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Abstract 
 

 
This work is a discussion on discriminating between multiple flicker producing 

sources that are connected electrically close together in the power system.  IEC 61000-4-

15 provides a thorough description on how to build a device that measures voltage 

fluctuations and outputs a number that corresponds to customer irritation to the amount of 

voltage fluctuation present in the power system.  IEEE has adopted IEC 61000-4-15 in 

IEEE 1453.  The input to the flicker measuring device (flickermeter) is time sampled 

voltage data.  It will be shown that it is acceptable to use full cycle RMS values as the 

input to the flickermeter when the voltage fluctuations are of a relatively low frequency.  

The RMS values will be held constant on the input of the meter for a full cycle.  If the 

sampling frequency of the voltage is 64 samples per cycle, then the full cycle RMS value 

would be held constant to the flickermeter input for 64 samples.  This allows the 

flickermeter to operate such that it does not matter to the meter whether the input values 

are time sampled or RMS values; the flickermeter treats the data as time sampled data.   

Flicker sources that are connected electrically close together could significantly 

impact the voltage at the terminals of each other.  The flickermeter can determine the 

amount of flicker that is present in the power system via voltage measurements, but it is 

not able to determine the amount of flicker that a particular flicker producing source is 

generating.  It will be shown that it is possible to calculate the equivalent voltage at the 

load of interest which corresponds to the voltage that the load would have if the other 
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flicker producing sources were not connected to the power system.  This will be 

accomplished by measuring the load’s voltage and current to determine the complex 

power that is being absorbed by the load.  A power flow is performed using the load’s 

complex power to calculate the equivalent load voltage.  The calculated voltage is an 

RMS value, valid for a full cycle, and is used as the input to the flickermeter.  By using 

this equivalent voltage with the flickermeter, it is possible to determine the amount of 

flicker sensation that is due to a particular flicker producing source while ignoring flicker 

sensation that is produced by other flicker producing sources that are electrically close. 

The power flow that is performed to determine the equivalent voltage at the load is a 

two bus power flow where the source is treated as the slack bus.  It is necessary to know 

what the Thévenin impedance is at the load to be able to calculate a valid voltage for the 

load using the power flow.  If the impedance that is utilized is wrong, then the resulting 

voltage that is calculated will be incorrect.  There is an approximate impedance that is 

known by the utility company, but this impedance will fluctuate based on the present 

power system operation.  A method for determining the Thévenin impedance will be 

discussed such that it will be possible to perform the two bus power flow and calculate an 

accurate voltage. 

Demonstration of the concepts required at each step of the design process will be 

provided that validate the approach described in building a device that can determine the 

amount of voltage flicker being produced by a load when other flicker producing loads 

are connected electrically close together.  Measurement results will also be provided from 

a device that has been implemented in hardware that utilizes the discussed concepts to 

measure the amount of flicker sensation that is due to a particular load of interest when 
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there are multiple flicker producing loads connected.  The measurement results consist of 

months of data that was collected at multiple sites that will substantiate the claims 

associated with the steps involved in building the flicker discriminating device.  

In summary, a methodology that describes how to determine the amount of flicker 

sensation that is being created by a flicker producing source that is in parallel with other 

flicker producing sources will be presented.  This will be accomplished by utilizing the 

flickermeter defined in IEEE 1453 with either a half cycle or full cycle RMS input signal.  

The RMS values will be calculated from a two bus power flow problem that uses an 

estimated Thévenin impedance between the source and load.  A justification for the 

acceptability of RMS inputs to the flickermeter in IEEE 1453 is presented.  The output of 

the flickermeter will be the amount of flicker sensation that is being produced by the load 

of interest, even though there are other flicker producing loads connected electrically 

close together.  A device that implements these design concepts has been built.  There 

will be months of flicker data provided that the device collected at multiple sites.  This 

provided data will validate the concepts that are provided in each stage of the device 

design. 
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Chapter 1: Introduction 

 

IEEE is the standards governing body in North America for the electrical power 

system.  This organization provides standards to the electric power industry suppliers and 

consumers that must be followed to prevent undesirable operation of the electric power 

system.  Unfortunately, it can be difficult to make the necessary measurements to 

determine if the utility and/or customer are operating within the requirements of a 

particular standard.  This is especially true for IEEE Std 1453, which is the standard that 

applies to voltage fluctuations in the power system.   

Voltage fluctuations in the power system that result in customer irritation are called 

voltage flicker.  It can be either voltage surges or sags that change the light output of an 

incandescent light bulb such that a customer becomes annoyed.  General Electric did 

work in the early 20th century in determining various voltage fluctuation magnitudes and 

frequencies that are necessary for half of the population to become irritated.  The results 

of the work were plotted and the resulting figure is referred to as the “GE Flicker Curve” 

[1].  This curve was used in industry for several decades, but it is lacking because it is 

difficult to determine how actual voltage fluctuations correspond to the curve.  IEC 

61000-4-15 is a standard that documents how to build a flicker measuring device or 

flickermeter and was adopted by IEEE in Std 1453 [1].  A flickermeter makes voltage 

measurements and determines the amount of voltage fluctuation or flicker for a 

determined amount of time, typically 10 minutes. The flickermeter outputs a number that 



 2

is called the “short-term flicker severity” or Pst and it numerically represents the amount 

of voltage fluctuation present at the measurement point.  A Pst result of 1.0 corresponds 

to the “GE Flicker Curve” in that half of the customers are expected to experience 

irritation due to the voltage fluctuations [1].  The flickermeter is advantageous because 

flicker irritation can be measured independently of the fluctuating voltage waveform 

shape. 

A flickermeter measures time sampled voltage data at its connection point and is able 

to determine the amount of flicker present by processing the time sampled data.  Electric 

arc welders, steel furnaces, and starting motors are a few of the many different pieces of 

equipment that can produce flicker in the power system.   Unfortunately, it is not possible 

to determine the source of flicker issues when there are multiple flicker producing loads 

connected electrically near to each other.  This is because each flicker producing load 

could significantly impact the voltage at the terminals of other loads.  An example of this 

issue is when there are two steel furnaces connected electrically close together as 

illustrated in Fig. 1-1.   

 

Power 
System

Steel
Furnace 2

Steel
Furnace 1

 
Figure 1-1.  Multiple Steel Furnaces Connected Electrically Close Together 
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Any voltage fluctuations that are produced by either steel furnace will be experienced by 

the other steel furnace.  It may be that the first steel furnace has installed a flicker 

mitigating device to reduce the amount of voltage fluctuations that are produced to 

prevent undesirable operation of the power system, but the second steel furnace has not 

installed any such equipment.  This means that any flicker that is produced by the second 

steel furnace will be experienced by the first steel furnace because they are connected 

electrically near to each other.  A flicker issue may be reported by the first steel furnace 

and the utility company can connect a flickermeter to assess the flicker level.  It may be 

that the measured flicker level is high, but there is not a way to identify which steel 

furnace is causing the flicker issue.  The second steel furnace is expected to produce the 

majority of the flicker level because of the lack of a flicker mitigating device, but the 

flickermeter can only measure the total level in the area.  A device that can accurately 

measure the flicker level for the second steel furnace is desirable because then it would 

be possible to identify the second steel furnace as the primary flicker source. 

The goal of this research is to identify a method that is able to accurately determine 

the amount of flicker produced by a load when there are multiple loads connected 

electrically close together.  As previously discussed, the flickermeter is not able to 

determine which load is producing flicker in the power system; it is only able to measure 

the total flicker that is present in the area.  If it is possible to determine what the 

equivalent voltage would be at a load by ignoring all of the other loads that are 

electrically close by, then that equivalent voltage could be used as the input to the 

flickermeter.  The flickermeter result then would be based on only the load of interest, 
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thus the amount of flicker due to that one load could be determined even though there are 

multiple loads connected.   

There are three primary steps that will need to be managed in order to calculate the 

amount of flicker that is produced by one load of interest when multiple loads are 

connected electrically close together.  These steps apply to the equivalent system circuit 

provided in Fig. 1-2, where it is desired to calculate the flicker level of the load.  The 

steps are as follows: 

1. An online method to determine the power system Thévenin impedance at the 

load is necessary because the impedance will fluctuate as the power system 

changes.   

2. It is necessary to show that it is acceptable to use cycle-by-cycle RMS values 

as the input to the flickermeter for low frequency voltage fluctuations. 

3. The power flow is going to be used to determine the equivalent voltage at the 

load of interest based on voltage and current measurements for that load with 

the estimated Thévenin impedance from step 1.  RMS values are used in the 

power flow calculation, thus the need for verifying the acceptable use of RMS 

values as the input to the flickermeter from step 2. 
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Thévenin Impedance

Load

I Z

VVs

 
Figure 1-2.  Equivalent Circuit for Calculating the Load’s Flicker Level 

 

The first step in calculating the equivalent load voltage for the flickermeter involves 

determining the Thévenin equivalent impedance of the power system at the load, as 

illustrated in Fig. 1-2.  It is assumed that the power system Thévenin impedance at the 

load is going to be relatively constant from cycle to cycle.  If the source voltage is 

assumed to be constant from cycle to cycle, then it is possible to calculate an impedance 

from two adjacent cycles of RMS voltage and current measurements.  Unfortunately, this 

method breaks down when the current does not change much between cycles.  Thus it is 

necessary to set a condition such that the invalid impedance values are ignored and only 

valid impedance results are considered.  A method will be presented that calculates a 

valid Thévenin equivalent impedance that can be used in the power flow calculation to 

determine the equivalent voltage at the load. 

The second step involves justifying that it is acceptable to utilize RMS values as the 

input to the flickermeter in the place of time sampled voltage data.  Modulation 

magnitude and frequency information for an amplitude modulated (AM) signal is 

provided in IEEE Std 1453 to create various time domain fluctuating voltage waveforms 

that will produce a Pst result of 1.  These waveforms are to be applied to the input of the 
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flickermeter to test and make sure that the meter operates correctly.  If the meter outputs 

a Pst result of 1 for the test point, then the meter passes that test point.  All of the test 

points describe time domain functions and each of the test points must be passed in order 

for the flickermeter to be authorized for use.  Notice that the waveforms are all time 

domain expressions and not RMS values which are obtained from the power flow 

calculation.  It is possible to calculate RMS values from the time domain expression for 

every full cycle of the fundamental frequency.  This is accomplished by calculating the 

RMS value for a full cycle and then making that RMS value constant for the duration of 

time for which it was calculated.  The RMS values are obtained from the power flow 

equation, but the flickermeter needs a time domain function.  A hybrid time domain 

function of RMS values can be created by holding the RMS value constant for a whole 

cycle at the flickermeter input.  It will be shown that for low frequency fluctuations, it is 

possible to use the RMS time domain function as the input to the flickermeter and have 

proper operation.  Unfortunately, the method of holding an RMS value constant to the 

input of the flickermeter is not valid for high frequency fluctuations.  Typically this is not 

an issue because the flicker produced by most flicker producing loads is in the low 

frequency range.  Additionally, this is a huge advancement to the field because it allows 

for offline processing of data that is collected by voltage recorders.  Voltage recorders are 

cheap and being able to process the collected data offline is extremely advantageous.  

The third step involves the use of the power flow calculation to determine the 

equivalent voltage at the load in Fig. 1-2.  It is known that the voltage is the same for 

loads that are connected in parallel.  In order to determine the amount of flicker that a 

load is producing, it is necessary to be able to determine the equivalent voltage at the load 
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terminals.  The equivalent load voltage is possible to calculate by using the power flow 

calculation.  Voltage and current measurements for the load are made and then the 

complex power of the load is calculated and used in the power flow calculation.  A two 

bus power flow is performed where the source is the slack bus at bus 1, the load is 

connected to bus 2, and the power system Thévenin equivalent impedance is connected 

between the two buses.  An equivalent voltage for the load is calculated that is 

representative of what the load voltage would be if there was not anything else connected 

in parallel.  This equivalent voltage is an RMS value that is utilized with the flickermeter 

to calculate the flicker that is being produced by the load. 

