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ABSTRACT 

Proliferation of power electronic circuits (particularly in 

industrial settings) and inverter interfaced DER, may lead 

to an increase in the amount of harmonic loading on the 

circuit. This harmonic loading affects the power quality 

(PQ) of the feeder and can have an impact on the 

reliability of capacitor banks, which can act as sinks for 

these harmonic frequencies and increase chances of 

resonances. There is a temptation to deploy harmonic 

filters to alleviate this problem. However, there is a lack of 

understanding about how such distributed filters might 

impact the power grid. This paper proposes a method in 

which harmonic problems commonly associated with 

inverter based DER, may be solved at the planning stage 

by replacing capacitor banks on a feeder by equivalent 

harmonic filters tuned to a specific frequency or 

frequencies. A medium voltage (MV) filter design 

spreadsheet was developed to determine the feasibility of 

a standardized harmonic filter that may be deployed 

anywhere on the MV distribution system as a replacement 

to existing capacitor banks. With filters deployed in place 

of existing capacitor banks, various scenarios were 

considered to determine impacts on power system 

harmonics and voltage profiles. 

INTRODUCTION 

There has been a steady increase in the usage of power 
electronic circuits in the past few years, with consumer 
electronic devices utilizing such circuits for their higher 
efficiency and reduced footprint. Apart from consumer 
electronic load, the new generation of generating sources 
such as PV, wind, fuel cells, combined heat and power 
systems and customer demand side resources (known 
collectively as Distributed Energy Resources or ‘DERs’) 
also tend to be inverter interfaced. Such circuits have long 
been known to be sources of harmonic currents. As a 
result, there is a concern amongst utilities about degraded 
power quality (PQ) in the future. In their paper, Bollen et 
al. [1] have also shown that in the future, elevated levels 
of emission in the frequency range 2 to 150 kHz (also 
known as ‘supraharmonics’) are also likely. As DERs 
continue to be integrated into the North American power 
grid, there have been reports of problems such as 
resonance due to harmonic emission from DERs [2] and 
energization of transformers used to integrate DERs to the 
grid [3]. Capacitor banks, typically utilized on the grid for 
voltage regulation or to reduce system losses, tend to have 
an impact on such resonances as they alter the impedance 
curve of the feeder. In such situations, there is a temptation 
to deploy filters on the feeder to simply filter out some of 
the harmonic emission from the load, by deployment at 
strategic locations such as near the source of the harmonic 

emission or by using distributed filters on the feeder. There 
is however, a general lack of understanding about how 
such strategies might impact the feeder. This paper is a part 
of a first attempt of a study intended to bridge this gap in 
knowledge. This paper proposes a solution in which 
resonance issues caused by a new source of emission on a 
feeder can be alleviated at the planning stage by utilizing 
distributed filters with standardized designs, instead of 
capacitors on the feeder. Such an approach is envisioned 
to have a twofold impact: provide voltage regulation while 
avoiding resonance issues caused by capacitors and help 
reduce some of the total harmonic distortion (THD) on the 
feeder, caused by the harmonic load present on it. Since 
custom made filters cannot be deployed on each and every 
feeder, it is proposed to utilize a generic filter model that 
may be specific to a utility. The design of the filter was 
accomplished using a medium voltage (MV) filter design 
spreadsheet that adheres to the various relevant IEEE 
standards and through an iterative process, ensures that no 
harmonic limits are violated in the process. The approach 
was demonstrated in simulation, on pre-existing models of 
real utility feeders, in the OpenDSS simulation platform 
developed and maintained by EPRI. The next section 
informs the reader about capacitors and capacitor design. 
Subsequent sections show how filters can provide the same 
functionality while reducing the risk of resonance. The 
paper closes with a discussion of the limitations of the 
approach and potential avenues for future research. 

CAPACITORS 

Placement 

Placement of capacitors on a distribution system is dictated 

by voltage support needs and reduction of system losses. 

The most efficient location is as close to a load as possible 

assuming the load consumes reactive power.  When 

detailed placement analysis is not possible, IEEE Std 1036 

[4], provides some rules-of-thumb outlined in Table 1. 

 
Table 1 Capacitor Bank Placement Rules of Thumb 

Application Placement Location 

Uniformly 

Distributed Loads 

2/3rd the distance from the 

substation to the end of the circuit. 

Uniformly 

Decreasing 

Distributed Loads 

1/2 the distance from the substation 

to the end of the circuit. 

Maximum 

Voltage Rise 
At the end of the circuit. 

 

There is a substantial amount of academic literature 

available about capacitor placement. Further, most modern 

distribution modeling programs provide capacitor 

placement algorithms that can provide best placement, 
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factoring in existing capacitors and loads. 

