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Abstract: Most power utilities within Southern Africa are faced with the challenges of harmonic
distortion due to the high penetration of renewable energy sources (RES) and the use of electronic
devices. There is an excessive total harmonic distortion (THD) measured at the point of common
coupling (PCC). In this paper, a proposed harmonic monitoring system for large power users (LPUs)
is developed. This proposed system considers harmonic limits of the individual and THD of the
customers allowed injecting into the network, which should be part of the contractual electricity
supply agreement (ESA). Hence, it will enable the monitoring of harmonic distortion to be smooth by
determining whether the customer has passed or failed compliance for individual harmonic order
and the THD of the voltage. The measurements of harmonic distortion are done using the Unipower
power quality (PQ) analyzers that are connected at different points within the industrial network.
Measurements of harmonic distortion of an industrial site are compared to the simulation results
performed by DIgSILENT software to validate the proposed harmonic monitoring system. Based on
the validation results, it is recommended that the ESA between the power utilities and the customers
should consist of the harmonic limits.

Keywords: harmonic distortion; harmonic monitoring; harmonic limit; electricity supply agreement;
harmonic measurement

1. Introduction

Distribution networks have power quality (PQ) challenges that compromise their performance [1].
Harmonic distortion is one of the PQ challenges that are currently rising due to the increase of non-linear
loads and renewable energy sources (RES) which form part of the power system [2–6]. To strengthen
the PQ performance of the distribution network, it is important to study the harmonic distortion and its
effects [1]. Many studies are concerned with PQ problems and solutions [7]. Different solutions on how
to mitigate the harmonic distortion have been proposed and implemented in power systems [8–10].
Although different approaches of harmonic distortion mitigation have been ongoing with a shortcoming
in the literature on how harmonic distortion can be monitored at the point of common coupling (PCC)
through a contractual relationship between the utilities and the customers. Currently, the contractual
electricity supply agreement (ESA) between the utilities and the customers places little emphasis on
PQ. The utility must emphasize more on the continuity of power supply to the customers as the quality
of power supplied by the utilities is a concern to the customers.

The responsibility of PQ must be well defined in contracts. The contracts should address the
issues concerning PQ in a way that is understood by all parties. There are national, and international
standards with limits of harmonic distortion (current and voltage distortion) [11–16]. Guidelines on
how to check and set up the voltage quality framework are given [17–20]. Although harmonic
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limits are set within standards, it should be interpreted in the ESA, as well. Harmonic distortion
has effects on the power system equipment [21–23]. The harmonic distortion effects depend on the
sequence component types of harmonics that are present at the PCC. Positive and negative sequences
of harmonics cause the heating of the conductors and the power transformers [9]. For the positive order
harmonics, the harmonic currents rotate in the same direction as the fundamental frequency current.
These harmonic currents cause overheating of the power system equipment, such as transformers
and conductors, due to the addition of the current to the fundamental frequency current. The current
becomes higher than the rated current. Negative sequence harmonics can cause induction motors to
run in the reverse direction; while zero-sequence harmonics cause neutral currents to be larger than
phase currents [9]. Due to the negative effects that harmonics can cause, both parties need to take part
in drawing up a contract agreement.

Harmonic distortion effects can result in financial losses for industries when the electrical
installation is been damaged or through premature aging of the equipment and system reliability [24].
When the system consists of higher losses, it results in financial losses, as well [25]. Power utilities
need to investigate a penalty fee that needs to be charged for harmonic distortion. This fee is to be part
of the monthly electricity bill as an added investment to reduce the financial losses met due to the
effects of harmonic distortion [1,24–26].

Traditionally, utilities believed that harmonics were only caused by the customers, which is no
longer the case as it was found that utilities have background harmonics. Utilities need to specify in
contracts the percentage of harmonic distortion each customer is allowed to inject into the national grid.
This requirement should also apply to electricity distributors. The national grid must be protected
from harmonic distortion at the generation, transmission, and distribution side. The determined
background harmonics at the PCC, it must be made known to the customers that are requesting for
electricity supply connection at the PCC to take into consideration when designing their equipment.
The total current/voltage harmonic distortion is well defined within standards [11–14] according to the
voltage level at the PCC. It is a concern on how to allocate the total current harmonic distortion in the
case where multiple customers are connected at the PCC.

The legal site of contracts on PQ should be defined similarly to the Notified Maximum Demand
(NMD). For instance, large power users (LPUs) notify the electricity supply industries of their maximum
demand before the end of the year based on their load forecasting model. There is a need to develop a
concept and processes to be followed by PQ engineers and commercial engineers when drawing up a
PQ agreement. When utilities take measurements and verify the harmonic limit based on the limit set
out in the ESA, it ensures that the customer knows who is responsible and which harmonic order is
dominant. Today’s PQ analyzers can measure the harmonic distortion of each harmonic order that
forms part of the network. Power utilities or electricity supply industries should use the harmonic
balancing network through the harmonic aggregation method [14]. The customers should invest in
installing a statistical PQ analyzer that can be used in case of a dispute between the parties involved.

