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Executive Summary
The recent increase in variable energy resource (VER) activity, coupled with the challenges
associated with rapidly changing inverter-based technologies, has resulted in the need to explore
the potential reliability considerations related to VER integration in the SERC Reliability
Corporation (SERC) Region. As such, the SERC Engineering Committee (EC) formed the
Variable Energy Resources Working Group (VERWG) to identify, assess and educate members
on these considerations. One of the areas identified for further evaluation in the 2017 VERWG
white paper, Planning, Implementation, and Operational Considerations for Integrating Variable
Energy Resources paper was the impact of harmonics on the Bulk Electric System (BES). This
paper focuses on this topic by providing case studies, considerations, and key takeaways for
SERC members and industry education.
The subject of harmonics is seeing a renewed focus at many electric utility companies due to a
significant increase in non-linear loads, power electronic switching devices, and control equipment
connecting to the BES. These include insulated-gate bipolar transistors (IGBT) inverter-based
photovoltaic (PV) generation, solid-state power electronics, and thyristor-controlled static var
systems. This influx of harmonic-producing equipment results in the flow of harmonic currents in
the networked power system.
This paper1 focuses on the harmonic distortion created by the integration of inverter-based
resources, such as Variable Energy Resources (VERs), into the traditional bulk electric power
system. In particular, the impacts and experiences from the interconnection of inverter-based
photovoltaic technology on harmonic distortion levels at the point of interconnection (POI) is
discussed. Field measurement data is provided in each presented case study to demonstrate the
impact of VER-generated harmonics on existing network harmonic distortion levels. These case
studies also demonstrate the need for adequate Power Quality (PQ) monitoring of VERs to ensure
adherence with industry PQ standards and allow issues to be addressed as they arise.
Furthermore, this paper highlights the benefits of performing harmonic planning studies as well
as ongoing studies beyond the traditional interconnection planning timeframe. Finally, it is the
intent of this paper to raise the level of industry knowledge surrounding these topics.

1

This document is created and owned by the Variable Energy Resources Working Group (VERWG) under
direction of the Reliability Review Subcommittee (RRS) and the Engineering Committee (EC).
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1.0 Introduction
Studying the impacts of harmonics on the BES is not new or unique to non-synchronous
resources. In fact, many electrical devices (e.g., non-linear loads) can generate harmonic currents
and consequently distort the system voltage. Industry studies are performed to identify harmonic
issues, and subsequently to determine mitigating strategies; otherwise, these harmonics can
cause problems such as telecommunication interference, increased thermal heating on
transformers and rotating machinery, and misoperation of protective relays and user equipment.2
Similar to these non-linear loads, inverter-based VERs can also introduce harmonic distortion into
the system. That is, the harmonic currents injected by the inverter-based VERs will also cause
distortion in the AC voltage waveform. Severe harmonic distortion levels can occur if the harmonic
currents injected by the VERs excite the resonant frequency(ies) of the power system. This is
particularly important in networked power systems with large amounts of unfiltered shunt
compensation (e.g., traditional shunt capacitor banks). In addition, if the location of the inverterbased VER generation is electrically adjacent to synchronous generators, consideration should
be given to harmonic components flowing in the stator of the synchronous generators. The
harmonics generated by the inverter-based VERs can lead to potentially damaging rotor heating.
Note that IEEE Standard C50.13-20143 and IEEE Standard C50.12-20054 specify harmonic
current withstand capabilities for cylindrical-rotor and salient-pole synchronous generators,
respectively.
2.0 Issues Associated with Excessive Harmonic Current Distortion
It is well known that the existence of harmonic currents and voltages in the BES is undesired as
it can cause a variety of problems for utilities and end users, such as misoperation of protection
systems, audible noise, equipment overheating, and interaction with rotating machinery. Thus,
several industry standards have been developed with the objective of minimizing harmonic
distortion in the BES, such as IEEE Standard 519 and IEC 61000-3-6 to ensure continued
reliability.
The purpose of this section is to present four power quality case studies and one mitigation case
study with the intent of providing a single and practically useful resource for power quality
2

IEEE Recommended Practice and Requirements for Harmonic Control in Electric Power Systems," in
IEEE Std 519-2014 (Revision of IEEE Std 519-1992), vol., no., pp.1-29, June 11 2014.
3 IEEE Standard for Cylindrical-Rotor 50 Hz and 60 Hz Synchronous Generators Rated 10 MVA and
Above," in IEEE Standard C50.13-2014 (Revision of IEEE Standard C50.13-2005), vol., no., pp.1-63, May
9 2014.
4

IEEE Standard for Salient-Pole 50 Hz and 60 Hz Synchronous Generators and Generator/Motors for
Hydraulic Turbine Applications Rated 5 MVA and Above," in IEEE Standard C50.12-2005 (Previously
designated as ANSI C50.12-1982), vol., no., pp.1-45, Feb. 15 2006.
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engineers and others responsible for the interconnection of inverter-based VER generating
facilities to the BES. Information provided includes descriptions of the issues experienced by an
electric utility company, corresponding field measurement data, and mitigation strategies
employed. Furthermore, potential problems that can be experienced because of excessive
harmonic current injection at the Point of Interconnection (POI) are discussed. This section further
confirms the importance of ongoing PQ monitoring of VERs.
2.1

Case Study #1 – Unexpected Field Measurement Data at the Point of
Interconnection

