in Importance
Integrated earthing for the tertiary sector and
industrial buildings has been growing in significance

The State-of-the-Art Integrated Earthing System
The integrated earthing system provides and
combines a variety of different functions that have
historically been tackled in different domains:

integrated earthing systems

b. Protection against indirect contact. Indirect
contact occurs when a person touches a
conductive (metal) part which is normally not
live, but which has become live due to a fault in
the insulation. Protection against indirect contact
also requires the use of a residual current device
(RCD) and equipotential bonding. Equipotential
bonding refers to connecting with each other of
all conductive parts of an electrical system and
conductive parts extraneous to the electrical
system, and subsequently connecting this
bonding network to the protective earthing
network. Extraneous conductive parts include,
for instance, metal pipes, metal windows and
iron components of reinforced concrete.
Equipotential bonding avoids the situation where
two metal parts can hold different electrical
potentials, entailing the risk of electrocution if
they were to be touched simultaneously.
2) Lightning protection (humans and equipment):
a. Conducting lightning currents to the earth, thus
avoiding any risk of electrocution or overheating.
b. Preventing direct fires, flashovers or explosions
caused by a lightning strike.
c. Applying the necessary interconnections and
surge protection devices (SPD) at the lightning
protection zone (LPZ) transition points to reduce
the extreme voltage and current transients down
to the defined levels for the different zones.
3) Functional earthing (equipment):
a. Ensuring electromagnetic compatibility (EMC).
All electric and electronic devices send out
electromagnetic signals (waves).
Electromagnetic compatibility is ensured when
those signals do not disturb the proper
functioning of other electronic devices.
Although the requirements for these different
aspects are often specified separately, the
implementation requires an integrated system
approach, as the solution for one aspect might
influence the proper and efficient functioning of the
solution for another aspect.
For example, the danger of electrocution by
simultaneously touching different earthing networks
was initially solved by connecting a high-frequency

www.apqi.org

Equipotential bonding refers to
connecting with each other of all
conductive parts of an electrical system
and conductive parts extraneous to the
electrical system, and subsequently
connecting this bonding network to the
protective earthing network. Extraneous
conductive parts include, for instance,
metal pipes, metal windows and iron
components of reinforced concrete.
Equipotential bonding avoids the
situation where two metal parts can hold
different electrical potentials, entailing
the risk of electrocution if they were to
be touched simultaneously.

a. Conducting fault currents back to the power
source, thus avoiding the risk of local
overheating that might lead to fire.

Power Quality Management

IT systems are used more and more in places where
reliability is absolutely imperative. Think, for
instance, of public transport facilities such as digital
signalling systems and airline/railway traffic
management. Other examples include data centres
and corporate computer systems. For these kinds of
systems, failure is not an option. The integrity and
reliable functioning of such IT systems have grown
in importance to the level of affecting the safety of
human life. As a result, functional earthing has
become just as vital as traditional protective
earthing and lightning protection.

1) Protective earthing (humans):

2013

over the past few decades owing to the rapid
development of IT systems. As IT systems take on
increasingly crucial functions, their reliability, and in
turn the reliability of their energy supply, becomes
considerably more critical. Paradoxically, IT devices
are at the same time becoming increasingly
vulnerable to electromagnetic disturbances. This
vulnerability stems from the fact that signal
bandwidths are being increased and signal
amplitudes reduced, with the aim of processing
larger amount of data within shorter time periods.
Only a well-designed integrated earthing network
can give those IT systems the immunity they
require.
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integrated earthing systems

choke between those networks. It was subsequently
discovered, however, that this degrades the
lightning protection function.
Integrated earthing means that all of the different
earthing functions are integrated into a single
system: the so-called earthing grid. This earthing
grid provides a single metal matrix for the entire
facility. It should be noted that the focus is wider
than just a single building within a complex; the
earthing grid should cover all buildings on a
particular site or of a facility.

equipment manufacturers and lightning protection
contractors). It will take time for those parties to
combine their insights and develop a common
understanding.
It is therefore recommended that an experienced
external consultancy be involved to supervise both
design and installation, in order to address all
aspects of the inherent complexity of this subject.
Strategically important for your organization is that
maintenance, modifications and extensions be
supervised by the same office.
Applicable Standards

2013

Power Quality Management

www.apqi.org

One of the barriers for the fast and
widespread implementation of the latest
earthing standards is that historically the
three earthing disciplines (protective
earthing, functional earthing and
lightning protection) were supervised by
different parties (respectively, electrical
contractors, equipment manufacturers
and lightning protection contractors). It
will take time for those parties to
combine their insights and develop a
common understanding.
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If an integrated approach is not followed, the
various individual protective solutions run the risk of
a higher investment cost without ensuring the
protection they are designed to provide. In addition,
failure of protection can lead to significant claims
and legal complications. European directives and
local regulations have been tightened considerably
in recent years, in terms of both technical
requirements and liability. Nonetheless, knowledge
regarding these new regulations is often lacking. For
example, it is often not understood whether the
owner of a multi-vendor technical infrastructure is
responsible for the overall CE compliance. This
implies that all equipment design and the
corresponding documentation must conform to all
prevailing regulations, including the ones pertaining
to earthing.
One of the barriers for the fast and widespread
implementation of the latest earthing standards is
that historically the three earthing disciplines
(protective earthing, functional earthing and
lightning protection) were supervised by different
parties (respectively, electrical contractors,

IEC 61000 standard series
The applicable harmonized standards are
referenced in the Official Journal of the European
Union, and not in the European directives
themselves. Compliance with these standards
should raise a presumption of conformity with the
relevant essential requirements, although other
means of demonstrating such conformity are
permitted. Compliance with these directives is
enforced by law in all member countries; they are
absolutely not voluntary. The applicable standards
define different EMC environments and provide
clear emission and susceptibility requirements.
The technical report IEC TR 61000-5-2
The technical report IEC TR 61000-5-2 describes a
workmanship code for good EMC. It explains in
detail all kinds of installation and mitigation
guidelines to obtain EMC between various devices
installed in the same building. The integrated
earthing system is an important mechanism to avoid
the buildup of significant voltage differences
between different points in an earthing network.
Figure 1 shows a typical integrated earthing system
with a three-dimensional meshed earthing system
for the entire building, including finer-meshed
systems for areas with more sensitive equipment.
Figure 1. Typical Integrated Earthing System

Source: Figure 7 from IEC TR 61000-5-2 (1997)

The Technical Report also provides recommendations on how to connect equipment to this earthing
system, but it does not demand changes to the
internal wiring of the equipment.

aspects. More specific details covered by IEC
62305 can be found in the following documents:
w

IEC 62305-1: General principles

w

IEC 62305-2: Risk management

w

IEC 62305-3: Physical damage to structures and
life hazard

w

IEC 62305-4: Electrical and electronic systems
within structures

integrated earthing systems

There is no such thing as 'intrinsically
safe earthing'. All required earthing
points must be connected to a common
earthing grid. This is to ascertain that
each earthing point is actually at the
same potential, to prevent arcing and
consequent ignition of an explosive
environment.

Figure 2 shows a typical example of a resulting
integrated earthing system (grid):
Figure 2. Integrated Earthing System (Grid) as per IEC 62305-4 (2006)

Notes:
1. Additional earthing connections do not substitute
for the power cable protective earthing (PE)
conductor. The latter must never be omitted, for
safety and EMC reasons. PE and neutral
conductors should not be combined inside the
power cabling network.

IEC 62305-4 also requires that engineers who are
implementing the protection system have mastered
all three disciplines concerned: protective earthing
engineering, lightning protection engineering and
EMC engineering.
Figure 3. Concept of Lightning Protection Zones
LPZ 0

Antenna
Mast or railing

Electrical
power line

Boundary
of LPZ 2

The new standard for lightning protection
IEC 62305

LPZ 1

In 2006, the new IEC 62305 standard for lightning
protection of electrical and electronic systems within
buildings was published. Since then protective
earthing, functional earthing, and lightning
protection have all been integrated into a single
protection concept.
The IEC 61000-5-2 technical report published earlier
explained many general lightning protection
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4. Special note for the (process) industry: There is
no such thing as 'intrinsically safe earthing'. All
required earthing points must be connected to a
common earthing grid. This is to ascertain that
each earthing point is actually at the same
potential, to prevent arcing and consequent
ignition of an explosive environment. Building
steel is infamous as an unsuitable earthing point
for reasons such as corrosion.

Source: Figure 5 from IEC 62305-4 (2006)

LPZ 2
Equipment

Water
pipe

Bonding
location

Telecommunication
Line

Boundary
of LPZ 1
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3. Figure 8 in TR 61000-5-2 (not shown here)
provides a good impression of the integrated
earthing system for an industrial plant.

NOTE : all drawn connections are either bonded structure metal elements or bonding connections.
Some of them may also serve to intercept, conduct and disperse the lightning current into the earth.
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2. Likewise, for EMC reasons, the return conductor
for electrical signals must never be omitted. This
return conductor must always be included in the
corresponding signal cable and not be identical
to the return conductor of the power supply.

Boundary of incoming services or by suitable SPD

Source: Figure 1 from IEC 62305-4 (2006)
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integrated earthing systems

often it may be part of an aftermarket, field-installed
wiring effort. The SRS is also an integral part of any
SPD network system that is used on either AC or
DC power, or the signal (including
telecommunications) circuits connected to the
electronic equipment that is also attached to the
SRS. The SRS is not intended to be dielectrically or
galvanically insulated or isolated from the
equipment ground conductor (EGC) system of the
building's electrical system, which is part of the
fault/personnel protection grounding sub-system.
In figure 4-66 (Figure 4), this IEEE standard
compares the superior low impedance of an SRS
(thus also of the integrated earthing system) with an
ordinary earthing conductor (green coloured in the
United States).
Figure 4. Comparison of Impedance of Integrated Earthing System
to That of an Ordinary Earthing Conductor

Grounded by Green Wire only

Grounded by Green Wire
and Straps to Signal
Reference Grid
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Lightning Protection Zones
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The lightning protection zone (LPZ) concept shown
in Figure 3 is a layered form of protection, fully in
line with the requirement of the SPDs for the
respective LPZs. This mitigates the interference from
an upstream zone to the design level of the
corresponding lower zone. Note that the cable
armour should be earthed at zone transition points.
Non-European Standards
Other standards, such as those of the IEEE, may be
the (legally) preferred standard in other countries
(e.g., the Middle East and other locations outside
the United States). A good guide to such situations
is the IEEE Emerald book (IEEE Std 1100 - 2005)
titled Powering and Grounding Electronic
Equipment. Section 4.8.5.3 discusses the integrated
earthing system using a different terminology.

Frequency in Megahertz

Source: Figure 4-66 from IEEE Std 1100 (2005)

The integrated earthing system should
preferably be constructed from
conventional copper-based materials to
obtain low and long-lasting impedance,
even for very fast phenomena such as
lightning or high-frequency signals. The
use of copper ensures that the potential
differences are kept to a minimum and
prevents corrosion problems.

