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Abstract - Despite their high cost, active harmonic
mitigation solutions, such as parallel Active Power Filters
(APFs) and Active Front End Drives (AFES), are growing in
popularity. As the latest technology, they are being touted
as a better choice than the various forms of passive
harmonic mitigation solutions presently available. Is this
actually the case? Active solutions incorporate switching
strategies using IGBTSs in order to make the current drawn
by the adjustable speed drive, or other non-linear load,
more sinusoidal. What you will rarely hear from
manufacturers is that this switching introduces higher
frequency harmonics, normally above the 50". When
measurements are taken up to the 50", current total
harmonic distortion (ITHD) is often quite low but when
measured up to the 100" or higher, ITHD almost always
exceeds their claimed performance levels which consider
only harmonics up to the 501, This is certainly a concern
because higher frequency harmonics are more likely to
cause power system problems and issues with other
connected loads, than the lower frequency harmonics that
they are designed to reduce.

Although there are IEEE and IEC industry standards that
restrict levels of harmonics in the low frequency and very
high frequency ranges, there are no standards presently
that address the range between 2 kHz and 150 kHz.
Manufacturers therefore, often design active harmonic
mitigation equipment that generates relatively high levels
of these mid-range frequencies, particularly since switching
frequencies of IGBTs typically fall precisely within this
range.

Index Terms — Active Power Filters (APF), Active
Harmonic Filters (AHF), Active Front End Drives (AFE),
Wide Spectrum Harmonic Filter (WSHF), harmonics,
variable speed drive, supraharmonics.

I.  INTRODUCTION

Active Power Filters (APFs) or Active Harmonic Filters
(AHFs), as they are sometimes known, and Active Front
End (AFE) Drives have emerged as new trends in
harmonic mitigation technology for applications involving
adjustable speed drives (ASDs). Technical publications for
APFs date back to the 1980s while AFE technology
appears around the same time. They are both capable of
correcting power network harmonic distortion caused by
power electronic, non-linear loads. APFs and AFEs require
state-of-the-art power electronic switches and advanced
control techniques to make the non-linear load appear near
purely resistive.

The most popular implementation of active power filters
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is the shunt APF that uses PWM voltage source inverter
technology as its main strategy. Since voltage source
inverters are a more popular alternative than current
source inverters, only those will be addressed here. The
shunt APFs are parallel connected and reduce harmonics
and improve power quality by means of generating
compensating current that matches the harmonic current
required by the non-linear load. This compensating current
is injected either near the load or at a carefully selected
point in the electrical distribution, such as the point of
common coupling or PCC.
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Fig. 1 Simplified diagram of shunt connected APF

AFEs, on the other hand, are series connected and are
an integral part of the ASD. In an AFE drive, a pulse width
modulated (PWM) rectifier replaces the simple diode
bridge rectifier used in conventional ASDs. The PWM
rectifier employs fully controlled IGBTs in essentially the
same configuration as the drive’s PWM output inverter. The
IGBTSs are controlled such that the drive draws currentin a
more sinusoidal manner, with substantially less current
harmonics, rather than the typical pulsed current waveform
of the diode bridge rectifier.
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Fig. 2 Typical AFE Drive Schematic




Although there are many benefits of active harmonic
mitigation techniques, there is one principle concern that
manufacturers of this technology rarely discuss. That is,
the relatively high levels of electromagnetic interference
(EMI) that they introduce in the 2 kHz to 150 kHz range
where no industry standard exists to limit these conducted
emissions.

II. PROBLEMSWITHACTIVE HARMONIC
MITIGATION SYSTEMS

Although they have their benefits, active harmonic
mitigation systems definitely have limitations, some of
which can cause serious problems.

APFs possess certain disadvantages such as complex
control structures, switching losses and EMC emissions
(switching noise being present in the line current and the
line voltage). The EMC emissions require that a low-pass
passive filter (LCL) be included between the line and the
APF. These filters are not always effective which can lead
to the injection of high frequency switching harmonics into
the power system.

Similarly, AFE Drives also have complex control
structures and require the use of passive LCL filters. Some
AFE Drive manufacturers will claim that their technology
provides the best solution for treatment of harmonics
associated with ASDs. They are quick to point out benefits
over standard 6-Pulse ASDs such as, reduced line current
harmonics, improved power factor and inherent
regenerative capabilities. But they rarely mention the fact
that current harmonics are much higher when measured
above the 50" and that very serious problems can result
from the introduction of these higher frequency harmonics.
Also, they will downplay a substantial loss in efficiency due
to the increased switching losses of the input IGBTSs.