Most of the electricity companies and the large customers’ loads are informing the utility of their
harmonic content for the utility engineers to undertake harmonic studies before signing a connection
agreement or ESA. However, the percentages of the allowable harmonic current that specific customer
can inject into the grid should form part of the ESA. The contribution of this paper is to propose a
harmonic monitoring system which could be used during the planning phase and setting up of an ESA
between the utility and customers. This technical management of harmonics is well-known, however,
the method on how it is administered in the ESA needs to be emphasized to reduce the financial losses
caused by harmonic distortion. It is also pointed out that the customer’s harmonic content needs to
be a part of the required document which forms part of the application for electricity supply. It is a
challenge to find the party that is violating the PQ or Total Harmonic Distortion (THD) when multiple
customers are connected at the same PCC, especially when some customers have no PQ analyzers
installed. Once the party that is violating the PQ is identified, the consequences should be negotiated
according to the transmission and distribution codes of the specific country [27–29]. The harmonic limit
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allowed at the PCC should be one of the determining factors for the number of customers allowed at a
certain PCC. The NMD is currently a yearly exercise for customers to notify the utility of any changes
in their operations. However, the harmonic limit has become a concern, whereby the customer has to
notify the utility once they increase or decrease the loads that are categorized as harmonic sources.
Whether notifying the utility of the harmonic content should be a yearly exercise for the customer is
still under investigation.

During the planning/design phase, harmonic studies must be conducted intensively to determine
the number of customers to be connected at the PCC [30]. The vital aspect for today’s network
is to conduct harmonic monitoring and this can only be achieved when both parties involved are
working together. Most utilities are installing monitoring equipment to measure the three-phase
harmonic current and voltage distortion to aid detecting and mitigating the effects of harmonics [31].
Harmonics can be from the upstream (utility side) through background harmonics or downstream
(customer side) through the installation of equipment that is injecting current harmonics.

The utility’s responsibility is to ensure that PQ is well kept and meets the required standards
at different operating and load conditions [32]. The rewards and penalties set on PQ and reliability
need to be honored by both parties [33]. The harmonic emission level affects the cost of customers
buying electricity. Thus, it can cause increases in network tariffs to mitigate these disturbances if
not monitored well [34]. Many studies have developed a method for monitoring the PQ including
harmonic distortion [32,35–44]; thus, there is a gap to monitor and manage harmonics as early as the
planning phase and include the harmonic limits in contract agreements.

Broshi [45,46] highlighted the three main purposes of PQ monitoring (statistics, contracts,
and troubleshooting). Under the PQ contract, it was emphasized that, in sensitivity to PQ, customers
may have a specific electrical power contract that outlines the smallest acceptable PQ level to be
supplied by the utility. This is in line with our idea of focusing on LPUs as these are the customers who
have several numbers of non-linear loads and should be treated differently when it comes to harmonic
distortion monitoring. Utilities should be supplying these LPUs with a special ESA with specific
harmonic limits guided by the standards. It is more general about how to monitor all PQ challenges.

However, it concluded that, although the measurement can be following the standards, this does
not make it clear to decide who is responsible for causing certain PQ issues. This clearly shows that it
is important to have the harmonic limits of the individual and THD documented in the contract to give
a good sign of the responsible harmonic distortion through measurements. Applicable standards as a
guideline were formed as a starting point for PQ analysis and analyzers to follow the manufacturer’s
specification to obtain expected results. Hence, the utility may formulate precise required limits
suitable for a specific network. The raw data at a high sampling rate and accuracy are to be based on
standards and regulations already in existence. However, the troubleshooting engineer would require
more information for effective monitoring and analyzing abnormalities.

Yildirin et al. [47] developed an Internet-based PQ Monitoring System (IPQMS) that transmits
real-time PQ data over the internet. This is like PQ secure software used to get real-time data from the
Unipower PQ analyzer used in this paper. The monitoring of PQ is currently done in real-time via the
internet [48,49].

Milanovic et al. [50] presented the findings on the international survey about the industry’s
practice of PQ monitoring. The distribution network is highly monitored than the transmission network,
as they have more PQ challenges. The primary motivation for PQ monitoring is based on customer
complaints. It highlighted that the distribution network needs to supply evidence of compliance for
the regulator more than the transmission network. It highlighted that this PQ monitoring outcome
results are mostly used internally by the utility, and few reports are given to the regulators. Therefore,
these issues of harmonic distortion compliance need to become a priority for the regulators.

Good management of distribution network harmonic distortion needs the best monitoring system
in place [30,31]. The harmonic monitoring system is a valuable tool to use to limit the harmonic
distortion at the PCC. The monitoring system requires correct harmonic measurements using the correct
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measuring equipment for it to be effective [51,52]. The discussion of the harmonic measurement results
between the parties is minimally done. The known solution used once the harmonic monitoring is
conducted is a technical solution that takes a lengthy period to be agreed upon. This solution involves
harmonic mitigation, the most well-known being through designing harmonic filters. The proposed
monitoring system encourages the technical solution, as well as the financial solution, using the
payment of penalties. Once the payment of penalties is effective, this will help to minimize the time for
designing and implementing the technical solution after three consecutive months of notification of
the harmonics exceeding the set limit in the ESA.