Modern Signal Reference Structures (SRSs)
An SRS is the external installed network of
conductors used to interconnect the metal frames,
enclosures and logic or signal level power supply
common terminals of the subject electrical and
electronic equipment to one another. This network
may be a recommendation from, or an actual part
of, the equipment's OEM installation package. Most

Copper versus (Galvanized) Steel
The integrated earthing system should preferably be
constructed from conventional copper-based
materials to obtain a low and long-lasting
impedance, even for very fast phenomena such as
lightning or high-frequency signals. The use of

Upgrade Existing Installations or Not?
Should existing installations that were not conceived
according to the latest standards be upgraded
immediately?
They should be upgraded, but caution is advisable.
Existing installations are likely to be based on
outdated EMC insight. They should be carefully
inspected by specialists understanding both the old
and the new concepts before any changes are
considered. Otherwise, there is a risk of creating
involuntary earthing loops in the signal path, which
is to be avoided in every case!
Based on the above discussion, the following
conclusions are arrived at regarding the integrated
earthing system:
1. Although historically developed as separate
systems, protective earthing, functional earthing
and lightning protection should be provided by a
single integrated earthing grid. If not,
compatibility problems between the three
protection networks can occur.
2. A well-conceived earthing grid is of growing
importance, as electronic devices become
increasingly sensitive to disturbances. Moreover,
IT systems are increasingly used for critical
operations for which failure is not an option.
3. The integrated earthing system concept is
explained in international standards (e.g., IEC
61000 series, the technical report IEC TR 610005-2 and the IEC 62305 series). The Official
Journal of the European Union documents their
applicable harmonized standards. Compliance

integrated earthing systems

5. The integrated earthing system should be
constructed from conventional copper-based
materials to obtain the lowest resistance and to
avoid corrosion problems.
6. Upgrading existing installations should be
undertaken with care. Specialists who
understand both the old and the new earthing
concepts should first meticulously inspect the
installation.

Mr. Rob Kersten is owner and
principal consultant of MIW
Consultants in Soest, the
Netherlands. He has over 35 years
of conceptual and hardware
oriented experience in service,
computer design, support and
consultancy for large (industrial) ICT
systems around the globe.
Mr. Frans van Pelt is director and
owner of Telematica Randstad bv in
Baarn, the Netherlands. He has 35
years of experience including broad
consultancy experience in electrical
and system engineering, project
management and process
management/ optimization.

www.apqi.org

Flat conductors are to be preferred to round
conductors, as they have lower impedance at higher
frequencies. A minimum thickness is required for
ensuring lightning protection and for construction
reasons.

4. Knowledge of the prevailing standards and
regulations is often poor, even among engineers.
There is still a great deal of confusion about
earthing systems and their characteristics. As a
result, implementation of the appropriate
standards is often lacking. Company standards
(suppliers, contractors, end-users) may still be
based on outdated concepts, and the engineers
involved (electrical engineers, process
engineers, instrument engineers, lightning
engineers, maintenance engineers, etc.) may still
be unaware of the latest insights. It is therefore
recommended that an external consultant
experienced in the matter be contacted and their
services utilized.
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The commonly used (galvanized) steel has the
disadvantage of increased impedance at higher
frequencies, caused by the higher permeability
(magnetic property) of steel. Moreover, protective
measures against electro-corrosion are required
when connecting materials based on different
metals with each other.

with the standards (or an equivalent method of
demonstrating conformity) is compulsory.
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copper ensures that the potential differences are
kept to a minimum and prevents corrosion
problems. As a result, in a large majority of cases,
the most reliable and durable solution will be the allcopper integrated earthing system.
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PQ - influence
on metering
Sridharan P.

ith the ever-increasing demand-supply gap,
energy efficiency is the key initiative in any
sector. Every organization tries to reduce its energy
cost, and energy efficient devices are put in
operation. But the question is how to measure the
energy and other related parameters accurately.
Increasing use of non-linear power electronic
devices for improving energy efficiency leads to
power quality problems, and it is a major challenge
for both the energy saving devices manufacturer
and the end-user to accurately assess the energy
savings, mainly due to metering error. There are
instances when the energy saving is shown much
higher than the manufacturer's specification, and
this is merely due to metering error.
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Look closely at the calibration certificate of a
conventional electrical measuring instrument. Its
accuracy and operation are guaranteed at a given
voltage, under given environmental conditions and
for a pure sinusoidal waveform. A meter designed to
operate within power networks where standard
frequency and voltage exist, without any waveform
distortion, will behave erratically, as the abovementioned environment is impractical to exist. The
increasing industrial application of electronic and
high-frequency equipment, producing harmonic
distortion in the load current, is a big threat to the
performance of electrical meters required to operate
with specified accuracy.
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Increasing use of non-linear power
electronic devices for improving energy
efficiency leads to power quality problems,
and it is a major challenge for both the
energy saving devices manufacturer and
the end-user to accurately assess the
energy savings, mainly due to metering
error. A meter designed to operate within
power networks where standard frequency
and voltage exist, without any waveform
distortion, will behave erratically, as the
above-mentioned environment is
impractical to exist. New facilities tend to
use energy meters based on solid-state
technology, and these are now widely used
by most of the utilities. The advantages of
these meters include greater stability and
accuracy in comparison with the
conventional (electromechanical) ones
even in a non-linear-load environment.

If a test tool is labelled and specified to
respond to true rms value, it means that
the tool's internal circuit calculates the
heating value according to the rms
formula. This method will give the correct
heating value regardless of the current's
wave shape. Average-responding tools
do not have true-rms circuitry. Instead,
they use a shortcut method to find the
rms value.

RMS Measurement
Even in a simple digital multimeter we need to have
'true-rms' technology of measurement. True-rms
multimeters and other test tools respond accurately
to AC current and voltage values regardless of
whether the waveform is linear. If a test tool is
labelled and specified to respond to true rms value,
it means that the tool's internal circuit calculates the

tripped circuit breakers or overloading.
However, if a non-linear load, such as a
new high-efficiency heat pump, is on that
circuit, you will need a true-rms test tool
to accurately measure the true load
current to determine where the problem
is.

PQ - influence on metering

heating value according to the rms formula. This
method will give the correct heating value
regardless of the current's wave shape. Averageresponding tools do not have true-rms circuitry.
Instead, they use a shortcut method to find the rms
value. Such meters capture the rectified average of
an AC waveform and multiply the number by 1.1 to
calculate the rms value. In other words, the value
they display is not a true value, but rather a
calculated value based on an assumption about the
wave shape. The average-responding method works
for pure sine waves, but can lead to large reading
errors (up to 40%) when the waveform is distorted
by non-linear loads such as variable-speed drives or
computerized controls. Table 1 gives some
examples of the way the two different types of
meters respond to different wave shapes.

If you consider an HVAC system, a full range of
basic technical issues - such as air flow, duct
leakage, dirty filters and proper refrigerant charge impacts the unit's efficiency. Proper refrigerant
charge typically requires accurate super-heat and
sub-cooling measurements. But there are also
sophisticated control system problems and

Vrms = 165 × 0.707
Vrms = 116.655 V

Normally, when troubleshooting an HVAC
equipment failure or a nuisance tripping
due to an electrical problem, your first
instinct would be to check the panel for
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Vrms = Vpeak × 0.707

measurements, which need to be addressed during
routine maintenance and service. Now, bear in mind
that many of these electronic controls involve nonlinear loads. Essentially, any control system
containing semiconductors in the power supply or in
the controllers would be considered a non-linear
load. Normally, when troubleshooting an HVAC
equipment failure or a nuisance tripping due to an
electrical problem, your first instinct would be to
check the panel for tripped circuit breakers or
overloading. However, if a non-linear load, such as
a new high-efficiency heat pump, is on that circuit,
you will need a true-rms test tool to accurately
measure the true load current to determine where
the problem is: is the circuit faulty? Is it overloaded?
Or is the problem with the load itself? The difference
between the true-rms meter reading and the
average-sensing meter reading is approximately
32%, and this will lead to false judgment while
troubleshooting.
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The abbreviation rms stands for root mean square.
It comes from a mathematical formula that
calculates the effective value (or heating value) of
any AC wave shape. In electrical terms, the AC rms
value is equivalent to the DC heating value of a
particular waveform - voltage or current. For
example, if a resistive heating element in an electric
furnace is rated at 15 kW of heat at 240 V AC rms,
then we would get the same amount of heat if we
applied 240 V of DC instead of AC. From a
measurement perspective, the rms value is equal to
0.707 of the peak value of a sine waveform; that is,
Vrms = Vpeak × 0.707. For example, say an AC voltage
source has a positive peak value of 165 V.

www.apqi.org

Table 1: A comparison of Average-Responding and True-rms Meters

With increased awareness among electricity users
and with the ongoing reforms in electricity boards,
consumers are expecting good-quality power,
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PQ - influence on metering

proper billing and reasonable prices; and energy
meter performance in the case of highly non-linear
loads is still a challenge. Utilities keep looking for
alternative metering methods. In India we still use
electromechanical meters for energy measurement.
Rotating discs are still seen at the entry point of
electricity distribution. New facilities tend to use
energy meters based on solid-state technology, and
these are now widely used by most of the utilities.
The advantages of these meters include greater
stability and accuracy in comparison with the
conventional ones (electromechanical) even in a
non-linear-load environment. Earlier,
electromechanical meters were preferred as they
offered longer life and lower cost. But with the
increased demand, the cost of electronic meters
also has decreased considerably and is affordable
now.

2013

Power Quality Management

www.apqi.org

With the increased electronic and
switching loads, we hardly get close to
sinusoidal waveforms. The higher the
sampling rate of the meter, the better the
reproduction of the waveform and the
more accurate the measurement of
electrical parameters. Generally a meter
with a sampling rate of 64 samples per
cycle can measure a distorted waveform
of up to the 32nd harmonic (half the
sampling rate).
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The sampling rate of a meter determines to what
extent it can handle distorted waveforms accurately.
With the increased electronic and switching loads,
we hardly get close to sinusoidal waveforms. The
higher the sampling rate of the meter, the better the
reproduction of the waveform and the more
accurate the measurement of electrical parameters.
Generally a meter with a sampling rate of 64
samples per cycle can measure a distorted
waveform of up to the 32nd harmonic (half the
sampling rate).

Different manufacturers use different
measurement algorithms to make power
and power quality measurements.
Though most of these algorithms are
technically justifiable and correct,

different instruments show different
readings with the same input levels,
leading to the question of which
instrument is measuring accurately on a
highly distorted waveform.

Uniform Standard for Power and Power Quality
Measurement Instruments
With increasing non-linear loads across the board,
power quality problems increased manyfold, and
meters using true- rms method of measurement too
became not good enough to measure or capture
the various power quality parameters. Different
manufacturers use different measurement
algorithms to make power and power quality
measurements. Though most of these algorithms
are technically justifiable and correct, different
instruments show different readings with the same
input levels, leading to the question of which
instrument is measuring accurately on a highly
distorted waveform. To overcome this difficult
situation, about a decade ago international electrotechnical commission (IEC) published the IEC
61000-4-30 standard. IEC 61000-4-30 defines the
correct measuring algorithms for power quality
instruments. The standard covers parameters like
power frequency, magnitude of the supply voltage,
flicker, supply dips and swells, voltage interruptions,
unbalance, harmonics, inter-harmonics, mains
signaling and so on.
To summarize, with the increase in non-linear loads
and power quality issues, and scarcity of energy
resources, it is very important to understand that
power quality does have an impact on metering.
Using appropriate instruments that follow the
algorithms specified in the IEC 61000-4-30 standard
will help one identify the actual intensity of the
power quality problem in the facility and take
remedial measures. Using internationally acceptable
technology and standards can avoid unwanted
disputes between the supplier and the end users of
electrical energy owing to measurement variations
arising between two meters.
(Mr. Sridharan P has 17 years of
experience in providing power
quality monitoring and energy
Management solutions. He is
currently working for TTL
technologies private limited which is
the wholly owned subsidiary of
FLUKE Corporation as Business
Unit Head - Power Quality.)
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armonic currents and voltages cause many
problems in electrical installations, including
overheating of equipment and cabling, reduced
energy efficiency and reduced functionality due to
loss of electromagnetic compatibility. Harmonic
currents from installations flow back into the network
and propagate as voltage harmonics, distorting the
supply waveform, increasing network losses and
reducing the reliability of equipment.
Harmonic currents have been present in the electricity
supply system for many years. Initially they were
produced only by the mercury arc rectifiers used to
convert AC to DC current for railway electrification
and industrial DC variable-speed drives, and by direct
half-wave rectification used in radio and television
sets. More recently, the range of types and the
number of units of equipment causing harmonics
have risen sharply, and will continue to rise.
Designers and specifiers must now consider
harmonics and their side effects very carefully to
ensure the safety and resilience of installations and to
meet harmonic emission limits.

harmonics causes and effects
David Chapman

What are Harmonics?

