3°° HARMONIC BLOCKING FILTER

IS THE CURE WORSE THAN THE DISEASE?

BY TONY HOEVENAARS, P ENG.

It is commonly known that conventional transformers and neutral
conductors can become overloaded and hot due to harmonics gen-
erated by computer equipment and other non-linear loads. Triplen
current harmonics (mainly 3™ and 9*) sum arithmetically in the neu-
tral and circulate in the primary windings of transformers. A simple
and effective solution being commonly applied is to use K-rated, or
more preferably, harmonic mitigating transformers and to double
the ampacity of the neutral conductor. This prevents overheating
without introducing negative side effects. Third harmonic blocking
filters, on the other hand, reduce neutral current by preventing loads
from drawing 3™ harmonic current. They will eliminate neutral con-
ductor and transformer overheating but introduce NEC concerns and
the potential for serious power quality issues.
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OULD YOU KNOWINGLY TAKE MEDICINE THAT CAUSED

side effects more serious than your illness?

Of course not, especially if there was an-
other simple cure that had no side effects. Well, this is
essentially what is happening when 3™ harmonic block-
ing filters are used to “cure” overheated neutral con-
ductors. The side effects they introduce are often much
more serious concerns than the presence of 3™ har-
monic current in the neutral.

The 3™ harmonic blocking filter is a parallel inductive/
capactive (L-C) network tuned to the 3™ harmonic (180 Hz
for a 60 Hz system) that is connected in series in the neu-
tral conductor of 4-wire systems. The high impedance of
the filter at 180 Hz blocks the flow of 3™ harmonic current
in the neutral and in the connected equipment To pre-
vent extremely high levels of neutral-to-ground voltage at

and many transformers failed under what was thought
to be relatively light loading.

The power quality problems are primarily due to
voltage distortion in the form of flat-topping, Harmonic
currents create voltage distortion as they pass through
the impedance of a power system. A high impedance
system can create very high voltage distortion. When
voltage distortion gets severe enough it can cause prob-
lems with connected eguipment such as premature
failure, reduced ride-through capability and other op-
erational problems.

How 3F° HARMONIC CURRENTS
OVERLOAD NEUTRAL CONDUCTORS?
Figure 2 demonstrates how the sinusoidal currents
on the phases of a 3-phase, 4-wire system with lin-
ear loads sum to return on the neutral
conductor. The 120° phase shift between
the sinusoidal load currents causes their

balanced portions to cancel. Only the re-

sidual unbalanced portion remains. For
linear loads, the neutral conductor can
be the same size as the phase conductor
because the neutral current cannot be

Transformer Panel
Individual circuits

| ~___Phase conductors AR~
Hal B ; e}
|~ c —

3rd Blocking Filter | N |

g

2222 Neutral Mt

T s

1

I I—H—l : Ground GRS Phase-neutral

1 C . — :
s e = electronic loads

Figure 1. Typical installation of 3rd harmonic blocking filter.

the downstream receptacles, the installation requires that
the direct neutral-to-ground connection of the transformer
secondary be removed and connected to the load side of
the harmonic blocking filter (see figure 1).

Although 3™ harmonic current is greatly reduced,
it is achieved at the expense of rather severe side ef-
fects. Three of the more serious are: (1) the creation
of an impedance grounded 4-wire system prohibited
by the National Electrical Code (NEC); (2) a signifi-
cant increase in voltage distortion with its inherent
negative effects on the connected equipment; and (3)
over- and undervoltages created by neutral reference
shift when loads are unbalanced.

WHY ARE HARMONICS A PROBLEM?
By drawing current in pulses rather than in pure
sinewaves, non-linear loads (such as computer equip-
ment) generate harmonic currents. These harmonic
currents can produce both overheating and power
quality problems in a power system if left untreated.
The power distribution equipment which most of-
ten overheats due to harmonics are neutral conduc-
tors and conventional transformers. Before corrective
measures to address harmonics began to be imple-
mented, hot neutrals were being known to cause fires
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larger than the highest phase current
This is not true, however, for non-linear
loads.

The narrow pulse currents drawn by
non-linear loads will not cancel in the
neutral. When one phase is drawing its pulse, the
other two phases draw very little current. Hence,
little cancellation occurs in the neutral conductor
and each pulse of current on a phase becomes a
pulse of current on the neutral.