Specification 

Capacitor banks are typically specified based on nominal 

terminal voltage and required reactive power (kVAR).  

Available voltage and kVAR ratings are presented in IEEE 

Std. 18 [5].  For medium voltage (MV) shunt connected 

power capacitors, minimum capacitor kVAR ratings are in 

50 kVAR increments. Depending on capacitor terminal 

rating, larger kVAR ratings are available in 100 kVAR 

increments.  Once the basic power capacitor elements are 

defined, the overall capacitor bank specification is defined 

by configuration and control requirements. 

Configuration and Control 

Capacitors are available in delta, ungrounded wye and 

grounded wye configurations. Delta or ungrounded-wye 

connected capacitor banks are typically not utilized in 

grounded wye distribution systems such as the ones found 

in North America. Further, capacitors may be switched or 

unswitched. Unswitched capacitors do not employ 

controllers and are connected to the system all the time. 

Switched capacitors, on the other hand, are usually used in 

conjunction with a protective device and a controller that 

closes the capacitor terminals at an appropriate point-on-

wave of voltage to prevent transient events. 

FILTER MODULE 

As stated previously, it has been observed that capacitors 

can exaggerate resonance problems on the grid, which can 

be problematic as new sources of emission are integrated 

onto a feeder. To overcome this problem, a solution of 

utilizing standardized filters instead of capacitor banks 

was proposed. It was proposed to develop a ‘one size fits 

all’ design (or designs) that may be specific to a utility, 

based on the voltage levels utilized. As a part of a 

feasibility study, this approach was tested on three 

distribution feeder models available in the OpenDSS 

simulation platform. To understand the impact on a new 

deployment that increases the harmonic load on the 

system, such as increased penetration of rooftop solar, PV 

generation was added at each customer in simulation. The 

results of this approach are presented in subsequent 

sections. First the filter design process utilized in the study 

is described here. 

Filter Configuration 

The filters utilized in this study were of the ‘Band Pass’ 

type. A reactor and capacitor connected in series constitute 

a band-pass filter [6]. These are most often applied for 

lower harmonics up to the 7th (420 Hz). The reactor may 

be air core or iron core. At the resonant frequency, the 

bandpass filter provides minimum impedance. Below the 

circuit’s resonant frequency, the filter exhibits capacitive 

behavior. Above the circuit’s resonant frequency, the filter 

exhibits inductive behavior. 

Filter Design 

Voltage relationships 

In a bandpass filter the capacitor and the inductor are in 

series.  Therefore, the current through both elements is 

identical in magnitude and phase angle. Because the 

current through the inductor lags the voltage by 90 degrees 

and the voltage across the capacitor lags the current 

through the capacitor by 90 degrees, the net effect is the 

voltage across the inductor is 180 degrees out of phase 

from the voltage across the capacitor.  Consequently, the 

voltage across the capacitor is always higher than the line 

to ground voltage and the magnitude of the voltage across 

the capacitor is a function of filter or inductor current. 

Therefore, the voltage rating of the capacitor in a bandpass 

filter is typically greater than the rating of a standard shunt 

connected power capacitor. 

 

kVAR 

A result of having an inductor in series with a capacitor is 

the inductive reactance opposes the capacitive reactance, 

requiring the kVAR rating of the capacitor to be larger than 

the rating of a standard shunt connected power capacitor. 

Tuning 

Typically, the best approach for a single band-pass filter is 

to tune the filter to the lowest frequency possible without 

creating a low impedance point at a potential harmonic 

current level. Experience has shown tuning to the 4.7th 

harmonic to be a feasible tuning point to be able to keep 

the low impedance point between potential harmonic 

current points while providing for capacitors with realistic 

voltage ratings. 

Filter Design Worksheet 

Building upon previous EPRI research [7], an MV 

bandpass filter design worksheet was developed for this 

project. The worksheet utilizes short circuit MVA and the 

X/R ratio at the point of capacitor connection, harmonic 

load current, the background voltage distortion and 

capacitor voltage rating and desired reactive power as its 

inputs. The design process is iterative, as once all the input 

data has been entered the resulting voltage, current, and 

kVAR estimates must be compared to the limits listed in 

the latest version of IEEE Std 18. If these limits are 

exceeded, the capacitor voltage rating must be adjusted.  In 

some cases, the solution cannot be realized unless a larger 

desired kVAR is selected. 

CIRCUIT IMPACT OF FILTER UTILIZATION 

To assess the impact of utilizing filters instead of capacitor 

banks on a feeder, the proposed approach was tested on 

three distribution feeders in the OpenDSS simulation 

platform. For the sake of brevity, results from only two 

feeders have been shown. The simulations were performed 

in the following three steps: 

a. Simulation of feeder in an ‘as is’ condition 

(baseline simulation) 
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b. Simulation of feeder after adding PV generation 

to each customer location. 

c. Simulation of feeder replacing capacitor banks 

with equivalent filters. 