The harmonic distortion needs to be charged to effectively compensate for the harmonic losses,
as the distribution network and the customer’s equipment are negatively affected. This also led to the
excessive cost of power supply to the end-users for which the cost could be recovered through the
harmonic penalty [24]. To model the marginal price for harmonic injection, the harmonic impedance is
assumed to be constant [24]; however, the impedance of the power system cannot be constant as the
impedance depends on the operation and load condition. Peng et al. [24] developed a novel harmonic
pricing model based on harmonic costs and the effects of excessive harmonic current. By developing
the pricing model, the economic losses due to harmonics can be compensated; however, this should be
discussed when formulating the contract between the utility and customers. Once the harmonic limits
are part of the contract document and the harmonic penalty model is in place, it will help the customer
to control their emission level of the harmonic current to reduce the harmonic bills.

2. Materials and Methods

A power system with harmonic distortions that are not monitored accurately can cause the
challenges of harmonic source detection between the utility and the customers. The harmonic
monitoring system is developed using a flowchart that describes all the procedures to be followed
by the utilities during the planning phase of drafting the ESA. The system was developed based on
the national and international standards that specify harmonic limits. The method and calculation of
harmonic apportioning is not part of this paper. The harmonic monitoring is determined by national
and international harmonic standards and ESA, as shown in the research design in Figure 1.
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This approach is based on practical challenges of a scenario where three customers with different
operating load conditions are connected at the PCC. The PCC has a higher THD that exceeds the limit
specified by the standards. This harmonic distortion is affecting the equipment of the customers, it is
difficult to find the source of harmonics at that point, and there is no harmonic limit set in the ESA.
Therefore, it is ideal for the harmonic limit to be set during the planning phase and be a part of the ESA
from the first stage. It is difficult to change the ESA at a later stage as this may require the utility to
investigate before any amendment can be adapted.

According to Figure D.1 in Reference [12], a concerning emission evaluation procedure,
how emission limits are addressed in contracts, is categorized in three stages. These stages only specify
the harmonic limit of the three different customers, and the utility’s harmonic limit is ignored as
nothing is documented about it. However, the utility’s background harmonics need to be monitored
and well documented. Figure D.1 in Reference [12] is changed to accommodate the utility’s background
harmonics from upstream of the network to be specified according to standard procedures, as shown
in Figure 2.
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Figure 2. Illustration of the emission evaluation procedure and how emission limits are addressed in
contracts for both parties.

Stage 1 on the customer side is also changed to have a specified contractual limit according to
standard procedures. The load owner can decide to change the equipment or operation procedures
without increasing the NMD of the load. At present, customers could install a rooftop solar photovoltaic
(PV) system to reduce their electricity bill from the utility. This can change the harmonic parameter of
the specific load.

Three stages need to be used for the development of the harmonic monitoring system.
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2.1. The Harmonic Monitoring System Development Stages

2.1.1. Stage 1: Problem Identification

It is a challenge to find the source of harmonics at the PCC where multiple customers are connected.
Every PCC should have a PQ analyzer and a smart meter for LPUs, such as mines, factories, etc.
This should be enforced by the regulator to the power utilities. It is also advisable for these customers
to declare their non-linear loads with preliminary studies before signing the ESA. However, if this
is not correctly implemented and monitored as per standards, utilities can still face challenges in
finding customers responsible for harmonic contents in the network [53,54]. A clear specification of
harmonic limits for each customer needs to be known and be part of the ESA. A contract can be used to
solve the problems of harmonic content if defined properly. The customer can be given the maximum
allowable in harmonic voltage or maximum allowable harmonic current injection at different harmonic
frequencies. In most cases when the current distortion limits are within the specified limit, the voltage
distortion limit should be met [55]. Once each customer is given a specified limit of current distortion,
they can inject at the PCC, measurements can be done to determine whether the customer is within the
harmonic limit given, and the specific customer can be notified in writing to remedy the problem if the
harmonic limit is exceeded. This can be treated similarly to the NMD. Customers adhere to the NMD
as there are penalties involved that are non-negotiable. The utility must be serious about harmonic
limits as they bring about more challenges if not managed and monitored correctly [55].

2.1.2. Stage 2: Objective to Solve the Problem

The harmonic limit contents must be clearly said in contracts and understood by all parties.
Measurement guidelines must be developed and agreed upon before the contract is signed.
Measures must be put in place defining the processes to be followed once one of the parties does not
honor the contract. Harmonic limits at the PCC must be defined in contracts according to the standards.
Limits must be set per customer to resolve the issue of harmonic contents. Therefore, in solving the
problem defined in stage 1, the following questions need to be attended to:

1. What can be done to find the harmonic contents?
2. Who is the party responsible for the harmonic contents at the PCC?
3. What are the measurement principles of the harmonic contents per customer?
4. What are harmonic content limits per customer/utility and PCC?
5. How will the limits be achieved?

2.1.3. Stage 3: Solutions

When the measured harmonic content at the PCC is exceeded, three types of solutions should be
taken into consideration by both parties, i.e., utilities and customers.

