
  

  
  

PPQQSSoofftt  CCaassee  SSttuuddyy  

  
 

DDiissttrriibbuuttiioonn  SSyysstteemm  HHaarrmmoonniicc  EEvvaalluuaattiioonn  

  
 

Document ID: PQS1013 Date: October 15, 2010 

Customer: N/A Status: Completed 

Author: Electrotek Concepts, Inc. Access Level PQSoft Subscriber 

 

Keywords: 
Power Quality Category Harmonics   

Solution Harmonic Filter Bank   

Problem Cause Harmonic Resonance   

Load Type Capacitor Bank   

Customer Type Industrial Commercial  

Miscellaneous1 Harmonics Capacitor Bank Resonance 

Miscellaneous2 Distortion Simulation  

References IEEE Std. 1159.3 IEEE Std. 1159 IEEE Std. 519 

 

Abstract: 
 
This case study presents a utility distribution system harmonic analysis evaluation.  The simulations were 
completed using the SuperHarm program.  The analysis included frequency response and harmonic distortion 
simulations for a 13.2 kV substation and several industrial customers with power factor correction capacitor 
banks.  The mitigation alterative included a shunt passive harmonic filter which reduced voltage distortion levels 
below the specified limitations. 
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INTRODUCTION 
A distribution system harmonic analysis case study was completed for the system shown in Figure 1.  The 
13.2 kV utility substation included a 15 MVA, 230 kV/13.2 kV step-down transformer and a number of 
distribution feeders that supplied several industrial customers.  There was a 2,400 kVAr, 13.2 kV 
capacitor bank at the substation bus and 600 kVAr and 450 kVAr capacitor banks on the two distribution 
feeders.  The customer loads included 600 kVAr, 480 V power factor correction capacitor banks and a 
variety of nonlinear devices.  The case study was completed using the SuperHarm

®
 program.  The 

accuracy of the simulation model was verified using three-phase and single-line-to-ground fault currents 
and other steady-state quantities. 
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Figure 1 - Illustration of Oneline Diagram for Distribution Harmonic Evaluation 
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SIMULATION RESULTS 
Relevant utility system and customer data for the case included:  
 

Substation capacitor bank rating: ................................. 2,400 kVAr 

Short-circuit capacity at the 13.2 kV bus: ........................ 168 MVA (ISC = 7.326 kA) 

Substation load: ............................................... 5,000 kVA, 0.95 pf 

Feeder load: ..................................................... 1,500 kVA, 0.80 pf 

Feeder capacitor bank ratings: ...................... 450 kVAr, 600 kVAr 

Customer capacitor bank rating: ..................................... 600 kVAr 

Miscellaneous linear load: ................................................ 800 kVA 

Fluorescent lighting (ITHD = 21.7%): ................................. 400 kVA  

DC drive (ITHD = 35.3%): ...................................................... 300 hp  

PWM ASD (no choke – ITHD = 130.8%): ................................ 75 hp  

PWM ASD (with 3% choke – ITHD = 45.1%): ....................... 100 hp  

Switch mode power supplies (ITHD = 77.2%): ..................... 90 kVA  
 
Figure 2 shows a representative simulated nonlinear load model current waveform (single phase) for the 
300 hp dc drive operating at 75% power factor.  The current had a fundamental frequency value of 343 A, 
an rms value of 363 A, and a THD value of 35.3%.  The simulated waveform shown in Figure 2 was 
created using an inverse DFT with 256 points per cycle.  The nonlinear load characteristics were 
determined using field measurements at the customer facilities.     
 

-6 0 0

-4 0 0

-2 0 0

0

2 0 0

4 0 0

6 0 0

0 5 1 0 1 5 2 0 2 5 3 0

D C  D rive  C u rre n t

E le c tro te k  C o n ce p ts® TO P , Th e  O u tp u t P ro ce sso r®

C
u

rr
e

n
t 

(A
m

p
s

)

T im e  (m s )

 

Figure 2 - Customer dc Drive Current Waveform 
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Figure 3 shows the impedance vs. frequency simulation result with the 2,400 kVAr, 13.2 kV substation 
capacitor bank in service (Case 7b).  The basecase result with no utility or customer capacitor banks in 
service (Case 7a) is also shown on the graph so the two conditions can be easily compared.  The 
simulated parallel resonance due to the addition of the shunt capacitor bank was 504 Hz (8.4

th
 harmonic).  