Monitoring of harmonic current injection at the POI should be considered to ensure interconnected
harmonic-producing equipment (e.g., inverter-based VERs) adheres to industry limits set forth in
IEEE Std. 519-2014. While this can be accomplished by installing the appropriate PQ monitoring
equipment and instrument transformers at the POI, it is prudent to discuss PQ at the very early
stages of the interconnection study process. It should be noted that for inverter-based VER, the
POI may be the same as the Point of Common Coupling (PCC).
In addition, where applicable, the VER generating facility owner should be made aware that there
will be interconnection PQ requirements that will need to be met prior to granting Commercial
Operation (CO). As such, electric power companies, specifically Transmission Planners (TPs),
should consider asking for the expected harmonic current spectrum at the POI. This will allow for
proactive evaluation of the interconnecting facility with regards to harmonic distortion, as well as
create an opportunity for early discussions and education on this subject.
A comparison between a photovoltaic generating facility’s maximum projected harmonic current
spectrum and actual maximum harmonic current measurement data is shown in Fig. 1. It should
be noted that these harmonic current measurements were made at the POI of a PV facility
interconnected at 115 kV. As shown in Fig. 1, harmonic measurement data made at the POI does
not match the expected harmonic spectrum provided by the VER owner during the interconnection
(IC) study process. While this is expected, early discussions educated VER owners and effective
mitigation was implemented. More importantly, the plots shown in Fig. 1 clearly demonstrate that
inverter-based generation injects harmonics into the BES. This supports the need to evaluate the
harmonic performance of VERs.
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Fig. 1. Harmonic current injection of a PV plant interconnecting at 115 kV (only phase a
measurements are shown).

An added complexity introduced during the interconnection study process is that the expected
harmonic current spectrum (i.e., harmonic injection projections provided by the inverter-based
VER) at the POI differs significantly at each point during the IC study process.
This is illustrated in Fig. 2, which includes the expected harmonic current spectrum data (at the
POI of a second PV facility interconnecting at 115 kV) for: 1) System Impact Study (SIS), 2)
Facilities Study (FACS), and 3) Trial Operations (TO) versus actual maximum harmonic current
measurements made at the POI during the harmonic performance testing period. It should be
noted that the inverter models differed between the SIS and the FACS phases; however, the
manufacturer of both models remained the same.
Figure 2 further illustrates that during the utility harmonic adherence evaluation period, harmonic
measurements were significantly higher than those provided during the IC study process.
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Close-Up View

Fig. 2. Harmonic current injection of a PV plant interconnecting at 115 kV (only phase a
measurements are shown).

Because of the potential differences between inverter-based VER facility’s expected and actual
harmonic current spectrum levels, it is in the BES owner’s interest to specify a trial operation or
harmonic performance evaluation period before a VER can operate commercially in order to
determine adherence with industry standards such as IEEE 519-2014. This gives the BES owner
or operator additional time to determine PQ adherence and allows for the VER owner to be made
aware of observed issues, and thus, make appropriate adjustments to the facility before the VER
is granted Commercial Operation.
2.2

Case Study #2 – Harmonic Interaction with Station Generator Step-Up Transformer

This section presents a discussion of the susceptibility of a photovoltaic plant high-voltage
generator step-up transformer (GSU) to harmonic frequencies. More importantly, Case Study #2
highlights the importance of ongoing Power Quality monitoring at the POI and model validation.
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With the installation of large-scale photovoltaic plants, an electric power company experienced
problematic high-pitch noises that were emanating from the PV plant main GSU transformer. The
unbearable noise issues resulted from harmonic currents generated by inverter-based power
electronic devices, specifically the VER facility’s inverters. The details (prior, during, and after the
event) are summarized here. For convenience, a simplified single line diagram of the
interconnecting facility, referred to as PV1, is provided in Fig. 3.

Fig. 3. Simplified single line diagram (interconnection configuration drawing).

On Day 1, operation at a photovoltaic generating plant (PV1) had no reported noise issues.
Between Day 1 and Day 2 the entity that owns PV1 made unspecified firmware changes at the
facility inverters. On Day 2, an audible noise issue was experienced at PV1, which generated
concerns from protection and control field personnel and the utility control center. According to
the information received, an unbearable high-pitch noise was emanating from the main 115
kV/34.5 kV GSU transformer at different times between approximately 9:00 AM and 11:00 AM
CST. Additionally, according to anecdotal evidence, the time between high-pitch noise events
was around 5-6 minutes.
This prompted an analysis of the recorded harmonic measurement data to attempt to determine
the cause of high-pitch noise generation. After analyzing the data, a hypothesis was formed that
the high-pitch noise was caused by the interaction of the PV inverter-injected harmonics and the
main station generator step-up transformer. Harmonic current measurements made at the subject
location showed minor 18th harmonic current components on Day 1, as shown in Fig. 4. However,
on Day 2, the day of high-pitch noise event, significant 18th harmonic current and voltage
components were present at the time of the acoustic emissions and are shown in Fig. 5 and Fig.
6, respectively. Analysis of the plots shown in Fig. 4, Fig. 5, and Fig. 6, showed significant
correlation between the unbearable high-pitch noise and the 18th harmonic distortion.
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Fig. 4. Phase a 18th harmonic current measurements at the POI on Day 1 prior to high-pitch noise
event.

Fig. 5. Phase a 18th harmonic current measurements at the POI on Day 2 during high-pitch noise
event.
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Fig. 6. Phase a 18th harmonic voltage measurements at the POI on Day 2 during high-pitch noise
event.

A zoomed view of Fig. 5 showing harmonic current measurements is shown in Fig. 7. In addition,
reactive power measurements are included in Fig. 7. It can be observed from Fig. 7 that the 18th
harmonic current peaks correlate with the noise event timeline provided by protection and control
field personnel.
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Fig. 7. Zoomed view of three-phase active power, three-phase reactive power, and phase a 18th
harmonic current measurements on the day of the event.