Problems associated with the application of active
harmonic mitigation systems include:

1. Current harmonics much higher than claimed when
measured above the 50" harmonic

2. High levels of voltage distortion when measured
above the 50" harmonic

3. Connected equipment malfunction, including the
AFE drives themselves and standard diode bridge
front end drives

4. Failure of transformers and other power distribution
equipment due to excessive losses at the IGBT
switching frequencies. At one installation, a 2000
kVA transformer failed as a result of switching
frequency harmonics above 10 kHz introduced by
active power filters.

5. Stability and system resonance issues, especially
with capacitors in the LCL and EMI filters or installed
downstream for power factor correction

6. Higher losses and lower efficiencies than similarly
rated 6 Pulse ASDs with passive harmonic filters

Ill. THE MISSING FREQUENCY BAND IN
ELECTRICAL STANDARDS

When today’'s harmonic standards were first being
established, the majority of power electronic equipment
generating harmonics consisted primarily of diode and
thyristor-based rectifiers. As such, the harmonics they
generated followed very predictable characteristics. For
phase-to-neutral 1-phase loads, the predominant
harmonics were 3%, 5, 7t and 9™. For phase-to-phase 1-

phase or 3-phase loads, the predominant harmonics were
5th 7t 11t and 13™. Harmonics above the 40t or 50t were
almost never at levels that would cause problems and
therefore harmonic standards only addressed the lower
frequencies. In some jurisdictions, there were concerns
about very high frequency conducted and radiated
harmonics (above 150") which led to standards that limited
these emissions.

However, with the increasing use of high speed
switching components in devices such as converters and
inverters directly connected to the utility grid, harmonics in
the range of 2 kHz to 150 kHz are becoming very common
and troublesome. This is because lower levels of these
higher frequency current harmonics can create high levels
of voltage distortion and harmonic losses. And sometimes
equipment can be sensitive to levels of distortion at these
frequencies that are much lower than levels at the low
frequency harmonics. In the opinion of the authors and
others, it is now time to consider establishing standards in
this missing frequency band [9][10][11][44][45].

A. |EEE Harmonic Standards

The latest revision of IEEE Std 519, ‘Recommended
Practice and Requirements for Harmonic Control in
Electrical Power Systems’ was released in March of 2014
[12]. This replaced the previous version that had been
around since 1992. IEEE Std 519 was established to
prevent harmonics generated by non-linear loads from
negatively affecting the power system and connected
loads. This standard has been widely adopted - particularly
in North America but has recently become more commonly
referenced in many other areas of the world.

IEEE Std 519 provides recommendations and guidelines
for limiting harmonic voltage and current distortion at a
point of common coupling (PCC) between the electrical
system owner or operator and a user. The standard
recognizes the responsibility of an electricity user to not
degrade the voltage of the utility by drawing heavy
nonlinear or distorted currents. It also recognizes the
responsibility of the utility to provide users with a near sine
wave voltage.

Recommended harmonic limits are found in Section 5 of
the standard and are shown in Tables 1 and 2.

TABLE |
VOLTAGE DISTORTION LIMITS IN IEEE STD 519-2014 [12]

Individual Total harmonic
Bus voltage V at PCC| harmonic (%) |distortion THD (%)
V<1.0kV 5.0 8.0
1kV <V <69 kV 3.0 5.0
69 kV <V <161 kV 15 2.5
161 kV <V 1.0 15




TABLE 2
CURRENT DISTORTION LIMITS IN IEEE STD 519 FOR
SYSTEMS RATED 120 V THROUGH 69 kV [12]

Maximum harmonic current distortion
in percent of I

Individual harmonic order (odd harmonics)

ISC/IL  [3<h<11|11<h<17|17<h<23 23<h<35|35<h<50| TDD

<20° 4.0 2.0 15 0.6 0.3 5.0

20<50 | 7.0 35 2.5 1.0 0.5 8.0

50<100 | 10.0 | 45 4.0 15 0.7 | 12.0

100<1000| 120 | 55 5.0 20 10 | 150

>1000 | 150 | 7.0 6.0 25 14 | 200

The definitions for total harmonic distortion (THD) for
voltage and total demand distortion (TDD) for current
require harmonic components up to the 50" be considered.
On a 60 Hz system, that would be 3000 Hz. However, the
definitions do recognize the fact that higher frequencies
may need to be controlled as well by stipulating that,
“Harmonic components of order greater than 50 may be
included when necessary”. The problem of course is, who
determines when it is necessary — the manufacturer whose
designs haven't taken this into consideration or the user
who doesn’t want to experience the problems that the
higher order harmonics will cause?