Figure 2 shows a fundamental waveform with 70%
third order and 50% fifth order harmonics added. In
practice, most distorted waveforms will be much more
complex than this example, containing many more
harmonics with a more complex phase relationship.
This waveform is clearly not a sine wave, and that
means that some everyday measurement equipment,
such as average-reading rms-calibrated multi-meters,
will give inaccurate readings. There are six zero-
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Figure 1. Fundamental Frequency with Third and Fifth Harmonics.

Harmonic load currents are generated by
all non-linear loads. Harmonics originate
as currents but generate harmonic
voltages as they flow through the
impedances in the system, and these
harmonic voltages propagate through the
installation. Clearly, customers cannot be
allowed to add pollution to the system to
the detriment of other users, so in most
countries the electrical supply industry has
established regulations limiting the
magnitude of harmonic current that can be
drawn. A range of design strategies and
mitigation techniques is available to
mitigate the effects of harmonics in
installations and to comply with any
harmonic pollution regulations. Each
successful strategy to prevent future
problems will be a combination of good
design practice, the right electrical
equipment and good maintenance.
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150 Hz and the fifth harmonic would be 250 Hz; these
are referred to as the third order and fifth order
harmonics, respectively. Figure 1 shows a
fundamental sine wave with third and fifth order
harmonics.
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Harmonic frequencies are integral multiples of the
fundamental supply frequency: that is, for a
fundamental of 50 Hz, the third harmonic would be
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crossing points per cycle instead of two, so any
equipment that uses zero crossing as a reference
may malfunction.
Figure 2. Distorted Composite Current Waveform.

Harmonics originate as currents but generate
harmonic voltages as they flow through the
impedances in the system, and these harmonic
voltages propagate through the installation. It is
important to clearly differentiate between voltage
and current distortion measurements;
conventionally, current distortion measurements are
suffixed with 'I' and voltage distortion figures with 'V'.
When investigating problems that may be due to
harmonics, it is necessary to know the harmonic
spectrum because the effects depend on the
harmonic order. Simple total harmonic distortion
(THDI, THDV) measurements are of little use for
diagnostic purposes.
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Types of Equipment That Generate Harmonics
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Harmonic load currents are generated by all nonlinear loads. These include:
Single-phase loads, for example,
w

Switched mode power supplies (SMPSs) virtually all electronic devices

w

Electronic fluorescent lighting ballasts

w

Small uninterruptible power supply (UPS) units

charge a reservoir capacitor from which the direct
current for the load is derived by a method
appropriate to the output voltage and current
required. The advantages are that the size, cost and
weight are significantly reduced and the power unit
can be made in almost any required form factor.
The disadvantage is that, rather than drawing
continuous current from the supply, the power
supply unit draws pulses of current, which contain
large amounts of third and higher order harmonics
and significant high-frequency components (see
Figure 3). A simple filter is fitted at the supply input
to bypass the high-frequency components from line
and neutral to ground but it has no effect on the
harmonic currents that flow back to the supply.
Figure 3. Harmonic Spectrum of a Personal Computer.

For high-power units there has been a
recent trend towards the so-called
power-factor-corrected inputs. The aim is
to make the power supply load look like
a resistive load so that the input current
appears sinusoidal and in phase with the
applied voltage. It is achieved by
drawing input current as a highfrequency triangular waveform, which is
averaged by the input filter to a sinusoid.

Three-phase loads, for example,
w

Variable-speed drives

w

Large UPS units

Single-Phase Loads
Switched mode power supplies
The majority of modern electronic units use SMPSs.
These differ from older units in that the traditional
step-down transformer and rectifier are replaced by
direct, controlled rectification of the supply to

Single-phase UPS units exhibit characteristics very
similar to those of SMPSs. For high-power units
there has been a recent trend towards the so-called
power-factor-corrected inputs. The aim is to make
the power supply load look like a resistive load so
that the input current appears sinusoidal and in
phase with the applied voltage. It is achieved by
drawing input current as a high-frequency triangular
waveform, which is averaged by the input filter to a
sinusoid. This extra level of sophistication is not yet

Figure 5. Harmonic Current Spectrum of a Typical Six-Pulse Bridge.

harmonics - causes and effects

readily applicable to the low-cost units that make up
most of the load in commercial and industrial
installations.
Fluorescent lighting ballasts
Electronic lighting ballasts have become popular in
recent years, claiming improved efficiency. Their
great disadvantage is that they generate harmonics
in the supply current. At higher ratings, the so-called
power-factor-corrected types are available, which
reduce the harmonics problem, but at a cost
penalty. Smaller units usually go uncorrected.
Compact fluorescent lamps (CFLs) are now being
sold as replacements for tungsten filament bulbs. A
typical harmonic current spectrum is shown in
Figure 4.
Figure 4. Harmonic Spectrum of a Typical Compact Fluorescent Lamp.

practice, the amount of reduction depends on the
matching of the converters and is typically by a
factor between 20 and 50. The 12n harmonics
remain unchanged. Not only is the total harmonic
current reduced, but also those that remain are of a
higher order, making the design of the filter much
easier.
A further increase in the number of pulses to 24,
achieved by using two 12-pulse units in parallel,
with a phase shift of 15 °between them, reduces the
total harmonic current to about 4.5%. The extra
sophistication increases the cost, of course, so this
type of controller would be used only when
absolutely necessary, to comply with the electricity
supplier's harmonic emission limits.

The magnitude of the harmonics is significantly
reduced by the use of a 12-pulse bridge. This is
effectively two six-pulse bridges fed respectively
from a star and a delta transformer winding,
providing a 30° phase shift between them. The 6n
harmonics are theoretically removed, but in

Any cyclical waveform, such as the nonsinusoidal current waveform, can be
deconstructed into a sinusoid at the
fundamental frequency plus a number of
sinusoids at harmonic frequencies. Thus
the distorted current waveform can be
represented by the fundamental plus a
percentage of second harmonic plus a
percentage of third harmonic and so on,
possibly up to the 30th harmonic.
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Variable-speed controllers, UPS units and DC
converters in general are usually based on the
three-phase bridge, also known as the six-pulse
bridge because there are six pulses per cycle (one
per half cycle per phase) on the DC output. The sixpulse bridge produces harmonics at an order of 6n
± 1, that is, at one more and one less than each
multiple of six. In theory, the magnitude of each
harmonic is the reciprocal of the harmonic number,
so there would be 20% fifth harmonic and 9%
eleventh harmonic and so on. A typical spectrum is
shown in Figure 5.

In an ideal, clean power system, the current and
voltage waveforms are pure sinusoids. In a simple
circuit containing only linear circuit elements resistance, inductance and capacitance - the
current that flows is proportional to the applied
voltage (at a particular frequency), so that if a
sinusoidal voltage is applied, a sinusoidal current
will flow.
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Three-Phase Loads

Theoretical Background - How Harmonics Are
Generated
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These lamps are being widely used to replace
filament bulbs in domestic properties and especially
in hotels, where serious harmonic problems have
suddenly become common.
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In practice, non-sinusoidal currents result when the
current flowing in the load is not linearly related to
the applied voltage. An example is where the load is
a simple full-wave rectifier and capacitor, such as
the input stage of a typical SMPS. In this case,
current flows only when the supply voltage exceeds
that stored on the reservoir capacitor, that is, close
to the peak of the voltage sine wave.
Any cyclical waveform, such as the non-sinusoidal
current waveform, can be deconstructed into a
sinusoid at the fundamental frequency plus a
number of sinusoids at harmonic frequencies. Thus
the distorted current waveform can be represented
by the fundamental plus a percentage of second
harmonic plus a percentage of third harmonic and
so on, possibly up to the 30th harmonic. For
symmetrical waveforms, that is, where the positive
and negative half cycles are of the same shape and
magnitude, all the even order harmonics have a
magnitude of zero. Even order harmonics are now
relatively rare but were common when half wave
rectification was widely in use.

Source impedances are very low, so the
harmonic voltage distortion resulting
from a harmonic current is also low and
often hardly above the network
background. This is misleading because
it gives the impression that a harmonic
problem is not likely to be there when in
fact large harmonic currents are present.
Whenever harmonics are suspected, or
when trying to verify their absence, it is
the current that must be measured.

harmonics are suspected, or when trying to verify
their absence, it is the current that must be
measured.
Problems Caused by Harmonics
Harmonic currents cause problems both on the
supply system and within the installation. The
effects and the solutions are very different for both
these cases and need to be addressed separately;
the measures that are appropriate to controlling the
effects of harmonics within the installation may not
necessarily reduce the distortion caused on the
supply and vice versa.
Harmonic problems within the installation
There are several common problem areas caused
by harmonics:
w

w

w

Problems caused by harmonic currents
o

Overloading of neutrals

o

Overheating of transformers

o

Nuisance tripping of circuit breakers

o

Overstressing of power factor correction
capacitors

o

Skin effect

Problems caused by harmonic voltages
o

Voltage distortion

o

Additional losses in induction motors

o

Zero-crossing noise

Problems caused when harmonic currents reach
the supply

Each of these areas is discussed briefly in the
following sections.
Problems Caused by Harmonic Currents

Harmonic generators are sometimes shown as
voltage generators; if this were true then the source
impedance would have no influence on the
magnitude of the harmonic voltage across the
source. In reality, however, the magnitude of this
voltage is proportional (over a limited range) to the
source impedance indicating that the generator
behaves as a current source. Source impedances
are very low, so the harmonic voltage distortion
resulting from a harmonic current is also low and
often hardly above the network background. This is
misleading because it gives the impression that a
harmonic problem is not likely to be there when in
fact large harmonic currents are present. Whenever

Neutral conductor overheating
In a three-phase system, the waveform of the
voltage in each phase to the neutral star point is
displaced by 120 ° from the voltage waveforms of
the other phases, so that when all the phases are
equally loaded, the combined current in the neutral
is zero. When the load is not balanced, the net outof-balance current flows in the neutral. In the past,
installers (in accordance with the standards) had
taken advantage of this fact by installing half-sized
neutral conductors in three-phase circuits. However,
although the fundamental currents cancel out, the
'triple-N' harmonic currents - those with an order
that is an odd multiple of three - do not. In fact

In the case of circuits wired using single core
cables, it is a simple matter to use a neutral cable
with a larger cross-section. However, since the
current, and therefore the heat dissipation, in the
cable environment is higher than for a standard
phase circuit, some derating is appropriate based
on standard grouping factors.
Multi-core cables are rated assuming that three
cores only are loaded - that is, the load is balanced
and the neutral conductor carries no current. (For
examples see IEC 60364-5-523 Table 52 and BS
7671 Appendix 4.) Since a cable's current-carrying
capacity is determined solely by the amount of heat
that it can dissipate at the maximum permitted
temperature, it follows that cables carrying triple-N
currents must be derated. In the example illustrated
above, the cable is carrying five units of current three in the phases and two in the neutral - whereas
it was rated for three units. It should be derated to
about 60% of the normal rating.
IEC 60364-5-523 Annex C (Informative) provides a
table giving the derating factors for various levels of
triple-N harmonic current present in the phase

harmonics - causes and effects

In practice, for a fully loaded transformer
supplying a load comprising IT
equipment the total transformer losses
would be twice as high as for an
equivalent linear load. This results in a
much higher operating temperature and
a shorter life. In fact, under such
circumstances the lifetime would
decrease from around 40 years to more
like 40 days!