Even if the phase currents of the non-linear loads
are perfectly balanced, the neutral current can be as
much as 3 times the value of the phase current be-
cause there are three times as many pulses of current
in the neutral than in any one phase. With three times
the pulses, the predominant component of the neutral
current will be the 3™ harmonic. This is evident in the
waveforms of figure 2 since each phase current com-
pletes only two cycles in the same time period that the
non-linear neutral current completes six cycles (three
times the fundamental).

HOw HARMONIC CURRENTS CREATE
VOLTAGE DISTORTIONT?

As mentioned earlier, voltage distortion is created as
harmonic currents pass through the impedance of a
power distribution system. Current at any frequency
flowing through an impedance will result in a voltage
drop in the system at that frequency. This is a simple
application of Ohm’s Law -V, =1 xZ , where:
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voltage at harmonic number h
current at harmonic number h
= impedance of system to harmonic h

VI\
2
Zh
The accumulative effect of the voltage drops at each
frequency produces voltage distortion. A common term
used to indicate the amount of waveform distortion is
total barmonic distortion (THD). THD is expressed as
a percentage and for power systems can be applied to
both voltage and current. Voltage total harmonic distor-

tion (V) is defined as a root mean square of all the
harmonic voltage drops and is expressed as follows:

Vi = W24+ v 4vievie

Vi

x 100%

Voltage distortion then is a function of both the sys-
tem impedance and the amount of harmonic current
in the system. The impedance of long cable runs (es-
pecially 4-wire), conventional or K-rated transformers
and soft sources (generators and UPS systems) will tend
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Figure 2. How non-linear load currents add in the neutral.
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to increase voltage distortion. To prevent high voltage
distortion, system impedance should never be in-
creased and the best designs include measures which
reduce system impedance such as the use of low zero
sequence impedance harmonic mitigating transform-
ers (HMTS).

Another way to conceptualize harmonic distortion
is to consider the current and voltage waveforms them-
selves. A typical non-linear load, the switch-mode power
supply (SMPS) is shown in figure 3. This device draws
current only during the peak of the voltage waveform,
while charging the smoothing capacitor and supplying
the load. As the applied voltage drops during the rest
of the cycle, the capacitor discharges to support the
load. Since the load only draws current during the peak
of the voltage waveform, the instantaneous voltage drop
due to the load current will occur only at the peak of
the waveform. The resulting voltage distortion is com-
monly referred to as flat-topping.

THE AFFECT OF VOLTAGE FLAT-
TOPPING ON SWITCH-MODE
POWER SUPPLIES

How voltage flat-topping affects the opera-
tion of an SMPS is a somewhat controver-
sial topic. Most equipment manufacturers
specify < 5%V, in their installation manu-
als, but many installations today exceed
these recommendations. IEEE standard
519, Recommended Practices and Require-
ments for Harmonic Control in Electrical
Power Systems, also lists 5% V_  as a rec-
ommended limit and states, “Computers
and allied equipment such as program-
mable controllers frequently require ac
sources that have no more than a 5% har-
monic voltage distortion factor, ... Higher
levels of harmonics result in erratic, some-
times subtle, malfunctions of the equip-
ment that can, in some cases, have serious
consequences.”

Often the equipment appears to oper-
ate normally but the long-term effect of
exposure to a severely distorted or flat-
tened voltage waveform is rarely consid-
ered. A drop in peak voltage will directly
reduce the DC bus voltage within an
SMPS. Figure 4 shows how the DC bus
voltage is directly proportional to the
peak of the voltage waveform. During
each voltage half cycle, the smoothing ca-
pacitor is charged by the voltage peak. It
then discharges to support the DC volt-
age as the supply voltage drops to zero

Non-Linear
Load
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Typical Circuit Diagram of Switch-mode Power Supply

impedance to the flow of harmonic cur-
rents is increased as is the case with the
3" harmonic blocking filter. Manufactur-
ers of these filters readily admit that a re-
duction in ride-through capability is one
consequence of their filters’ use.

How THE use OF 3" HARMONIC
BLOCKING FILTERS RAISES NEQC
CONGERNS?

One of the more significant consequences

Pulsed Current
Switch-mode draws current only while /___, \; of applying a 3™ harmonic blocking filter
capacitor is charging e NI EN is that its installation raises questions with
Voltage Flat-topping e A NEC 2002 Lisne
Pulsed current creates vaoltage drop at \\—H__.J/ fosprct 1o i . £ compliance.
peak of voltage waveform i Manufacturer’s instructions require that
— Voltage — Current the filter be installed in series between the

Figure 3. Relationship between pulsed current and voltage flat-topping.

and back up to its peak. The result is a DC voltage
with a slight DC ripple.