Because a system harmonic resonance was suspected, frequency scans were performed at
numerous locations looking towards the BES. The harmonic impedance results at the 34.5 kV
side of the main GSU transformer, as a function of frequency, are shown in Fig. 8. The frequency
scans indicated a significant parallel resonance condition was created at the 18th harmonic
frequency.
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Ohm

Fig. 8. Frequency scans performed at the low voltage side (34.5 kV) of the PV plant main GSU
looking into the BES.

As a result of the 18th harmonic current magnification, it was believed that such harmonic current
was exciting a natural mechanical frequency of the main GSU transformer. This relationship could
not be verified in this case because sound pressure measurement equipment was not available
at the time. It should be noted that similarly to fundamental power frequency (e.g., 60 Hz) currents,
audible noise has harmonic components; as such, the audible noise harmonic spectrum can be
determined.
Because the exact mechanism that produced the audible noise was unknown, it was
recommended that PV1 facility be made aware of this 18th harmonic current injection issue. As a
result, the PV1 facility updated the inverter firmware and was able to mitigate the 18th harmonic
current injection. An analysis of the measurement data captured after the firmware updates
showed that the 18th harmonic current injection was significantly reduced; as expected, the noise
issue was resolved. Harmonic measurements made on Day 3, after the firmware was updated,
are shown in Fig. 9.

Department

Document Type

Title

Number

Technical Committees and
Member Forums

Issue Paper

Generated Harmonic Distortion

WhiteP-600-414-1

Owner

Approved by

Date

Version

Page 14 of 38

Variable Energy Resources
Working Group (VERWG)

Reliability Review
Subcommittee (RRS)

December 2018

Final

Fig. 9. Phase a 18th harmonic current measurements at the POI for Day 3 after the event.

Overall, the results of the harmonic evaluations from the investigation revealed that the main
culprit of the audible noise was an 18th harmonic order resonance condition at the collector
system, looking into the BES, that was being excited by inverter-based generated 18th harmonic
currents.
During this time period, a second photovoltaic generating plant, with a 115 kV POI, referred to as
PV2, experienced a similar GSU transformer high-pitch noise issue after unspecified firmware
changes were made at the facility inverters. It should be noted that this facility is located 155
electrical miles away from PV1. Figure 10 shows harmonic current measurement data from PV2
over a period of two days; where Day 1 is the day of the noise event and Day 2 is the day after
the event, during which no noise issues were experienced. Note that all inverters at both facilities
were manufactured by the same company. PV1 used two different inverter models and PV2
exclusively used one of those models.
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Fig. 10. Phase a 17th and 18th harmonic current measurements at the POI before and after firmware
updates were implemented by the inverter manufacturer.

These examples show that because of the potential problems that can be experienced, it is of
paramount importance to monitor power quality continuously. In particular, harmonic current
injection at the Point of Interconnection (POI) should be monitored to ensure harmonic-producing
equipment (e.g., PV inverters) adheres to industry limits, namely IEEE 519-2014.
2.3

Case Study #3 – Harmonic Interaction with Collector System Parallel Resonance
Resulting in Excessive VTHD and Inverter Shutdowns

It is well understood that when harmonic currents encounter a high impedance path, such as a
harmonic parallel resonance condition, magnification of harmonic voltages occurs. In addition, if
the resonant condition occurs at a characteristic harmonic of the harmonic-generating equipment,
it results in a significant increase in the harmonic voltage distortion.
Case Study #3 demonstrates that resonant conditions are one of the most important aspects
affecting the harmonic distortion levels and can result in undesired shutdowns of inverter-based
generation as presented here. Specifically, this case study provides an example where excessive
harmonic voltage distortion caused inverter-based generation to shut down. A simplified single
line diagram of the photovoltaic plant, referred to as PV3, is shown in Fig. 11, followed by a
description of this event and a summary of prior conditions.
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Fig. 11. Simplified single line diagram including frequency scan locations.

PV3 had already been determined by the BES owner to be in adherence with IEEE 519-2014
approximately one month before this event and was performing accordingly. During the event,
numerous inverter shutdowns, illustrated in Fig. 12, were experienced at a photovoltaic plant
(PV3) interconnected to the 46 kV sub-transmission system. As a result, these events generated
concerns from the PV facility owner and electric utility company. In addition, nearby distribution
customers noted that the output of lights in the area had fluctuated around this time.
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Fig. 12. Phase a line-to-line rms voltage, reactive power and active power measurements at the
POI during the day of the event showing numerous inverter shutdowns.

Because a power quality monitor was already installed at this facility, harmonic measurement
data was captured during the event. Voltage total harmonic distortion (VTHD) measurements at
the POI are provided in Fig. 13.

Fig. 13. Phase a reactive power, active power, 14th harmonic current, and voltage total harmonic
distortion measurements at the POI during the day of the event.

Fig. 13 shows that the measured maximum VTHD on the 46 kV sub-transmission system is
approximately 24%. In addition, it was determined that the facility was outside limits specified in
IEEE Std. 519-2014. These measurements and analysis implied that there was a harmonic
resonance being excited by PV3.
Because the existence of a harmonic parallel resonance was suspected, an additional analysis
was performed. The analysis included frequency scans at the POI, or the 46 kV PQ-metered bus
#1 as shown in Fig. 11. Additional frequency scans were performed at buses #2 and #3, also
shown in Fig. 11, looking towards the BES. The resultant driving-point impedance magnitudes as
a function of frequency, as seen from the buses of interest, are shown in Fig. 14.
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Fig. 14. Frequency scans results at bus #1, bus #2, and bus #3, looking into the BES.

