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nnautical circles, the “rogue

wave” isa devastating wave

feared by even the most skillful of sailors. It can creep up on a ship

with little warning with a force that can cause tremendous damage.

In a similar manner, many of today’s electrical systems are dealing

with their own rogue waves: distorted volt-
age waveforms, as shown in Fig 1.

Like their nautical cousins, the electri-
cal system rogue waves can be very devas-
tating and rarely provide advance warn-
ing. They are the result of harmonic
generating non-linear loads, which are pro-
liferating throughout our commercial and
industrial buildings. Unlike the nautical
version, however, once voltage distortion
has reached rogue wave status, it’s not a
onetime occurrence butacontinuous prob-
lem that can only be corrected by either
elimination of the harmonic generating

loads themselves (which is rarely possible)
or through some form of harmonic miti-
gation.

Causes and symptoms

The ever increasing density of non-linear
loads, such as PC’s, printers, telecommuni-
cations equipment, and adjustable speed
drives (ASDs) has begun to put tremen-
dous stress on our electrical distributions
in the form of harmonic distortion. Many
of the subsequent problems have been well
documented in recent years, especially those
related to the overheating of neutral con-
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Fig. 1. Examples of rogue wave voltage distortion and associated problems.

ductors, transformers, and other electrical
distribution equipment, which can bring
on premature failures. Some harmonic
problems that have received less attention,
but in many ways are even more serious,
include high voltage distortion, neutral-to-
ground voltage,and poor power factor (PF).
In extreme cases, these phenomena are di-
rect contributors to subsequent problems
with the equipment connected to the power
distribution. Examples include the follow-
ing:

¢ Computer operational problems.

¢ Hardware component failures.

* Motor burnouts.

e Generator voltage regulation and
frequency control problems.

» UPS and generator overheating.

* Failure of PF correction capacitors.

How non-linearloads

create voltage distortion

By far the majority of the voltage distortion
foundintoday’sdistributionsystems is pro-
duced by the loads themselves, not the sup-
ply. Much of today’s electrical load is non-
linear, meaning it consumes current in a
non-sinusoidal manner. Since, by defini-
tion, a non-sinusoidal waveform is com-
posed of harmonic currents, non-linear
loads are considered to be harmonic cur-
rent sources. In other words, by consum-
ing current in a non-sinusoidal manner,
these non-linear loads produce harmonic
currents that circulate through the power
distribution system.

Most voltage distortion is the result of
the interaction of these harmonic currents
with the impedance of the electrical distri-
bution system. As the harmonic currents
pass through the system’s impedance, they
produce voltage drops at each harmonic
frequency in relation to Ohm’s Law: V,, =
I, X Zy. (See Fig. 2 on page 34.) The volt-
age drops appear as harmonic voltages,
and the accumulation of these voltages at
all the harmonic frequencies produces the
voltage distortion.

The relationship is:

Vi =/ V24 V24V 4V, = V1
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where:
Vua=Total harmonic distortion of volt-
age,

V,=Voltage at harmonic number “h”

V,=Fundamental voltage

Distortion levels can be quite high when
system impedance is high. A fatal combi-
nation is high densities of non-linear loads
in systems with high impedance or low
faultlevel. This situation is common when
weak sources, such as UPS systems or die-
sel generators, are used to service electronic
equipment. The problem is magnified fur-
ther when the equipment is serviced by
long cable runs.

Voltage distortion demonstration setup

A simple way of demonstrating the rela-
tionship between harmonic voltage drop
and voltage distortion is shown in Fig. 3
(on page 36.) The objective is to show that
the harmonic voltages, as measured across
a harmonic current generating load, are
primarily the result of the voltage drop de-
veloping as the harmonic current passes
through the impedance of the power distri-
bution system, In this demonstration, the
non-linear loads chosen are 23W compact
fluorescent lamps (CFLs). The main rea-
sons for choosing these loads are as fol-
lows,

* Their current spectrum is quite typi-
cal of that foundin today’selectronicloads.
(See phase current in Fig. 3)

¢ The low wattage of the lamps means
that very little voltage drop is created as
the harmonic currents pass through the
impedance of the system. Voltage distor-
tion can then be artificially increased by
addingarelatively smallreactortoincrease
system impedance, The voltagedropacross
this known reactance is then used to dem-
onstrate how the voltage distortion is the
result of voltage drops at each harmonic
frequency.