Effects on transformers
Transformers are affected in two ways by
harmonics. First, the eddy current losses, normally
about 10% of the losses at full load, increase with
the square of the harmonic number. In practice, for
a fully loaded transformer supplying a load
comprising IT equipment the total transformer
losses would be twice as high as for an equivalent
linear load. This results in a much higher operating
temperature and a shorter life. In fact, under such
circumstances the lifetime would decrease from
around 40 years to more like 40 days! Fortunately,
few transformers are fully loaded with PC loads, but
the effect must be taken into account when
selecting plant equipment. The second effect
concerns the triple-N harmonics. When reflected
back to a delta winding they are all in phase, so the
triple-N harmonic currents circulate in the winding.
The triple-N harmonics are effectively absorbed in
the winding and do not propagate onto the supply,
so delta wound transformers are useful as isolating
transformers. Note that all other, non-triple-N,
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There is some confusion as to how designers
should approach the sizing of the neutral conductor
for a three-phase circuit feeding single-phase loads.

currents. Figure 7 presents this data in graphical
form, together with the derating factor derived from
thermal considerations.

Power Quality Management

Figure 6. Triple-N Harmonic Currents Add in the Neutral.

Figure 7. Cable Derating for Triple-N Harmonics.
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these harmonic currents add in the neutral as
shown in Figure 6. In this diagram, the phase
currents, shown at the top, are introduced at 120 °
intervals. The third harmonics of all three phases are
identical, being at a frequency 3 times the
fundamental and one-third of a (fundamental) cycle
offset. The effective third harmonic neutral current is
shown at the bottom. In this case, a 70% third
harmonic current in each phase results in a 210%
current in the neutral. Case studies in commercial
buildings generally show neutral currents of
magnitude between 150% and 210% of the phase
currents, often in a half-sized conductor.
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harmonics pass through. The circulating current has
to be taken into account when rating the
transformer.
Nuisance tripping of circuit breakers
Residual current circuit breakers (RCCB) operate by
summing the currents in the phase and neutral
conductors and, if the result is not within the rated
limit, disconnecting the power from the load.
Nuisance tripping can occur in the presence of
harmonics for two reasons. First, the RCCB, being
an electromechanical device, may not sum the
higher frequency components correctly and
therefore trips erroneously. Second, the kind of
equipment that generates harmonics also generates
switching noise, which must be filtered at the
equipment power connection. The filters normally
used for this purpose have a capacitor from line and
neutral to ground, so leak a small current to earth.
This current is limited by standards to less than 3.5
mA, and is usually much lower, but when a lot of
equipment is connected to one circuit the leakage
current can be sufficient to trip the RCCB. The
situation is easily overcome by providing more
circuits, each supplying fewer loads. Nuisance
tripping of miniature circuit breakers (MCB) usually
occurs because the current flowing in the circuit is
higher than that expected from calculation or simple
measurement due to the presence of harmonic
currents. Many portable measuring instruments do
not measure true rms values and can underestimate
non-sinusoidal currents by up to 40%.
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Over-stressing of power factor correction
capacitors

40

Power factor correction (PFC) capacitors are
provided in order to draw a current with a leading
phase angle to offset a lagging current drawn by an
inductive load such as induction motors. The
impedance of the PFC capacitor decreases as
frequency rises, whereas the source impedance is
generally inductive and increases with frequency.
The capacitor is therefore likely to carry quite high
harmonic currents and, unless it has been
specifically designed to handle them, damage can
result.
A more serious problem is that the capacitor and
the stray inductance of the supply system can
resonate at or near one of the harmonic frequencies
(which, of course, occurs at 100 Hz intervals). When
this happens very large voltages and currents can
be generated, often leading to a catastrophic failure
of the capacitor system. By adding an inductance in

series with the capacitor the resonant frequency can
be controlled in such a way that resonance is
avoided while also acting as a low-impedance path
- a shunt passive filter - for harmonic currents.

Skin effect is normally ignored because it
has very little effect at power supply
frequencies, but above about 350 Hz,
that is, the seventh harmonic and above,
skin effect will become significant,
causing additional losses and heating.
Where harmonic currents are present,
designers should take skin effect into
account and derate cables accordingly.

Skin effect
Alternating current tends to flow on the outer
surface of a conductor. This is known as skin effect
and is more pronounced at high frequencies. Skin
effect is normally ignored because it has very little
effect at power supply frequencies, but above about
350 Hz, that is, the seventh harmonic and above,
skin effect will become significant, causing
additional losses and heating. Where harmonic
currents are present, designers should take skin
effect into account and derate cables accordingly.
Multiple cable cores or laminated bus bars can be
used to help overcome this problem. Note also that
the mounting systems of bus bars must be
designed to avoid mechanical resonance at
harmonic frequencies.
Problems Caused by Harmonic Voltages
Because the supply has source impedance,
harmonic load currents give rise to harmonic
voltage distortion on the voltage waveform (this is
the origin of 'flat topping').
Figure 8. Voltage Distortion Caused by a Non-linear Load.

harmonics - causes and effects

Where local transformers are installed, they should
be selected to have sufficiently low output
impedance and sufficient capacity to withstand the
additional heating; in other words, an appropriately
oversized transformer should be selected. Note that
it is not appropriate to select a transformer design
in which the increase in capacity is achieved simply
by forced cooling - such a unit will run at higher
internal temperatures and have a reduced service
life. Forced cooling should be reserved for
emergency use only and never relied upon for
normal running.
Induction motors
Harmonic voltage distortion causes increased eddy
current losses in motors in the same way as in
transformers. However, additional losses arise due
to the generation of harmonic fields in the stator,
each of which is trying to rotate the rotor at a
different speed either forwards or backwards. Highfrequency currents induced in the rotor further
increase the losses. Where harmonic voltage
distortion is present motors should be derated to
take account of the additional losses.
Zero-crossing noise
Many electronic controllers detect the point at which
the supply voltage crosses zero volts to determine
when loads should be turned on. This is done
because switching reactive loads at zero voltage
does not generate transients, thus reducing
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Note that the voltage distortion at the PCC is
assumed to be zero in these figures. This is far from
the truth; the supply network has impedance and
carries distorted currents so the supply voltage is
always distorted. In reality, the voltage distortion
seen in the installation will be the complex sum of
the distortion on the supply and that generated in
the installation. Source impedance of the supply

network is very low, so distortion levels are also
relatively low. However, if the load is transferred to a
UPS or a standby generator during a power failure,
the source impedance and the resulting voltage
distortion in the installation will be much higher.

Power Quality Management

The solution is to separate the circuits supplying
harmonic generating loads from those supplying
loads that are sensitive to harmonics, as shown in
Figure 9. Here separate circuits feed the linear and
non-linear loads from the point of common coupling
(PCC), so that the voltage distortion caused by the
non-linear load does not affect the linear load.

Figure 9. Separation of Linear and Non-linear Loads.
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Figure 8 shows a final circuit feeding a linear and a
non-linear load. The distorted current drawn by the
non-linear load causes a non-sinusoidal voltage
drop in the circuit impedance, resulting in a
distorted supply voltage waveform. This distorted
voltage waveform causes distorted current flow in
linear loads, which may affect their performance or
efficiency.
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electromagnetic interference (EMI) and stress on the
semiconductor switching devices. When harmonics
or transients are present on the supply, the rate of
change of voltage at the crossing becomes faster
and more difficult to identify, leading to erratic
operation. There may in fact be several zerocrossings per half cycle.
Harmonic Problems Affecting the Supply
When a harmonic current is drawn from the supply it
gives rise to a harmonic voltage drop proportional
to the source impedance at the PCC and the
current. Since the supply network is generally
inductive, the source impedance is higher at higher
frequencies. The voltage at the PCC is already
distorted by the harmonic currents drawn by other
consumers and by the distortion inherent in
transformers, and each consumer makes an
additional contribution.
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Clearly, customers cannot be allowed to add
pollution to the system to the detriment of other
users, so in most countries the electrical supply
industry has established regulations limiting the
magnitude of harmonic current that can be drawn.
Many of these codes are based on the UK
Electricity Association's G5/4 (2001), the first version
of which was developed in the 1950s. Limits are
placed on the absolute current that can be drawn
for each harmonic order as well as the contribution
the site will make to voltage distortion on the supply.
Meeting the requirements usually necessitates the
application of one or more mitigation measures.
Harmonics Mitigation Measures
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Harmonic mitigation measures are required to
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w

Meet local harmonic emission limits

w

Reduce overloading of, for example, cables and
transformers

w

Improve resilience of equipment by reducing
voltage waveform distortion

Some mitigation measures have already been
mentioned: correct sizing of neutral conductors and
transformers will eliminate the risk of overheating,
whereas careful circuit separation will help minimize
voltage distortion. These are wise and necessary

steps to take to protect the installation, but they do
not help to meet the local emission limits for which
further steps are necessary.
For large infrastructure items, for example, a large
variable-speed ventilation fan, it could be
advantageous to select a unit with built-in harmonic
reduction in the form of a filter or an 'active front
end'. Since this particular load is now electrically
nearly linear, it causes no problems in the
installation and has no effect on the supply.
This is also a practical approach if the installation is
made up of a large number of similar items, such as
a data centre, where there is now a wide choice of
equipment with low-distortion power supplies and
carefully controlled maintenance and purchasing
policies are in place. However, generally, it is not
practical to rely solely on equipment selection
because purchasing and replacement cannot be
sufficiently controlled and therefore other mitigation
measures are needed.
Mitigation methods fall broadly into three groups:
passive filters, isolation and harmonic reduction
transformers and active solutions. Each approach
has advantages and disadvantages, so there is no
single best solution.
Passive shunt filters
Passive filters are used to provide a low-impedance
path for harmonic currents so that they flow in the
filter and not in the supply. The filter may be
designed for a single harmonic or for a broad band
depending on requirements.
Sometimes it is necessary to design a more
complex filter to increase the series impedance at
harmonic frequencies and thus reduce the
proportion of current that flows back onto the
supply.
Shunt filters reduce the harmonic current flowing
back on to the supply, but do not reduce (and may
increase) the effect of harmonic current in neutrals
or the effect on transformers. Usually, shunt filters
are designed to control a few lower order harmonics
and are integrated with the power factor correction
equipment.
The use of multiple shunt filters in a single

Isolation transformers
As mentioned previously, triple-N currents circulate
in the delta windings of transformers. Although this
is a problem for transformer manufacturers and
specifiers - the extra load has to be taken into
account - it is beneficial to system designers
because it isolates triple-N harmonics from the
supply.
The same effect can be obtained by using a 'zigzag' wound transformer. Zig-zag transformers are
star configuration autotransformers with a particular
phase relationship between the windings, which are
connected in shunt with the supply.
Delta and zig-zag transformers reduce only triple-N
harmonics.

Because the AHC is a digital device, it is
very flexible and can be programmed as
required. It is, for example, possible to
set the device to reduce specific
harmonics or all harmonics. Since the
harmonic current is continuously
measured, the conditioner quickly
responds to changes in the nature of the
load.

harmonics - causes and effects

Because the AHC is a digital device, it is very
flexible and can be programmed as required. It is,
for example, possible to set the device to reduce
specific harmonics or all harmonics. Since the
harmonic current is continuously measured, the
conditioner quickly responds to changes in the
nature of the load.
Several AHCs can be installed within an installation
- each measures and responds only to its own
output current, so there is no risk of mutual
interference.
Virtually all modern electrical and electronic
equipment involves some form of power control and
thus becomes a non-linear load. Linear loads are
comparatively rare - undimmed filament bulbs and
uncontrolled heaters being the only common
examples.
A range of design strategies and mitigation
techniques is available to mitigate the effects of
harmonics in installations and to comply with any
harmonic pollution regulations. Each successful
strategy to prevent future problems will be a
combination of good design practice, the right
electrical equipment and good maintenance.
(David Chapman was the Electrical
Programme Manager for the Copper
Development Association in the UK
where his main interests included
power quality and energy efficiency.
He is an author and Chief Editor of
the LPQI Power Quality Application
Guide and maintains his long term
interest in electrical design.)
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Simple series band stop filters are sometimes
proposed, either in the phase or in the neutral. A
series filter is intended to block harmonic currents,
rather than provide a controlled path for them, so
there is a large harmonic voltage drop across it.
This harmonic voltage appears across the supply on
the load side. Since the supply voltage is heavily
distorted, it will no longer be within the standards
for which equipment was designed and warranted.
Some items of equipment are relatively insensitive
to such distortion, but others are very sensitive.
Series filters can be useful in certain circumstances
but should be carefully applied; they cannot be
recommended as a general-purpose solution.