Successful implementation of the previous three steps will result in the ability to 

determine the amount of flicker that is produced by a load of interest while it is connected 

in parallel to other flicker producing loads.  This is desirable because it is presently not 

possible to determine how much flicker is being produced by an individual load; it is only 

possible to measure the total flicker of all of the parallel loads.  By being able to 

discriminate between flicker producing loads, it will be possible to determine which load 

is in excess of its flicker limit.    
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Chapter 2: Impedance Estimation Techniques 

 

The actual power system impedance is necessary in order to calculate the correct 

voltage for the load from the power flow calculation.  Existing work has been done in 

determining the impedance of the power system.  One of the approaches is to use some 

type of external stimulus to produce voltage and current transients in an active shunt 

filter.  A continuous wavelet transform is used to capture the complex voltage and 

current.  The formula for the continuous wavelet transform is provided in (2-1) and the 

main wavelet function Ψ(s,τ,t) is provided in (2-2).  The main wavelet function also 

utilizes an analyzing wavelet that is given in (2-3). 

,ሺܵܥ  ߬ሻ ൌ න ݂ሺݐሻΨ∗ሺܵ, ߬, ݐሻ݀ݐ

ஶ

ିஶ

 (2-1)

 
ΨሺS, τ, tሻ ൌ

1

ඥ|ܵ|
Ψ ൬

t െ τ
S

൰ (2-2)

 
Ψሺݔሻ ൌ ඥߨ ௕݂݁

ି௫
మ

௙್݁௝ఠ೎௫ (2-3)

The following variable definitions apply for (2-1) – (2-3): 
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Consider the condition if there is a small perturbation to each of the variables in (2-6) 

except for the Thévenin impedance.  Then (2-6) will be written as (2-7) for the 

perturbation. 

 ሺܧത ൅ Δܧതሻ ൌ ሺܫ ̅ ൅ Δܫሻܼ̅̅ ൅ ሺ തܸ ൅ Δ തܸሻ (2-7)

It is possible to derive (2-8) by assuming that ΔEഥ ൌ 0 and then subtracting (2-6) from   

(2-7). 

 ܼ̅ ൌ
െ݊ܽ݁ܯሾΔ തܸΔ തܻሿ

Δ̅ܫሾΔ݊ܽ݁ܯ തܻሿ
 (2-8)

Equation (2-8) is very easy to utilize if the necessary information is available, but the 

load impedance information is typically unknown which makes this approach difficult to 

implement [3].   

Other methods use synchronized voltage and current measurements at each end of a 

power line to calculate the impedance of the line [4] - [5].  In [4], the ABCD parameters 

are found by making two sets of synchronized voltage and current measurements at both 

the sending and receiving ends of the transmission line.  These sets of measurements are 

used with (2-9) – (2-12) to calculate the ABCD parameters for the model of the 

transmission line. 

ܣ  ൌ
തܸ௦
തܸ௥

 (2-9)

 
ܤ ൌ

തܸ௦
௥̅ܫ

 (2-10)

 
ܥ ൌ

௦̅ܫ
തܸ௥

 (2-11)

 
ܦ ൌ

௦̅ܫ
௥̅ܫ

 (2-12)
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It was found that the measured ABCD parameters are more accurate than values given by 

computer model software tools.  This was found by measuring power flows at the 

transmitting and receiving ends of the transmission line and comparing these 

measurements to power flows that were calculated by using the ABCD parameters from 

computer software tools and the measured ABCD parameters [4].   

Another transmission line impedance method estimates the positive sequence 

impedance of the transmission line by making synchronized voltage and current 

measurements at both ends of the transmission line.  Two sets of measurements are made 

and then used to calculate the ABCD parameters that are presented in (2-13) and (2-14) 

for short and medium length lines.  If a line is longer than 200 km, then it is necessary to 

use (2-15) in addition to (2-13) and (2-14) to calculate the series positive sequence 

impedance of the transmission line.  The variables in (18) are defined where “γ” is the 

propagation constant of the line and “l” is the length of the line in kilometers [5]. 

ത௦ܧ  ൌ തோܧܣ ൅ ோ̅ (2-13)ܫܤ

௦̅ܫ  ൌ തோܧܥ ൅ ோ̅ (2-14)ܫܦ

 
ܼ̅ ൌ ܤ

݈ߛ
ሻ݈ߛሺ݄݊݅ݏ

 (2-15)

Unfortunately the Thévenin equivalent impedance is not determined using the 

techniques described in [4] and [5].  The techniques in [4] and [5] are important because 

they make it possible to set the zone impedances for breaker relays properly.  But the 

techniques are not applicable for the flicker discriminator application because the 

techniques do not provide the required Thévenin impedance. 

The impedance method provided in [6] does allow for the calculation of the Thévenin 

impedance if the load is connected to an on-load tap changer.  When the taps are changed 
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If we assume that the source voltage is constant from the first set of measurements to the 

second, then it is possible to derive (2-20) by setting (2-18) equal to (2-19) and solving 

for the Thévenin impedance. 

 
்ܼ̅ு ൌ ்ܴு ൅ ்݆ܺு ൌ െ ௅ܸ,ଵ∠ߠଵ െ ௅ܸ,ଶ∠ߠଶ

௅,ଵ∠0°ܫ െ ௅,ଶ∠0°ܫ
ൌ െ

Δ തܸ

Δܫ ̅
 (2-20)

It is stated that this method will work in theory, but it is based on the assumption that the 

source voltage angle δ1 is equal to δ2.  This is typically an invalid assumption because of 

the fluctuating frequency of the power source, thus it is necessary to use a third set of 

data.  There will be six unknowns in the three sets of data: Es, δ1, δ2, δ3, RTH, and XTH.  

Each of the KVL equations for each set of data can be separated into the real and 

imaginary equations.  This results in six equations for the six unknowns that can be easily 

solved.  Unfortunately there are several issues that are experienced in the field that make 

this approach difficult to implement successfully.  It was found that valid results could be 

calculated by using a least square fitting approach with six or more measurement points.  

The measured data is used in (2-21) which is (2-17) rewritten with the real and imaginary 

portions separated and where “i” is the ith measurement set of a total of “n” sets.  It is 

suggested that the data should be collected with a sampling rate of 256 samples per cycle 

and that it should be processed in a three to five second window.  The complete set of 

data that is developed using the voltage and current measurements and (2-21) is solved by 

using the Gauss-Newton algorithm for non-linear least squares problems [7]. 

 
൤
௦ܧ cosሺߜ௜ሻ
௦ܧ sinሺߜ௜ሻ

൨ ൌ ൤
்ܴு 0
0 ்ܺு

൨ ൤
௅,௜ܫ
௅,௜ܫ
൨ ൅ ൤ ௅ܸ cosሺߠ௜ሻ

௅ܸ sinሺߠ௜ሻ
൨ , ݅ ൌ 1, … , ݊ (2-21)

The approach taken in [7] utilizes a least squares approach to attempt to reduce the 

error due to measurement error and assumption inaccuracies.  The least squares method 
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has costs associated with the amount of time necessary to perform the calculations and it 

tends to break down (e.g. errors remain large) when real system data is utilized.  These 

costs will prevent a successful real time implementation. 

 

2.1: Real Time Impedance Estimation Technique 

A Thévenin impedance estimation approach that can be easily implemented for any 

load type that is not dependent on any type of error minimization techniques should be 

utilized to avoid the algorithm breakdowns that [7] experiences.  An approach that 

calculates the Thévenin impedance when the change in load power reaches a threshold 

along with a moving average to mitigate calculation error should be utilized.  Consider 

the positive sequence equivalent system circuit that is provided in Fig. 2-4 for a positive 

phase sequence power system.   

RTH  jXTH  

Load

I1 

V1 Vs 

 

Figure 2-4.  Positive Sequence Circuit 

 

The load voltage Vഥଵ and current Iଵ̅ are the measured three-phase load voltages and 

currents converted to sequence variables.  If the source voltage, Vഥ௦, and the Thévenin 

impedance, ܼ̅ ൌ ்ܴு ൅ ்݆ܺு, is assumed to be constant for sequential cycles, k-1 to k, 

then it is possible to derive (2-22) via KVL. 
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 തܸ௦ ൌ ଵ̅,௞ିଵܫܼ̅ ൅ തܸଵ,௞ିଵ 

തܸ௦ ൌ ଵ̅,௞ܫܼ̅ ൅ തܸଵ,௞ 
(2-22)

By subtracting the first equation from the second equation it is possible to derive (2-23) 

because the unknown source voltage is the same for each cycle [8]. 

 
ܼ̅ ൌ െ

തܸଵ,௞ െ തܸଵ,௞ିଵ
ଵ̅,௞ܫ െ ଵ̅,௞ିଵܫ

ൌ െ
Δ തܸଵ
Δܫଵ̅

 (2-23)

The equations presented in (2-22) will be linearly dependent unless the voltage and 

current relationship is unique between the consecutive cycles (i.e. there is sufficient 

excitation in the system).  This is particularly important in (2-23) where if the current 

between cycles is very similar then a divide-by-zero will occur that will amplify 

measurement error.  It has been found that checking for unique differences between the 

load voltages and currents for each cycle is accomplished by checking for a change in 

real power between the cycles.  A threshold is established such that (2-23) is evaluated 

anytime the change in real power exceeds the chosen threshold value.  The load power 

for the cycle of interest is calculated by using (2-24) and if (2-25) is satisfied, then it is 

appropriate to calculate a new Thévenin impedance via (2-23).   

 ଵܲ,௞ ൌ ଵܸ,௞ܫଵ,௞ cos൫ߠ௏ଵ,௞ െ ூଵ,௞൯ (2-24)ߠ

 หΔ ଵܲ,௞ห ൌ ห ଵܲ,௞ െ ଵܲ,௞ିଵห ൐ (25-2) ݈݀݋݄ݏ݁ݎ݄ܶ

 

If the threshold is large, then more excitation is required before the impedance will be 

calculated.  This will result in a more reliable impedance calculation than if the threshold 

were lower because the Thévenin impedance will not be calculated for cycles where the 

assumptions (e.g. the system voltage is not constant) are not met.  However, a larger 
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threshold will result in fewer impedance calculations which will lead to the possibility 

that changes in the system impedance could go completely undetected [8]. 

The assumptions associated with (2-23) will not always be met when the equality in 

(2-25) states that it is appropriate to calculate a new Thévenin impedance.  It is likely that 

the power system is not perfectly balanced, that the source voltage is not constant 

between the two cycles of interest, and that there is measurement error in the voltage and 

current measurements.  These issues will lead to inaccurate impedance calculations that 

will have to be managed in the impedance estimation algorithm.  A moving average is 

utilized to mitigate the error associated with impedance calculations that are made when 

the assumptions are not valid because it is known that the Thévenin impedance will not 

drastically change over a short period of time.  A first-order LPF with a time constant of τ 

is used with RTH and XTH.  The most recent outputs of the LPF are used as the input to the 

filter in the event that the system is not excited enough for a new impedance calculation.  

This method is more desirable than a least squares approach because it is computationally 

less intensive and the moving-average will prevent a single bad result from affecting the 

estimated impedance.  A summary of the threshold and moving average approach in 

estimating the Thévenin impedance of the source is provided in Fig. 2-5 [8].  It is 

appropriate to consider how this Thévenin equivalent impedance estimation technique 

performs when processing theoretical data.   
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|ΔP1| > 
Threshold

R+jX = -ΔV1/ΔI1

V1   &   I1 

R = Ravg,last

X = Xavg,last

Moving Average

R & X

yes no

Ravg & Xavg  

Figure 2-5.  Impedance Estimation Flow Chart 

 

2.2: Impedance Estimation Technique Implementation with Theoretical Data 

The algorithm described in the flow chart presented in Fig. 2-5 was implemented in 

software and used to estimate the Thévenin equivalent impedance at the load terminals of 

a test system.  This test system involves two parallel loads that are connected to the 

power system through an impedance.  A circuit diagram of the test circuit is provided in 

Fig. 2-6.  Both of the loads in the test system are modeled as impedances, where the first 

load is a constant impedance of 1+j0.3 per-unit and the second load fluctuates between 

1+j0.3 per-unit and some fraction of the base impedance for some number of changes per 

minute (CPM).  The impedance estimation technique will be used to calculate the 

Thévenin equivalent impedance at the terminals of the second load because it is the load 
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that is fluctuating.  The Thévenin equivalent impedance at the terminals of the second 

load for each of the following two examples will be the parallel combination of the line 

equivalent impedance (0.01+j0.05) and the first load impedance (1+j0.3), which results in 

an impedance of 0.0118+j0.0484 per-unit.  