The system impedance is artificially in-
creased by inserting a 5% impedance, 3-
phase, core-type, line reactorinseries. Since
the 3-phase reactor presents very low im-
pedance to the zero sequence harmonics
(those that return on the neutral), a similar
size single-phase reactor is inserted in the
neutral as well. By applying Ohm’s Law as
shown in Fig. 2, the voltage drops at each
harmonic can be calculated. Since the in-
ductance of the reactor (20 mH) is signifi-
cantly greater than the remaining induc-
tance in the system, the following assump-
tions can be made to simplify the voltage
drop calculation. _

¢ Cable, transformer, and source im-
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Fig. 2. How harmonic-generating non-linear loads create voltage distortion.
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Fig. 3. Denonstration setup to show how harmonic current distortion produces
harmonic voltage distortion at the non-linear loads.

pedances are neglected since, in compari-
son with the reactor impedance, they are
insignificant.

* Resistance in the reactor and the over-
all system is negligible as well.

This simplifies the demonstration setup
system impedance as follows:

Zy=Zs+Zr+Zc =17, for each har-
monic frequency and since Z =/R, + X,
neglecting resistance then, Z,, = X, =2 fL,

For the 5th harmonic (whereh =35, f=
300 Hz, and L = 20 mH) the system im-
pedance becomes: Z; = X; = 2wfl =
2m(300)(.02) = 37.7 ohms,

Applying Ohm’s Law, and using the har-
moniccurrentas measured witha harmon-
icsanalyzer, the Sthharmonic voltage drop
is calculated to be:

Is =0.13A

V=L XZ,=013 X 37.7=4.9V

The above calculations are applied to
all odd harmonics from the 3rd to the
13th and the results tabulated in the
Table. By comparing the calculated
voltage drops with the actual measured
harmonic voltage at each harmonic, you
can see that they match quite closely. This
confirms the harmonic voltages (which de-
fine voltage distortion) are primarily the
result of the accumulation of harmonic
voltage drops. Note thatthe measured volt-
ages are slightly higher than the calcu-
lated voltage drops. This is due primarily
tothe factthat there s, in fact, some contri-
bution to the voltage drop resulting from
system impedances other than the line re-
actor (such as cable resistance).
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The table also shows how the volt-
age drop across a neutral conductor
creates a bigh neutral-to-ground volt-
age,which is a form of common-mode
noise. The 20 mH single-phase reactor
inserted in the neutral in the demonstra-
tion produces a calculated voltage drop
of 18.3V at the 3rd harmonic. The mea-
sured value of neutral-to-ground voltage,
at 13V (see Fig.3), approaches this calcu-
lated value. Although levels this high are
not normally found in the field, it’s now
fairly common to find levels above 5V.
An example is shown in Fig. 1 where the
neutral-to-ground voltage at the first site
was 6.6V.

What can be done to prevent the rogue
wave from developing?

Considering Ohm’s Law once again (V,=
I,x Z,), we see that the harmonic volt-
age drops can be reduced by either
reducing the harmonic currents or the
system’s impedance as seen by the har-
monic generating loads, or both. Since
the currents are determined by the load-
ing and therefore, can only be changed by
changing the loads themselves (or by turn-
ing them off), the only truly practical
approach for reducing voltage distortion
is to reduce the system impedance to the
harmonic currents.