The active harmonic conditioner (AHC) is a shunt
device. A current transformer measures the
harmonic content of the load current and controls a
current generator to produce an exact replica, which
is fed back onto the supply on the next cycle. Since
the harmonic current is sourced from the active
conditioner, only the fundamental current is drawn
from the supply. In practice, harmonic current
magnitudes can be reduced by 90% and, because
the source impedance at harmonic frequencies is
reduced, voltage distortion is reduced.

Power Quality Management

Passive series filters

Active harmonic conditioners
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installation can be problematic and is usually
avoided.
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innovative harmonic
filtering solution in a
sponge iron plant:
case study

I

dentified as one of the six power-intensive
industries, Indian steel industry has a large share
in the local economy and good presence in the
global market.
Salient features of Indian Steel Industry [1]:
w

Installed capacity is 34 MT of finished steel.

w

42% of finished steel production is in the
integrated steel sector.

w

58% of installed production is in the secondary
steel sector.

w

Specific energy consumption (SEC) ranges from
29.5 GJ/tcs (GigaJoules per tonne of crude
steel) to 41.8 GJ/tcs.

w

Average SEC of Indian industry (33 GJ/tcs) is
slowly approaching that of US industry (26
GJ/tcs).

w

Over the years, a number of energy conservation
measures have been taken by each plant.

Vinayak Joshi

2013
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The integrated iron and steel industry in India has a
total installed capacity of 19.5 MT (million tonnes) of
crude steel. Sponge iron is the key raw material
used for the production of steel. Sponge iron is
produced by a reduction process from iron ore. It
has an iron content of >80%. The unit under study,
located in the eastern part of India, is world's largest
coal-based sponge iron manufacturing facility and
uses its product for in-house steel making and also
for export to other countries.
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This case study looks into the effect
of poor power quality and harmonic
distortion resulting in problems like
overheating of cables, temperature
rise in transformers and spurious
breaker trippings at a sponge iron
manufacturing unit in an Indian
integrated steel plant. The study
also suggests a few mitigation
techniques which if adopted result in
substantial cost savings.

Besides high electricity charges owing to
power factor-related penalty and billing
demand, the unit has been encountering
overheating problem in its distribution
network equipment, consisting mainly of
cables, bus bars and transformers. The
facility also encountered several spurious
circuit breaker trippings causing frequent
loss of production.

Problem Statement
Besides a high electricity bill owing to power factorrelated penalty and billing demand, the unit has
been encountering overheating problem in its
distribution network equipment, consisting mainly of
cables, bus bars and transformers, making them
operationally unreliable. The facility also

w

Number of power supply transformers: 4
(catering to each kiln)

The major power-consuming non-linear loads in the
plant area can be classified into the following
groups:

w

Rating of the power supply transformers: 1.7
MVA

w

Number of spare transformers: 1

w

DC Thyristor drives

w

AC Thyristor drives

w

UPS systems

These non-linear loads give finer control over the
process requirements but become a source of
considerable levels of harmonic distortion in the
supply system. The operating power factor of these
systems is very low at 0.56. This results in derating
of transformer capacity and also leads to extra
power demand thus attracting utility penalties.

Considering the transformers' influence in
attenuating harmonic effects and also the benefits
of reactive compensation closer to load,
measurement was carried out at the low-tension
(load) side. Parameters measured at the LT load
side point during the start of the audit are listed in
Table 1.
Table 1. Initial Measurements at Unit II Kiln 8

Phase

Objective of the Study
The primary objective of this study is to improve the
power factor to an acceptable level, and to suggest
solutions leading to better operational and financial
efficiency.

R

Y

B

Load Current (A)

640

680

615

Current THD (%)

51

49

47

Power Factor

innovative harmonic filtering solution in a sponge iron plant: case study

encountered several spurious circuit breaker
trippings causing frequent breaks in production.

0.56

Observation/Causes of PQ Problems
Power System Details
w
The direct reduction iron (DRI) unit has a number of
kilns, each having its own 11 kV, 1700 kVA
transformer. The power distribution arrangement is
shown in Figure 1 by a single-line diagram.

Highly non-linear load contributing to high
harmonic distortion

w

High input current due to harmonic distortion
(around 51%)

Figure 1. Schematic of Power Distribution at DRI II Plant

w

Input current waveform severely distorted

KILN-9

KILN-10

Spare

VCB

PQ Solutions

1.7MVA

SLAVE Drive
DAPC

MASTER Drive

Process
After a preliminary walk-through audit of the plant
and its various units, a detailed PQ audit was
considered.

Total harmonic current is in excess of 50%, and for
improving the low PF, the harmonic currents must
be filtered or neutralized by using a passive/active
harmonic filter. This will improve the current
waveform and the distortion factor. Consequently,
the PF will improve, thereby reducing the demand
and the network losses/heating.
A comparison of capacitor filter, tuned filter and
active filter was undertaken to facilitate the selection
of the right filter and solution to the problem of high
input current harmonics and low power factor. The
various filters available are
w

LC non-compensated filters - only suitable for
lower-order harmonics and a total Harmonic
distortion (THD) of 10-12%.

w

LC compensated tuned filters - suitable for 2530% THD, medium-power fixed loads.

A PQ audit was carried out at the DRI unit of the
system having
w

Number of kilns: 4

www.apqi.org

KILN-8
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KILN-7

Considering the issues associated with low PF in a
non-linear-load environment, provision of
conventional capacitor compensation is not a
solution for improvement of PF.

2013

11 KV Bus Bar
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w Active filter or digital active power compensation
(DAPC) system - is independent of the
system/load conditions and can be used for
higher-order harmonic distortions, like 51% in the
present case.
From the above options, it was decided in
consultation with the plant management that DAPC
is the best solution for the highly harmonic-distorted
(51% THD) load measured at this site. Figure 2
gives the schematic of a DAPC system.

w Reduction in input currents (drawn from source
power) thereby reducing input kVA demand
w Reduction in side effects due to harmonics, such
as cable heating, spurious tripping of circuit
breakers
Design
For a cost-effective solution, the optimum design
was considered to be
w

Use of two DAPCs (each rated at 150 A) per kiln
load to control THD to less than 10%

w

Also, connecting externally a capacitor of around
300 kVAr to improve the power factor to a value
better than 0.9. Thus, for the four kilns, eight
DAPCs were proposed. LT capacitors are
available at attractive prices, making the
proposal more acceptable. Capacitor
combination was the perfect solution for this
case and recommended accordingly. (Refer
Figures 3 and 4.)

Figure 2. Schematic of a Digital Power Compensation (DAPC) system

AC Input

UPS
Load

Features of DAPC
w

Closed-loop active filter with source current
sensing

w

High attenuation up to 96% of individual
harmonics

w

Programmable for selective harmonic elimination

w

PF compensation, leading as well as lagging

w

Required PF is set by the user to any value from
0.7 to unity

w

Selection between PF and harmonic
compensation

w

Remote monitoring and diagnosis

w

Insulated gate bipolar transistor (IGBT)-based
inverter design

Figure 3. Power Distribution before the DAPC solution
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11 KV Bus Bar

w

Many units can be used in parallel

w

Compliance to IEEE 519 and IEC 62040 part 2
for class A restricted use

KILN-7
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w Reduction of input current harmonics (<10%)
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w Improvement of power factor (better than 0.9)
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KILN-10

Spare

1.7MVA

SLAVE Drive
MASTER Drive
Figure 4. Power Distribution after the DAPC plus Capacitors Solution

11 KV Bus Bar
KILN-7

KILN-8

KILN-9

VCB

w Compliance to IEEE 519 and IEC 62040 part 2
for class A restricted use

w Operating in shunt path without disturbance to
the load

KILN-9

VCB

Recommendations
Considering all the technical aspects and load study
results, a DAPC filter for each kiln power system
was recommended to meet the objectives of this
study, which include

KILN-8

1.7MVA

APFC
300 Kvar
SLAVE Drive
DAPC

MASTER Drive

KILN-10

Spare

Cost of the Solution
In this section, the cost aspects of the solution
recommended above are discussed. In analysing
the cost and benefits, the following components
were considered:
1. Transformer loss (prior to the solution)
2. Production loss due to nuisance tripping
3. Failure and reduced life of equipment due to
temperature rise and so on
4. Savings due to the proposed solution.

Note
With four DAPCs, a maximum reduction in
harmonics as well as the highest PF of 0.92 was
obtained; however, the cost of four DAPCs would be
quite high. Similar results could be achieved by
going in for two DAPCs and additional capacitors,
as an economical option which is equally effective.
Validation
For validation of the proposed design, trial tests
with various combinations were carried out in one of
the kiln systems for a continuous load cycle of 48
hours with one, two, three and four DAPC units,
respectively. Table 2 gives the results of this trial.

5. Implementation costs of the proposed solution.
Transformer loss
Given in Table 3 are the loss calculations in the
1700 KVA Transformer with/without the solution.
Nuisance tripping/Failure

innovative harmonic filtering solution in a sponge iron plant: case study

With four DAPCs, a maximum reduction
in harmonics as well as the highest PF of
0.92 was obtained; however, the cost of
four DAPCs would be quite high. Similar
results could be achieved by going in for
two DAPCs and additional capacitors, as
an economical option which is equally
effective.

Though no estimates are available for items 2 and 3
in the above list, namely, production loss on
account of nuisance tripping and other
failures/disruptions, these will translate directly to
loss of profits.

Table 2. Trial Measurements with DAPC at One of the Kiln Power Systems.
(All measurements taken at the LT load side point)

R

Y

B

1

1 X 150 A DAPC Connected

Load Current (A)
Current THD (%)
Power Factor

558
27.60

612
29.40

560
28.50
0.63

2

2 X 150 A DAPCs Connected

Load Current (A)
Current THD (%)
Power Factor

540
7

590
10

540
10
0.72

3

3 X 150 A DAPCs Connected

Load Current (A)
Current THD (%)
Power Factor

480
8

487
7.90

482
6.90
0.8

4

4 X 150 A DAPCs Connected

Load Current (A)
Current THD (%)
Power Factor

340
7.80

350
8

344
6
0.92

Table 3. Losses in Transformer

Sr. No.

Condition

Connected Load
kVA
%

Losses
Iron Loss (kW) Copper Loss (kW) Total Loss (kW)

1

Without Solution

467

28

2.20

1.53

3.73

2

With Solution

244

14

2.20

0.38

2.58
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Test Condition
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Sr. No.
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Savings

Cost of solution

There are two types of direct savings: savings from
transformer loss reduction and savings from
demand reduction. Calculations given in Tables 4
and 5 quantify these in monetary terms.