The analysis of the system frequency response characteristic revealed that the 46 kV subtransmission system exhibited numerous harmonic resonances near the 14th harmonic order,
which coincides with the high voltage distortion values measured. Furthermore, as shown in Fig.
14, the collector system impedance causes a parallel resonance to occur at a frequency that is
excited by the VER.
Further discussions with the owner of PV3 revealed that the main culprit of inverter shutdowns
was the observed excessive VTHD created by PV3. In particular, the inverter’s protection settings
were sensitive to the experienced VTHD level and it resulted in inverters tripping off-line. As a
result, firmware updates were implemented, and protection settings adjusted by the inverter
manufacturer to mitigate the 14th harmonic current injection. Again, Case Study #3 confirms that
it is of critical importance for the utility to monitor PQ continuously for VERs in order to assist with
post-event investigations and implementation of effective mitigation strategies. Monitoring by the
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owner of the PV facility is also recommended but should not take the place of utility owned PQ
monitoring.
2.4

Case Study #4 – Harmonic Interaction with VER Owned Capacitor Banks (Offline vs.
Online).

This case study demonstrates another potential issue associated with harmonic resonances.
Here, two PV facilities, referred to as PV4 and PV5, are examined; their simplified single line
diagrams are provided in Fig. 15.
During the harmonic performance evaluation and analysis period performed prior to Commercial
Operation Date (COD), it was determined that generating facilities PV4 and PV5 were not in
adherence with the electric power company’s PQ performance requirements (IEEE Std. 5192014). An investigation to determine the root-cause of this issue commenced. As shown in Fig.
15, PV4 and PV5 generating facilities have conventional capacitor banks installed on the low
voltage side of their GSU transformers (34.5 kV) to provide the necessary reactive power and
voltage support at the POI. In addition, these capacitor banks were switched online and offline at
different points during their power quality compliance analysis phases.

Fig. 15. Simplified single line diagram (interconnection configuration drawing).

The harmonic analysis revealed that in both cases, placing these capacitor banks online caused
a resonant condition, which exacerbated the 5th order harmonic currents being injected into the
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BES (measured at the POI). Figure 16 includes frequency scan results at the POI for PV4. It
should be noted that similar results were obtained for PV5.

Fig. 16. Frequency scan results at POI for PV4 (looking into the BES).

The analysis showed that the impedance magnification was large enough to cause both facilities
to exceed the limits specified in IEEE Std. 519-2014. Fig. 17 shows an example plot of the 5th
harmonic current injected at the POI by photovoltaic facility PV4. This harmonic current has been
overlaid with the switching times of the capacitor bank installed on the low voltage side of its GSU
transformer. The plot shows that the 5th harmonic current magnitudes when the capacitor bank
was online were over eight times those present when the capacitor bank was offline. The
measurement data clearly demonstrates a strong correlation between the capacitor bank status
(online vs. offline) and the elevated harmonic current distortion levels.
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Fig. 17. Measured 5th harmonic currents at the POI of PV4.

Fig. 18 shows an example plot regarding the second facility, referred to here as PV5, which
demonstrated a similar phenomenon.
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Fig. 18. Measured 5th harmonic currents at the POI of PV5.

The plots shown in Fig. 17 and Fig. 18 show that the conventional capacitor bank itself was the
main factor impacting harmonic distortion, which resulted in PV4 and PV5 failing the electric
power company’s PQ performance requirements. One strategy that a VER owner could
implement to mitigate this issue would be to convert the 34.5 kV conventional capacitor bank into
a shunt passive harmonic filter bank.
2.4.1

Case Study #4a – Application and Performance of a Harmonic Mitigation Method

This section presents a discussion of the harmonic mitigation method that generating facilities
PV4 and PV5 implemented to mitigate the elevated 5th harmonic current injection levels.
Due to the 5th harmonic current injection issues experienced at both PV4 and PV5, each PV facility
pursued a mitigation strategy of converting their existing conventional shunt capacitor bank
installations into C-type harmonic filter banks. Both PV4 and PV5 investigated different mitigation
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strategies, such as single-tuned harmonic filters, but ultimately selected the C-type harmonic filter
bank topology. C-type harmonic filter banks provide the adequate volt-ampere-reactive power
support each PV facility requires, as well as the necessary filtering of 5th harmonic current
component. An additional benefit of the C-type harmonic filter bank is that it remains tuned when
subjected to changes in network topology.
Figure 19 shows a comparison plot of the 5th harmonic current injected at PV4’s POI for the
conventional capacitor bank installation and the C-type harmonic filter bank installation. This
harmonic current has been overlaid with the switching times of the capacitor bank and the
switching times of the C-type harmonic filter bank.

Fig 19: Comparison of conventional capacitor bank and C-type harmonic filter bank for PV4 (Only
phase a measurements are shown.)

Figure 20 shows the 5th harmonic currents (three phases) injected at the POI by photovoltaic
facility PV4. These harmonic currents have been overlaid with the switching times of the C-type
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harmonic filter bank. The plot shows that the 5th harmonic current magnitudes when the C-type
harmonic filter bank was online were well within the limits specified in IEEE Std. 519-2014.

Fig 20: Measured 5th three-phase harmonic currents at the POI of PV4 with filter installed.