Technical Solution

The technical solution is usually the solution that both parties opt for according to the distribution
code issued by the regulator. In cases where the harmonic limit at the PCC is exceeded, measurements
need to be taken by both parties for a certain period agreed upon in the contract. The position of the
equipment must be decided where the main measurement and backup measurement should be taken.
Measuring equipment agreed upon in the contract should be correctly calibrated by an approved and
registered company. Care should be taken that any equipment connected at the secondary winding of
the voltage transducer does not generate harmonic currents. All customers with distributed power
generators, as well as RES that inject harmonic current in the network which affects the harmonic
voltage at the PCC, should be treated similarly. However, when the harmonic content exceeds the
limits specified in the ESA, such customers shall be notified in writing monthly. In the case when the
harmonic content is exceeded for three consecutive months, a penalty charge is affected and shall rest
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only when the exceeded harmonic content limit drops down below the initial value that was agreed
on. The responsible party should be given three months to mitigate its contribution by supplying a
harmonic filter, or any other mitigation methods, and bearing the costs thereof. There is currently
no standard solution available that refers to specific months before the financial solution takes place.
However, harmonic distortion causes the techno-economic losses that need to be recovered. The NMD
has been managed based on three consecutive months and its implementation is successful [56];
thus, once the harmonic distortion takes up the initiative, this can drastically change the customer
behavior towards the challenge. As the designing of a harmonic mitigation solution can be a lengthy
process, the responsible party must handle the financial solution until mitigation takes place and
the harmonic content is within the limit set. By so doing, parties involved will be serious about
adhering to the condition specified under the ESA. It is important to control the customers who
inject harmonics into the distribution network by applying the various mechanisms of rewards and
punishment. Continuous monitoring of harmonic distortion and communication to the customers is
needed. New applicants for electricity supply should be notified of the complications involved once
the ESA conditions are not adhered to by giving an example of the existing contracts about harmonic
content and exceeding the limits.

Financial Solution

It should be said in the contract agreement that the party who is responsible shall pay the penalty
after three consecutive months of exceeding harmonic limits. The penalty payment should be processed
similarly to that of the NMD applications. The harmonic penalty charge once introduced will have
control with regards to the customers who injects the excessive harmonic higher than prescribed within
standards, which will result in higher electricity monthly bill. The process of calculating the penalties
is not part of this paper, as this is something that the national regulatory body of a specific country
must agree upon with the utility. In the literature, different harmonic penalty models are suggested.
However, no agreement has been reached yet toward the development of a global model to be used.
Utilities should clarify clearly in contracts what should happen to other customers connected at the
same PCC if their equipment has been affected by the inadequate quality of supply (QoS). The utilities
must be responsible to manage the network in such a manner as to ensure that voltage distortion is
still within contracted limits and adheres to the PQ standards prescribed by the electricity regulatory
body of the specific country. In cases whereby the harmonic content which exceeds the limits is from
the utility itself, the same process should be followed to remedy the problem.

Legal Solution

There should be a clause in the contract agreement that states, in a case where the limits of
harmonic distortion are exceeded and disputes arise, the process in which the disputes should be
dealt with. In the contract, it should be said that the complaints from the customer should be in
writing and this complaint letter should be kept for a minimum of three years. Figure 3 indicates
the three main stages of how to manage the harmonic contents to be used in developing a harmonic
monitoring system.

The utility must take measurements of the voltage harmonic distortion at the PCC before any
customer is connected at that point. Once the background harmonic at the PCC is known, during the
planning phase, an overview is given of the remaining percentage that needs to be apportioned to
the applications of the customers who are to be connected at that point. It can also show how many
customers can be connected to the PCC. Today, the main factors that contribute to deciding the number
of customers to be connected at the PCC are the transformer capacity and the maximum current
carrying capacity of the conductors and clamps. In most cases, the utility can upgrade the transformer
to a higher capacity transformer. It is crucial to consider the total voltage harmonic distortion of the
PCC as a limiting factor for the number of customers to be connected at the PCC.
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2.2. Contract Agreement Development

The five stages for the development of contract agreement are specified in Figure 4.
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Figure 4. Five stages for the development of contract agreements.

These stages are described in detail as follows:

1. Stage 1—The customer approaches the power utility with the application for electricity supply,
with their determined maximum demand required. It should become a requirement for the
application to have the customer’s harmonic content and the types of loads forming part of their
plant. If this information is not part of the existing utility electricity supply application, the utility
must review and amend the document. It is also important that the customers are notified by the
utility to supply all the necessary information to have a comprehensive PQ analysis and obtain
an accurately specified harmonic limit.

2. Stage 2—Planning engineers conduct the network load flow to check which part of the network
has the capacity that is needed. Once the point of connection is found, PQ engineers need to
determine the harmonic content of the customer. The PQ engineers should conduct the harmonic
load flow analysis and suggest to the customers the specified harmonic limit based on the
apportioning method that needs to be agreed upon.

3. Stage 3—The background harmonic at the PCC must be determined using the peak percentage
recorded for the past twelve-month period from the Unipower/Vectograph data. It should
be noted that the peak background harmonic is under no-load conditions, as well as born in
mind when apportioning the specified harmonic limit of the utility at the PCC. The background
harmonic might increase under load conditions.