Circuit 5 

To initiate the study, a distribution circuit at 12.47 kV 

voltage level (known as ‘circuit 5’ within OpenDSS) was 

first utilized. Since OpenDSS is an open source simulation 

platform, the reader may independently reproduce these 

results. In this case, to perform harmonic analysis, the 

‘Harmonic Evaluation module (HEM)’ (also available 

open source) developed by EPRI was utilized. The salient 

features of circuit 5 are shown in Table 2 along with details 

of the capacitor banks on this circuit. Figure 1 provides a 

map of circuit 5 with substation indicated by a red triangle 

and capacitor bank locations indicated by arrows along 

with size and bus identification number. Inspection of the 

capacitors listed in Table 2 suggests standardized 300 

kVAR filters could be used, with a single filter installed at 

bus 63707, a single filter installed at bus 8081, two 300 

kVAR filters switched in parallel (600 kVAR) at bus 

28285 and bus 74433. Based on this assumption 

standardized 300 kVAR, 4.7th harmonic filter designs were 

produced for circuit 5 and their impacts explored. 

Table 2 Data for circuit 5. 

Parameter Count Capacitor Banks 

Customer 

Count: 1379 Bus KVAR 

Nominal 

Voltage: 12.47 kVLL 28285 600 

Load MW: 7.3 MW 63707 300 

Load MVAR: 3.6 MVAR 8081 450 

MVASC: 

66.395 

MVASC 74433 600 

 

Baseline 

For a baseline, the circuit was analyzed with existing 

grounded wye capacitor banks.  In HEM, positive and zero 

sequence impedance scans were performed and are shown 

in Figure 2. Figure 2 shows the positive and zero sequence 

impedances with all possible switching scenarios for the 

capacitor banks on the circuit. The figure highlights the 

problem that this project was intended to solve i.e. 

depending on capacitor bank switching scenario and load 

current frequency spectrum (frequencies and magnitudes), 

voltage variations are very difficult to predict and change 

with load and capacitor switching scenario. 

 
Figure 1 Single line diagram of circuit 5 showing the location of 

the substation and capacitor banks. 

 

 
Figure 2 Positive (top) and zero sequence (bottom) impedance 

scan of circuit 5 in the base case simulation. 

Effect of DER 

To understand the effect of DER on this circuit, first the 

appropriate amount of DER that can be accommodated on 

the circuit had to be determined. This was done utilizing 

California (CA) rule 21 [8], which effectively limits total 

inverter rating to about 1/15 times the circuit short circuit 

rating. Using this thumb rule, a rooftop solar unit of 3.23 

kVA, with its appropriate harmonic spectrum selected, 

was added to each customer on the circuit. The resulting 

plots of current THD (THDi) are shown in Figure 3. For 

this circuit the substation THDi is 7.6% with some sections 

reaching over 12%. The impact of the current on the circuit 

voltage was observed to be minimal. The phase voltage at 

the 5th harmonic was seen to vary between 0.23% 

(substation) and 0.34%. The substation voltage THD 

(THDv) was measured to be 0.39%. 

 

Effect of filters 

With the base-case for Circuit 5 established, the effects of 

deploying wye connected filters in place of the existing 

capacitor banks were explored. As stated previously, two 

600 kVAR (composed of two 300 kVAR filters in parallel) 

and two 300 kVAR filters tuned to the 4.7th harmonic (282 

Hz) were used in this process. 

74433, 600 kVAR

63707, 300 kVAR

8081, 450 kVAR

28285, 600 kVAR
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Figure 3: Average phase current at the 5th harmonic (left) and 

average phase current THD (right) for circuit 5 after DER 

integration. 

After making the change from capacitor banks to filters, 

frequency scans for the positive and zero sequence 

impedances were rerun with the results shown in Figure 4. 

Comparing the positive sequence impedance scans for the 

3rd harmonic, the filter elevates the third harmonic 

impedance from between 4 and 5 (Figure 2) to between 4 

and 6 (Figure 4). However, the 5th harmonic impedance 

was reduced from a range of 6 to 10 to below 6. For the 5th 

harmonic and above, the impedance values are below that 

of the system with no capacitors on and most importantly, 

very predictable regardless of filter bank switching 

scenario. The comparison of the zero sequence 

impedances produced similar results as the positive 

sequence in all aspects. 

 
Figure 4 Positive (top) and zero sequence (bottom) impedance 

scan of circuit 5 after the replacement of capacitor banks by 

equivalent filters. 