Figure 21 shows an example plot regarding the second facility, referred to here as PV5, which
demonstrated a similar phenomenon.
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Fig 21: Measured 5th harmonic currents at the POI of PV5 with filter installed

The plots shown in Fig. 20 and Fig. 21 demonstrate that the C-type harmonic filter banks
adequately filtered out the elevated 5th harmonic current components to be within the acceptable
industry limits. Once generating facilities PV4 and PV5 installed the filter bank and notified the
electric utility, a harmonic performance evaluation and analysis period ensued. The result of this
analysis indicated that generating facilities PV4 and PV5 were well in adherence with the electric
power company’s PQ performance requirements (IEEE Std. 519-2014).
Therefore, this case study shows that the mitigation strategy employed by the photovoltaic
generating facilities adequately mitigated the preexisting 5th order harmonic current injections.
3.0 Considerations when Evaluating VER Generated Harmonics
Several factors that can affect the usefulness of PQ measurement data are presented in this
section. This section discusses issues concerning power quality instrumentation, the process of
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gathering data, and the use of that data to make decisions. Selected additional topics on
potentially undesired effects of harmonic currents on the BES are also mentioned.
3.1

Transmission Power Quality Monitoring

PQ equipment and utility processes should be in place to give the BES owner the ability to
accurately ensure that interconnecting inverter-based VERs are performing within industry limits.
For example, IEEE 519-2014 prescribes that limits be applied at the point of common coupling
(PCC) between the VER and the utility2. Instrument transformers providing signals to a PQ meter
should be placed as close as possible to the POI or PCC. Placing these devices on the low side
of the GSU transformer, or even on the high side of the GSU transformer but still distant from the
POI, may cause harmonic measurements to vary from what they would be at the POI. Additionally,
it is prudent to install instrument transformers on all three phases for adherence determination.
This provides greater visibility to the BES owner during system disturbances.
The PQ meter should also be configured to help the utility determine compliance and continuously
monitor the VER facility. Enabling the appropriate personnel to remotely access the PQ meters,
which should be permanently installed at the substation, and download data at any time is critical
for post-event analysis of facilities, as demonstrated in the case studies. As further described in
section 3.3, the connection speed to the PQ monitor should be sufficient to allow a sufficient data
resolution for event analysis.
Finally, as mentioned in section 2.1, it is important to implement a trial operations period before
allowing VERs to commercially operate. The actual behavior of VER facilities may not match what
was previously studied during the IC process, and a trial period gives the utility ample time to
determine PQ adherence and have appropriate discussions with VER owners, where needed. It
also gives time for VER owners to make adjustments and potentially correct PQ issues (e.g.,
excessive harmonic distortion). The duration of this time period should also allow for PQ
measurement over multiple days in order to increase visibility while capturing VER facility
performance behavior during multiple scenarios, such as different output levels and VER shunt
configurations as well as changes in transmission system topology.
3.2

Instrument Transformer Limitations

In general, instrument transformers are bandwidth-limited. Wound-type Potential Transformers
(PTs), Current Transformers (CTs), as well as PT/CT combination devices, have bandwidths that
vary by model. As a result, these devices have various degrees of acceptability in their use for
determining PQ adherence as well as reproducing higher order harmonic content accurately. It is
a good practice to contact the device manufacturer to verify that the instrument transformers will
not introduce significant error for the entire frequency range specified in applicable standards. In
the case of IEEE 519-2014, this range spans from the fundamental frequency through the 50th
harmonic order2. It should be noted that capacitively coupled voltage transformers (CCVTs)
should not be used for making harmonic voltage measurements. In general, the frequency
response of CCVTs is only acceptable to approximately 90 Hz; and thus, they should not be relied
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upon to accurately reproduce harmonic measurement data, or else significant errors will be
introduced, and erroneous decisions made.
3.3

Considerations for Capturing Power Quality Data

As discussed previously, power quality monitoring has become a very important issue when
evaluating the interconnection of harmonic producing equipment such as inverter-based VERs.
Furthermore, particular attention should be given to the power quality data acquisition rates (i.e.,
sampling resolution or time intervals between data points) because it is possible to miss the peak
or maximum values. As such, higher data resolution is conducive to a more accurate analysis (the
more times the data is sampled the better).
When gathering power quality data, the sampling frequency should be high enough for the power
quality meter to accurately determine the magnitude of all studied harmonic currents and voltages.
IEEE 519-2014 then prescribes methods to assemble values calculated from those samples into
3-second or 10-minute values, which the PQ meter should be able to automatically generate if
IEEE 519-2014 is to be used for compliance evaluation. However, for continuous monitoring
purposes after compliance has been determined, the BES owner may have different desires for
the data resolution. In this case, different methods of calculating values from the sampled data,
such as maximum or average values over different time periods, may be used.
An example that demonstrates the importance of data acquisition rates in post-event investigation
is described here, referring to the data collected in Case Study #2. Note that the time interval
between the harmonic data points presented in Fig. 4 through Fig. 7 is 3 seconds. Figure 22
shows an isolated set of these values. The maximum of every five 3-second values in Fig. 19 was
isolated, creating lower-resolution 15-second values, which are plotted in Fig. 23. This process
was repeated to create 1-minute values and 10-minute values, which are plotted in Fig. 24 and
Fig. 25, respectively.
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Fig. 22. Visual representation of 3-second data acquisition rate for PQ data capture.

Fig. 23. Visual representation of 15-second data acquisition rate for PQ data capture.

Fig. 24. Visual representation of 1-minute data acquisition rate for PQ data capture.
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Fig. 25. Visual representation of 10-minute data acquisition rate for PQ data capture.