Harmonic mitigating transformers,
which combine phase shifting strategies
with low zero sequence impedance, are de-
signed to reduce harmonics by providing
alternate low impedance paths for the prin-
cipal harmonic currents (3rd, 5th, 7th and
9th) to flow. A full explanation of how
these transformers work is a technical
paper in itself. In general terms, a 30° phase
shift is applied to cancel 5th and 7th har-
monic currents while, at the same time,
flux cancellation is used to provide an alter-
nate, low impedance path to the neutral
conductor for the 3rd and 9th harmonics,
By provideng alternate lower impedance
paths, harmonic currents are prevented
from flowing back through the full imped-
ance of the system, resulting in much lower
voltage drops and voltage distortion.

A dual output, phase shifting auto-
transformer with low zero sequence
impedance is installed in the demonstra-
tion setup shown in Fig. 4 to show how
voltage distortion could be reduced. By
reducing the system impedance to the har-
monic currents near their source (the non-
linear loads themselves), the voltage drops
across the impedance of the system (i.e. the
5% reactor) are reduced. This in turn
improves the voltage waveform by reduc-

Hamonic | Cumentinamps Line reactor Calculated Measured

No. | Hz. | [(asmeasured) reactance(chms) | voliagedrop harmonicvolioge |
3 180 0.81 22.6 18.3 14.5

5 | 300 0.13 377 4.9 54

7 | 420 0.04 52.8 2.1 2.1

Q@ | 540 0.05 67.8 3.4 3.0

11 | 660 0.02 829 1.6 1.3

13 | 780 0.02 8.0 2.0 1.8

Comparison of calculated voltage drops with measured harmonic voltage on demon-
stration setup of Fig. 3. Total harmonic voltage distortion (V) is 13.6%.
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Fig. 4. Demonstration setup with harmonic-mitigating transformer installed.

ing voltage distortion from 13.4% to
3.9%. (Compare Fig.3 with Fig. 4.)

Another significant benefit resulting
from the installation of the harmonic miti-
gation equipment is the reduction in neu-
tral-to-ground voltage near the loads (from
13.0V to 0.1V). Neutral-to-ground volt-
age develops as a result of the voltage drop
created by the heavy neutral currents
returning along the neutral conductor.
Since the harmonic mitigating auto-trans-
former significantly reduces the neutral
current (the 3rd harmonic component
drops from 0.84A to 0.03A), the resulting
voltage drop across the reacror is reduced
as well.

You may have noticed that the 60 Hz
component in the neutral is increased
slightly with the installation of the trans-
former. This is the unbalanced portion of
the magnetizing current of the auto-trans-
former. (The slight increase in phase cur-
rent is also due to magnetizing current.)
Since the loading in this demonstration is
very small, the magnetizing current is dis-
proportionately large. In typical field
installations, the magnetizing current
becomes negligible in comparison with the

transformer’s overall loading.
S

Case study: Treating harmonic distortion
with a mulfiple output low zero sequence
impedance transformer.

To further demonstrate the ability of a
multiple output low zero sequence imped-
ance transformer to reduce voltage distor-
tion, the following case study is presented.
(See Fig. 5 on page 41). In this example,
the harmonics generated by audio/visual
equipment fed from a static UPS system
were creating voltage distortion as high as
17.5%. Problems believed to be artribut-
able to this high voltage distortion includ-
ed some video distortion and abnormally
frequent hardware failures.

Analysis of the current distortion on the
system pointed to the need to treat the
3rd, Sth, 7th, and 9th harmonics. To do
this, a dual output, low zero sequence
impedance autotransformer (similar to
that used in the demonstration setup) was
installed to supply two existing power
panels. As with the demonstration model,
the two outputs of this transformer are
phase shifted 30° apart in order to cancel
Sth and 7th harmonics. The key difference




TESTING, MEASUREMENT,

& ANALYSIS

Taming The Rogue Wave: Techniques For Reducing Harmonic Distortion

between this transformer and other dual
output phase shifting transformers is the
way in which it handles the zero sequence,
or triplen, harmonics (3rd, 9th, 15th, etc.).
By canceling the zero sequence fluxes ar its
secondary windings, the triplen harmonics
will not be induced to circulate in the pri-
mary windings. The result is a transformer
with several times lower impedance to the
flow of these harmonics, producing signif-
icantly less voltage drop and voltage dis-
tortion, Additional advantages include a
reduction in transformer losses and tem-
perature rise,