 

0.01+j0.05  

Load 1

I1 

V1 Vs Load 2

 

Figure 2-6.  Theoretical Test Circuit for the Impedance Estimation Technique 

 

The first test involves fluctuating the impedance of the second load from 1+j0.3 per-

unit to 0.5+j0.15 per-unit at 20 CPM or 0.167 Hz.  The initial condition for the 

impedance estimation technique was chosen to be 0.01+j0.04 per-unit.  A plot of the 

estimated resistance is provided in Fig. 2-7 and a plot of the estimated reactance is 

provided in Fig. 2-8.  The time constant and power threshold were chosen as 5 seconds 

and 0.2 per-unit, respectively.  Notice that the impedance estimation algorithm tracks the 

analytical Thévenin impedance at the terminals of the second load. 
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Figure 2-7.  Thévenin Estimated Resistance at Load 2 

 

 

Figure 2-8.  Thévenin Estimated Reactance at Load 2 
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The second test involves fluctuating the impedance of the second load from 1+j0.3 

per-unit to 0.75+j0.225 per-unit at 240 CPM or 2 Hz.  The initial condition values for the 

impedance estimation technique in the previous test were also used in this test.  The time 

constant and power threshold were chosen to be the same as the previous example and 

are 5 seconds and 0.2 per-unit, respectively.    A plot of the estimated resistance is 

provided in Fig. 2-9 and a plot of the estimated reactance is provided in Fig. 2-10.  Notice 

that the impedance estimation algorithm tracks the analytical Thévenin impedance at the 

terminals of the second load. 

 

 

Figure 2-9  Thévenin Estimated Resistance at Load 2 
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Figure 2-10.  Thévenin Estimated Reactance at Load 2 

 

The Thévenin equivalent impedance technique reaches the analytical Thévenin 

impedance at the terminals of the second load in each of the tests.  It takes the algorithm 

longer to reach the analytical impedance in the first test than it does in the second test.  

This is due to the number of fluctuations of the second load that will allow for a valid 

impedance calculation.  The second test involves fluctuations that occur twelve times 

more often than in the first example, which will result in more impedance calculations in 

the second test than the first test for the same amount of time.  The estimated impedance 

results in each of the tests support valid operation of the Thévenin impedance estimation 

algorithm that is presented in Fig. 2-5.  It is appropriate to utilize the approach with 

measured power system data to determine if the Thévenin impedance estimation 

algorithm still functions properly. 
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2.3: Impedance Estimation Technique Implementation with Measured System Data 

Two sets of three-phase voltages and currents were collected from two different 

locations in the power system to process with the Thévenin impedance estimation 

algorithm.  Both of the data sets were sampled at 32 samples per cycle or 1920 Hz.  There 

is approximately 6 hours of data in the first set and 16.5 hours of data in the second set.  

The impedance estimation algorithm that is summarized in the flow chart in Fig. 2-5 was 

applied to these two sets of data with different real power thresholds and different LPF 

time constants. 

The initial conditions for dataset 1 and dataset 2 were specified to be 

0.00117+j0.01432 and 0.00112+j0.01401, respectively.  A time for each dataset was 

picked that represented approximately when the tracking algorithms reached a steady-

state value.  Then the mean and standard deviation of all the R’s and X’s from the 

selected point in time to the end of the data file were calculated.  The results for each data 

file are provided in Table II-I and Table II-II. 

TABLE II-I. 
R AND X RESULTS FOR DATASET 1 

 

Set |∆P1,k| > τ Rmean Rσ Xmean Xσ 
#1 0.2 12 sec 0.0042 2.32E-4 0.0139 3.24E-4 
#2 0.3 1 sec 0.0053 3.54E-4 0.0148 8.40E-4 
#3 0.3 2 sec 0.0052 2.95E-4 0.0146 6.11E-4 
#4 0.3 5 sec 0.0051 2.06E-4 0.0145 3.69E-4 
#5 0.3 12 sec 0.0049 1.45E-4 0.0144 2.42E-4 
#6 0.4 1 sec 0.0052 2.92E-4 0.0146 4.94E-4 
#7 0.4 2 sec 0.0051 2.18E-4 0.0146 3.53E-4 
#8 0.4 5 sec 0.0049 1.59E-4 0.0146 2.06E-4 
#9 0.4 12 sec 0.0042 2.47E-4 0.0146 9.71E-5 

#10 0.5 1 sec 0.0047 1.65E-4 0.0150 3.65E-4 
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TABLE II-II. 
R AND X RESULTS FOR DATASET 2 

 

Set |∆P1,k| > τ Rmean Rσ Xmean Xσ 
#1 0.2 12 sec 0.0056 2.08E-4 0.0128 2.45E-4 
#2 0.3 1 sec 0.0054 5.21E-4 0.0130 4.39E-4 
#3 0.3 2 sec 0.0054 4.16E-4 0.0130 3.63E-4 
#4 0.3 5 sec 0.0054 2.94E-4 0.0130 2.95E-4 
#5 0.3 12 sec 0.0054 2.06E-4 0.0130 2.46E-4 
#6 0.4 1 sec 0.0052 4.85E-4 0.0132 4.72E-4 
#7 0.4 2 sec 0.0052 3.70E-4 0.0132 3.96E-4 
#8 0.4 5 sec 0.0052 2.47E-4 0.0132 2.86E-4 
#9 0.4 12 sec 0.0050 2.30E-4 0.0132 1.58E-4 
#10 0.5 1 sec 0.0050 3.22E-4 0.0135 1.84E-4 

 

The experimental results for four of the sets that represented the best trade-offs are 

provided in Fig. 2-11 through Fig. 2-14.  The largest variation at any point in time 

between any of the steady-state values of these four sets occurs around minute 635 in 

dataset 2, between sets #4 and #10.  At this time the per-unit impedances are 

0.005494+j0.1285 and 0.00517+j0.01379, respectively, and correspond to impedance 

magnitudes of 0.01390 and 0.01473.  The percent difference between these is 5.38%, a 

negligible difference for most power system analyses requiring the equivalent system 

impedance.  Upon close inspection of the trends, either set #5 (smaller, reasonable 

threshold with larger time constant) or set #8 (larger, reasonable threshold with smaller 

time constant) would offer the best tradeoff between tracking and estimation variation 

[8]. 
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Figure 2-11.  Per-Unit Equivalent Resistant Estimates for Dataset 1 

 

 

Figure 2-12.  Per-Unit Equivalent Reactance Estimates for Dataset 1 
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Figure 2-13.  Per-Unit Equivalent Resistant Estimates for Dataset 2 

 

 

Figure 2-14.  Per-Unit Equivalent Reactance Estimates for Dataset 2 
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An algorithm that is able to estimate the Thévenin equivalent impedance at the load 

terminals has been presented.  This impedance will be used in the power flow problem 

with the load’s measured real and reactive power to calculate the load’s equivalent 

voltage.  This voltage will be calculated on a cycle-by-cycle basis and then processed by 

the flickermeter.  It is necessary to consider the acceptability of utilizing these RMS 

voltage values with the flickermeter. 
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Chapter 3: Applicability of RMS values with the Flickermeter 

 

It is necessary to consider if it is acceptable to utilize RMS values as the input to the 

flickermeter because the flickermeter input is specified to be time sampled voltage data in 

[1].  A power flow calculation is going to be performed every cycle to calculate an 

equivalent voltage at the load terminals.  This is going to result with a cycle-by-cycle 

time series of RMS voltage values.  These RMS voltage values will be processed by the 

flickermeter to calculate the load’s flicker level.  It is appropriate to review the 

flickermeter implementation requirements for a basic understanding of the device 

operation.  This will aid in extending the input from time sampled voltage data to cycle-

by-cycle RMS voltage data. 

 

3.1: IEEE Std 1453 

Device requirements to build a flickermeter that will measure any voltage fluctuations 

in the power system and provide the corresponding flicker severity for the fluctuations 

are provided in IEEE Std 1453.  The device specifications in IEEE 1453 are provided in 5 

different sections or blocks and describe how to build the flickermeter.  Block 1 describes 

the input voltage adapter which normalizes the input voltage signal by the output of a 1st 

order low pass filter.  This allows the flicker level to be determined independent of the 

actual voltage level of the power system.  The voltage adapter processes half cycle RMS 

values through a 1st order low pass resistance and capacitance filter that utilizes a time 
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constant of 27.3 seconds.  Block 2 is the squaring multiplier that simulates a light bulb’s 

behavior.  Block 3 comprises a 6th order low pass butterworth filter with a cutoff 

frequency of 42 Hz for a 60 Hz power system and a 1st order high pass filter with a cutoff 

frequency of 0.05 Hz to remove any dc content and the doubled mains frequency content 

from block 2; it then uses a weighting filter to simulate the human visual system.  Block 4 

is composed of a squaring multiplier and a first-order low pass filter with an RC time 

constant of 300 milliseconds and the output is defined as the instantaneous flicker 

sensation, Pinst.  Block 5 is an online statistical analysis that determines the short-term 

flicker severity, Pst, that is typically calculated for 10 minute intervals.  In some 

instances, it may be necessary to calculate the flicker severity over a period of time that is 

longer than what the Pst result provides.  Thus, a long-term flicker severity assessment is 

calculated using (3-1) and some determined number (usually 12) of the previous Pst 

results. 

 
௟ܲ௧ ൌ ඨ

∑ ௦ܲ௧௜
ଷே

௜ୀଵ

ܰ

య

 (3-1)

Compatibility levels for short-term and long-term flicker severity correspond to when 

customers will typically complain about the flicker sensation and are only defined for LV 

systems.  These compatibility levels are provided in Table III-I [1]. 

TABLE III-I. 
SHORT-TERM AND LONG-TERM FLICKER COMPATIBILITY LEVELS 

 
 Compatibility 

Levels 
Pst 1.0 
Plt 0.8 
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A summary of IEEE Std 1453 has been provided that briefly describes the 

flickermeter operation.  IEEE 1453 specifies that the input to the flickermeter is time 

sampled voltage data.  Also, the output of the flickermeter is a number that describes the 

flicker severity for all loads that are connected electrically near to the measurement point 

and it is only based on the voltage measurement.  Because of this it is not possible to 

determine the amount of flicker that is being produced by a particular load of interest 

when there are multiple loads connected electrically near to each other.  Additional work 

is required to be able to determine how much of the flicker that is present at the 

measurement point is being produced by a particular load. 

 

3.2: Flickermeter with RMS Input 

A flickermeter implementation that meets the requirements specified in IEEE 1453 is 

necessary to be able to assess the validity of using cycle-by-cycle RMS values as the 

input to the flickermeter.  There are required time domain test points provided in [1] that 

must be passed in order to state that the flickermeter operates properly.  Each of these test 

points defines a magnitude and frequency for the modulating portion of an AM signal, 

where the frequency is calculated from a defined number of fluctuation CPM.  Each of 

the input test signals is processed by the flickermeter and the Pst result for each signal is 

calculated.  Each Pst result for the test points must be 1.0 +- 5% in order to pass all of the 

tests.  The results for each test point for the software flickermeter implementation are 

provided in Table III-II. 

Prior work has been done in partially verifying that RMS voltage values applied to 

the input of the flickermeter pass the required test points.  It has been found in [9] that it 
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is permissible to use cycle-by-cycle RMS voltage data as the input to the flickermeter for 

low frequency fluctuations.  The digital implementation of the flickermeter was designed 

to accept the sampling rate associated with having one data sample per cycle.  The results 

of the test points from the work are provided in Table III-III.   