In Case Study #2, the high-resolution data allowed for fast visualization of the 5-6 minute time
intervals between noise events as well as visual correlation between the 18th harmonic currents
and the VER’s production of active power and reactive power outputs. This allowed for simple
determination that the 18th harmonic current was the likely culprit of the experienced GSU
transformer high-pitch noises. By comparing Fig. 22 through Fig. 25, it can be seen that increasing
the time interval between data points also decreases the ability to make these visual inspections.
When 10-minute data is used, this ability is practically non-existent. Note that 10-minute data
points are used for compliance determination according to IEEE 519-20142.
Furthermore, the low resolution of the 10-minute data, as well as the use of maximum values, can
skew the interpretation of the VER facility’s production of 18th harmonic currents. Instead of
current spikes, the data presented in Fig. 25 shows that the facility is more consistently producing
high 18th harmonic current values. However, using high resolution (high sampling rates) between
data points inherently creates more data to store, transfer, and process. This can create problems
if the PQ meter has limited onboard memory, as data may be overwritten more frequently than
desired. Additionally, it may take an impractical amount of time for PQ meters to transfer data to
a remote computer if the speed of the connection to the meter is slow. Handling and processing
the data for analysis can also take more time for larger files, though this is not often an issue if
appropriate tools are used on modern computers. Remedies for these issues can include: 1)
increasing the PQ meter’s onboard memory, 2) selecting PQ meters that have faster data transfer
rates, 3) increasing the speed of connections to PQ meters, or 4) automatic downloading of PQ
measurement data.
3.4

Adherence with Power Quality Industry Standards

IEEE Std. 519-20142 provides recommendations on allowable levels of harmonic distortion at a
point of common coupling. It should be noted that additional considerations, such as proximity of
an inverter-based VER to a synchronous generator, as described in section 3.7 of this document,
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or proximity to BES equipment that is sensitive to harmonics, may warrant placing more restrictive
harmonic distortion limits on the inverter-based VER than the limits prescribed in IEEE Std. 5192014.
3.5

Typical Harmonic Mitigation Strategies

Utilities can use the following strategies to mitigate harmonic distortion issues that arise from the
installation of inverter-based VER.

3.6

1.

Inverter manufacturers can implement firmware updates to adjust switching
algorithms and other behaviors to limit inverter harmonic distortion.

2.

The VER owner can install active harmonic filters or passive shunt harmonic filter
banks as sinks to prevent harmonic currents from entering the BES. Passive
harmonic filters may be a more appropriate solution when individual harmonic
currents are targeted.

3.

The facility configuration (e.g., collector system configuration) can be changed to
shift harmonic resonance condition away from characteristic harmonics of the VERs.
Different cable sizes or capacitor bank reactive power ratings may be considered
valid methods.

Protective Relaying

It is well known that harmonic distortion from VERs can contribute to relay misoperation and must
be accounted for in protection systems. Case Study #3, in which the inverters shut down due to
excessive voltage distortion, is an example of harmonic relaying performing as designed.
However, harmonic currents can also influence system protection in unintended ways. For
example, harmonic currents can be seen by relays as additional negative sequence equivalent
currents, causing breakers to inappropriately trip, unless the relays have compensation methods.
Additionally, transformer energization or reclosing scenarios can produce high levels of harmonic
currents that can cause transformer differential protection to unnecessarily trip breakers.
3.7

Thermal Capability of Synchronous Generators

IEEE Standards C50.12-20054 and C50.13-20143 provide continuous negative sequence current
withstanding capabilities for different types of synchronous machines. IEEE C50.12 and C50.13
also provide equations to combine the effects of harmonic currents and negative sequence
currents into equivalent negative sequence values that should not be exceeded. Therefore, if a
VER such as an inverter-based photovoltaic generating facility plans on connecting to the BES
electrically near a synchronous machine or an applicable motor, it would be prudent to study the
possibility of the VER causing excessive harmonic currents to flow into the machine and make
recommendations accordingly.
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4.0 Transmission Planning Harmonics Analyses and Methods
4.1

Modeling of Transmission Equipment

As discussed supra, a harmonic analysis may be required if the VER generating facility is planning
to locate near BES-connected equipment that is sensitive to non-sinusoidal currents and voltages
(e.g., synchronous generators and motors, shunt capacitor banks, harmonic filter banks, power
transformers, and loads). The study entails simulating harmonic current flows produced by the
inverter-based generating facility and determining if the resultant harmonic distortion has
detrimental impacts to such equipment.
A complicating factor for conducting harmonic planning studies is that BES components such as
loads, transmission lines, underground cables, power transformers, shunt capacitor banks, and
synchronous generators must be modeled in much more detail to accurately capture component
behavior at frequencies other than fundamental frequency. As such, subsections 4.1.1 through
4.1.5 briefly discuss how these network elements can be modeled and considered. Moreover,
well-known industry accepted references, which provide detailed guidance on the subject, are
included. It should be noted that the references listed in subsections 4.1.1 through 4.1.5 are not
limited to these documents.
4.1.1

Modeling of Loads

Load models can have a dramatic impact on the results of a harmonic study. One key concern
with load modeling is their dampening effects on network parallel resonance peaks in that
improper modeling could result in masking, or even hiding, potential harmonic distortion issues
throughout a harmonic planning analysis. As such, it is of paramount importance to properly
model loads when conducting harmonic planning studies. A list of references that provide detailed
guidance for load modeling are
[1]

"Modeling and simulation of the propagation of harmonics in electric power networks. I.
Concepts, models, and simulation techniques," in IEEE Transactions on Power Delivery,
vol. 11, no. 1, pp. 452-465, Jan. 1996.