Utilizing the same DER loading (3.33 kVA/ customer) as 

previously used, a distortion analysis was run, with the 

results being shown in Figure 5. In Figure 5 the harmonic 

filters reduce the THDi from 7.6% to 6.2%. However, 

some remote ends of the circuit see THDi levels above 

20%. The 5th harmonic voltage distortion was seen to 

significantly reduce to 0.05% at the substation and only 

reaching just under 0.11% on a small section of the system. 

In comparison 5th harmonic voltage distortion for standard 

capacitor banks ranged from 0.24% to 0.34%. Similarly, 

the filters reduced the THDv to a range of 0.2% to 0.45% 

from a range of 0.4 % to 0.7% for standard capacitor 

banks.  

 
 
Figure 5 Average phase current at the 5th harmonic (left) and 

average phase current THD (right) for circuit 5 after DER 

integration and switching to harmonic filters. 

The comparison of standard capacitor banks to distributed 

filters shows promise with maximum loading of the circuit 

with PV DER.  One should also note that the impact of 

DER on harmonics for this circuit is minimal and should 

not be a concern.  The use of distributed harmonic filters 

might have a larger impact on circuits with significant 

harmonic loading. As a final point, it is worth noting that 

several different capacitor and filter configurations were 

considered in the study e.g. the six-filter configuration 

used here was replaced by only two larger filters in one 

case. The impedance scans and voltage and current THDs 

did not show any appreciable change in each case and no 

evidence was found to justify using one approach over 

another. 

Circuit 24 

Another circuit used in this study was ‘circuit 24’ from 

OpenDSS. Relevant data for this circuit is shown in Table 

3 while a single line diagram of the circuit is shown in 

Figure 6. Using the same method as before, and the data 

from Table 3, it was determined that 4 MVA worth of DER 

(1.029 kVA/customer) could be further integrated into the 

system. Further, 1200 kVAR standardized filters were 

used on all three locations during step 3 of the simulation. 

As before, frequency scans of the system before and after 

making the transition from capacitor banks to filters were 

performed, with the results summarized in Figure 7. 

 
Table 3 Data for circuit 24 

Parameter Count Capacitor Banks 

Customer 

Count: 3885 Bus KVAR 

Nominal 

Voltage: 34.5 kVLL n300521 900 

Load MW: 28.59 MW n292388 1200 

Load MVAR: 2.53 MVAR n284062 1200 

MVASC: 60 MVASC --- --- 
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Figure 6 Single line diagram of circuit 24 showing the location 

of the substation and capacitor banks 

It was observed that replacing the capacitors with filters 

reduces the impedances for the 5th and 7th harmonic while 

elevating impedances for harmonics 9 through 21. While 

the filters provide predictability to system impedances, 

they may cause an increase in harmonic voltage distortion 

where harmonic currents are present between the 9th and 

21st harmonics, and hence may not be an appropriate 

solution for this circuit. 

 

 
 
Figure 7 Positive (top) and zero sequence impedance (bottom) of 

circuit 24 with capacitor banks (left) and filters (right). 

Finally, the current and voltage THD values from this 

circuit are summarized in Table 4. 

 
Table 4 Circuit 24 current distortion summary 

Configuration THDi/THDv 

(%) 
I3 I5 

3 Capacitors 0.858 / 0.149 0.653 % 0.452 % 

3 Filters 0.756 / 0.104 0.717 % 0.141 % 

 

The addition of filters tuned to the 4.7th harmonic reduced 

harmonic currents and THDi, with maximum impact on 

the 5th harmonic current. However, the filters increased 3rd 

harmonic current slightly.  Likewise, the application of 

filters resulted in lower THDv when compared with the 3-

standard capacitors. However, the impact was minimal.  

CONCLUSIONS AND FUTURE WORK 

Based on the results presented in this paper, the following 

can be inferred: 

• The replacement of all capacitor banks with 

harmonic filters, in every case, allowed the circuit 

impedances to conform to that of the circuit 

without any capacitors on line. This trait provides 

predictability to the system frequency response 

and avoids chances of possible resonance. 

• Depending on capacitor bank switching scenario, 

some cases resulted in higher impedance in the 

spectrum of observed emission, which may lead 

to higher THD values. 

• While the current and voltage THDs mostly 

reduced due to the integration of filters, certain 

parts of the feeder(s) registered higher than before 

levels of THD and may need to be assessed 

during feeder planning. The idea of using 

distributed filters may therefore be more suited to 

feeders with high levels of harmonic loading. 

•  The large number of variables and assumptions 

required to create standardized filters stifle the 

idea of creating off the shelf filters that may be 

used on any system.  At best, a standardized filter 

design might be established for a single utility.  

Further study across utilities is needed in the 

future in this regard. 
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