TABLE III-II. 
FLICKER TEST POINTS 

CPM Pst

1 1.0013 
2 1.0175 
7 0.9837 
39 0.9884 
110 1.0328 
1620 0.9714 
4800 0.9716 

 

TABLE III-III. 
FLICKER TEST POINTS WITH RMS INPUT FROM [9] 

CPM Pst

1 0.9999 
2 1.0019 
7 1.0170 
39 1.0183 
110 1.0018 
1620 1.0105 
4000 0.9013 

 

The work in [9] suggests that it is permissible to utilize a full-cycle RMS value as the 

input to the flickermeter.  Each of the test points were reprocessed for the exact same 

flickermeter implementation that was used to generate the results in Table III-I except the 

input was RMS values.  These RMS values of the AM test point signals were calculated 

on a fundamental frequency full cycle time window and applied to the input of the 

flickermeter.  Each RMS value was held constant at the input of the flickermeter for the 
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duration of time for which it was calculated.  This concept is illustrated in Fig. 3-1.  The 

resulting RMS value for each cycle of the fundamental is presented by the stem plots.  

There are 16 samples per cycle in this example that were utilized in each RMS 

calculation.  The signal that is applied to the flickermeter is represented by the “x” marks.  

There are 16 samples in a cycle, thus the RMS value is used 16 times with the 

flickermeter input because it expects a time domain function and then the next RMS 

value is used 16 times and so on.  This implementation method is fundamentally different 

from the method that is utilized in [9] because nothing in the digital flickermeter 

implementation is changed to account for the type of data that is applied to the meter’s 

input. 

 

 

Figure 3-1.  Example RMS Input to the Flickermeter 
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The Pst results for the flickermeter with full cycle RMS values as the input are 

provided in Table III-IV.  Notice that the flickermeter passes the low frequency test 

points but not the highest frequency test point.  This is similar to the results presented in 

Table III except the 4000 CPM (33.33 Hz) test point in Table III fails low and the 4800 

CPM (40 Hz) test point fails high in Table III-IV. 

TABLE III-IV. 
FLICKER TEST POINTS WITH RMS INPUT 

CPM Pst

1 0.9985 
2 1.0159 
7 0.9503 
39 0.9684 
110 0.9821 
1620 0.9714 
4800 1.7269 

 

These results suggest that it is acceptable to use RMS values as the input to the 

flickermeter if the voltage fluctuations are low frequency.  It seems reasonable to expect 

the Pst results to decrease as the frequency of the fluctuation increases when full cycle 

RMS values are utilized with the flickermeter.  This is because the RMS calculation will 

smooth (average) the voltage fluctuations that are present such that the flickermeter 

would calculate a lower Pst value.  The data provided in Table III-III and Table III-IV 

seems to support this hypothesis except for the highest frequency test point in Table III-

IV.  It is appropriate to consider field test data to evaluate whether or not the analytical 

inconsistencies are significant in practice. 
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3.3: Flickermeter Field Measurements 

Two identical software flickermeters were used to collect field measurements, but 

time-domain voltage samples were processed with one meter and RMS values were 

processed in the other meter.  It is necessary to use identical meters operating in parallel 

for comparison so that any observed differences in the Pst outputs will be due only to the 

type of input data that is utilized.  The need for this comparison is why it is essential to 

use a fundamentally different digital flickermeter implementation than [9].  The two 

digital flickermeters were connected to three different load types to measure the short 

term flicker severity.   

The first load is a 12.47 kV substation that is supplying residential and industrial 

loads.  The industrial load includes significant fluctuating motor load.  This type of load 

has low frequency fluctuations, thus using full cycle RMS voltages as the input to the 

flickermeter should give similar Pst results to the Pst results that use time-domain voltage 

samples.  A plot of the Pst results for this load are provided in Fig. 3-2, where the “TI” 

label represents the Pst results from using time-domain voltage samples with the 

flickermeter and the “RI” label represents the Pst results from using full cycle RMS 

voltages with the flickermeter.  The maximum percent difference between the Pst results 

for the time-domain and RMS inputs is 4.65%.  Because the percent difference is within 

the 5% tolerance specified in IEEE 1453, the difference between time-domain Pst results 

and RMS Pst results is indistinguishable.  These results support the idea that RMS values 

will fluctuate in a similar manner to the time domain waveform for low frequency voltage 

fluctuations. 
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Figure 3-2.  Residential and Industrial Load 
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Figure 3-3.  DC Arc Furnace 
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maximum percent difference for the Pst results is 56.2%.  This field data result, while 

unexpected, is consistent with the result from the 4800 CPM test point in Table III-IV.   

 

Figure 3-4.  Welder Loads 
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and 4800 CPM test points in Table III-IV.  At some frequency between these test points, 

the flickermeter begins to give erroneous results when full cycle RMS voltage values are 

used as the input.  A detailed flicker test point table is provided in [10] that has additional 

test points over the frequency range of interest.  These additional test points will help 

determine when the use of RMS inputs breaks down.  The results of these test points 

when using RMS values as the input are provided in Table III-V.  Notice that the 1620 

CPM test point is the highest frequency that passes; the test points after 1620 CPM all fail 

low except for the 4800 CPM test point. 

 

TABLE III-V. 
FLICKER TEST POINTS WITH RMS INPUT 

CPM Pst CPM Pst CPM Pst 
0.1 1.0175 22 0.9717 682 0.9714 
0.2 0.9652 39 0.9710 796 0.9714 
0.4 0.9649 48 0.9985 1020 0.9714 
0.6 0.9675 68 0.9880 1055 0.9714 
1 0.9939 110 0.9768 1200 0.9714 
2 1.0169 176 0.9567 1390 0.9714 
3 1.0587 273 0.9714 1620 0.9714 
5 0.9699 375 0.9714 2400 0.9317 
7 0.9508 480 0.9714 2875 0.6794 
10 0.9835 585 0.9714 4800 1.7269 

 

There are multiple issues that pertain to this phenomenon of low and high Pst results 

when utilizing RMS voltages as the input to the flickermeter.  These issues manifest such 

that the full-cycle RMS values of an AM signal with square wave modulation could 

introduce new signal characteristics even though nothing about the AM signal is 

changing.  The presence of any combination of the following list of issues can affect the 

Pst result in a negative way.  The issues are as follows: 
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1. RMS Fluctuations due to RMS Window Location, 

2. Repeating RMS Fluctuations of AM Signals, 

3. Signal Aliasing due to the RMS Calculation, and 

4. Short Term Flicker for Complex Modulations. 

The consequence of these issues is that there is no consistently over- or under-

conservative pattern in the Pst results for voltage fluctuations higher than 1620 CPM.  It is 

appropriate to consider these issues to understand the implications of how they impact the 

Pst results in an inconsistent manner. 

 

3.4.1: RMS Fluctuations due to RMS Window Location 

Consider a general square wave modulated AM signal f(t) as illustrated in Fig. 3-5 

where the windows denote the samples of the waveform that are utilized to calculate the 

corresponding RMS value.  In the case of the RMS window on the top line, the result of 

this calculation will be the same as other RMS values whose window only includes 

samples from when the modulation signal is high.  Similarly, the RMS window on the 

bottom line will result in an RMS value that will match other RMS values whose window 

only includes samples from when the modulation signal is low.  The noteworthy RMS 

window is on the middle line in the figure.  There are samples included in the window 

from when the modulation signal is high and samples from when it is low that will be 

included in the calculation.  This calculated RMS value will not be the same as the RMS 

value calculated in the top window or in the bottom window and its actual value will vary 

based on the amount of the modulation signal that is included when it is high versus when 

it is low.   
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In order to use the RMS values with the flickermeter, an assumption is made that the 

RMS values will fluctuate in much the same way as the time domain waveform.  The 

RMS value calculated in the middle window of Fig. 3-5 is going to change the fluctuation 

pattern that is presented by the RMS values when compared to the fluctuation present in 

the original time domain waveform.  In effect, this represents some additional content in 

the modulation signal which could have unexpected consequences when demodulated 

internally by the flickermeter.  This is problematic because the flickermeter is going to 

calculate a Pst value that is based on this new fluctuation pattern that is different from 

what is actually present in the time domain waveform.  Unfortunately, this varying RMS 

calculation will occur anytime the RMS calculation window includes the transition from 

high to low or low to high of the square wave modulation signal.  

 

Figure 3-5.  Amplitude Modulated Signal 
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The varying nature of the RMS value that is calculated from the middle window in 

Fig. 3-5 is dependent upon the location of the change from high to low or low to high of 

the square wave modulation in the RMS window.  This is verified by considering how the 

RMS values fluctuate for a sinusoidal AM signal.  It is appropriate to consider how the 

RMS value fluctuates for sinusoidal modulation because rectangular modulation can be 

written as a sum of sinusoids from a Fourier Series [11]. 

It is possible to calculate full cycle RMS values of an AM signal with sinusoidal 

modulation in closed form.  The general form of the AM signal is provided in (3-2) with 

the following variable definitions: 

A: Amplitude of the carrier signal, 

B: Amplitude of the modulating signal, 

ω1: Radian frequency of the carrier signal (e.g. 2π60 rad/s), 

ω2: Radian frequency of the modulating signal, 

α: Phase angle of the carrier signal, and 

β: Phase angle of the modulating signal. 

 ݂ሺݐሻ ൌ ݐሺ߱ଵݏ݋ܿܣ ൅ ሻ൫1ߙ ൅ ݐሺ߱ଶݏ݋ܿܤ ൅ ሻ൯ (3-2)ߚ

The RMS of (3-2) is calculated by using (3-3) and the result, provided in (3-4), will have 

8 terms that are summed under the square root function and it is valid for any RMS time 

window.  One of the terms will be a constant value and the remaining seven terms all 

have sinusoidal expressions that are a function of the RMS window times, T1 and T2. 

ܵܯܴ ൌ ඨ
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It is difficult to predict if the RMS value described in (3-4) will be constant or if it will 

vary from cycle to cycle just by examining the equation.  The term (3-4h) is a constant, 

thus it will not fluctuate as the RMS time window changes.  All of the remaining terms 

have sinusoidal parts that are a function of the RMS window times, T1 and T2.  The 

sinusoidal parts of the terms in (3-4) that are a function of (T2–T1) will not fluctuate with 

time because (T2–T1) is a constant.  This is not the case for the other sinusoidal parts that 

are a function of (T2+T1).  As the RMS calculation window moves from one cycle of the 

fundamental to the next, the result of (T2+T1) will increase because T1 and T2 are 

increasing.  This means that all of the terms in the RMS calculation, except for (3-4h), 

will fluctuate because they have sinusoidal parts that will vary as (T2+T1) increases.  

These fluctuating terms are part of the entire RMS calculation.  When the terms in the 

RMS calculation fluctuate, the result of the RMS calculation will fluctuate with time even 

though the amplitudes, frequencies, and phases in (3-2) are constant. This variation in the 
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RMS calculation will introduce fluctuations to the flickermeter that are not actually 

present in the power system.  The fluctuations are inherent to the RMS calculation that 

analytically describes the RMS window synchronization issue that is demonstrated 

graphically in Fig. 3-5 and they will impact the Pst result from the flickermeter.  It is of 

interest to determine if these RMS fluctuations will be cyclical because of the sinusoidal 

terms that are present in (3-4). 

 

3.4.2: Repeating RMS Fluctuations of AM Signals 

It has been determined that the RMS values will fluctuate from cycle to cycle because 

the RMS calculation is a function of the sum of the times T1 and T2.  Eventually these 

calculations will begin to repeat because the RMS calculation window will comprise the 

exact same portion of the time domain signal as it did in previous RMS calculations.  

Consider the following examples of AM signals with sinusoidal modulation from (3-2) 

with different frequencies f2 where f1 is 60 Hz.  The cycle-by-cycle RMS values for each 

of the AM signals are calculated based on a 60 Hz time window and presented with the 

corresponding AM signal.  The first example has f2 equal to 9 Hz and is provided in Fig. 

3-6 and the cycle-by-cycle RMS results are provided in Fig. 3-7.  Notice that the first 20 

RMS results are all different, but the 21st result is the same as the very first result.   
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Figure 3-6.  AM Signal with 9 Hz Sinusoidal Modulation 

 

 

Figure 3-7.  RMS of AM Signal with 9 Hz Sinusoidal Modulation 

 

The second example has f2 equal to 20 Hz and is provided in Fig. 3-8 and the cycle-by-

cycle RMS results are provided in Fig. 3-9.  Notice that the first 3 RMS results are all 

different, but the 4th result is the same as the very first result.   