When the SMPS is supplied by a sinusoidal wave-
form of nominal voltage, its DC bus voltage will be
normal. When the voltage peak is flattened, how-
ever, the DC bus voltage will be lowered propor-
tionately. With a reduced DC bus voltage, the SMPS
must draw more current to supply the power de-
mands of the load (P = V x I). This increased cur-
rent will increase the internal I’R losses and the heat
these losses produce. Components within the SMPS
will then run hotter and can fail prematurely.

Another negative affect of a lower peak supply volt-
age is reduced ride-through capability. With a full
peak voltage, the smoothing capacitor in the SMPS
often has enough charged energy to support the load
during a brief power interruption. This is why a per-
sonal computer is often unaffected when

neutral point of the transformer and its

ground connection (see figure 1). Leaving

the ground connected directly to the neu-
tral point of the transformer would result in neu-
tral-to-ground voltages (particularly at the 3™ har-
monic) that would be unacceptably high due to the
voltage drop across the filter (as high as 30 to 40
Vrms at heavier loading).

NEC paragraph 250.20(B) states that: "Alternat-
ing-current systems of 50 volts to 1000 volts that
supply premises wiring and premises wiring sys-
tems shall be grounded under any of the follow-
ing conditions: (1) Where the system can be
grounded so that the maximum voltage to ground
on the ungrounded conductors does not exceed
150 volts; (2) Where the system is 3-phase, 4-wire,
wye-connected in which the neutral is used as a
circuit conductor ...”

Standard grounding practice requires that the
neutral of a separately derived source, such as the

the lights in the office area flicker during _
a thunderstorm or other inclement 200 ¢ Voltage flat-topping
o 150 - reduces DC bus voltage
weather condition. el
With a flattened voltage waveform, § =od * Lower DC voliage,
h hing capaci o 2 increases current and
however, the smoothing capacitor will not £ 0 ‘-. y R losses (heat)
get fully charged. With less stored energy, > 507 L / & Presinature componsit
this capacitor might no longer be capable jgg 4 AL el failure results from
of supporting a load during the full du- 200 e higher operating
ration of a power interruption and the DC Bus Valtage with: Sinuseidal Input Voltage (blue) temperatures
equipment could shut down. Since the Fet-topped lnpuk Vatiags (red)
energy in a capacitor is proportional to g, drop in peak voltage P=VI
the square of‘the applied voltage, a 10 _ DrOdUCl_ES f V=09pu, 1=P=10 =1.11pu
percent drop in peak voltage can result 11% increase in current Vv 09
in a >35% drop in ride-through capabil- and 5 .
23% increase in I'R losses Poss™ PR=E (1) =820.0u

ity (see figure 5).
The problem of voltage flat-topping be-
comes even more severe when a system’s
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Figure 4. How voltage flat-topping affects DC bus voltage in a SMPS.
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wye secondary of a transformer, be connected ,_

Phase A Voltage Waveform. jun 20 2000 15:40:30

directly to ground without introducing any
intentional impedance in the grounding
path. NEC 250.2 defines “Effective Ground-
Fault Current Path as an intentionally con- _sovk
structed, permanent, low-impedance electri-
cally conductive path designed to carry cur-
rent under ground-fault conditions from
point of ground fault on a wiring system ta

the electrical supply source” [italics added].
Insertion of the 3™ harmonic blocking filter

violates this requirement by adding imped-:
ance between the neutral point and the

ground connection. A low impedance fault- e

current path is essential for ensuring that

enough current flows through the circuil
breaker to clear a fault.

NEC 250.30(A)(2)(a) states that “a ground-
ing electrode conductor for a single separately
derived system...shall be used to connect the
grounded conductor of the derived system to the
grounding electrode....” In addition, “the ground-
ing electrode conductor shall be installed in one con-
tinuous length without a splice or joint....” [italics
added. See NEC 250.64(C)]. If a simple splice con-
nection isn’t even allowed, then certainly the L-C cir-
cuit of the 3 harmonic blocking filter should not be
allowed ecither.