4. Stage 4—The utility’s forecast engineers should determine and supply the load forecast for the
next five years. This shows the number of customers to be connected at a certain PCC.

5. Stage 5—The apportioning method of the harmonic content should be determined by the utility
for each customer, and this depends on the data they have provided to the power utility.
Customers should supply all the necessary information to help the utility to determine realistic
and correct harmonic limits.
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2.3. The Harmonic Monitoring Framework

The framework of the harmonic monitoring system is given in Figure 5. The payment of a penalty
is applied to each party which is responsible for causing the harmonic content higher than the allowable
or agreed-upon limit in the contract. The fees for the penalty should be regulated by the national
regulatory body where this method is to be applied. Thus, with this in place, both parties will take
responsibility for their harmonic content seriously. The current research challenge of harmonic source
detection will be resolved due to the penalties involved.Energies 2020, 13, x FOR PEER REVIEW 9 of 18 
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In case of dispute in Figure 5, then the responsible customer will have to compare the harmonic
content profile extracted from its statistical PQ analyzer and compare it with the utility profile of the
same period to determine the actual basis of the dispute. Furthermore, both PQ analyzers may require
to be recalibrated and verify the earlier results with the current ones for accuracy in the search to settle
the dispute.

3. Results and Discussions

A case study of an industrial network consisting of two mines, a 5 Megawatt (MW) solar PV
plant, and commercial loads was used to confirm the harmonic monitoring framework. It has a 400 kV
slack bus with short-circuit power of Ssc = 10000 Mega Volt Ampere (MVA), a short circuit current
of Isc = 14.43 kA, and the X⁄R ratio of 10. The two mines are Mine A (open-pit), which consists of
four three-phase 12-pulse rectifiers; and Mine B (underground), which consists of various three-phase
6-pulse Variable Speed Drives (VSDs). The Unipower measurement results are compared with the
simulation case study in DIgSILENT. The individual and THD of the voltage is compared at certain
busbars in the network as per measurements. Unipower PQ Secure gives reports that indicate whether
the THD of the voltage is within the prescribed limit specified in Section 4.2.5 of the South African
National Rationalization of Standards (NRS) 048-2-2007 which stipulates that the THD of the supply
voltage, including all harmonics up to the order of 40, should not exceed 4% for the High Voltage
(HV), and the Medium Voltage (MV) networks should not exceed 8%. It also highlights the individual
harmonic distortion of voltage, whether it passes or fails the assessment. Once the value of individual
harmonic distortion is within the limit prescribed by the national standard, it is then regarded as
passed; when it exceeds the limit, it is regarded as failed. The Unipower meter results also give the
event’s history. The results used were from May 2019 to November 2019. The compatibility level for
the HV and MV network used to analyze and compare the simulated and measured results is given in
Table 1.

Table 1. Total harmonic distortion (THD) and compatibility level of individual harmonic distortion as
per NRS 048-2-2007.

Harmonic Order Compatibility Level for 66 kV Compatibility Level for 33 kV

5th 3 6
7th 2.5 5
11th 1.7 3.5
13th 1.7 3
17th 1.2 2
19th 1.2 1.8
23rd 0.8 1.4
25th 0.8 1.3

THD (%) 4 8

The results in bold define the THD and individual harmonic distortion of the current and voltage
that exceeded the harmonic limits as set within the standards. It also indicates the individual harmonic
orders that failed the compatibility level.

Table 2 gives the comparison of the Voltage Total Harmonic Distortion (VTHD) for the customers
connected to the PCC. Customer B represents four individual customers, namely Mine B 66 kV,
66 kV Node, PV plant 33 kV, and 33 kV Busbar (two commercial loads). The other customer is Mine A
66 kV with two feeders. The VTHD of each Mine A feeder gives a higher value than for Customer B
66 kV feeder. The measurement is also able to check the THD of the utility side, which, in this case,
has a lower THD than Mine A. From the simulation results, the THD for Mine A—No. 1 and 2 66 kV
Busbar exceeded the limit. The Simulation and measured results of Mine A—No.1 and 2 66 kV Busbar
summation exceeded the harmonic limit based on NRS 048-2-2007.
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Table 2. THD of the voltage for the customers connected at the point of common coupling (PCC).

Busbar Name THD Simulation Results (%) THD Measured Results (%)

PCC 66 kV–Customer B 66 kV 3.55 2.935
Mine A–No.1 66 kV Busbar 4.10 3.640
Mine A–No. 2 66 kV Busbar 4.07 3.615

Mine A–No.1 and 2 Summation 5.78 5.13
PCC 66 kV–Mine A No. 1 66 kV - 2.940
PCC 66 kV–Mine A No. 2 66 kV - 2.945
PCC 66 kV–Mine A No. 1 and 2

Summation 4.16

Table 3 gives Customer B VTHD to determine the highest contributor among these customers.
The customers within Customer B who are a source of harmonic (has a load which injects harmonics)
is the PV plant 33 kV and mine B 66 kV. The percentages of VTHD at Mine B 66 kV and 66 kV Node
exceeded the harmonic limit of 4% for measurement only.