Note in Fig. 5 how much more lin-
ear (i.e. less harmonic content) the
input current is than the output cur-
rent. This is the result of the combined
zero sequence filtering and phase shift-
ing action of the harmonic mitigating
transformer. By reducing the harmonic
current content, voltage distortion is
reduced by nearly 2.5 times, and power
factor is increased (0.78 to 0.96). The
UPS now benefits from the improved
power factor and less heating (in the
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Fig. 5. Power quality improvement downstream of a UPS through the use of a dual out-
put harmonic mitigating transformer.Voltage distortion before treatment was 17.5%.

form of losses) due to harmonic cur-
rents. Oversizing of the UPS for the
non-linear loads is no longer necessary.

You may note that although the voltage
distortion has been reduced substantially, it

still remains above 5%. This is due to the
fact that the UPS unit is an older model that
would produce close to this level of voltage
distortion even if servicing a totally linear
load.

What warning signs or specific conditions are likely to indicate

rogue wave voltage distortion?

The roots of heavy voltage distortion are the harmonic currents generated by non-
linear loads. When they circulate through an electrical systems impedance,
voltage distortion develops. Therefore it follows that voltage distortion levels are

highest where there are:

1. A high density of electronic loads. This includes office areas, computer rooms,
telecommunications or LAN closets, broadcast equipment rooms, High Tech manufac-
turing production and test areas, and industrial or commercial buildings where

adjustable speed drives are abundant.

2. Long cable, riser or busduct runs between the electrical supply and the harmonic
current generating non-linear loads. The high conductor impedance of long service
runs will produce larger voltage drops and subsequently heavier voltage distortion.

3. Small or high percent impedance transformers. Transformer impedance often has
a more significant impact on voltage distortion than cable impedance, especially when

the cable runs are reasonably short.

4. Electronic loads supplied by a weak source. By definition, a weak source is one
with high source impedance, such as a UPS or diesel generator. Like high cable imped-
ance, a high source impedance will result in larger voltage drops and heavier voltage
distortion. Equipment which operates normally when serviced by the electrical utility
supply, can experience erratic behavior when being supplied by a backup emergency

generator during a power outage.

Reprinted with permission from the June, 1997 issue of EC&M®
Copyright 1997. INTERTEC® Publishing, Overland Park, KS.




Slnls’rer deodly ond ||V|ng in more offices than you think.

Personal computers, copiers, fax
machines and adjustable speed
drives...

They're critically imporfant to
every company today. But just as
their numbers have mulfiplied, so
has the problem of power system
harmonic disfortion. Every non-
linear load infroduces harmonics
into the power system. Add
enough of them and they will
drastically distort both current
and voltage waveforms. This
often results in computer sysfem

failures, overloaded neutral conductors,
overheated fransformers, poor power factor and

in the worst case, elecirical fires.

The Mirus Eliminator™ or Harmony™ series
products will solve all these problems by
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WE HAVE THE'ROWER

Before.
Vihd=16%

Large brokerage firm. Computer
lockups and repairs on ‘mission
critical’ applications adversely
affecting operations.

After Mirus.
Vihd=3%

Problem solved. Far fewer lockups
and computer breakdowns. Greatly
reduced mainfenance casts.

confrolling the harmonics near
their source. For 10 years, we've
diagnosed and solved harmonic
problems with over 1000
successful insfallations
worldwide; serving small
companies right up fo blue-chip
multinationals.

You'll find that our full line of
products can handle virtually any
load size. And passive eleciro-
magnetic technology makes our
solutions very reliable and cost
effective.

So if you suspect a harmonics problem, give
us a call at 1-888-TO MIRUS for a free phone
consultafion.

We'll show you how easy if is to fame a rogue
wave before it sinks your corporate ship.