The only reference in the NEC that allows for
the introduction of impedance between the neu-
tral and the grounding electrode is found in Sec-
tion 250.36, High-Impedance Grounded Neutral
Systems. However, these systems are permitted
only at 480 V and higher and only if they do not
serve line-to-neutral loads. They also require the
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Figure 6. Voltage Flat-topping caused by 3° harmonic blocking filter.

use of ground-fault detectors. None of these re-
quirements is met in the normal application of
the 3™ harmonic blocking filter where the loads
are primarily 120 V, phase-to-neutral connected
computer equipment.

There are many reasons for not allowing imped-
ance grounded systems but probably the most cru-
cial is the increased potential for arcing faults and
the fire hazard these would introduce. Under a fault
condition, an impedance grounded system could
limit the fault current such that it prevents circuit
breakers from clearing the fault. If not cleared, the
fault could easily begin to arc, overheat, and pro-
duce a fire.

VOLTAGE DISTORTION INCREASE CAUSED
By 3°° HARMONIC BLOCKING
FILTERS

— M « \oltage flat-topping Because of its high impedance to 3™ har-
100 R 7 \ ~——— reduces DC bus voltage monic current, the 3™ harmonic blocking
so \ '\ « Lower charging voltage  filter will produce much higher voltage
on smoothing capacitor, ~ distortion at this harmonic. The result is
reduces stored energy  a severely flat-topped voltage waveform.
1501 <~ o With less stored energy ~ Figure 6 shows voltage distortion mea-
ride-through capability sured at a site in which a 3 harmonic

blocking filter was installed and loaded
to about 50 percent. The severity of the
voltage flat-topping is quite evident with
total harmonic voltage distortion exceed-

reduces With drop-out voltage = 70% (V, = 0.7 pu) ing 30 percent. Heavier loading would

ride-through capability ~ When V,=1pu,

o
by 37% When V1 = 0.9 pu,

AW =12C(V2-V,)=0.16C

Figure 5. How voltage flat-topping reduces ride-through capability.
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AW.=12C(V;2-V,2)=0255C

distort the voltage even further.

At 30 percent, the voltage distortion was
six times the maximum limit of 5 percent
recommended by IEEE standard 519. In ad-
dition, the crest factor of 1.19 was 19 per-
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Figure 7 shows how the
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Figure 7. Neutral reference shift due to neutral impedance and unbalanced loading.

cent below the normal sinusoidal crest factor of 1.414.
As discussed earlier, this level of distortion can affect
connected equipment, by way of:

1. significantly reducing the ride-through capability
of switch-mode power supplies;

2. decreasing connected equipment reliability by lower-
ing the SMPS DC bus voltage which increases current de-
mand, I’R losses, and component operating temperatures;

3. causing single-phase UPS systems to switch to bat-
tery backup due to distorted supply voltage;

4. producing light flickering due to momentary cur-
rent bursts of laser printers or other single-phase inter-
mittent loads;

5. causing overheating in rotating equipment, such
as induction motors.

At first, when loading is light, problems may not be
obvious. However, as load increases, voltage distortion
and flat-topping will also increase until problems are
very likely to arise.

NEUTRAL REFERENCE SHIFT DUE TO
UNBALANCED LOADING

When impedance is inserted in the return neutral
path of a 4-wire system, the voltage drop across this
impedance can result in a shift of the neutral refer-
ence point. This is particularly evident when the loads
on the various phases are unbalanced.
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VaN = VAN' + VFilter

electronic loads £ .
three phases. This shift will

result in a change in the
phase-to-neutral voltages.
One phase may see a drop
in the phase-to-neutral volt-
age while another phase sees
an increase. Since balanced
loading can never be guaran-
teed, the use of 3* harmonic
blocking filters will always
have the potential of intro-
ducing very troublesome
over- and/or undervoltage
conditions at the connected
equipment.

CONCLUSION

Since harmonic induced overheated neutrals and trans-
formers can be suitably addressed by doubling neutral
conductors and using HMT or K-rated transformers, it
seems puzzling that a solution that requires the use of
questionable grounding practices and that can introduce
serious power quality side effects would justify any con-
sideration for use. It can only be concluded that these
decisions are being made without full consideration of
minimum safety code requirements and understanding
of the consequences.

Although harmonics are certainly a performance is-
sue which requires our attention, treatment of one
problem must not be done at the expense of other,
more serious problems. In that regard, it is the author’s
opinion that the use of 3 harmonic blocking filters
should be avoided under any circumstances. #
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