The cost of the solution includes the cost of two 150
A DAPC systems per transformer, each costing Rs
900,000. Cost of the 300 kVAr PF-improvement
capacitors is not considered afresh, as the division
under study was already having these.

w

Energy Savings in Transformer

From Table 3, direct saving in kW = 3.73 - 2.58 =
1.15 kW. The financial implications of this savings
are worked out in Table 4.
Table 4. Transformer Loss Savings

Power Savings per Transformer (kW)

1.15

Energy Saving per Transformer
per day (kWh)

27.60

w

10074

Unit Cost (Rs)

4.50
45,333

Demand Savings

Demand saving is often overlooked, but it is very
important where a two-part tariff exists. The energy
demand in MVAh was recorded for the full load
cycle of 48 hours with/without the DAPC, and the
results are tabulated in Table 5.
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Table 5. Demand Measurements

Condition

MVAh
Actual
MVAh
Recorded Consumption MVAh
in 48 Hours Consumption/
day

Without DAPC

3888.3

16.9

8.45

With 4 DAPCs

3901.3

13

6.50

Power Quality Management

From Table 5, demand savings per day = 8.45 6.50 = 1.95 MVAh

2013

Cost effectiveness of a solution depends on
economic performance. For this study, a simple
pay-back method is used. When the total cost of the
solution described above and the resultant savings
are calculated we obtain the results as listed in
Table 7.
Table 7. Pay-Back Calculations

Annual Energy Saving per
Transformer (kWh)

Annual Cost Savings per
Transformer (Rs)

Evaluation

Item
Annual Energy
Savings (Rs)

For each
Transformer

Total for
4 Kilns

45,333

181,332

Annual Demand
Savings (Rs)

4,270,500 170,82,000

Total Savings (Rs)

4,315,833 172,63,332

Cost of Solution (Rs)

1,800,000

Simple Pay Back (Months)

72,00,000

<6

With the use of DAPC, two distribution
transformers are getting released from
the unit comprising four kilns, which can
be used for future expansion. Due to
improvement in power factor from 0.57 to
0.92, the same transformer of 1.7 MVA
can support a 1.56 MW load instead of
0.97 MW, thus releasing almost 60%
capacity.

The financial implications of this saving are worked
out in Table 6.
Table 6. Demand Savings

Demand Saving per Transformer
per day (MVAh)

1.95

Annual Saving per Transformer (MVAh) 711.75
Unit Cost per MVAh (Rs)

6000

Annual Savings per Transformer (Rs)

4,270,500
...continued in page 56
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This application note describes the
design of the electrical infrastructure for
a modern 10-story head-office building in
Milan, Italy, housing 500 employees
using IT intensively. It demonstrates how
concern for resilience and reliability at
the design stage can save high
maintenance and renovation costs at
later stages. Two design approaches are
discussed and compared, including a
cost comparison. Attention goes to
choice of the electrical distribution
scheme, choice of the earthing
configuration, how to cope with harmonic
currents, coordination of the many
different protection devices, and how to
ensure power supply for mission-critical
loads.

resilient and reliable
power supply
in a modern
office building:
case study
Angelo Baggini and Hans De Keulenaer

T

his paper presents a design approach to assure
resilient and reliable power supply in an
electronics-intensive office building. The document
is a case study of a 10-floor office in Milan, Italy,
(hereafter referred to as 'the building' for
confidentiality reasons). The building is the head
office of a major financial institution and is occupied
by 500 employees using information technology
equipment intensively.
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After a description of the current status of the
electrical installation in the building, accompanied
by the results of power quality measurements, two
design proposals are presented that assure a
resilient and reliable power supply. A cost analysis
completes this report.

The building is connected to the 23 kV mediumvoltage public grid. The medium-voltage main
power supply consists of two 800 kVA transformers,
23/0.4 kV, 50 Hz. The low-voltage side of the
installation is designed as a TN-S system.
The load is subdivided into standard, preferential
and privileged loads, according to the requirements
for continuity of supply (this is discussed in greater
detail later in the text). There is a second point of
common coupling (PCC) to feed a small portion of

the standard load. The two PCCs are fed from the
same grid point and so are not independent.
To assure continuity of power supply, two UPSs (80
+ 200 kVA) and a motor-generator (250 kVA) are
installed according to the scheme in Figure 1. Note
that in such a scheme, it is imperative that the
neutral conductor be connected to the earth only
once, at the main earthing terminal, and not at each
transformer. Otherwise, the benefits of the TN-S
wiring configuration - improved EMC and power
quality - are lost.

2013

Distribution scheme

Power Quality Management

Description of Existing Situation

49

Figure 2. Present Distribution Flow Chart. Dark lines indicate
standard distribution. Light lines indicate privileged distribution.

2013
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Figure 1. The Present Distribution Scheme.
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The primary distribution is a compromise between
radial (wherein each LV panel at each floor has a
dedicated connection with its corresponding
switchgear at the main LV distribution panel in the
basement) and shunt (wherein a rising bus bar or
power line is shared for all floors; at each floor, a
connection is made to the LV panel at the floor)
schemes. This is a direct result of the many
changes in power requirements experienced during
the building's lifetime. Two distribution panels feed
each floor. Each panel has two sections (standard
and privileged) corresponding to the standard and
privileged sections of the main LV power panel
(Figure 2). Final distribution uses a single radial
scheme.
Lines
The three-phase distribution is carried out with
multi-core copper cables. Where the phase
conductor cross sections were greater than 35 mm2,
half-sized neutral conductors had been used.
Load
The rated load for the office building is typical and
consists of
-

Elevators (approx. 80 kVA)

-

Services (approx. 100 kVA)

-

Air-conditioning (approx. 600 kVA)

-

Horizontal distribution for lighting and power in
the open office space (approx. 35 kVA per floor)

Rather high permanent currents are
detected in the ground conductor. This is
a typical indication that the TN-S
configuration has not been preserved,
that is, there are multiple connections
between the neutral conductor and earth.
It must be ensured that there is only one
main earthing point with a connection
between neutral and ground. On-site
personnel need to be briefed to avoid
making any connection between the
neutral and ground in the LV distribution.

Power quality
To evaluate the quality of the power supply, current
harmonic content was measured at the main
electrical lines feeding each floor and at the
distribution panels for building services.
Figures 3-6 give examples of the measured current
and voltage waveforms and their harmonic content.
With reference to these, the following points need to
be highlighted:
-

Some phase conductors, particularly those for
lighting circuits, have over 75% total harmonic
current distortion (3rd, 5th and 7th harmonics) -

Both UPSs show current distortion in phase and
neutral conductors - see Figures 4 and 5.

-

Even-order harmonics appear in more than one
measurement (approx. 30% in Figure 5). This
means that the waveform of the current does not
have the usual symmetry.

-

In some cases, the waveform undergoes more than two
zero crossings per cycle of the sine wave (Figure 5).

-

Rather high permanent currents are detected in
the ground conductor. This is a typical indication
that the TN-S configuration has not been
preserved, that is, there are multiple connections
between the neutral conductor and earth. It must
be ensured that there is only one main earthing
point with a connection between neutral and
ground. On-site personnel need to be briefed to
avoid making any connection between the
neutral and ground in the LV distribution.

resilient and reliable power supply in a modern office building: case study

-
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Figure 5. Waveform and Harmonic Content of Neutral Current in the
80 kVA UPS Line (Open Office Space)

see Figure 6. There is significant 3rd harmonic
current distortion in circuits serving IT and
lighting equipment - see Figures 4, 5 (neutral
conductor) and 6. In some neutral conductors,
the harmonic currents are more than twice the
phase current.

The instrument that was used to make these
measurements was a Fluke 43 single-phase, 0-600
V, CT 600 A/1 mV/A power quality analyser.
Events
The building occupant experienced a high and
increasing number of events and faults principally
related to the overheating of lines and nuisance
tripping of protection devices.

The current installation lacks
organization and rationality in its
approach. Some elements are not in
conformance with the current standards.

Power Quality Management

Figure 4. Waveform and Harmonic Content of Phase Current (Phase L1)
in the 80 kVA Line to the Uninterruptible Power Supply - UPS
(Open Office Space).

Figure 6. Harmonic Content of Phase L2 Current at Main LV
Distribution Panel in the Line Feeding Ground Floor Distribution
Panel (Mainly Lighting Circuits)

2013

Figure 3. Waveform and Harmonic Content of Phase Current (Phase L1)
at Main LV Power Panel in the Line Feeding Elevators 1 and 2.
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Even full compliance to standards does
not guarantee adequate performance
from a power quality and EMC point of
view for a building with mission-critical
functions.

Analysis of the Existing Situation
The current installation lacks organization and
rationality in its approach. Some elements are not in
conformance with the current standards. Even full
compliance to standards does not guarantee
adequate performance from a power quality and
EMC point of view for a building with mission-critical
functions.
Distribution scheme
The distribution scheme is neither systematic nor
rational, probably due to the numerous
modifications since the original installation.
Line overheating
The high density of information technology
equipment such as PCs, servers and so on, and
electronic lighting, produces high levels of harmonic
current in many lines.
Coordination among protection devices and lines
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The current capacities of some lines are not
coordinated with the rating of their overcurrent
protection devices. The large number of lines running
in the same trunking makes the problem more critical
because the operating temperature is higher.
Analysis of a faulty line showed that prolonged
overheating was the cause of failure, due to
overheating in the trunking.

-

Rationalization of mains distribution

-

Renewal of the electrical installation on the floors

Load classification
The flow chart of activities involved in the mains
distribution rationalization procedure is shown in
Figure 7. The first step is classification of the loads.
All loads are classified into three groups:
-

Standard

-

Preferential

-

Privileged

Standard loads are used for daily business. A
simple radial circuit suffices for the supply, and
relatively long intervention times can be tolerated.
Figure 7 . Flow Chart of Activities for Selecting the Right
Distribution Scheme.
USER REQUIREMENTS

POWER SOURCES

- voltage and frequency quality
- power availability
- uninterrupted supply

- public grid
- self generation

Option: users less sensitive to voltage quality

ELEMENTS AFFECTING SCHEMES (Redundancy needs)
-

personnel
availability of spare parts
service conditions, environment,…
stoppage consequences (programmed, occasional):
economic losses, production losses, faults, danger to
people, plant, community

AVAILABLE OPTIONS FOR REDUNDANCY
- totally redundant grid
- sparse approach / single user
or group of users

DISTRIBUTION STRUCTURE
- simple redundant scheme
- machinery selection
- device, line, etc. selection

COST-BENEFIT ANALYSIS OF
ALTERNATIVE SOLUTIONS

2013
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Neutral status
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In the case of such a multiple feed with TN-S
configuration, the neutral current needs to be
brought back right to the main earthing terminal.
Procedures must be in place to avoid making any
additional connection between neutral and ground.
Design Approach
The building occupant, operating in the financial
sector, needs to upgrade the installation since
reliable power quality is considered mission-critical.
The problems revealed by the analysis of the current
situation and the PQ measurements suggest
consideration of an update of the electrical system
at different levels:

Privileged loads are mission-critical. Loss
of service means grave danger to
personnel or severe damage to the
organization's business processes. At the
very least, these loads must be supplied
from two independent feeders with
automatic switching.

Preferential loads need a redundant power supply,
for example, as provided by a dual radial scheme,
starting either from the risers or at the level of
intermediate connections.

Figure 8. The New Mains Distribution Scheme.

In cooperation with the building occupant, all loads
have been classified as shown in Table 1.
Dependability statistics of the electrical components
used in the MV-LV distribution installation is
presented in Table 2.
Table 1. Classification of Types of Load

Type of load

Percentage

Standard
Preferential
Privileged

49%
13%
38%

To reduce short-circuit currents, the system is
normally managed with the main bus bar-breaker
open, but parallel operation of the two main
transformers is possible for a short time.

Table 2. Dependability Statistics of the Electrical Components Used
in the MV-LV Distribution Installation

Number of
Outages
per
Component
per Year

Failure
Rate

1-2

Standard loads are supplied from a single grid
point. The same grid power cable, riser and radial
distribution also supplies preferential and privileged
loads.

Disconnect switches

1-4

Electronic relays
(single)

5-10

Electronic relay
systems

30-100

Standby generators

20-75

Failure to start

0.5-2%

Continuous generators

0.3-1

UPS inverter

0.5-2

Two generator groups supply the preferential and
privileged loads. The standard loads are switched
off through the breakers at the extremity of the
mains bus bar.
Two UPSs supply the privileged loads, in case of
failure of the normal and backup power supplies.

UPS rectifier

30-100

The second LV PCC has been removed in Figure 8.

Underground
cable (1000 m)

13-25

Cable terminations

0.3-1

Cable joints

0.5-2

Each floor is still supplied by two distribution
panels, each having three sections (standard,
privileged and preferential) corresponding to the
same sections of the main LV power panel.

Source: Bollen M. H. J. (1993) Literature search for reliability data
of components in electric distribution networks, Eindhoven
University of Technology Research Report 93-E-276, August 1993.