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (s)

am
pl

itu
de

 m
od

ul
at

ed
 s

ig
na

l, 
f 2(t

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (s)

R
M

S
 o

f 
f 2(t

)



 45

 

Figure 3-8.  AM Signal with 20 Hz Sinusoidal Modulation 

 

 

Figure 3-9.  RMS of AM Signal with 20 Hz Sinusoidal Modulation 
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Figure 3-10.  AM Signal with 7 Hz Sinusoidal Modulation 

 

 

Figure 3-11.  RMS of AM Signal with 7 Hz Sinusoidal Modulation 
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(f1=60 Hz, f2=20 Hz, and fRMS_Calc=60 Hz), the GCD is 20.  And finally for the third 

example (f1=60 Hz, f2=7 Hz, and fRMS_Calc=60 Hz), the GCD is 1.  This means that the 

frequency of repetition of the blocks of RMS values for the examples is 3 Hz, 20 Hz, and 

1 Hz, respectively.  By using (3-6) it is possible to calculate the number of RMS values 

that make up each block of values.  Based on the numbers in this example it can be 

shown that that there are 20 RMS values in each block that repeats 3 times each second 

based on (3-5) and (3-6) for the first example, 3 RMS values at 20 times per second for 

the second example, and 60 RMS values at 1 time per second for the third example. 

 ோ݂ெௌ_௕௟௢௖௞ ൌ ሺܦܥܩ ଵ݂, ଶ݂, ோ݂ெௌ_஼௔௟௖ሻ (3-5)

 
௩௔௟௨௘௦ܵܯܴ ൌ ோ݂ெௌ_஼௔௟௖

ோ݂ெௌ_௕௟௢௖௞
 

(3-6)

Equations have been presented that describe the periodic nature of the RMS values 

that are produced from the RMS calculation of an AM signal.  However, this is not the 

only issue associated with the RMS calculation.  The RMS calculation will also alias 

frequency content that is present in the AM signal that is greater than 30 Hz into a 

frequency that is less than 30 Hz.  This aliasing changes the signal and could negatively 

impact the Pst results.  It is necessary to determine how aliasing of the signal due to the 

RMS calculation can affect the Pst results from the flickermeter. 

 

3.4.3: Signal Aliasing due to the RMS Calculation 

In section 3.3.1 it was shown that the RMS value that is calculated when the RMS 

window overlaps a change in state of the square wave modulation will not exactly 

correspond to the fluctuation that is present in the time domain waveform.  As shown in 



 48

section 3.3.2, these differences will vary over time in a periodic way.  If the flickermeter 

utilizes RMS inputs, the fluctuation characteristic that the meter processes will therefore 

be different than the actual fluctuation that is present in the time domain waveform.  This 

new fluctuation content introduced by the RMS calculation could result in an invalid 

flicker calculation.  It is possible to assess the amount of new frequency content that is 

introduced by the RMS calculation to determine if it will impact the flickermeter result. 

Consider the RMS values that are presented in Fig. 3-7 that are calculated from the 

signal from Fig. 3-6 every 16.67 milliseconds.  Notice that the modulation envelope of 

the original AM signal is captured in the RMS values.  However, there is additional 

content present because the peaks of the modulation in the RMS waveform are not 

exactly the same from one cycle of the 9 Hz modulation to the next.  An FFT was 

performed on the RMS signal and the magnitude results are provided in Table III-VI.  

The majority of the content is at 9 Hz and there is negligible content (relative to 9 Hz) at 

the harmonic multiples of the 9 Hz modulation.  There is also 3 Hz content due to the 

frequency of RMS blocks from (3-5), but this content is also negligible relative to the 9 

Hz content.  The 9 Hz harmonic content accounts for the fluctuations that can be seen in 

the varying peaks in Fig. 3-7, but this content is not significant enough to lead to an 

invalid result from the flickermeter.  This is expected because the RMS waveform will 

capture the low frequency fluctuations that are present in the time domain signal. 
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TABLE III-VI. 
FFT RESULTS OF THE RMS SIGNAL IN FIG. 3-7 

Hz Mag Hz Mag Hz Mag Hz Mag 
DC 1.00416 8 3.5E-16 16 3.3E-16 24 0.00026 
1 6.3E-16 9 0.483 17 2.2E-16 25 3.3E-16 
2 3.5E-16 10 7.5E-16 18 0.00381 26 4.2E-16 
3 4.9E-06 11 5.8E-16 19 1.8E-16 27 0.00098 
4 2.6E-16 12 1.4E-06 20 1.6E-16 28 3.3E-16 
5 1.1E-15 13 4.1E-16 21 3.5E-07 29 2.4E-16 
6 1.8E-05 14 4.3E-16 22 3.1E-16 30 1.7E-08 
7 4.1E-16 15 6.8E-05 23 2.9E-16   

 

Aliasing of the input signal is problematic for higher frequency modulation when 

using RMS values as the input to the flickermeter.  The sampling frequency of the RMS 

data is the same as the power system operating frequency because the data is calculated 

on a cycle-by-cycle basis.  By applying the sampling theorem, the highest frequency 

content that can be properly represented will be half of the power system frequency and 

any higher frequency content will be aliased to some other frequency in the valid range 

[11].  There is content at frequencies presented in Table III-VI that are not harmonics of 9 

Hz.  For example, content exists at 6 Hz, 15 Hz, and 24 Hz because the 54 Hz, 45 Hz, and 

36 Hz harmonics were aliased to those respective frequencies.  However, the flickermeter 

does not “know” that this information has been aliased.  It is going to calculate a flicker 

level based on the content that is present in the signal that is applied to its input, but this 

aliased content is not an issue for 9 Hz modulation harmonics.  The reason that this is not 

an issue is because, as a rule of thumb, the magnitude of the modulation harmonics will 

decrease by the inverse of the harmonic number (i.e. 1/n - where n is the harmonic 

number). 

Aliasing is an issue if RMS values are calculated from an AM signal with square 

wave modulation where the modulation harmonics are greater than 30 Hz.  Consider the 
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signal where the modulation frequency is 40 Hz.  An AM signal with 40 Hz square wave 

modulation with a fluctuation magnitude that gives Pst=1.0 is provided in Fig. 3-12.  The 

harmonic multiples of 40 Hz are 80 Hz, 120 Hz, 160 Hz, etc.  The 40 Hz, 80 Hz, and 160 

Hz frequencies will be aliased to 20 Hz and 120 Hz will alias to DC.  Cycle-by-cycle 

RMS values are calculated for the signal presented in Fig. 3-12 and the results are 

presented in Fig. 3-13.  An FFT is performed on the RMS values in Fig. 3-13 and the 

results are presented in Table III-VII. Notice that the only non-negligible content, besides 

DC, is the 20 Hz component that has a value of 0.01396, which is 0.02792 for the 

fluctuation magnitude.  The fluctuation magnitude for 20 Hz sinusoidal modulation that 

gives a Pst=1.0 result is 0.01421.  The 40 Hz modulation input that the flickermeter 

operates on is aliased to 20 Hz and it has a magnitude that is almost twice the 

corresponding Pst=1.0 magnitude at 20 Hz.  This means that a large Pst result is expected 

from the flickermeter for cycle-by-cycle RMS input with 40 Hz modulation and is in 

accordance with the high 4800 CPM (40 Hz) test point result in Table III-IV. 

 

 

Figure 3-12.  AM Signal with 40 Hz Square Wave Modulation 
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Figure 3-13.  RMS of AM Signal with 40 Hz Square Wave Modulation 

 

TABLE III-VII. 
FFT RESULTS OF THE RMS SIGNAL IN FIG. 3-13 

Hz Mag Hz Mag Hz Mag Hz Mag 
DC 1.001569 8 8.09E-05 16 1.70E-04 24 5.10E-04 
1 8.68E-04 9 7.71E-04 17 1.42E-04 25 3.45E-04 
2 7.52E-04 10 5.35E-04 18 6.72E-04 26 5.40E-04 
3 3.98E-04 11 7.54E-04 19 6.24E-04 27 1.71E-05 
4 4.07E-04 12 2.69E-04 20 0.01396 28 3.01E-04 
5 7.41E-04 13 2.81E-04 21 6.93E-04 29 1.93E-04 
6 6.77E-04 14 2.26E-04 22 2.02E-04 30 9.80E-05 
7 2.98E-04 15 4.58E-04 23 5.32E-04   

 

In the previous example, the 40 Hz modulation content and the 40 Hz modulation 

harmonic content was aliased to the 20 Hz frequency.  For known signal types, it seems 

possible to introduce an additional weighting filter at the input of the flickermeter to scale 

the frequencies that are over 30 Hz such that the aliasing issue is removed.  This in effect 

fixes the aliasing problem that is illustrated in the previous example such that the 

flickermeter results would be Pst=1.0 when cycle-by-cycle RMS values are used as the 

input.  However, it is not possible to do this because the cycle-by-cycle RMS values are 

the only data values that are available.  Once the cycle-by-cycle RMS calculation is 

performed, the sampling frequency is forced to 60 Hz because there are now only 60 data 

values in a second.  According to the sampling theorem, the new sampling frequency of 
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60 Hz means that the highest frequency that can be accurately represented is 30 Hz [11].  

Because the highest frequency that can be represented is 30 Hz, this means that any 

content that is higher than 30 Hz is aliased by the RMS calculation.  Also, in actual field 

data, the frequency content that is present before the cycle-by-cycle RMS calculation is 

performed is unknown.  This means that once the signal is aliased by the cycle-by-cycle 

RMS calculation, it is not possible to determine whether content at a particular frequency 

was previously at that frequency before the cycle-by-cycle RMS calculation or if it was 

aliased to that frequency after the calculation.  Thus, it is not possible to correctly weight 

content that is higher than 30 Hz because the RMS calculation has already aliased the 

signal content and it is not possible to adjust the aliased data after the RMS calculation 

because the aliased frequencies are unknown in actual field data. 

It has been shown that performing the cycle-by-cycle RMS calculation on a signal 

will alias frequency content that is greater than 30 Hz to some frequency less than 30 Hz.  

This aliased frequency content could easily be aliased into the more sensitive flicker 

frequencies (around 8 Hz) or into the same frequency (e.g. aliasing of 40 Hz modulation).  

The result of this aliased content could produce inaccurate and inflated Pst results.  Also, 

another complication is when the aliased content is to different frequencies that are less 

than 30 Hz.  This resultant signal will be a signal with complex modulations.  An 

example of a signal with complex modulations is a carrier signal that has two modulation 

waveforms instead of only one as illustrated in (3-7).  It is tempting to calculate the 

individual Pst result that corresponds to each frequency and then sum up the individual Pst 

results to calculate the total Pst result.  It will be shown that the Pst results for each 



 53

frequency that comprise a signal with complex modulations cannot be summated 

individually to calculate the total Pst result. 

 ଺݂ሺݐሻ ൌ ݐሺ߱ଵݏ݋ܿܣ ൅ ሻ൫1ߙ ൅ ݐሺ߱ଶݏ݋ܿܤ ൅ ሻߚ ൅ ݐሺ߱ଷݏ݋ܿܥ ൅  ሻ൯ (3-7)ߛ

 

3.4.4: Short Term Flicker for Complex Modulations 

Consider the AM signal presented in (3-8) where M1, f1, M2, and f2 are the test point 

modulation magnitude and frequency values that correspond to the 110 CPM and 480 

CPM square wave modulation test points respectively.   
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 (3-7) 

 

If this signal is applied to the input of the software flickermeter with time domain voltage 

samples, then a Pst result of 2.0 is expected because each of the test points give a result of 

1.0 when they are the only modulation content in the AM signal.  The result from the 

flickermeter for this test signal that has complex flicker modulations is Pst = 1.47, which 

is not the expected result of 2.0.  This is because it is easy to confuse the linear nature of 

the flickermeter with the concept of superposition; the flickermeter is only linear in that a 

doubling of the fluctuation magnitude results in a doubling of the Pst result.  This means 

that in general it is not possible to calculate the total flicker level that an AM signal with 

complex modulations will produce by directly summing the flicker values that each 

individual component will produce if they were the only component in the AM signal.  
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This is important because if superposition could be applied to the flickermeter, then the 

FFT results that are presented in Table III-VI could be used to calculate a Pst result that 

would correspond to each magnitude and frequency in the table.  Once a Pst result has 

been calculated for each individual component, then the Pst results could be summated to 

calculate the total Pst result that is the same as the output of the flickermeter.  But, this 

method of calculating the Pst result will not work because superposition is not a suitable 

method to account for complex flicker modulations.  A summary of the previously 

discussed issues that involve utilizing cycle-by-cycle RMS voltage data as the input to 

the flickermeter is appropriate. 