A simple expression may be used to validate this result: 
 

 

3

r

3

MVA 168
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In addition, the simulated steady-state voltage rise with the 2,400 kVAr, 13.2 kV capacitor bank in service 
was 1.4%.  This value may be validated using the following expression: 
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where: 

hr = parallel resonant frequency (x fundamental) 

ΔV = steady-state voltage rise (per-unit) 

MVA3 = three-phase short circuit capacity (MVA = √3*13.2 kV*7.3kA≈168MVA) 

MVAr3 = three-phase capacitor bank rating (MVAr) 
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Figure 3 - Illustration of Frequency Response with Substation Capacitor Bank In-Service 
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Figure 4 shows the impedance vs. frequency characteristic simulation results for the following system 
conditions: 

 Case 7a: No utility or customer capacitor banks in-service 

 Case 7b: 2,400 kVAr, 13.2 kV substation bus capacitor bank in-service 

 Case 7c: 2,400 kVAr, 13.2 kV substation bus, 600 kVAr feeder #2, and 450 kVAr 
feeder #3 capacitor banks in-service 

 Case 7d: 2,400 kVAr, 13.2 kV substation bus, 600 kVAr feeder #2, 450 kVAr feeder 
#3, and both 600 kVAr, 480 V customer capacitor banks in-service 

 
The results show that the frequency response characteristic was very dependent on the status of the 
utility and customer capacitor banks.  The addition of the two 13.2 kV distribution feeder capacitor banks 
moved the parallel resonance from the 8.4

th
 harmonic to the 6.7

th
 harmonic (Case 7c), while the addition 

of the two customer low voltage capacitor banks moved the parallel resonance to the 4.6
th
 harmonic 

(Case 7d).  The condition also resulted in a second parallel resonance near the 9.2
nd 

harmonic.  The 
addition of the other capacitor banks also created new parallel resonances at harmonics between the 12

th
 

and 24
th
. 

 
The simulation results illustrate the fact that the frequency response characteristic was far more complex 
with multiple capacitor banks in-service than the trivial basecase with just one capacitor bank in-service 
(Case 7b).     
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Figure 4 - Illustration of Frequency Response with Multiple Capacitor Banks In-Service 
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Table 1 summarizes the results for the four corresponding harmonic distortion simulations.  The table 
includes the simulated voltage distortion (VTHD) levels at five buses for the four different operating 
conditions previously summarized in Figure 4.  The voltage distortion at the customer #2 low voltage bus 
exceeded the commonly applied 5% limitation for the case with the 600 kVAr, 480 V power factor 
capacitor bank in-service (Case 7d).  In addition, the voltage distortion at the 450 kVAr, 13.2 kV capacitor 
bank location on feeder #2 was very close to exceeding the 5% limitation. 
 
Figure 5 shows the corresponding secondary bus voltage waveform that was created using an inverse 
DFT with 256 points per cycle.   
 

Table 1 - Summary of the Simulated Voltage Distortion Results 

Case 
Number 

13.2 kV 
Bus 

13.2 kV 
Feeder #2 

13.2 kV 
Feeder #3 

480 V 
Bus #1 

480 V 
Bus #2 

7a 0.45% 0.53% 2.09% 1.28% 4.44% 

7b 0.73% 0.85% 2.01% 1.48% 4.31% 

7c 1.17% 2.67% 2.99% 2.83% 4.87% 

7d 1.21% 1.62% 4.87% 2.92% 9.43% 

 
For the customer with the 3,000 kVA, 7.5% impedance transformer and the 600 kVAr power factor 
correction capacitor bank, the parallel resonant frequency on the secondary bus may be approximated 
using the following expression: 
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where: 
hr = parallel resonant frequency (x fundamental) 

XC = capacitor bank reactance (W) 

XSC = system short circuit reactance (W) 

MVA3 = three-phase short circuit capacity (MVA) 

MVAr3 = three-phase capacitor bank rating (MVAr) 

kVAtx = three-phase transformer rating (kVA) 

kVAr3 = three-phase capacitor bank rating (kVAr) 

Ztx% = transformer reactance (%) 
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Figure 5 - Illustration of 480 Volt Bus Voltage 

 
Due the excessive voltage distortion levels at the low voltage bus, customer #2 decided to reconfigure 
their 600 kVAr capacitor bank as a 4.7

th
 harmonic filter.  Figure 6 shows the basic configuration of the 

harmonic filter, while Figure 7 summarizes the filter component and duty calculations 
 
When mitigation of harmonic distortion is required, one of the options is to apply a filter at the source of 
harmonics, or at a location where the harmonic currents can be effectively removed from the system.  The 
most cost effective filter is generally a single-tuned passive filter and this will be true for the majority of 
cases.  Filters should be carefully designed to avoid unexpected interactions with the system. 
 