Mains distribution schemes
To avoid the existing bottleneck at the LV main bus
bar, primary distribution must be modified as a dual
radial distribution (Figure 8 left).
The rating of the transformers TR1 and TR2 must
ensure that each can carry the full load. Considering
that the load current waveform will be highly
distorted (because of the nature of the loads), the

Final distribution could be done using a shunt
(Figure 9) or single radial (Figure 10) scheme.
The shunt scheme (a shared line feeding all floors for
each type of loads) is cheaper and more flexible in the
case of load growth. Unfortunately, it is limited by poor
resilience to faults in the main line and the risers.
The single radial scheme (one line for each floor for
each type of load) ensures
-

www.apqi.org
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MV/LV transformers
MV and LV circuit
breakers

Number of
Outages
per 1000
Components
per Year

To feed the thermal and HVAC services, the
transformer section shall be modified as shown in
Figure 8 with a new 800 kVA transformer, TR3, in
addition to the existing two. The new transformer
has been selected in accordance with the series
A0Ak of the standard EN 50546-1 to minimize the
losses.

2013

Component type

transformers must be sized to take account of the
harmonic content.

resilient and reliable power supply in a modern office building: case study

Privileged loads are mission-critical. Loss of service
means grave danger to personnel or severe
damage to the organization's business processes.
At the very least, these loads must be supplied from
two independent feeders with automatic switching.

minimum interference and voltage drop caused
by loads
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Figure 9. Solution with Radial Scheme. Ten floors with three types of
load means 30 dedicated rising lines. Dark lines indicate standard
distribution; grey lines, preferential distribution; and light lines,
privileged distribution.

-

Neutral cross section equal to that of phase

-

Derated cables

Special attention should be paid to neutral and
phase conductor sizing to avoid overheating and
faulty tripping of protection devices. The adoption of
a UPS or motor generator is not useful if a line fault
occurs after it.
Cost Analysis
The cost of the existing installation is compared with
those of the two possible alternative solutions. These
alternatives differ only with regard to the risers, and
hence in terms of the cost of the main LV panel.
Figure 10. Solution with Unique Riser Lines. Three types of load
means three rising lines/bus bars, shared by all floors. Dark lines
indicate standard distribution; grey, preferential distribution; and light,
privileged distribution.

The cost comparison is presented for the two
alternative solutions both for adoption at the initial
design stage (Table 4) or for implementation as an
upgrade (Table 5). Solution 1 is the shunt scheme,
and Solution 2 is the simple radial scheme, which is
preferable for new buildings, but difficult to
implement as an installation upgrade.
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Regarding cost analysis, the following points need
to be highlighted:

-

that, in case of a fault, only the loads supplied
by the faulty line are out of service

-

reduced maintenance problems

Power Quality Management
2013

The percentages are with reference to the cost
of the existing installation.

-

The extra cost of the better solutions is low if
considered at the initial design stage.

-

The cost of the best technical solution (i.e.,
Solution 2 - single radial scheme at final
distribution) differs only by 3% from that of
Solution 1 if considered at the initial design
stage, but the difference is much larger if
considered at the refurbishment stage only.

-

Cost basis is 2011.

-

The cost of the UPS considers only purchase
and installation costs. The additional costs of
maintenance must be taken into account.

The radial scheme is therefore the preferred
scheme.

Line sizing
Table 3 shows the power-considered sizing of all the
main sections of the system.
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-

The total installed load (Columns 2 and 3) is
multiplied by utilization and contemporary factors
(Columns 4 and 5) to calculate the power
requirements of the load (Columns 6 and 7). As a
margin for future load growth, lines are sized
(Columns 8 and 9) considering an additional factor
equal to 130% and 115% for the power and lighting
circuits, respectively.
Considering the measured waveform of the current,
all the new lines have been sized to take into
account the harmonic profile and resilience
requirements:

Even if the evaluation of average costs related to a
system designed according to good PQ practices is
difficult, we have to recognize that
-

the cost estimates include the costs related to
the practical difficulties of installing and
renewing a building located at the centre of a
major city;

-

modification of the mains distribution scheme is
the most important and useful action to
undertake.

-

the solution with unique riser lines is very difficult
to install with the building in operation.

Power
requirement
(kVA)

Installed
power (kVA)

Power
(1)

Light
(2)

Power
(3)

Light
(4)

Power
(5)

Light
(6)

Power
(7)

Light
(8)

7

10

0.7

1

5

10

6.5

11.5

First underground

114

15

0.7

1

80

15

104

17.25

Ground and general services

43

15

0.7

1

30

15

39

17.25

First floor

50

17

0.7

1

35

17

45.5

19.55

Second floor

50

17

0.7

1

35

17

45.5

19.55

Third floor

50

17

0.7

1

35

17

45.5

19.55

Fourth floor

50

17

0.7

1

35

17

45.5

19.55

Fifth floor

50

17

0.7

1

35

17

45.5

19.55

Sixth floor

50

17

0.7

1

35

17

45.5

19.55

Seventh floor

50

17

0.7

1

35

17

45.5

19.55

Eighth floor

29

12

0.7

1

20

12

26

13.8

Ninth floor

3

2

0.7

1

2

2

2.6

2.3

Thermal Central

29

0

0.7

--

20

0

26

0

HVAC main station

843

0

0.7

--

590

0

767

0

Boxes

14

5

0.7

1

10

5

13

5.75

Elevators

114

0

0.7

1

80

0

104

0

TOTAL

1546

178

--

--

1082

178

1407

204.7

Initial low cost does not necessarily mean good
value. A PQ-compliant system, though initially more
expensive, can save a great deal of money during
Table 4. Cost If Selected at Initial Design Stage

Item

Existing Solution 1 Solution 2
(k€)
(k€)
(k€)

Main LV panel

62,949

68,850

88,522

Risers

59,015

68,850

118,029

Horizontal
distribution

210,485

265,565

265,565

Generator groups

171,142

210,485

210,485

UPS

108,193

206,551

206,551

Motive power

698,339

737,682

737,682

Lighting

983,576

1032,754

1032,754

2293,698

2590,738

2659,589

--

297,040

365,890

Total
Total Absolute
difference
Total Relative
difference

its life. The case study analysed in this article shows
that an electrical installation designed without
attention to PQ issues results in a considerable
amount of unnecessary expenditure, whether to
resolve the issues or to simply live with the
inconvenience and downtime they cause.

Expensive though it may seem, the
highly resilient solution would typically
add only about 1% to the cost of the
building. For commercial buildings,
where the running costs amount to initial
construction costs after 7-8 years, this
initial investment will be paid pack by a
productivity increase of 10 min per week.
Once paid back, all the rest is profit.
Table 5. Cost for Installation Upgrade

Solution 1 Solution 2
Total absolute difference (k€)

--

13%

16%

Total relative difference (%)

830,138

1068,163

36

46
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Second underground

Utilization &
Contemporary
Factors

Power Quality Management

Installed
load (kVA)

2013

Load
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Table 3. Peak-Rated and Actual Sizing of the Primary Distribution System.
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The cost-benefit analysis shows that resilience
should be carefully considered at design stage. An
increase of a mere 16% in the installation cost (1%
of the building cost) provides
-

Three lines of defense against power cuts for
mission-critical loads (dual panels at each floor,
generator, UPS)

-

A highly resilient system, with each floor
supplied by two distribution panels. Each panel
is independent of the other, as well as of all
panels on the other floors.

-

Apart from the economic benefits seen above, there
are other indirect benefits:

www.apqi.org
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Expensive though it may seem, the highly resilient
solution would typically add only about 1% to the
cost of the building. For commercial buildings,
where the running costs amount to initial
construction costs after 7-8 years, this initial
investment will be paid pack by a productivity
increase of 10 min per week. Once paid back, all
the rest is profit.

Indirect Benefits
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1. IEC 364-5-523 - Electrical installations of buildings - Part 5-52:
Selection and erection of electrical equipment - Wiring systems.

A highly flexible electrical system for future load
growth.

...continued from page 48
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With the use of DAPC, two distribution
transformers are getting released from the unit
comprising four kilns, which can be used for
future expansion. Due to improvement in power
factor from 0.57 to 0.92, the same transformer of
1.7 MVA can support a 1.56 MW load instead of
0.97 MW, thus releasing almost 60% capacity.
The transformer efficiency is expected to go up
by 1.5% owing to the reduction in losses due to
harmonics

w

Cable temperature reduction

w

Frequent and spurious tripping of CBs
eliminated

w

Spurious blowing of fuses in distribution
controlled

w

Due to improvement in power quality, the
electronic control systems and logics are better
protected.

Prior to start of the audit, the problem
appeared to be one of low system PF.
However, it turned out to be a case of
higher-order harmonic current wave
distortion.
This case study is a comprehensive example of how
to approach a PQ problem. Prior to start of the
audit, the problem appeared to be one of low
system PF. However, it turned out to be a case of
higher-order harmonic current wave distortion.
Various options are required to be evaluated to
arrive at an optimal solution which can result in
maximum cost savings with minimum intervention.
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T

he Indian tyre industry is estimated at around Rs
250 billion. According to the All India Tyre
Manufacturer's Association, in the financial year
2009-10, India produced 97.1 million units weighing
about 1.35 MT, and the industry is growing at a rate
of over 18%. Natural rubber is the principal
component of the raw material and accounts for
over 60% of production cost. There has been a
steep escalation in the cost of raw materials, and
the sector is under pressure to reduce cost of
production in the ever-increasing competitive
market.

power quality issues
and solutions in a
tyre manufacturing
facility: case study
Pradeep Prabhu

The company in this study produces different types
of tyres in this facility and has a substantial share of
the business in both the domestic and the export
markets.
The Production Process

Power Quality Management

Figure 1 shows the main sub-processes typically
involved in the manufacture of tyres. Each of these
processes requires complicated and precise
process control involving SCR controlled DC drives,
variable-frequency drives (VFDs) and programmable
logic controllers (PLCs). All these are non-linear

At a tyre manufacturing plant
in western India, thousands of
tons of automotive tyres are
produced each year, requiring
the use of vast amount of
energy. A power quality audit,
investigating methods for
addressing electrical
failures/trippings was initiated.
Through analysis, design and
implementation of costeffective methods, the unit
was able to significantly
reduce the overall energy
consumption in the facility and
prevent system outages.

2013

The manufacturing sub-processes
require complicated and precise process
control involving SCR controlled DC
drives, variable-frequency drives (VFDs)
and programmable logic controllers
(PLCs). All these are non-linear loads
and generate substantial harmonic
distortions, which, if not addressed, can
lead to catastrophic electronic
failures/nuisance tripping leading to
production stoppages.
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Simple in appearance, tyres are in fact very
sophisticated products. Tyre manufacturing involves
a complex blend of materials and assembly
processes to produce thousands of different
products used on equipment as varied as urban
bicycles and industrial earthmovers. A typical tyre
includes dozens of different components, using
more than a hundred primary raw materials, which
must be precisely assembled and processed to
achieve the right balance between many competing
factors: grip, energy efficiency, handling comfort
and noise, to name a few.
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Figure 1. Problem Analysis: The Main Sub-processes in the Manufacture of Tyres.