Some important differences between revision 2014 and
1992 of IEEE 519 include:

1. THD and TDD definitions now allow the inclusion
of harmonics above the 50 when necessary.

2. Voltage distortion limits for < 1kV systems have
been relaxed to 8% from 5%.

3. Lower voltage distortion limits for Special
Applications and higher limits for Dedicated
Systems have been removed.

4. Current distortion limits for > 161kV systems have
been changed. Current limits for other voltage
systems remain the same.

5. Very Short Time and Short Time limits have been
introduced.

6. An allowance for increased harmonic limits at
higher frequencies can be applied when steps are
taken to reduce lower frequency harmonics.

In the opinion of the authors, many of these changes
have not been for the better. Particularly relaxing of the
voltage distortion limits for < 1kV systems and allowing the
increase of higher frequency harmonics when steps are
taken to reduce harmonics at lower frequencies. The latter
is particularly troublesome and is the focus of this paper.

B. |EC Harmonic Standards

IEC has various standards that apply to harmonics
generated by non-linear loads. For lower frequency
harmonics (up to the 40"), IEC 61000-3-2 defines limits for
harmonic current emissions for equipment with input
current <16A/phase single and 3 phase [13] while IEC
610003-12 defines these limits for equipment >16A and
<75A [14]. It is worrisome that there are no specific IEC
standards for non-linear loads above 75A because large
non-linear loads inject higher levels of harmonic currents

which can cause more problems than those generated by
smaller loads.

Unlike IEEE Std 519, these IEC standards apply limits
on the loads themselves. Voltage distortion levels are not
defined as they are addressed in IEC 61000-2-2,
‘Compatibility levels for low-frequency conducted
disturbances and signaling in public low-voltage power
supply systems’ and IEC 61000-3-6, ‘Assessment of
emission limits for the connection of distorting installations
to MV, HV and EHV power systems’ [15][16].

For high frequency harmonic limits, IEC 61800-3 is often
used. Table 3 shows the limits in the frequency band from
150 kHz to 30 MHz from this standard. It is interesting to
note that the standard does not provide limits for the
frequency band from 9 kHz to 150 kHz but does mention
that they are under consideration [17].

TABLE 3
IEC 61800-3 VALUES OF LIMITS FOR MAINS TERMINAL
DISTURBANCE VOLTAGE IN THE FREQUENCY BAND

150 kHz TO 30 MHz [17]
Size of | Frequency Unrestricted Restricted
PDS band MHz distribution distribution
Quasi Average | Quasi |Average
peak dB(nV) peak [ dB(uV)
dB(nV) dB(uVv)
Low [0,15<f<0,5 66 56 79 66
power Decreases|Decreases
drive with log of| with log of
system frequency | frequency
(I<25A) down to |down to 46
56
0,5<f<5,0 56 46 73 60
5,0 <f<30,0 60 50 73 60
Medium (0,15 <f< 0,5 79 66 79 66
power | g5 <f<50 73 60 73 60
drive
system
(I > 25 A) 5,0 <f<30,0 73 60 73 60

C. Equipment Trend Towards Higher Frequency
Harmonics

With the lower harmonic limits these standards impose
for power electronic equipment, current harmonics are
being reduced at least at the lower frequencies. Fig 4
shows this trend from measurements taken at large groups
of computer users from 2002 to 2009 [44]. As can be seen,
there has been a dramatic drop in emissions at the 39, 5t
and 7™ harmonics.
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Fig. 4 Emission from a large group of state-of-the-art
computers, 2002 through 2009 [44].
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Fig. 5 Current waveform and spectrums for a modern
television [44].

To further demonstrate this trend but also to highlight the
introduction of higher frequency harmonics, Fig. 5 shows
the current waveform and spectrums of a modern
television [44].

Although the lower frequency harmonics are reduced
(3 is the highest at around 30%), relatively high levels of
high frequencies appear near 5 kHz and 50 to 70 kHz.
These higher frequency emissions did not appear in older
technology using simple rectifiers on their Front Ends.