[2]

R. Burch et al., "Impact of aggregate linear load modeling on harmonic analysis: a
comparison of common practice and analytical models," in IEEE Transactions on Power
Delivery, vol. 18, no. 2, pp. 625-630, April 2003.

[3]

CIGRE Working Group 36-05, “Harmonics, Characteristic Parameters, Methods of Study,
Estimates of Existing Values in the Network”, Electra, no. 77, July 1981, pp. 35-54.

[4]

Assessment Guide: GMD Harmonic Impacts and Asset Withstand Capabilities. EPRI, Palo
Alto, CA: 2016. 3002006444.
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4.1.2

Modeling of Lines and Underground Cable

It is well known that transmission lines and underground cables have an impact on the frequency
response of the system under study. That is, switching transmission lines and cables could shift
network harmonic resonances to undesired frequencies, or divert harmonic power flows to
locations that are sensitive to harmonic distortion such as existing customers or existing utility
harmonic filter banks. As such, it is essential to model them correctly. References that provide
modeling guidance for transmission lines and underground cable include
[1]

"Modeling and simulation of the propagation of harmonics in electric power networks. I.
Concepts, models, and simulation techniques," in IEEE Transactions on Power Delivery,
vol. 11, no. 1, pp. 452-465, Jan. 1996.

[2]

CIGRE Working Group 36-05, “Harmonics, Characteristic Parameters, Methods of Study,
Estimates of Existing Values in the Network”, Electra, no. 77, July 1981, pp. 35-54.

[3]

Assessment Guide: GMD Harmonic Impacts and Asset Withstand Capabilities. EPRI, Palo
Alto, CA: 2016. 3002006444.

[4]

Wakileh, George J. Power Systems Harmonics: Fundamentals, Analysis, and Filter
Design. Springer, Berlin; New York, 2001.

4.1.3

Modeling of Power Transformers

Similar to transmission lines and cables, power transformers affect the network harmonic
impedance. Therefore, it is essential to model power transformers correctly in order to capture
accurately resonance conditions in the network. A list of references that provide guidance and
consideration for power transformer modeling are
[1]

"Modeling and simulation of the propagation of harmonics in electric power networks. I.
Concepts, models, and simulation techniques," in IEEE Transactions on Power Delivery,
vol. 11, no. 1, pp. 452-465, Jan. 1996.

[2]

CIGRE Working Group 36-05, “Harmonics, Characteristic Parameters, Methods of Study,
Estimates of Existing Values in the Network”, Electra, no. 77, July 1981, pp. 35-54.

[3]

Assessment Guide: GMD Harmonic Impacts and Asset Withstand Capabilities. EPRI, Palo
Alto, CA: 2016. 3002006444.

[4]

Wakileh, George J. Power Systems Harmonics: Fundamentals, Analysis, and Filter
Design. Springer, Berlin; New York, 2001.

4.1.4

Modeling of Capacitor Banks

The switching of BES-connected shunt and series capacitor banks is essential in determining the
network resonance conditions that could occur for various capacitor bank online and offline
combinations. Therefore, it is imperative to include capacitor banks when conducting harmonic
planning studies. References that provide guidance for capacitor bank modeling are
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[1]

"Modeling and simulation of the propagation of harmonics in electric power networks. I.
Concepts, models, and simulation techniques," in IEEE Transactions on Power Delivery,
vol. 11, no. 1, pp. 452-465, Jan. 1996.

[2]

CIGRE Working Group 36-05, “Harmonics, Characteristic Parameters, Methods of Study,
Estimates of Existing Values in the Network”, Electra, no. 77, July 1981, pp. 35-54.

[3]

Assessment Guide: GMD Harmonic Impacts and Asset Withstand Capabilities. EPRI, Palo
Alto, CA: 2016. 3002006444.

4.1.5

Modeling of Synchronous Generators

References that provide guidance and consideration for synchronous generator modeling include
[1]

"Modeling and simulation of the propagation of harmonics in electric power networks. I.
Concepts, models, and simulation techniques," in IEEE Transactions on Power Delivery,
vol. 11, no. 1, pp. 452-465, Jan. 1996.

[2]

CIGRE Working Group 36-05, “Harmonics, Characteristic Parameters, Methods of Study,
Estimates of Existing Values in the Network”, Electra, no. 77, July 1981, pp. 35-54.

[3]

Assessment Guide: GMD Harmonic Impacts and Asset Withstand Capabilities. EPRI, Palo
Alto, CA: 2016. 3002006444.

[4]

Wakileh, George J. Power Systems Harmonics: Fundamentals, Analysis, and Filter
Design. Springer, Berlin; New York, 2001.

4.2

Software Packages for Analyzing VER Generated Harmonics

Different commercial software packages can be used for harmonic planning studies, post-event
analysis of system disturbances, and model validation. Some of the individual tasks that these
packages can perform include screening the provided harmonic spectrum data, processing large
amounts of PQ data, and performing harmonic power flow analyses. This list of software tools
includes, but is not limited to, the following: 1) PSS®SINCAL, 2) EMTP-RV, 3) PSCADTM, and 4)
MATLAB. Note that this section is not an endorsement for or a discouragement of the use of any
particular software package. Its intent is only to inform transmission planners that there are
multiple options available to perform transmission planning harmonic studies and study power
quality phenomena.
4.3