 

3.5: Summary of Issues 

Any combination of the issues that were explored in section 3.3.1 through section 

3.3.4 can create a problem that impacts the Pst result when RMS values are used as the 

input to the flickermeter.  It was found in section 3.3.1 and section 3.3.2 that the incorrect 

RMS values are due to the RMS calculation and that the values are periodic.  In section 

3.3.3 it was found that the RMS calculation aliases the frequency content that is present 

in the original signal into some frequency that is less than 30 Hz and that it is not possible 

to correct for the aliased content.  It was determined in section 3.3.4 that the aliased 

content could lead to a signal with complex modulations and that it is not possible to use 

the summation law to calculate a Pst result based on the frequency content present in the 

signal.  For these reasons, it does not appear, in general, to be possible to predict over- or 

under-conservative Pst results with RMS input for high frequency fluctuations.   
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It has been found that it acceptable to utilize cycle-by-cycle RMS values as the input 

to the flickermeter defined in IEEE 1453 for low frequency voltage fluctuations.  A 

power flow calculation is going to be utilized to calculate an equivalent cycle-by-cycle 

voltage for the load installation of interest.  These values will be processed by the 

flickermeter to calculate the flicker level for that specific load installation. 
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Chapter 4: Calculating the Equivalent Load Voltage 

 

A method to calculate the cycle-by-cycle RMS equivalent load voltage values is 

necessary in order to be able to calculate the flicker level for the load installation of 

interest.  The Thévenin equivalent circuit for the load of interest is provided in Fig. 4-1.  

The Thévenin equivalent impedance is calculated using the algorithm that is described in 

Chapter 2.  The load voltage, തܸ௅, and load current, ܫ௅̅, are measured values at the load 

terminals on a cycle-by-cycle basis.  It is possible to process the measured cycle-by-cycle 

RMS voltage values at the load with the flickermeter, but the flicker result will be based 

on the flicker due to all flicker producing sources that are connected electrically close 

together.  A two bus power flow problem will be used to calculate the equivalent cycle-

by-cycle RMS voltage values at the terminals of the load of interest.   

Thévenin Impedance

Load

ILZTH

VL = VL /δ˚  Vs = 1 /0˚  

= ZTH /θ˚  

 

Figure 4-1.  Thévenin Equivalent Circuit for the Load of Interest 
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The two bus power flow problem applied to the circuit presented in Fig. 4-1 involves 

solving two non-linear equations.  These non-linear equations will be solved using the 

Newton-Raphson iterative method.  The cycle-by-cycle measured load voltage and load 

current values are used to calculate the cycle-by-cycle complex power of the load of 

interest.  It is necessary to determine the complex power of the load because this 

information is used in the non-linear equations to calculate the equivalent load voltage.  

The complex load power for the load in Fig. 4-1 is calculated using (4-1).  By using 

substitution and various algebraic manipulations, it is possible to derive (4-2) and (4-3), 

where ௅ܸ and ߜ are the unknowns. 

 ܵ௅̅ ൌ തܸ௅ܫ௅̅
∗ ൌ ௅ܲ ൅ ݆ܳ௅ (4-1) 

 ௅ܲ ൌ
௅ܸ

்ܼு
cosሺߜ ൅ ሻߠ െ ௅ܸ

ଶ

்ܼு
cosሺߠሻ (4-2) 

 ܳ௅ ൌ
௅ܸ

்ܼு
sinሺߜ ൅ ሻߠ െ ௅ܸ

ଶ

்ܼு
sinሺߠሻ (4-3) 

 

The Newton-Raphson method is used to solve (4-2) and (4-3) every cycle to produce a 

set of cycle-by-cycle RMS voltage values.  These RMS values will be used with the 

flickermeter to calculate the equivalent flicker level that a load of interest is producing 

independent of other flicker producing sources that are connected electrically near.  It is 

appropriate to consider how this approach of calculating a particular load’s flicker level 

performs with theoretical data. 

 

  



 58

 

Chapter 5: Device Implementation with Theoretical Data 

 

A device that is able to implement the processes described in chapters 2-4 to calculate 

the flicker level that is produced by a particular load of interest has been developed in 

software.  A test system was built that has two parallel loads connected to the power 

system through a Thévenin impedance.  The test system is provided in Fig. 5-1, where the 

Thévenin impedance is 0.01+j0.05 per-unit.  The first load is a constant impedance of 

1+j0.3 per-unit and the second load fluctuates between 1+j0.3 per-unit and some fraction 

of the base impedance for some number of CPM.  This test system is used to calculate the 

total flicker level of the parallel loads and then the equivalent flicker level for each of the 

loads.   

0.01+j0.05  

Load 1

I2 

VL Vs Load 2

I1 

 

Figure 5-1.  Thévenin Equivalent Circuit for the Load of Interest 

 

5.1: Example 1 

The first test involves setting the load 2 fluctuating impedance between 1+j0.3 per-

unit and 0.5+j0.15 per-unit at 20 CPM or 0.167 Hz.  A plot of the cycle-by-cycle RMS 
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voltages of the loads is provided in Fig. 5-2.  The load voltage has a rectangular 

fluctuation from 0.953 to 0.929 per-unit, which is a change of 2.4%.  The cycle-by-cycle 

RMS voltage values are processed by a software implemented flickermeter to calculate 

the flicker level.  The total flicker level for the loads is calculated to be 2.15 based on the 

RMS voltage input.  The total flicker level for the loads based on time sampled voltage 

data was calculated to be 2.15.  The fact that the flicker results for the time sampled 

voltage data and the cycle-by-cycle RMS voltage data are the same is expected because 

the cycle-by-cycle RMS values are valid inputs to the flickermeter for low frequency 

fluctuations. 

 

Figure 5-2.  Voltage at the Parallel Load’s Terminals 

 

It is possible to calculate the Thévenin impedance at the terminals of load 2 by 
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(0.01+j0.05) with the impedance of Load 1 (1+j0.3).  The Thévenin impedance at the 

load 2 terminals can be calculated analytically to be 0.0118+j0.0484 per-unit.  The 

impedance estimation algorithm described in chapter 2 must calculate this impedance.  

The time constant and power threshold that were chosen for the algorithm were 5 seconds 

and 0.2 per-unit, respectively.  A plot of the resistance is provided in Fig. 5-3 and a plot 

of the reactance is provided in Fig. 5-4.  Notice that the initial condition for the Thévenin 

impedance at the load 2 terminals is 0.01+j0.04 per-unit.  The impedance estimation 

algorithm reaches 5% of the analytical 0.0118 per-unit resistance at 22.15 minutes and it 

reaches 5% of the analytical 0.0484 per-unit reactance at 16.55 minutes.   

 

 

Figure 5-3.  Thévenin Estimated Resistance at Load 2 

 

0 10 20 30 40 50 60
0.0095

0.01

0.0105

0.011

0.0115

0.012

R
 (

pu
)

time (min)



 61

 

Figure 5-4.  Thévenin Estimated Reactance at Load 2 

 

The calculated voltage for load 2 from the power flow calculation discussed in 

chapter 4 is provided in Fig. 5-5.  A zoomed in look at the load voltage after the transient 

due to the impedance estimation algorithm reaches steady state is provided in Fig. 5-6.  

There is a fluctuation from 0.977 to 0.954 per-unit, which is a change of 2.3%.  This 

change of 2.3% is expected because load 2 is driving the voltage fluctuations and it is 

0.1% from the total 2.4% measured fluctuation.  A software implemented flickermeter 

can process the calculated cycle-by-cycle RMS values for load 2 to determine its flicker 

level; the flicker level for load 2 is calculated to be 2.07. 
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Figure 5-5.  Load 2 Calculated Equivalent Voltage 

 

 

Figure 5-6.  Load 2 Calculated Equivalent Voltage at Steady State 
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The same process was performed on load 1.  The Thévenin impedance estimation 

algorithm does not calculate a new impedance; it holds the initial conditions constant.  

This is expected because load 1 is a constant impedance load with small power 

variations, any power changes are due to the voltage fluctuations produced by load 2.  

The calculated voltage for load 1 from the same power flow calculation is provided in 

Fig. 5-7.  A zoomed in plot of the calculated voltage for load 1 is provided in Fig. 5-8.  

This calculated voltage fluctuates from 0.982 to 0.981, which is a change of 0.1%.  The 

calculated cycle-by-cycle RMS voltage values were processed with the flickermeter and 

the flicker level was calculated to be 0.084.  As expected, the calculated voltage for load 

1 has a voltage fluctuation magnitude that is significantly less than load 2 and results in a 

flicker level that is significantly less than load 2 because load 2 is producing the voltage 

fluctuations.   

 

Figure 5-7.  Load 1 Calculated Equivalent Voltage 
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Figure 5-8.  Adjusted View of Load 1 Calculated Equivalent Voltage 

 

5.2: Example 2 

The second test involves setting the load 2 fluctuating impedance from 1+j0.3 to 

0.75+j0.225 per-unit at 240 CPM or 2 Hz.  A plot of the cycle-by-cycle RMS voltages at 

the terminals of the loads is provided in Fig. 5-9.  The load voltage fluctuations are from 

0.953 to 0.945 with a rectangular fluctuation pattern that has a change of 0.8%.  The 

flicker level for this amount of voltage fluctuation is calculated to be 1.26.  The total 

flicker level for the loads based on time sampled voltage data was calculated to be 1.25.  

There is a 0.8% difference between the time sampled voltage data and the cycle-by-cycle 

RMS voltage data.  A small difference is reasonable because the fluctuation frequency is 

higher in this example than in the previous example. 
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Figure 5-9.  Voltage at the Parallel Load’s Terminals 

 

The Thévenin impedance at the terminals of load 2 is the same as the previous 

example because load 1 and the Thévenin impedance of the power system are unchanged.  

Also, the time constant and power threshold that were chosen for the impedance 

estimation algorithm are the same as the previous example: 5 seconds and 0.2 per-unit, 

respectively.  Plots of the estimated Thévenin equivalent resistance and reactance are 

provided in Fig. 5-10 and Fig. 5-11, respectively.  Each initial condition for both the 

resistance and reactance are the same from the first example.  The impedance estimation 

algorithm reaches 1% of the 0.0118 per-unit resistance at 3.3 minutes and it reaches 1% 

of the 0.0484 per-unit reactance at 3.6 minutes. 
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Figure 5-10.  Thévenin Estimated Resistance at Load 2 

 

 

Figure 5-11.  Thévenin Estimated Reactance at Load 2 
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The calculated load voltage for load 2 from the same power flow calculation used in 

example 1 is provided in Fig. 5-12.  A zoomed in look at the load voltage after the initial 

transient reaches steady state is provided in Fig. 5-13.  There is a voltage fluctuation from 

0.9768 to 0.969, which is a change of 0.78%.  This result is very close to the 0.8% change 

from the measured voltage presented in Fig. 5-9.  A flicker value of 1.18 was calculated 

for load 2 by using the same software implemented flickermeter as in the first example.   