D. Supraharmonics: 2 kHz to 150 kHz

The graph in Fig. 6 shows the range of frequencies that
each harmonic standard addresses. As can be seen, the
frequency band between 2 or 3 kHz to 150 kHz is not
covered by any standard. This frequency range is
beginning to be referred to as ‘supraharmonics’ [44]. It is
curious that this frequency band is not covered but, even
more so, when we consider the fact that most power
electronic switching devices, such as IGBTs, switch
precisely within this band (2 kHz to 8 kHz or higher).

Also of concern in this band is that most instruments
used to measure power quality indices only measure
harmonics up to the 50" which is 2.5 kHz on a 50 Hz
system and 3 kHz on a 60 Hz system. Therefore, they will

IEC 61800 -3 ﬁ

IEEE Std 519 (> 50 harmonic if necessary)

Standard

|IEC 61000-3-2, 61000-3-12, 61000-3-6

0 2I::‘y ‘IE 1:50 30,000I
Missing Band Frequency (kHz)

Fig. 6 Graph of frequencies covered by various

harmonic standards

not detect high levels of harmonics in this frequency band
because they lie above the 50™.

IV. PASSIVE FILTERS REQUIRED FOR ACTIVE
HARMONIC MITIGATION EQUIPMENT

Since the IGBT switching frequencies, or carrier
frequencies as they are often referred, appear in the input
current of active devices, they must be controlled with the
use of passive filters. At the switching frequencies
themselves, these filters typically consist of an LCL
network. At much higher, reflected frequencies, EMI/RFI
filters are required.

This paper’s focus is on the switching frequencies, so
design requirements for the LCL filter will be discussed.
One key consideration is the potential for power system
resonance. If not suitably addressed, an LCL filter can
resonate with the natural inductance of the source
impedance resulting in high levels of both current and
voltage harmonics.

V. LCLFILTER'S SUSCEPTIBILITY TO
RESONANCE WITH THE POWER SYSTEM

Whenever capacitors are used in an electrical power
system, they introduce the possibility of resonance. This is
true for passive filters used to control the harmonics
generated by 6-Pulse rectifier ASDs as well as the LCL
filters used to control switching frequencies in active
harmonic  mitigation  devices. Resonance  with
characteristic power system harmonics can be averted in
6-Pulse filters if the tuned frequency at the input is below
the 5" harmonic, but exposure to system resonance is very
difficult to prevent for LCL filters due to their higher tuned
frequency values.

In order to control the IGBT switching frequency, an LCL
filter is typically designed as a low pass filter with its ‘knee’
or cutoff frequency tuned comfortably below the switching
frequency. For example, an AFE ASD that has an IGBT
switching range of 2 to 8 kHz will require an LCL filter tuned
comfortably below 2 kHz — often 1 kHz. On a 60 Hz system,
1 kHz is near the 17" harmonic. This typically allows the
LCL filter to be smaller than a standard 6-Pulse rectifier
filter.

However, this exposes the filter to resonance with the
power system at a predominant harmonic, such as the 11"
or 13™ or lower. This is because the power system is almost
always inductive which lowers the tuned frequency. A
capacitive power system typically only occurs when
overcompensated by power factor correction capacitors
which should always be avoided because it can introduce
many other issues.

Fig. 7 shows a simplified power system 1-line and its
equivalent circuit. In this example, the non-linear load, the
ASD, is represented as a current source of harmonics.
Each current harmonic is injected into the power system
and passes through the transformer reactance, X, and
then encounters the combined capacitive reactance, Xch,
and system inductive reactance, Xsvsh, which is the
paralleled combined inductance of the source and the other
connected loads.

The parallel combination of the Power Factor Correction
(PFC) capacitors and the system inductive reactance has
a natural tuned frequency as shown in Fig 8. If the tuned
frequency happens to be at a harmonic frequency that is
prevalent in the power system, resonance will result in high
levels of that harmonic in both current and voltage.



So why is it a problem when a passive filter is tuned to a
frequency that is above the predominant power system
harmonics but not when tuned below these frequencies? It
stems from the fact that the power system is naturally
inductive and as such, shifts the resonant frequency down
towards the predominant harmonics. Fig. 9 shows how this
occurs.
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Fig. 7 1-Line and equivalent circuit of a simple power
system with ASD non-linear load
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Fig. 9 Power system inductive reactance increases
inductance reactance curve lowering resonant frequency

Therefore, any passive filter that is tuned above the
predominant power system harmonics (ie. 51, 7, 11t
13" will be susceptible to resonance with these
frequencies when connected to the power system. This is
particularly true when the power systems are ‘weak’ (ie.
high impedance) such as a relatively small Utility
transformer or high impedance generator source. On the
other hand, this is not a concern for a passive filter tuned
below the predominant harmonics because the natural
inductance of the power system will shift the resonance
frequency lower and further way from the predominant
harmonics.