Table 3. THD of the voltage for the customers within the Customer B category.

Busbar Name THD Simulation Results (%) THD Measured Results (%)

PV Plant 33 kV 4.53 4.125
33 kV Busbar 4.51 4.120
Mine B 66 kV 3.62 4.255
66 kV Node 3.66 4.290

The individual voltage harmonic distortion is compared for the two customers connected at
the PCC in Tables 4–6. Customer B 66 kV individual harmonic distortion of voltage for the 11th
harmonic order simulated exceeded the limit and 23rd and 25th harmonic orders for both simulation
and measured results also exceeded the limits set in NRS 048-2:2007 as shown in Table 4. However,
the individual voltage harmonic distortion in Tables 5 and 6 of Mine A—No. 1 and 2 66 kV shows that
the 11th, 13th, 23rd, and 25th harmonic orders exceeded the limit and failed the standard compliance
for both simulation and measured results.

Table 4. The voltage harmonic distortion comparison for Customer B 66 kV measured and
simulated results.

Harmonic
Order

Compatibility
Level

95% Highest (%)
Measured

Compliance
Measured

Simulated
Result

Compliance
Simulated

5th 3 1.33 Passed 0.02 Passed
7th 2.5 0.93 Passed 0.05 Passed
11th 1.7 1.37 Passed 1.73 Failed
13th 1.7 1.60 Passed 1.50 Passed
17th 1.2 0.23 Passed 0.06 Passed
19th 1.2 0.08 Passed 0.02 Passed
23rd 0.8 1.21 Failed 1.11 Failed
25th 0.8 1.21 Failed 1.02 Failed
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Table 5. The voltage harmonic distortion comparison for Mine A—No. 1 66 kV Busbar measured and
simulated results.

Harmonic
Order

Compatibility
Level

95% Highest (%)
Measured

Compliance
Measured

Simulated
Result

Compliance
Simulated

5th 3 1.30 Passed 0.01 Passed
7th 2.5 0.90 Passed 0.01 Passed
11th 1.7 1.83 Failed 2.18 Failed
13th 1.7 2.02 Failed 1.95 Failed
17th 1.2 0.22 Passed 0.01 Passed
19th 1.2 0.10 Passed 0 Passed
23rd 0.8 1.56 Failed 1.52 Failed
25th 0.8 1.51 Failed 1.40 Failed

Table 6. The voltage harmonic distortion comparison for Mine A—No. 2 66 kV Busbar measured and
simulated results.

Harmonic
Order

Compatibility
Level

95% Highest (%)
Measured

Compliance
Measured

Simulated
Result

Compliance
Simulated

5th 3 1.33 Passed 0.01 Passed
7th 2.5 0.94 Passed 0.01 Passed
11th 1.7 1.83 Failed 2.18 Failed
13th 1.7 1.96 Failed 1.95 Failed
17th 1.2 0.23 Passed 0.01 Passed
19th 1.2 0.13 Passed 0 Passed
23rd 0.8 1.61 Failed 1.51 Failed
25th 0.8 1.47 Failed 1.39 Failed

Tables 7 and 8 show that the individual voltage harmonic distortion is within the prescribed
limit set by the standard except for the 23rd and 25th harmonic order. These could not be compared
with simulation.

Table 7. The voltage harmonic distortion for PCC 66 kV—Mine A No. 1 66 kV measured results.

Harmonic
Order

Compatibility
Level

95% Highest (%)
Measured

Compliance
Measured

Simulated
Result

Compliance
Simulated

5th 3 1.37 Passed - -
7th 2.5 0.93 Passed - -
11th 1.7 1.38 Passed - -
13th 1.7 1.59 Passed - -
17th 1.2 0.23 Passed - -
19th 1.2 0.08 Passed - -
23rd 0.8 1.21 Failed - -
25th 0.8 1.29 Failed - -

Table 8. The voltage harmonic distortion for PCC 66 kV—Mine A No. 2 66 kV measured results.

Harmonic
Order

Compatibility
Level

95% Highest (%)
Measured

Compliance
Measured

Simulated
Result

Compliance
Simulated

5th 3 1.37 Passed - -
7th 2.5 0.93 Passed - -
11th 1.7 1.35 Passed - -
13th 1.7 1.61 Passed - -
17th 1.2 0.23 Passed - -
19th 1.2 0.08 Passed - -
23rd 0.8 1.21 Failed - -
25th 0.8 1.28 Failed - -
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Tables 9 and 10 show that the measured results for the 23rd and 25th individual harmonic
distortion exceeded the standard and failed compliance while the simulation results are within the
limits. This can be because of the events that occurred in the plant at different periods, such as switching
off the 66 kV filters.

Table 9. The voltage harmonic distortion comparison for PV plant 33 kV measured and simulated results.

Harmonic
Order

Compatibility
Level

95% Highest (%)
Measured

Compliance
Measured

Simulated
Result

Compliance
Simulated

5th 6 1.31 Passed 0.10 Passed
7th 5 1.43 Passed 0.20 Passed
11th 3.5 1.48 Passed 2.02 Passed
13th 3 1.92 Passed 2.07 Passed
17th 2 0.47 Passed 0.18 Passed
19th 1.8 0.28 Passed 0.26 Passed
23rd 1.4 2.20 Failed 0.43 Passed
25th 1.3 2.77 Failed 0 Passed

Table 10. The voltage harmonic distortion comparison for 33 kV Busbar measured and simulated results.