 

 

Figure 5-12.  Load 2 Calculated Equivalent Voltage 
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Figure 5-13.  Load 2 Calculated Equivalent Voltage at Steady State 

 

An identical process is used to calculate the flicker level of load 1.  Similar to the first 

example, the Thévenin impedance estimation algorithm does not estimate a new 

impedance for load 1.  The calculated voltage for load 1 is provided in Fig. 5-14.  A 

zoomed in plot of the calculated voltage for load 1 is provided in Fig. 5-15.  This 

calculated voltage fluctuates from 0.9812 to 0.9808, which is a change of 0.04%.  The 

flicker level for load 1 was calculated to be 0.05 for this fluctuation level.  Similarly to 

the first example, the flicker level for load 1 is significantly less than load 2 because load 

2 is producing the voltage fluctuations. 
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Figure 5-14.  Load 1 Calculated Equivalent Voltage 

 

 

Figure 5-15.  Adjusted View of Load 1 Calculated Equivalent Voltage 
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5.3: Example 3 

The third test is a high frequency test where the CPM is expected to give an invalid 

flicker result because of the discussion presented in chapter 3.  The same fluctuation 

magnitude for example 2 is now applied at 2400 CPM or 20 Hz for load 2.  A plot of the 

cycle-by-cycle RMS voltages of the loads is provided in Fig. 5-16.  Notice that the 

voltage fluctuation magnitude is the same as the previous example (0.8%), but the 

fluctuation shape is triangular rather than square because of the high rate of fluctuation 

relative to sampling frequency.  The total flicker level for the loads based on time 

sampled voltage data was calculated to be 0.97.  There are 1.5 hours of flicker results 

provided in Table V-I that are based on cycle-by-cycle RMS voltage data.  Notice that the 

flicker results are greater than 0.97 from the time sampled voltage data input and that 

each value is different even though the fluctuation pattern is the same.  The flicker results 

should be 0.97, but they are all larger and fluctuate from 1.01 to 1.185.  These flicker 

results are invalid because of the high frequency limitations of calculating flicker using 

cycle-by-cycle RMS values. 

TABLE V-I. 
FLICKER RESULTS FOR THE PARALLEL LOADS 

10 Minute  
Interval 

Pst 

1 1.1291 
2 1.0718 
3 1.0155 
4 1.1437 
5 1.1529 
6 1.0857 
7 1.1653 
8 1.1854 
9 1.1481 
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Figure 5-16.  Voltage at the Parallel Load’s Terminals 
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0.2 per-unit, respectively.  Plots of the estimated Thévenin equivalent resistance and 

reactance are provided in Fig. 5-17 and Fig 5-18, respectively.  Notice that the estimated 

resistance and reactance reach 1% of the expected values after 20 seconds and 21.5 

seconds, respectively.  This is expected because load 2 fluctuates at 2400 CPM in this 
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Figure 5-17.  Thévenin Estimated Resistance at Load 2 

 

 

Figure 5-18.  Thévenin Estimated Reactance at Load 2 
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The calculated load voltage for load 2 from the same power flow calculation used in 

the previous examples is provided in Fig. 5-19.  A zoomed in look at the steady state 

portion of the calculated load voltage is provided in Fig. 5-20.  The calculated load 

voltage fluctuates from 0.9768 to 0.969 for a change of 0.78%, which is the same as 

example 2.  There are 1.5 hours of flicker results for load 2 provided in Table V-II.  

These flicker levels also fluctuate from one 10 minute period to the next because of using 

cycle-by-cycle RMS values as the input to the flickermeter for high frequency 

fluctuations.  However, notice that the flicker values using the calculated cycle-by-cycle 

RMS values for load 2 are about the same as the values in Table V-I.  This is expected 

because load 2 is producing the flicker that is present for the parallel loads. 

 

 

Figure 5-19.  Load 2 Calculated Equivalent Voltage 
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TABLE V-II. 
FLICKER RESULTS FOR LOAD 2 

10 Minute  
Interval 

Pst 

1 1.0639 
2 0.9935 
3 0.9827 
4 1.0934 
5 1.0984 
6 1.0251 
7 1.1299 
8 1.1358 
9 1.08 

 

 

Figure 5-20.  Load 2 Calculated Equivalent Voltage at Steady State 
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a zoomed in plot is provided in Fig. 5-22.  This calculated voltage for load 1 has the exact 

same fluctuation magnitude as example 2 (0.04%).  There are 1.5 hours of flicker results 

for load 1 provided in Table V-III.  These results also fluctuate from one 10 minute 

interval to the next even though the fluctuation magnitude does not change.  However, 

these results are significantly less than the results that are provided in Table V-II.  While 

it is not possible to calculate a valid flicker result using cycle-by-cycle RMS voltage 

values for a particular load of interest, it is still possible to identify which load is 

producing the majority of the flicker even though there are high frequency voltage 

fluctuations. 

 

 

Figure 5-21.  Load 1 Calculated Equivalent Voltage 
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TABLE V-III. 
FLICKER RESULTS FOR LOAD 1 

10 Minute  
Interval 

Pst 

1 0.0443 
2 0.0426 
3 0.0404 
4 0.0446 
5 0.0449 
6 0.0429 
7 0.0461 
8 0.0459 
9 0.0446 

 

 

Figure 5-22.  Adjusted View of Load 1 Calculated Equivalent Voltage 
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5.4: Example 4 

The fourth test involves setting the load 2 fluctuating impedance from 1+j0.3 to 

0.75+j0.225 per-unit at 240 CPM or 2 Hz and the system Thévenin equivalent impedance 

fluctuates from 0.01+j0.05 to 0.005+j0.025 every 30 minutes or 0.278 mHz.  A plot of 

the cycle-by-cycle RMS voltages at the loads for the system Thévenin impedance of 

0.01+j0.05 is provided in Fig. 5-23 and another plot of the load cycle-by-cycle RMS 

voltages for the system Thévenin impedance of 0.005+j0.025 is provided in Fig. 5-24.  

The load voltage fluctuations are from 0.953 to 0.945 with a rectangular fluctuation 

pattern that has a change of 0.8% when the system Thévenin impedance is 0.01+j0.05 

and 0.977 to 0.973 for a change of 0.4% when the system Thévenin impedance is 

0.005+j0.025. 

 

Figure 5-23.  Voltage at the Parallel Load’s Terminals 
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Figure 5-24.  Voltage at the Parallel Load’s Terminals 
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Figure 5-25.  Thévenin Estimated Resistance at Load 2 

 

 

Figure 5-26.  Thévenin Estimated Reactance at Load 2 
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The calculated load voltage for load 2 from the power flow calculation used in 

example 1 is provided in Fig. 5-27.  Notice that the calculated voltage fluctuations have a 

transient when the system Thévenin impedance changes because the Thévenin equivalent 

estimation algorithm has to estimate the new impedance before the correct voltage 

fluctuations are calculated.  These “incorrect” transient cycle-by-cycle RMS values are 

going to affect the corresponding flicker whose window includes these RMS values.  This 

is of particular interest because the flicker result that is based on these calculated RMS 

values is expected to be approximately the same as or slightly less than the total flicker 

level for the parallel loads.  This expectation has been verified in examples 1 and 2.  The 

flicker results that are based on time sampled voltage data for when the system Thévenin 

impedance is 0.01+j0.05 per-unit and 0.005+j0.025 are 1.25 and 0.58, respectfully.  The 

total flicker level results for the parallel loads from the measured cycle-by-cycle RMS 

values are provided in Table V-IV.  The flicker results that are based on the calculated 

cycle-by-cycle RMS values for the second load are provided in Table V-V.  Notice that 

the calculated flicker results for load 2 are lower than the flicker results for the parallel 

loads except for when the system Thévenin impedance switches from 0.01+j0.05 per-unit 

to 0.005+j0.025 per-unit.  Both the fourth and the tenth 10 minute intervals for the 

calculated flicker results for load 2 are about 13% larger than the corresponding total 

flicker results for the parallel loads.  This issue of the calculated cycle-by-cycle RMS 

values producing larger Pst results than the measured cycle-by-cycle RMS voltages is due 

to the transient that is produced in the impedance estimation algorithm as it tracks the 

new Thévenin equivalent impedance at the load 2 terminals. 



 81

 

Figure 5-27.  Load 2 Calculated Equivalent Voltage 
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TABLE V-V. 
FLICKER RESULTS FOR LOAD 2 

10 Minute  
Interval 

Pst 

1 1.1742 
2 1.1774 
3 1.1806 
4 0.7101 
5 0.5709 
6 0.6529 
7 1.1669 
8 1.1774 
9 1.1781 
10 0.7079 
11 0.5709 
12 0.6529 

 

5.5: Examples Summary 

Theoretical examples have been provided that support the acceptability of the 

discriminating flickermeter for low frequency voltage fluctuations.  It is possible to 

calculate the amount of flicker that a particular load of interest is producing when there 

are multiple loads connected electrically close together.  This was verified by varying a 

load by some amount for some number of CPM and holding the other load constant.  The 

flicker results were calculated for each load and it was the fluctuating load that was 

producing the flicker in each case.  Based on the discussion in chapter 3, it is known that 

using cycle-by-cycle RMS voltage values with the flickermeter is not valid for high 

frequency fluctuations.  It was seen in example 3 that this is validated, but it is still 

possible to determine which load is producing flicker even though the flicker value is 

invalid.  Each of the four examples is based on theoretical data for theoretical loads with 

controlled fluctuations.  It is appropriate to process field data to determine if this method 

gives reasonable results with data that is encountered in an uncontrolled environment.
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Chapter 6: Device Implementation with Field Measurements 

 

Theoretical data has been presented in chapter 5 that supports the idea of a device that 

is able to determine the amount of flicker that a load of interest is producing when there 

are multiple loads connected electrically close to each other.  While it is important to 

establish that the device will work with theoretical data, it is critical to look at the 

device’s performance in the field.  Field applications rarely, if ever, have data that 

resemble the theoretical data that was processed in chapter 5.  The goal of the flicker 

discriminator is to use it in field applications, thus it is necessary to test the device in the 

field and determine if the results are reasonable given known operating conditions for the 

loads that are measured.  Multiple field data examples are going to be presented that have 

results that are reasonable based on the expected operation of the flicker discriminator 

and the known operating conditions of the loads that are measured. 

A device that implements the requirements described in chapter 2 through chapter 4 

has been built using a dell laptop and a NI USB-6356 data acquisition unit.  The 

discriminator was connected to two EAFs at the first location in the power system and to 

another two EAFs at a second location in the power system.  At each location, the two 

EAFs are connected electrically near to each other.  This was done to see if it possible to 

discriminate between the total flicker amount that is due to all flicker producing sources 

that are connected electrically near and the amount that is due to a particular load in the 

same area. 
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Figure 6-2.  Discriminated Flicker Results for EAF 1 
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EAF is now calculated using the flicker discriminating device.  The device is connected 

for 16.5 hours and the flicker results are provided in Fig. 6-3.  Notice that the DFL results 

have a maximum percent difference of 6.25% of the TFL results.  This means that the 

second EAF is producing the majority of the flicker level.  This is expected because this 

EAF does not have a flicker mitigating device connected to limit its flicker impact to the 

power system. 
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Figure 6-3.  Discriminated Flicker Results for EAF 2 
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instead of a few hours.  This data includes the total flicker level and the amount of flicker 
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sources connected electrically near.  A plot of the flicker results are provided in Fig. 6-4.  
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results are provided in Table VI-I.  As expected, the ninety-fifth percentile flicker values 
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Figure 6-4.  Discriminated Flicker Results for EAF 1 for 3 Week Data Set 

 

TABLE VI-I. 
95% FLICKER RESULTS FOR THE EAF 

Flicker Week 1 Week 2 Week 3 
TOTAL 0.7463 0.7241 0.7170 

EAF 0.2017 0.1775 0.2176 
 

The results of the data collected with the two EAFs suggests that the device is able to 

discriminate between the amount of flicker that is present at the terminals of the EAFs 

that are connected electrically close and the amount that is due to the EAF of interest.  It 

would be appropriate to utilize the flicker discriminating device at another location to 

determine if it still operates as expected. 
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Each of these four operating conditions will be considered when the flicker discriminator 

is connected to EAF 3 and then again when it is connected to EAF 4.  It is expected that 

the DFL level will be slightly less than the TFL level for the first operating condition 

because the TFL will include the flicker produced by both EAFs, whereas the DFL is for 

only one of the EAFs.  In the second operating condition, the TFL and DFL levels should 

be very close together because only the EAF to which the flicker discriminator is 

connected is operating.  During the third operating condition, the TFL level should be 

much larger than the DFL level because the EAF that the flicker discriminator is not 

connected too is operating.  For the fourth operating condition, the TFL and DFL levels 

will be similar and they will be small because both of the EAFs are not operating, thus 

they will not be producing flicker in the power system.  These conditions will be applied 

to EAF 3 first and then these same conditions will be applied to EAF 4. 