To address this, various methods of damping oscillations
at the LCL filter input have been proposed [37] - [43]. These
include both passive and active methods. The passive
approach uses a damping resistor that is connected in
series or parallel with the filter inductor or capacitor.
Although this method can stabilize the system, it causes
excessive conduction losses that are undesirable because
of a severe reduction in system efficiency.

One active method incorporates a virtual resistor [39]. A
virtual resistor is an additional control algorithm that causes
the LCL filter to behave as if a real resistor was connected.
Since there is no real resistor in the circuit, the transient
oscillations can be suppressed without sacrificing
efficiency. However, this method requires an additional
current or voltage sensor and a differentiator.

Both passive and active damping methods should be
thoroughly tested since operating the converter under a
resonance condition should always be avoided. In high
source impedance environments, such as generators, it
has been reported [43] that the AFE units with active
damping may not even start the converter and therefore a
hybrid method has been proposed to overcome this
problem. A 1% passive damping resistor is used in series
with the LCL filter capacitor and virtual resistor for an
additional active damping algorithm. Although using only
1% passive damping resistor is enough to stabilize the
system it is not enough to eliminate the resonance. The
active damping method needs to be enabled for complete
elimination of the resonance. [43]

VI. CASE STUDY 1: APF SWITCHING HARMONICS
CAUSING FAILURE OF DC POWER SUPPLY

At a photovoltaic panel and solar inverter manufacturing
plant in Toronto, Canada, a 450A active power filter was
installed on the inverter test line in order to reduce the low
frequency harmonics generated by the diode bridge
rectifier used to generate DC power. Technicians on the
photovoltaic panel test line located on a floor below, who
were unaware of the APF installation, began to experience
failure of a DC power supply in their PV tester each time
the tester was powered on.

When power quality measurements were taken at the
PV tester, it was discovered that the voltage waveform had
a high frequency ripple (Fig. 10). Measured voltage
distortion was < 1% which was well within the requirements
of any harmonic standard yet the DC power supply was
failing. Measurement of the power supply current, while
operating at no load, gave clues to the reason why (Fig.
11). Harmonics in the voltage waveform between the 39™
and 434 were resonating with the DC power supply
resulting in excessive currents at these frequencies being
drawn by the power supply.
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Fig. 10 Voltage waveform at PV Tester with high
frequency ripple caused by APF (VTHD < 1%).
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Fig. 11 Waveform and spectrum of no load current drawn
by DC power supply with high frequency components.

To test this theory, the APF was turned off and repeat
measurements taken at the PV tester. With the APF off, the
ripple in the voltage waveform disappeared (Fig. 12) and
the no load current of the DC power supply no longer
contained the high frequency components (Fig. 13). When
informed of the problem, the APF manufacturer tried
replacing the reactor in its LCL filter but to no avail.
Ultimately, the only solution was to permanently disable the
APF which became a very expensive and useless piece of
equipment.
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Fig. 12 Voltage waveform at PV Tester with APF off.
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Fig. 13 Waveform and spectrum of no load current drawn
by DC power supply with APF off.

VIl. CASE STUDY 2: AFE DRIVE NOT MEETING
ITHD REQUIREMENTS WHEN MEASURED TO
150™ HARMONIC

In an application where a relatively new AFE technology
was being employed, measurements taken up to the 150™
harmonic showed that the expected level of < 5% ITHD
was not being met. In much the same way that the high
speed switching of the IGBTSs in the APF of Case Study 1
introduced a ripple on the voltage waveform, the devices in
the AFE converter also created a ripple in the voltage
waveform (Fig. 14). This ripple resulted from the harmonic
voltage drops created when the high frequency currents
drawn by the AFE passed through the impedance of the
power system.

A view of the harmonic spectrum of the AFE’s input
current, shows that although current distortion was below
8% when measured up to the 50" harmonic, it exceeded
this when harmonics up to the 150" were considered (Fig.
15). Actual total harmonic current distortion approached
10% while the expected level was to be < 5% ITHD.
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Fig. 14 Voltage and current waveforms at input of 40 HP
(30 kW) AFE drive.