Harmonic
Order

Compatibility
Level

95% Highest (%)
Measured

Compliance
Measured

Simulated
Result

Compliance
Simulated

5th 6 1.34 Passed 0.10 Passed
7th 5 1.42 Passed 0.20 Passed
11th 3.5 1.48 Passed 2.02 Passed
13th 3 1.89 Passed 2.06 Passed
17th 2 0.48 Passed 0.18 Passed
19th 1.8 0.30 Passed 0.26 Passed
23rd 1.4 2.22 Failed 0.40 Passed
25th 1.3 2.74 Failed 0.01 Passed

The results in Tables 11 and 12 show that 23rd and 25th harmonic orders exceeded the limit for
both measured and simulation results. The simulated results of the 11th harmonic order also exceeded
the limit.

Table 11. The voltage harmonic distortion comparison for Mine B 66 kV measured and simulated results.

Harmonic
Order

Compatibility
Level

95% Highest (%)
Measured

Compliance
Measured

Simulated
Result

Compliance
Simulated

5th 3 1.08 Passed 0.02 Passed
7th 2.5 0.69 Passed 0.05 Passed
11th 1.7 1.07 Passed 1.72 Failed
13th 1.7 1.38 Passed 1.49 Passed
17th 1.2 0.27 Passed 0.06 Passed
19th 1.2 0.14 Passed 0.03 Passed
23rd 0.8 2.21 Failed 1.11 Failed
25th 0.8 3.20 Failed 1.02 Failed
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Table 12. The voltage harmonic distortion comparison for 66 kV Node measured and simulated results.

Harmonic
Order

Compatibility
Level

95% Highest (%)
Measured

Compliance
Measured

Simulated
Result

Compliance
Simulated

5th 3 1.11 Passed 0.02 Passed
7th 2.5 0.69 Passed 0.05 Passed
11th 1.7 1.06 Passed 1.72 Failed
13th 1.7 1.37 Passed 1.49 Passed
17th 1.2 0.28 Passed 0.06 Passed
19th 1.2 0.15 Passed 0.03 Passed
23rd 0.8 2.21 Failed 1.11 Failed
25th 0.8 3.23 Failed 1.03 Failed

The results show that it is possible to monitor harmonics based on the harmonic limit set in
the standard used by the country. This is achieved by both simulation and measurement methods.
As in most cases where the measured results failed compliance, the simulated results also failed.
These customers have different operating and load conditions, they applied for electricity supply
at different periods. These customers are faced with challenges of harmonic distortion at the PCC.
These customers are blaming one another for harmonic distortion effects that cause malfunctioning of
their equipment. Thus, it can be resolved through measurement and simulation as the customer with
the highest percentage VTHD is the harmonic contributor.

Table 13 gives the simulated individual and THD of the voltage at different points within the
network. It is seen that the VTHD of Mine–A No. 1 66 kV Busbar, Mine–A No. 2 66 kV Busbar,
and Mine–A No. 1 and 2 Summation exceeded the limit. The individual harmonic distortion for the
11th, 13th, 23rd, and 25th harmonic orders of the 66 kV busbar within the industrial network exceeded
the harmonic limit.

Table 13. Harmonic distortion and THD of voltage at different busbars.

Busbar Name
Individual Harmonic Distortion (%) THD

(%)5th 7th 11th 13th 17th 19th 23rd 25th

PV Plant 33 kV 0.10 0.20 2.02 2.07 0.18 0.26 0.43 0 4.53
33 kV Busbar 0.10 0.20 2.02 2.06 0.18 0.26 0.40 0.01 4.51

PCC 66 kV–Customer B 66 kV 0.02 0.05 1.73 1.50 0.06 0.02 1.11 1.02 3.55
Mine A–No. 1 66 kV Busbar 0.01 0.01 2.18 1.95 0.01 0 1.52 1.40 4.10
Mine A–No. 2 66 kV Busbar 0.01 0.01 2.18 1.95 0.01 0 1.51 1.39 4.07

Mine A–No. 1 and 2 Summation 0.02 0.02 3.08 2.76 0.01 0 2.14 1.97 5.78
Mine B 66 kV 0.02 0.05 1.72 1.49 0.06 0.03 1.11 1.02 3.62
66 kV Node 0.02 0.05 1.72 1.49 0.06 0.03 1.11 1.03 3.65

PCC 66 kV Busbar 0.01 0.01 1.74 1.48 0.01 0 1.21 1.06 3.25

Table 14 gives the simulated results of the individual and THD of the current for different parties
(utility and customers) within the industrial network.

With the network range where the Isc/IL is < 20, as per Table 15, the Total Demand Distortion
(TDD) should not exceed 5%. All customers’ Current Total Harmonic Distortion (ITHDs) is within the
harmonic limits. The Solar PV individual current harmonic distortion percentages of the 23rd and 25th
harmonic exceeded the limit. Mine A, individual harmonic distortion percentages of the 11th, 13th,
23rd, and 25th harmonic orders exceeded the limit, as well.
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Table 14. Harmonic distortion and THD of current for the utility and customers.