Passive filters are made of inductive, capacitive, and resistive elements.  They are relatively inexpensive 
compared with other means for eliminating harmonic distortion, but they have the disadvantage of 
potentially adverse interactions with the power system.  They are employed either to shunt the harmonic 
currents off the line or to block their flow between parts of the system by tuning the elements to create a 
resonance at a selected harmonic frequency.   
 
Filters are generally tuned slightly below the harmonic frequency of concern.  This method allows for 
tolerances in the filter components and prevents the filter from acting as a direct short circuit for the 
offending harmonic current.  It also minimizes the possibility of dangerous harmonic resonance should the 
system parameters change and cause the tuning frequency to shift slightly higher.    
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Figure 6 - Illustration of a Low Voltage Single-Tuned Notch Filter Configuration 

 
Table 2 summarizes the results for the additional case evaluating the 600 kVAr, 4.7

th
 harmonic filter bank 

at the customer #2 bus.  The corresponding frequency response characteristic is shown in Figure 8.  The 
voltage distortion level at the low voltage bus was reduced from 9.43% to 2.18% with the addition of the 
harmonic filter.  In addition, the voltage distortion at the 450 kVAr, 13.2 kV capacitor bank location on 
feeder #2 was reduced from 4.87% to 1.29%.  This result illustrates the advantage of the passive 
harmonic filter by diverting a majority of the harmonic current from flowing onto the utility system.  
 
Figure 8 shows the impedance vs. frequency simulation results with the customer #2 600 kVAr power 
factor correction capacitor bank reconfigured as a 4.7

th
 harmonic filter (Case 7e).  Due to the excessive 

component duty requirements, the low voltage capacitor bank units that were used in the harmonic filter 
were rated at 600 V for application on the 480 V bus.  The harmonic filter component calculations are 
summarized in Figure 7. 
 

Table 2 - Summary of the Simulated Voltage Distortion with a Harmonic Filter 

Case 
Number 

13.2 kV 
Bus 

13.2 kV 
Feeder #2 

13.2 kV 
Feeder #3 

480 V 
Bus #1 

480 V 
Bus #2 

7a 0.45% 0.53% 2.09% 1.28% 4.44% 

7d 1.21% 1.62% 4.87% 2.92% 9.43% 

7e 0.33% 1.11% 1.29% 1.82% 2.18% 
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Harmonic Filter Calculations: Distribution System Harmonic Evaluation
  

SYSTEM INFORMATION:

 Harmonic Filter Specification (e.g., 5): 5 th  Power System Fundamental Frequency: 60 Hz

 Three-Phase Capacitor Bank Rating: 600 kVAr3φ  Capacitor Bank Voltage Rating: 600 Voltsφφ

 Rated Capacitor Bank Current: 577 Amps  Capacitor Unit Frequency Rating: 60 Hz
 Nominal Bus Voltage Rating: 480 Voltsφφ  Derated Capacitor Bank Rating: 384 kVAr3φ

 Capacitor Bank Current (actual): 461.9 Amps  Total Harmonic Nonlinear Load: 475 kVA3φ

 Filter Tuning Harmonic (e.g., 4.7): 4.7 th  Filter Tuning Frequency (x Fundamental): 282 Hz

 Capacitor Bank Reactance (wye): 0.6000 W  Capacitor Bank Capacitance (wye): 4420.97 mF

 Capacitor Bank Reactance (delta): 1.8000 W  Capacitor Bank Capacitance (delta): 1473.66 mF

 Harmonic Filter Reactor Reactance: 0.0272 W  Harmonic Filter Reactor Inductance: 0.0720 mH

 Filter Full Load Current (actual): 483.8 Amps  Fundamental Frequency Compensation: 402 kVAr3φ

 Filter Full Load Current (rated): 604.7 Amps

 Transformer Nameplate Rating: 3000 kVA3φ  Utility Side Voltage Distortion (Vh): 1.00 %

 Transformer Nameplate Impedance: 7.50 %   (Utility Harmonic Voltage Source)

 Nonlinear Load Harmonic Current: 40.00 % Fund  Nonlinear Load Harmonic Current: 228.5 Amps

 Utility Harmonic Current: 62.2 Amps  Maximum Total Harmonic Current: 290.7 Amps

CAPACITOR BANK DUTY CALCULATIONS:

 Harmonic Filter Bank RMS Current: 564.4 Amps  Capacitor Bank Voltage (Fundamental): 502.8 Voltsφφ