VIIl. CASE STUDY 3: CATAMARAN EQUIPPED
WITH MAIN AND AUXILLIARY PROPULSION
AFE DRIVES [10]

Fig. 16 shows frequency spectrums of the voltage at the
bridge distribution panel of a catamaran equipped with
main and propulsion AFE Drives [10]. Measurements were
taken over three frequency bands — up to 50" harmonic
(Fig. 10a), 50" to 10 kHz (Fig. 10b) and 10 kHz to 50 kHz
(Fig. 10c). A summary of the measurements is shown in
Fig. 10d. Although the voltage harmonics were quite low in
the lower frequency range (VTHD = 1.68%), they were very
high in the frequency range above the 501" (VTHD = 8.14%)
with a band around 3500 Hz (70" harmonic) produced by
the AFE Drives operating at a 3.6 kHz switching frequency.
Most power quality analyzers that only measure up to the
50" harmonic would not have highlighted these high
distortion levels. These measurements were taken with a
spectrum analyzer and highlight how one can be deceived
into thinking harmonic distortion is low if only the low
frequencies are considered.



0.0 -
Nermal Hafmenie Extended Harmenic
Spectrum Limit thru Spectrum Limit associated
the 50th Harmenic with Active Front End Drive
Topology
ITHD=6.8-7.6% ITHD = 8.9 - 9.9% ITHD =9.1-10.1%
o . Secondary High
High Freq Band Fraq Band
Sl |
4 MMWMMML L
T — T T T e
HO4 H18 H2 H3s H42 H8S Hea HTS -] H38 H108 H118 H128 H138 H148
H1Q H20 H30 HD HE=D HAO H73 HED H30 H10D H11 H12Q H130 H1&) H1%0

I A (Har B (Hann B C Haem

Fig. 15 AFE current harmonic spectrum measured up to the 150" harmonic.

a) Up to 50" harmonic (VTHD = 1.68%)

o 5 58Hz
0.7 | B o THD i1 £a% —. 45 THO(EC™ harm-10kHz)=5.14%
Uz anf=063% THDS =1.51% = ME0HE
064 THDS0 =1.41% I 44
= € 35
= 0.5 2
E 8 3 -
3663Hz
E 47 5 254 aTBaHz
§ 0.3 4 % 2 25T He
0.2 | . 2154
= 1 .
[=]
0.1 M u L ﬁ b=
il ‘ IJ« | i 05 L
IR LTV adunsbol Y
0 500 1000 1500 2000 2500 2500 3500 4500 5500 6500 7500 8500 9500
requency [H) frequency [Hz]

b) 50" harmonic to 10 kHz (VTHD = 8.14%)

frequency [Hz]

¢) 10 kHz to 50 kHz (VTHD = 0.92%) d) Summary of VTHD at various freq

0.25 T75UEHz

_ THD{10-50kHz)=0.92% Frequency bands THD [%%]
£ g2 d sz
£ 0-50kHz 8.38
2
§ 0.15 0-50" harmonic 1.68
g 50" harmonic-10kHz 8.14
3 01
g 13783Hz 10-50kHz 0.92
5 005
=

0 " = i "

9000 14000 19000 24000 28000 34000 38000 44000 49000

uency bands
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IX. CONCLUSIONS

In an effort to reduce harmonic distortions in our power
systems, standards limiting harmonic current emissions
have been established by both IEEE and IEC.
Unfortunately, these standards presently only target low
frequencies (up to 50" harmonic) and very high
frequencies (above 150 kHz). Today's active harmonic
mitigation equipment, which includes Active Power Filters
and Active Front End Drives, introduce switching frequency
harmonics that fall into a band of frequencies that are not
presently covered by any standards (ie. 2 kHz to 150 kHz).
This allows manufacturers of this equipment to use
relatively ineffective and inexpensive LCL passive filters.

By not filtering effectively, these active devices introduce
high levels of distortion that can cause severe
consequences, including those highlighted in the Case
Studies. The more that these devices are being used, the
more connected equipment problems arise due to these
high distortion levels. Even relatively low % distortion levels
can cause issues when the distortion is primarily at higher
frequencies. Therefore, the use of AFE and APF
technologies for harmonic mitigation, especially when
connected to the public grid, requires thorough engineering
of the application and a network analysis to understand
potential resonance issues. Also, attention should be given
to how well these devices attenuate the switching
frequency harmonics they generate. In many cases, when
low harmonics are the goal, a properly designed passive
harmonic filter applied to a conventional 6-Pulse ASD still
remains a better option.

Since there are no standards to refer to at the switching
frequencies, it is recommended that harmonic limits should
be applied at least up to the 100" harmonic when active
harmonic mitigation solutions are used.
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