Applying Results

After modeling each transmission element appropriately and incorporating inverter-based VERs
in the study model, a harmonic power flow analysis is required. This study entails modeling and
simulation of harmonic currents and voltages to which equipment such as synchronous
generators and transformers may be subjected. Note that the analysis should consider various
network topology changes such as switching of local area capacitor banks (including VER
connected capacitor banks), cables, transmission lines, and power transformers.
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Once harmonic power flow simulations are complete, simulation results will need to be compared
to allowable industry limits. For example, the allowable generator limits could be the negativesequence relay alarm or trip settings, or the calculated equivalent negative sequence value using
the equations provided in IEEE Standards C50.12-20054 and C50.13-20143.
Furthermore, the impacts of harmonics on large power transformers, capacitor banks, and
harmonic filter banks could be considered in the analysis. Guidance on these three subjects is
provided in 1) IEEE Standard C57.110-2018, “IEEE Approved Draft Recommended Practice for
Establishing Liquid-Immersed and Dry-Type Power and Distribution Transformer Capability When
Supplying Nonsinusoidal Load Currents” (Published Date: 2018-10-31), 2) IEEE Std. 1036, “IEEE
Guide for the Application of Shunt Power Capacitors,” and 3) IEEE Standard 18-2012, “IEEE
Standard for Shunt Power Capacitors”.
If results indicate a potential PQ issue could occur (e.g., equipment overheating, protective
relaying operation), harmonic mitigation strategies may need to be considered. The reader is
encouraged to review IEEE Std. 1531, “IEEE Guide for the Application and Specification of
Harmonic Filters”.
5.0 Key Takeaways
The main takeaways presented throughout this issue paper include:
1.

Harmonic planning studies of interconnecting variable energy resources, such as
inverter-based photovoltaic and wind generation, are key in determining potential
harmonic related problems on the BES. These studies should begin at the very early
stages of the interconnection study process to determine the expected harmonic
distortion at the POI, and facility adherence with industry PQ limits. Adequate
harmonic simulation software and related tools should be used to identify potential
harmonic distortion issues and perform event analyses. TP’s and CO’s should
consider the development of an interconnection PQ requirement.

2.

Ongoing PQ monitoring should be implemented to monitor harmonic distortion at
the POI. The measurement data and test cases presented support the notion of
continuous monitoring of power quality for inverter-based interconnecting VERs.
Consideration should be given to the measurement error associated with instrument
transformers (PTs, CTs, PT/CT combinations and CCVT with definite frequency
response limitations). Remote access to PQ meters, as well as data acquisition
rates, are critical in performing post-event investigations, harmonic adherence
analysis and adequate harmonic characterization. Remote connections to PQ
meters with sufficient speeds, more PQ meter memory, and automatic downloading
can allow for the collection of more detailed data. Furthermore, PQ monitoring
equipment can be used for Energy Management System (EMS) alarms to monitor
VER facility behavior more closely.

3.

VER-driven PQ issues can present themselves in multiple ways, including physical
phenomena (e.g., unbearable high-pitch noise), protection system misoperations,
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industry standard excessive harmonic adherence violations, or mechanical failure
from excitation of system resonances or overheating. However, there are numerous
strategies available for mitigating VER-related harmonic distortion issues.

5.1

4.

If inverter manufacturers have the ability to implement firmware updates to adjust
switching algorithms and other behaviors to limit harmonic distortion, it also could
have a negative impact by making the harmonic issues worse. As a result, constant
PQ monitoring should be considered to limit the spread of harmonic problems.

5.

For inverter-based resources that wish to operate in a market, a period of time
should be established to address any operating or PQ issues, before the resources
can be designated as commercially viable. Note a sufficiently long trial period to
characterize harmonic content under different operating scenarios (multiple days)
should be considered.

Power Quality Alarms

The aforementioned test cases demonstrate that it is prudent for electric utilities and
interconnecting VERs to continuously monitor power quality. PQ alarms can provide early
detection of excessive harmonic distortion. Because excessive harmonic current and voltage
distortion can be experienced, the utility can implement continuous monitoring to protect the BES,
the interconnecting facilities, and its customers. As a result, some electric utilities have developed
EMS power quality alarm protocols for real-time operations to alert control system operators of
power quality anomalies on the BES. Moreover, operators have the ability to download power
quality measurement data and perform post-alarm event analysis when needed. Examples of
what utilities monitor include: 1) harmonic current distortion in the presence of harmonic voltage
distortion (safety margins are used to avoid unnecessary alarms sent to system operators), 2)
voltage fluctuations (flicker) without the presence of system faults, 3) power factor and reactive
power performance, and 4) voltage imbalance.
6.0 Conclusions
The recent large-scale proliferation of VERs such as inverter-based photovoltaic generation
provides a new set of engineering challenges to the BES owner, operators, and its users. Those
related to harmonic distortion suggest that the electric utility industry could benefit by addressing
these challenges from a mindset that moves beyond the fundamental frequency frame of
reference. Furthermore, the new term harmonic planning studies is presented in this issue paper
to bring awareness to transmission planners and highlight the need to be proactive in identifying
and mitigating harmonic distortion issues in the transmission planning process. The case studies
presented in this paper showed that phenomena occurring at other frequencies have a real impact
on the power system.
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Appendix A

Acronyms

The following table includes acronyms used in this paper:
Acronym

Definition

BES

Bulk Electric System

COD

Commercial Operation Date

CT

Current Transformer

CCVT

Capacitively Coupled Voltage Transformer

FACS

Facilities Study

FFT

Fast Fourier Transform

GSU

Generator Step-up

IC

Interconnection

IHD

Individual harmonic distortion

PCC

Point of Common Coupling

POI

Point of Interconnection

PQ

Power Quality

PT

Potential Transformer

PV

Photovoltaic

SIS

System Impact Study

TO

Trial Operations

VER

Variable Energy Resource

VTHD

Voltage Total Harmonic Distortion
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