Figure 2. Plant Power Distribution System (Typical).

power quality issues and solutions in a tyre manufacturing facility: case study

Incomer from ESS 1 ( 11kv )

VCB

Isolator

11KV,350MVA,1600 amps

DG BUS
Isolator

Isolator

VCB

VCB

11KV/.38Kv,2
.5 MVA

11KV/.38Kv
2.5 MVA
TRF A

loads and generate substantial harmonic
distortions, which, if not addressed, can lead to
catastrophic electronic failures/nuisance tripping
leading to production stoppages. Apart from
stoppage of production, the unit has been
witnessing wastage of precious raw material
resulting in financial losses. The unit has quantified
such losses as given below:
w Failure of electronic components
- Electronic cards

: 6-10 per month,
necessitating a huge
inventory

- AC and DC drives : 2-3 per month, causing
line shut downs
- Hard discs
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GRID BUS

: 2-3 per month,
resulting in data loss

w Low power factor

: 0.97 and below,
attracting penalty
from the utility

w Nuisance tripping

: 2-3 per year, causing
total shut downs

w Production loss time
on above accounts : 15 days/year

TRF B

Electrical System
Figure 2 shows the basic power distribution network
at the plant.
The factory has a well-designed electrical system
and energy management practices for all resources
like water, steam and so on. The basic precautions
with respect to electrical installations were taken
care of, like
w

Localized additional earthing pit

w

Stabilized voltage as per manufacturer's
recommendation for all electronic equipment

w

Controlled ambient temperature for drive panels

w

Regular maintenance

w

Segregation of AC and DC loads

w

Online UPS for process computers

Energy Profile
The energy profile of the manufacturing unit is as
shown in Table 1:
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Table 1. Energy Profile of the Plant
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Energy

Quantity

Source

Electricity demand (kVA)

12000

Electricity Board/Captive Generation

Furnace oil (l/day)

16000

Oil-marketing companies

Liquefied natural gas (m3/day)

9000

Gas-marketing companies

Specific power consumption (kWh/kg of Production)

0.90

Specific gas consumption (m3/kg of production)

0.157

Power cost (Rs/per kg of production)

5.30

Fuel cost (Rs/per kg of production)

3.00

Based on the above feedback, a PQ audit of the
power system was undertaken to identify the
harmonic and other issues. The findings are given in
Figures 3-6, respectively, for the voltage and current
in transformers A and B, measured on the LT side,
which account for major non-linear loads. These
indicate high levels of harmonic content (3rd, 5th
and 7th) in the specific transformers.
Figure 3. Performance Evaluation of Transformer A: 2500 kVA,
11/0.380 kV, LT Incoming-Side Measurement – Voltage Harmonics.
Note: 5th & 7th order are the dominant voltage harmonics.

The higher 3rd harmonic content
measured at transformers B and H are
due to the presence of a large number of
electronic chokes of T-8 Lamps. The 3rd
harmonic currents add up on the neutral
and cause neutral conductor and
transformer heating. It is also a cause of
fire hazard. A zero sequence harmonic
filter will be required to filter out these in
addition to suitably designed filters for
the higher-order harmonic currents.

Figure 6. Performance Evaluation of Transformer B: 2500 kVA,
11/0.380 kV, LT Incomer Side Measurement – Current Harmonics.
Note: 3rd, 5th & 7th orders are the dominant current harmonics.

power quality issues and solutions in a tyre manufacturing facility: case study

The Audit

The percentages of total harmonic current levels at
different sections of the network are indicated in the
single-line diagram in Figure: 7. The highest levels
can be seen at the LV side where they are
generated.
Figure 7. Distortion Levels.
Figure 5. Performance Evaluation of Transformer B: 2500 kVA,
11/0.380 kV, LT Incomer Side Measurement – Voltage Harmonics.
Note: 5th & 7th order are the dominant voltage harmonics.

www.apqi.org

Figure 4. Performance Evaluation of Transformer A: 2500 kVA,
11/0.380 kV, LT Incomer Side Measurement – Current Harmonics.
Note: 5th & 7th order are the dominant current harmonics.

Grid Supply

Level-3, 11kv Bus
HAR~4% to 8%->
11kv, Double Bus Bar

Level -2, HT DIST.----------- >
HAR~15% - 25%

Level-1 LOAD-END
HAR~ 40% -100% ---->
Large NLL

L & NL
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Power flow
Harmonics

Level-4, 66kv Grid
HAR~ 3% to 5% ->
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Table 2 summarizes the findings:
Table 2. Harmonic Audit Results Summary

Data
Logged

THDv

THDi

Individual
Harmonics

TRF-A

Major

Major

5th & 7th

TRF-B

Major

Major

5th, 7th & 3rd

Major load connected
*Extruder, *Apex m/c, *Mill, * Assy m/c
Major non-liner load like VFD & DC Load
*Mills, *Tyre Testing *Calandering m/c
*Plant Lighting, *Major non-liner load like VFD & DC Load

TRF-C

*Fan VFD, *Utility VFD, *Mill & Mill VFD,
*Mill Drives with Soft Starters

TRF-D

*Chiller Plant CWP VFD, *Extruder, *Tyre Testing

TRF-E
TRF-F

*Extruder, *Mill 300kW VFD (no-load), *Mill 300 kW VFD

TRF-G

*Air-Comp 110 kW VFD, *Extruders, *Apex Extruder,
*New Chiller Plant & CWP VFD

TRF-H

Major

3rd, 5th & 11th

AC VFD

TRF-I

Major

11th & 13th

DC Drive

It is to be noted that the higher 3rd harmonic
content measured at transformers B and H are due
to the presence of a large number of electronic
chokes of T-8 Lamps. The 3rd harmonic currents
add up on the neutral and cause neutral conductor
and transformer heating. It is also a cause of fire
hazard. A zero sequence harmonic filter will be
required to filter out these in addition to suitably
designed filters for the higher-order harmonic
currents.
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Recommendation
After the harmonics audit, it was proposed to install
active harmonic filters at the low-voltage side of the
transformers A and B and additional zero sequence
filters for transformers B and H to filter the 3rd
harmonic currents.
The Results
The recommendations, after due consideration of
the costs involved, were implemented. These have
led to noteworthy improvements in the energy
profile of the manufacturer.
w Voltage harmonic distortion at transformer A has
been reduced to <1%.
w Current harmonic distortion at transformer A has
been reduced to 5-12%.
w Voltage harmonic distortion at transformer B has
been reduced to <1%.
w Current harmonic distortion at transformer B has
been reduced to 5-12%.
Table 3 below summarizes the effects and findings:
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The plant was on a continuous upscaling mode, and thus energy savings
committed at around 6% could not be
definitely established, as production was
always on an upward ramp. Thus stable
data could only be gathered over a long
period of time, with and without the
solution with regard to energy
consumption, vis-a-vis a similar
production base.
The findings are given in Figures 8-11, respectively,
for transformers A and B. With respect to these
graphs, the following points may be noted:
1. Measurement was done immediately after the
installation of harmonic filters for 5th and other
higher-order currents.
2. Provision of zero sequence filter current was
pending at this point of measurement, and
hence the presence of 3rd harmonic current in
the system. Post HF implementation, the 3rd
harmonic current did not reduce in one of the
transformers, which also had 3rd harmonic
current due to the large number of electronic
chokes of T-8 lamps. The 3rd harmonic currents
add up on the neutral and cause neutral
conductor and transformer heating. It also
causes an increase in fire hazard risk. The
normal tuned harmonic filter does not reduce
3rd harmonic currents. It is reduced only with

Elements

Before Installation

After Installation

1

Electronic card failures

6-10/month

1-2/month

2

AC & DC drive failures

2-3/month
(costing Rs 2 lakh approx.)

0 per Month

2-3/month
(costing Rs 3000 approx.)

0 per Month

Rs 6 lakh/year (approx.)

About Rs 2 lakh/year

3

Hard disc failures

4

Value of electronic card inventory
to be held towards replacement

5

Power factor

<0.970
(incurring penalties of
about Rs 2 lakh/year)

>0.98
(earning by way of rebate
for better PF possible)

6

Nuisance trippings

2-3/year

0 per year

7

Production loss time

Half a month/year

1-2 days/year

8

Vth at TRAFO A - 5th, 7th

4.5%, 2.5%

1%, 1%

9

Ith at TRAFO A - 5th, 7th

25%, 9%

12%, 5%

10

Vth at TRAFO B - 5th, 7th

2.5%, 1.5%

1%, 1%

11

Ith at TRAFO B - 5th, 7th

24%, 8%

4%, 0%

Notes: Vth, Voltage harmonic distortion; Ith, Current harmonic distortion
Figure 10. Transformer B: 2500 kVA, 11/0.380 kV,
LT Incoming-Side Measurement – Voltage Harmonics after
the Implementation of Solution.

Figure 9. Transformer A: 2500 kVA, 11/0.380 kV,
LT Incoming-Side Measurement – Current Harmonics after the
Implementation of Solution.

Figure 11. Transformer B: 2500 kVA, 11/0.380 kV,
LT Incoming-Side Measurement – Current Harmonics after
Implementation of Solution.

zero sequence harmonic filters, and the client
has to take the decision regarding their
installation, based on the perceived level of
risks.
3. The plant was on a continuous up-scaling mode,

and thus energy savings committed at around
6% could not be definitely established, as
production was always on an upward ramp.
Thus stable data could only be gathered over a
long period of time, with and without the solution
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Figure 8. Transformer A: 2500 kVA, 11/0.380 kV,
LT Incoming-Side Measurement – Voltage Harmonics after
the Implementation of Solution.
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Sr. No
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Table 3. Status after Installation of Harmonic Filters in Transformers A and B
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with regard to energy consumption, vis-a-vis a
similar production base.
Benefits
After the implementation of the solution, the facility
has reported the following improvements:
w

Elimination of nuisance tripping

By offsetting this against the capital cost towards
the installation of the harmonic filters, simple payback period is arrived at as given in Table 4.
Table: 4: Pay-back Calculations

w

Elimination of sporadic electronic card failures

w

Elimination of hard disc failures

w

Reduction in AC & DC drive failures

w

Pure sinusoidal waveform at plant & machinery

w

Energy conservation: 3-6% for TRF Loads

w

Reduction in maximum demand loads

w

PF steadily maintained close to UNITY

w

Substantial reduction in project cost or for
expansion of the existing plant, as transformer
loading has come down
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Direct/Indirect Costs
Electronic card failure :
2 lakh/month

24

AC & DC drive failure :
2 lakh/month

24

Hard disk failure :
3000/month

0.36

w

Product-related scrap come down due to
production loss time reduction

Inventory cost reduction/
year - electronic cards

4

w

Reduction in maintenance cost due to reduction
in electronic card & drive inventory level

Total cost of problems
before solution/year

52.36

w

No/less penalty for low PF, and production loss
time reduction by 2% average

Capital Cost for Solution

Direct cost savings (approximate)
- Electronic card failure

:

Rs 2 lakhs/month

- AC and DC drive failure

:

Rs 2 lakhs/month

- Hard disc failure

:

Rs 3,000/month

w Electronic card inventory :
reduction

Rs 4 lakhs/year

Indirect cost savings

Power Quality Management

Net Annual Cost
Savings (approx.)
(Rs lakhs)`.

Production increase due to lesser production
loss time

The annual savings the facility has been able to
accrue owing to some of the above-listed benefits
are quantified. The estimated direct/indirect savings
after implementation of the solution are given below:

2013

Cost of Poor Power Quality
(Rs)

w

Cost-Benefit Analysis
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can examine them and offer innovative
solutions.

This study conducted at the tyre
manufacturing facility validates the
methods that can be employed at
industrial facilities to address power
quality issues. Even well-engineered and
well-maintained large manufacturing
processes are susceptible to PQ
problems and present unique
challenges. Only a comprehensive audit

Harmonic filters installation
& commissioning cost

48

Total cost of solution

48

Simple Payback period

About 11 months

Note: Many of the indirect costs such as nuisance tripping could
not be quantified; this would further reduce the payback period to
very attractive levels.

This study conducted by ENCON Engineers,
Bangalore, at the tyre manufacturing facility
validates the methods that can be employed at
industrial facilities to address power quality issues.
Even well-engineered and well-maintained large
manufacturing processes are susceptible to PQ
problems and present unique challenges. Only a
comprehensive audit can examine them and offer
innovative solutions.

(Mr. Pradeep Prabhu is the
Group Manager- Electrical
with Apollo Tyres Ltd. Limda
Plant, Baroda, India.)
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The specific objective of the APQI project is to raise
awareness of managers and decision makers in
manufacturing and service industries in Asia and to
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