 290.3 VoltsφG

 Harmonic Capacitor Bank Voltage: 60.4 Voltsφφ  Maximum Peak Voltage (Fundamental): 563.2 Voltsφφ

34.9 VoltsφG 325.2 VoltsφG

 RMS Capacitor Bank Voltage: 506.4 Voltsφφ

 292.4 VoltsφG  Maximum Peak Current: 774.5 Amps

CAPACITOR LIMITS: (IEEE Standard 18-2002) FILTER CONFIGURATION:

Limit Contingency Actual Value

Peak Voltage: 100% 120% 93.9% 563

RMS Current: 100% 135% 97.8% 564

KVAr: 100% 135% 82.5% 495

RMS Voltage: 100% 110% 84.4% 506

HARMONIC FILTER REACTOR DESIGN SPECIFICATIONS:

Filter Reactor Reactance: 0.0272 W Filter Reactor Inductance: 0.0720 mH

Fundamental Frequency Current: 483.8 Amps Harmonic Current: 290.7 Amps
RMS Current Requirement: 564.4 Amps Voltage Requirement: 277.1 VoltsφG

TOLERANCE EVALUATION, QUALITY FACTOR, AND PARALLEL RESONANCE CHECK:

- +

Capacitor Tolerance: 0.00 10.00

Reactor Tolerance: 2.50 2.50

Filter Reactor X/R Ratio: 4.00  Quality Factor: 18.80

Resulting Parallel Resonance: 4.27 (x Fundamental)
 

Information contained in this document is subject to change without notice.

Electrotek assumes no responsibility for any damages resulting from use of the information contained within.

Copyright © 2000-2009 Electrotek Concepts, Inc. All rights reserved.
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Figure 7 - Customer Low Voltage Filter Design Calculations 
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Figure 8 - Illustration of Frequency Response with a Low Voltage Filter Bank 

 
The significant design calculations for the harmonic filter summarized in Figure 7 are shown below.  The 
actual fundamental frequency compensation provided by a derated capacitor bank was determined using 

2 2

actual
actual rated

rated

kV 0.480
kVAr kVAr * 600 * 384kVAr

kV 0.600

   
     

    

The fundamental frequency current for the capacitor bank was: 

cap

actual
FL

actual

kVAr 384
I 461.9Amps

3kV 3 0.480
  


   

The equivalent single-phase impedance (wye) of the capacitor bank was: 

 
Y

2 2

rated
C

rated

kV 0.600
X 0.600

MVAr 0.6
   W

 

The filter reactor impedance was determined using: 

 

C
R 2 2

X 0.600
X 0.0272

n 4.7

W
   W

  (where n = filter tuning) 
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Including the filter reactor increased the fundamental current to: 

   filter

bus
FL

C R

V 480
I 438.8Amps

3 X X 3 0.600 0.0272
  

  
   

Because the filter draws more fundamental current than the capacitor bank alone, the supplied 
fundamental frequency compensation may be determined using: 

filtersupplied bus FLkVAr 3 V I 3 480 483.8 402.2kVAr      
 

The harmonic number for the new parallel resonance was approximated using: 
 

  
filter

rnew

SC

filter

h 4.7
h 4.27

0.00576X 11 0.0272X

 
  
      

                  

 where: 
 hrnew

 = resulting (new) parallel resonant frequency (x fundamental) 

 hfilter = harmonic filter tuning frequency (x fundamental) 

 XSC = system short circuit reactance (W) 

 Xfilter = reactance of series filter reactor (W) 
 
Passive filters should always be placed on a bus where the short-circuit impedance (XSC) can be 
expected to remain relatively constant.  While the notch frequency is determined by the filter tuning, and 
will remain fixed, the new parallel resonance will move as the system short circuit impedance varies.  For 
example, one common problem occurs in factories that have standby generation for emergencies.  The 
parallel resonant frequency for running with standby generation alone is generally much lower than when 
interconnected with the utility.  This may shift the parallel resonance down into a harmonic where 
successful operation is impossible.  Filters often have to be removed for standby operation because of 
this.  Filters must also be designed with the capacity of the bus in mind.  The temptation is to rate the 
current-carrying capability based solely on the load that is producing the harmonic.  However, even a 
small amount of background voltage distortion on a very strong bus may impose severe duty on the filter. 
 

SUMMARY 
This case study summarized a utility distribution system harmonic analysis evaluation.  The analysis 
included frequency response and harmonic distortion simulations for a 13.2 kV substation and several 
industrial customers with power factor correction capacitor banks.  The mitigation alterative applied 
included a shunt passive harmonic filter which reduced voltage distortion levels below the specified 
limitations. 
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