 

6.3: Flicker Discriminator connected to EAF 3 

The flicker discriminator device was connected to EAF 3 in Fig. 6-5 to determine the 

TFL and DFL for various operating conditions of both EAF 3 and EAF 4.  The first 

operating condition is when both EAF 3 and EAF 4 are operating.  A plot of the total 

demand power for each of the EAFs for 12 hours is provided in Fig. 6-6; notice that each 

EAF is operating during this time interval.  The TFL and DFL results measured by the 

flicker discriminator are provided in Fig. 6-7.  Notice that the DFL result is typically less 

than the TFL result at EAF 3 for this operating condition.  The DFL results exceed the 

TFL results six times in this 12 hour window by a maximum of 6.8%.  A DFL result that 

is a few percent higher than the TFL is most likely due to the impedance estimation 
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technique transient that is produced for changes in the power system Thévenin impedance 

as discussed in chapter 5.4.  The Thévenin impedance at the terminals of EAF 3 has most 

likely changed and incorrect voltage values are calculated from the power flow 

calculation that produces a slightly larger DFL result than the TFL result.   

 

Figure 6-6.  Total Demand Power for each EAF for the First Operating Condition 
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Figure 6-7.  Flicker Levels Measured at EAF 3 for the First Operating Condition 
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similar because EAF 3 is the only flicker producing source that is operating.  The total 

demand power for each of the EAFs is provided in Fig. 6-8.  Notice that the power level 

for EAF 3 is similar to the level in Fig. 6-6 and the power level for EAF 4 is significantly 

less than the level in Fig. 6-6 because it is not operating.  A plot of the DFL and TFL 
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Figure 6-8.  Total Demand Power for each EAF for the Second Operating Condition 

 

 

Figure 6-9.  Flicker Levels Measured at EAF 3 for the Second Operating Condition 
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The third operating condition to consider is when EAF 3 is not operating, but EAF 4 

is operating.  During this operating condition, the DFL results will be significantly less 

than the TFL results because EAF 3 is not producing any flicker.  The total demand 

power for each of the EAFs is provided in Fig. 6-10.  Notice that the power level for EAF 

3 is much less than the level provided in Fig. 6-6 and the power level for EAF 4 is similar 

to the level provided in Fig. 6-6.  A plot of the DFL and TFL results measured by the 

flicker discriminator are provided in Fig. 6-11.  As expected, the DFL results are all less 

than the TFL results because EAF 3 is not operating. 

 

Figure 6-10.  Total Demand Power for each EAF for the Third Operating Condition 
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Figure 6-11.  Flicker Levels Measured at EAF 3 for the Third Operating Condition 
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Figure 6-12.  Total Demand Power for each EAF for the Fourth Operating Condition 

 

 

Figure 6-13.  Flicker Levels Measured at EAF 3 for the Fourth Operating Condition 
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The measurement point at EAF 4 is on the low voltage (LV) side of the transformer 

because there are not any potential transformers connected to the 115 kV side of the 

transformer to use to make measurements.  The local utility company provided the flicker 

transfer coefficient of 0.0854 that is based on a short-circuit study to transfer the flicker 

values to the high voltage (HV) side (115 kV) of the transformer.  The first operating 

condition for consideration is when both EAF 3 and EAF 4 are operating.  A plot of the 

total demand power for each of the EAFs for 12 hours is provided in Fig. 6-15; notice 

that each EAF is operating during this time interval.  The TFL and DFL results measured 

by the flicker discriminator and transferred to the high voltage side of the transformer are 

provided in Fig. 6-16.  When the DFL values were reflected to the high voltage side of 

the transformer, the information about the background flicker due to EAF 3 and other 

flicker producing sources was lost.  The flicker level at the measurement point when EAF 

4 is not operating will be the same as the background flicker at the high voltage side of 

the transformer because a voltage drop is not produced in the transformer from the load 

current of EAF 4.  The average background flicker level was found to be 0.27 from Fig. 

6-17.  The cubic summation law in (6-1) was utilized to calculate the TFL results from 

the average background flicker level and the DFL results at the high voltage side of the 

transformer. As expected, the DFL results are a little less than the TFL results. 
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Figure 6-15.  Total Demand Power for each EAF for the First Operating Condition 

 

 

Figure 6-16.  Flicker Levels Measured at EAF 4 for the First Operating Condition 
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Figure 6-17.  Background Flicker Levels Measured at EAF 4 

 

The second operating condition for consideration involves EAF 3 not operating and 

EAF 4 operating.  The information necessary to evaluate this operating condition is not 

available because the flicker discriminator was connected to the LV side of the 

transformer at EAF 4.  Any background flicker that is present on the HV side of the 

transformer is lost at the LV side because of the extremely large flicker values at the LV 

side when EAF 4 is operating.  This means that the TFL and DFL results will be the same 

at the LV side of the transformer where the flicker discriminator is connected.  It is 

possible to transfer both the TFL and DFL results to the HV side using the 0.0854 

transfer coefficient, however the results will still be the same because the transfer 

coefficient does not account for the fact that the background flicker is the same at both 

voltage levels. 

0 2 4 6 8 10 12
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

P
st

time (hrs)



 100

The third operating condition to consider is when EAF 3 is operating, but EAF 4 is 

not operating.  During this operating condition, the DFL results will be significantly less 

than the TFL results because EAF 4 is not producing any flicker.  The total demand 

power for each of the EAFs is provided in Fig. 6-18.  Notice that the power level for EAF 

4 is much less than the level provided in Fig. 6-15 and the power level for EAF 4 is 

similar to the level provided in Fig. 6-15.  A plot of the DFL and TFL results measured 

by the flicker discriminator are provided in Fig. 6-19.  As expected, the DFL results are 

all less than the TFL results because EAF 4 is not operating. 

 

Figure 6-18.  Total Demand Power for each EAF for the Third Operating Condition 
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Figure 6-19.  Flicker Levels Measured at EAF 4 for the Third Operating Condition 
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Figure 6-20.  Total Demand Power for each EAF for the Fourth Operating Condition 

 

 

Figure 6-21.  Flicker Levels Measured at EAF 3 for the Fourth Operating Condition 
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6.5: Flicker Discriminator with Field Data Conclusions 

The discriminator was connected to two EAFs at the first location in the power 

system and to another two EAFs at a second location in the power system.  At each 

location, the two EAFs are connected electrically near to each other.  Data was collected 

at each of the EAFs that supports that the flicker discriminator is operating properly.  

This is because the collected flicker values are reasonable based on known operating 

conditions for each of the EAFs. 

The flicker discriminator was connected to each of the first two EAFs for a few hours 

to see if reasonable flicker values were obtained.  It was known that the first EAF has 

flicker mitigating equipment connected to decrease the flicker impact of the EAF, 

whereas the second EAF did not have any such equipment.  The discriminated results for 

each EAF support that the second EAF produces the majority of the flicker for the area.  

This is a reasonable result because the EAF does not have the flicker mitigating 

equipment.  Next the flicker discriminator was connected to the first EAF for three 

weeks.  The results from the three weeks are also reasonable because the weekly ninety-

fifth percentile discriminated flicker values are less than the ninety-fifth percentile total 

flicker values for each week. 

Next, the flicker discriminator was connected to two different EAFs that are 

connected electrically close together for months at a time.  There were four different 

cases that represent different operating conditions for each of the EAFs that were 

considered when the flicker discriminator was connected to EAF 3 and again when it was 

connected to EAF 4.  There are expectations about the relationship between the DFL and 

TFL results based on the operating conditions of both EAFs.  The expected relationships 
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between the DFL and TFL results were all substantiated in each operating case for when 

the flicker discriminator was connected to EAF 3 and when it was connected to EAF 4.  

These results support correct operation of the flicker discriminator in that it is possible to 

calculate the amount of flicker that a particular load of interest is producing when there 

are other flicker producing sources connected electrically close to the load of interest.
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Chapter 7: Conclusion 

 

A flickermeter is a device that is used to assess the amount of voltage fluctuation that 

is present at a measurement point.  In the case where there are multiple loads connected 

electrically close to each other, the flickermeter is not able to determine an individual 

load’s flicker level; it can only measure the total level for the area.  It is possible that 

there is one particular load that is connected that is producing significant voltage 

fluctuations that are negatively impacting other loads that are connected electrically 

close.  But, a device is not available to determine which load is producing the issue.  By 

having a device that is able to determine the flicker level that a particular load is 

producing, the utility will be able to enforce limits so that loads do not negatively impact 

the power system.  

A device that can determine the flicker level of a particular load works by first 

calculating the equivalent voltage at a particular load of interest’s terminals on a cycle-

by-cycle basis.  Calculating the voltage is a well understood problem and it is 

accomplished by performing a two bus power flow.  In order to calculate a valid voltage, 

it is necessary to have a valid Thévenin equivalent impedance at the load of interest’s 

terminals.  Once the cycle-by-cycle voltage values are calculated, the device then 

processes these calculated voltages with the flickermeter that is described in IEEE 1453.  

The flicker result applies specifically to the load of interest and is independent of any 

other loads that are connected electrically near to the load of interest. 



 106

In chapter 2, a discussion as to how to calculate a valid Thévenin impedance was 

presented.  It was found that using a change in power as a threshold to calculate an 

impedance value will minimize the number of invalid impedance calculations because the 

power system will be sufficiently excited.  However, some invalid impedance 

calculations will still be calculated even though the power threshold is met.  A low pass 

filter is used to prevent any one invalid impedance calculation from significantly 

affecting the estimated impedance.   

A discussion is presented in chapter 3 as to the validity of using cycle-by-cycle RMS 

voltage values as the input to the flickermeter.  This is necessary because time sampled 

voltage data is specified as the flickermeter input in IEEE 1453.  A thorough 

investigation is provided and it is found that it is acceptable to utilize cycle-by-cycle 

RMS voltage data as the input to the flickermeter defined in IEEE 1453 as long as the 

voltage fluctuations are known to be low frequency.  There were several issues presented 

that impact the flicker result for high frequency fluctuations, but do not negatively impact 

low frequency fluctuations.  Because of the discussed issues, it does not appear, in 

general, to be possible to predict over- or under-conservative flicker results with RMS 

input for high frequency fluctuations.   

A device that is able to determine the amount of flicker that a particular load of 

interest is producing where there are multiple loads connected close by has been 

presented.  The device requirements and limitations have been presented to build a device 

that is able to discriminate flicker for multiple flicker producing sources.  A software 

implementation of the device was designed to test with theoretical parallel loads in 

chapter 5.  The theoretical data that was collected supports the idea that the device can 
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calculate a flicker level for a specific load connected to a location with other loads 

connected electrically near.  However, by verifying that the device works for theoretical 

data does not mean that the device will operate properly in the field.   

The flicker discriminator was connected to various load types for weeks and months.  

It was connected to an EAF that has a flicker mitigating device for three weeks.  Next it 

was connected to another load for several months and the flicker levels were correlated to 

when the load was operating.  Then it was connected to a third load for several months 

and the flicker levels were again correlated to when the load was operating.  The months 

of field data that was collected from the flicker discriminator verifies that it is possible to 

determine the actual flicker level that a particular load of interest is producing when there 

are other loads connected electrically near. 

In conclusion, an algorithm has been provided that is able to track the Thévenin 

equivalent impedance at the terminals of a load.  Next, a thorough investigation has been 

provided to show that it is acceptable to utilize cycle-by-cycle RMS voltage data as the 

input to the flickermeter described in IEEE 1453 for low frequency voltage fluctuations.  

This is a huge advancement to the field because it allows for offline processing of data 

that is collected by voltage recorders.  Finally, the flicker discriminator device was tested 

with theoretical data and months of field data was collected that supports proper device 

operation. 
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