Harmonic
Order

Harmonic Distortion (%)

Utility
Customers

Mine A Load 1 Load 2 Solar PV Farm Load 3 Mine B

5th 0.008 0.022 0.056 0.051 0.367 0.010 0.306
7th 0.014 0.034 0.086 0.077 0.522 0.019 0.600

11th 1.020 2.944 0.594 0.526 0.987 0.417 1.197
13th 0.933 2.619 0.520 0.459 1.258 0.311 0.950
17th 0.005 0.018 0.036 0.031 0.173 0.010 0.287
19th 0.002 0.006 0.045 0.040 0.313 0.004 0.269
23rd 0.338 1.055 0.059 0.052 1.325 0.139 0.543
25th 0.347 1.019 0.002 0.002 0.778 0.119 0.477

THD (%) 1.496 4.26 0.859 0.758 2.872 0.588 1.931

Table 15. Current distortion limits for systems rated 120 V through 69 kV [11]. Adapted and reprinted
with permission from the Institute of Electrical and Electronics Engineers (IEEE). Copyright IEEE
2014. All rights reserved.

Maximum Harmonic Current Distortion in Percent of IL

Individual Harmonic Order (Odd Harmonics) a,b

ISC/IL 3 ≤ h ≤ 11 11 ≤ h ≤ 17 17 ≤ h ≤ 23 23 ≤ h ≤ 35 35 ≤ h ≤ 50 TDD
<20 c 4.0 2.0 1.5 0.6 0.3 5.0

20 < 50 7.0 3.5 2.5 1.0 0.5 8.0
50 < 100 10.0 4.5 4.0 1.5 0.7 12.0

100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

a Even harmonics are limited to 25% of the odd harmonic limit above. b Current distortions that result in a dc offset,
e.g., half-wave converters, are not allowed. c All power generation equipment is limited to these values of current
distortion, regardless of actual ISC/IL. Where ISC = Maximmu short-circuit current at the PCC; IL = Maximum
demand load current (fundamental frequency component) at the PCC under normal load operating conditions.

4. Conclusions

Measurement of harmonic distortion becomes a challenge and expensive due to multiple harmonic
sources connected at the PCC. This brought up the need for harmonic monitoring to be ongoing research
proposing the financial solution of implementing a penalty charge to recover from the economic losses.
The contribution of this paper is to propose a harmonic monitoring system, which can be used as a
benchmark evaluation during the planning phase when the utility and the customers are setting up an
ESA. The industrial case study was simulated in DIgSILENT and its results compared with the site
measurement results of the industrial network. It was found that there is a correlation between the
simulation and the measured results when determining compliance. If the proposed system is in place
and harmonic limits are adapted as part of the ESA, this will enable smooth harmonic monitoring. It also
helps in determining which individual harmonic frequency is exceeding the specified limit. This gives
a technical solution to responsible customers when mitigation arises. The harmonic monitoring
with this proposed system acts as proof of the financial solution of penalty payment to recover from
the economic losses the utilities might be faced with. Utilities are recommended using a proposed
harmonic monitoring system for their new customers, and harmonic distortion limits should be set up
in their ESA as this can solve the problem of harmonic source detection when multiple customers are
connected at the PCC.

The utilities are recommended following the proposed system, where the harmonic monitoring
should be done monthly to avoid the uncertainty of different operating and load conditions.
The outcome of the monitoring should be presented to the customers quarterly for harmonic mitigation
and information purposes. Therefore, the proposed system aids utilities and customers to detect the
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source of harmonics and discuss the mitigation factors that are needed. Besides, the challenges of
finding the methods for harmonic source detection are resolved.
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40. Stanescu, C.; Vatrǎ, F.; Poida, A.; Postolache, P. Power Quality in Romanian Electricity Market. In Proceedings
of the 9th International Conference on Electrical Power Quality and Utilisation, Barcelona, Spain,
9–11 October 2007; pp. 1–4.

41. Kagan, N.; Ferrari, E.L.; Matsuo, N.M.; Duarte, S.X.; Cavaretti, J.L.; Tenório, A.; Souza, L.R. A methodology
for monitoring harmonic distortions in electric power distribution systems. In Proceedings of the 2002
10th International Conference on Harmonics and Quality of Power (ICHQP), Rio de Janeiro, Brazil,
6–9 October 2002; Volume 1, pp. 322–327.

42. Kulkarni, H.; Bharadwaj, D. Online Harmonic Monitoring, Assessment and Control with AMR on Smartphone.
Procedia Comput. Sci. 2015, 70, 92–98. [CrossRef]

43. Wang, T.; Li, Y.; Deng, Z.; Liu, Y.; Li, Y.; Tan, M.; An, Z. Implementation of state-wide power quality
monitoring and analysis system in China. In Proceedings of the IEEE Power and Energy Society General
Meeting, Portland, OR, USA, 5–10 August 2018; pp. 1–5.
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