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Letter from the Project Manager:

Dear PATH Members:

The PATH Users Group completed a significant milestone with the release of the 32-bit version
of HarmFlo+/SuperHarm.  Hopefully by now, you have been able to try out this software and
discover the possible applications now available to you.

Included with this issue of Tech Notes is the revised HarmFlo Case Study Workbook.  This
document, used at the 1998 PATH Workshop, is a valuable way to familiarize yourself with the
features of this software.  You can access the case files referenced with the Workbook on the
PATH web site at http://www.pqnet.electrotek.com/pathmemm/hflowkbk.htm.

The annual PATH Users Group Workshop and Meeting was a success, and I would like to take a
moment to thank all of those who attended.

If you feel you have an article which is appropriate, or could be beneficial to other members in
modeling and analyzing power quality problems, please send us a copy.  The article does not
have to be about a final product.  It can be a synopsis of the project during its planning or
developing stages.  The main idea is to provide other members of the group with an up-to-date
information source on what takes place in today’s power system engineering world.

We appreciate your membership in PATH, and promise that we will do everything we can to
make your membership a productive experience.

Sincerely,

Thomas Grebe, P.E.
General Manager, Electrotek Consulting
PATH Users Group Project Manager



USING THE MACHINE MODEL TO REPRESENT
A GENERATOR IMPEDANCE

Mark F. McGranaghan
Electrotek Concepts

The SuperHarm MACHINE model is generally used to model a synchronous motor load.  It has
parameters for representing the motor and the load to get the fundamental frequency
representation correct while still representing the machine as a subtransient reactance at
harmonic frequencies.  The same concept can be used when representing a generator.

Example using a single phase model

Just use the same approach with three single-phase MACHINEs when representing a three-phase
generator.

Here is the summary of MACHINE parameters:

Single-Phase Model

MACHINE Name = DevName
From = NodeName To = NodeName
HP = Value kV = Value
%Eff = Value %Load= Value
DF = Value KVABase = Value
%Rh = Value %Xh = Value
XRConstant = Value

To build a MACHINE model for a 600 MVA generator connected at 13.2 kV  include a 60 Hz
voltage source to represent it as a generator.

Generator

SOURCE

SRCBUS BUS1

SCANSRC
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Fundamental Frequency Representation

Using the machine model to represent the synchronous generator reactance is a little tricky.  It is
probably easier to just use a frequency dependent branch for the generator model if the
fundamental frequency reactance is important.  Here is an example of how you can fool the
machine model into doing it correctly.

Base Power = 600 MVA
Voltage Rating =13.2 kV

Assume that the synchronous reactance is 100% with an X/R ratio of 20

Therefore, the correct impedance is

X = 0.2904 Ohms
R = 0.0145 Ohms

How can we get these impedance values at 60 Hz from the MACHINE model?  Consider that the
machine model parameters are based on the machine connected in shunt.  Then you need to
calculate the hp, efficiency, and displacement factor with a 13.2 kV bus voltage to get the
impedance values given above.  It is easiest to just use the hp and displacement factor to do this
and set the efficiency to 100%.

S = 600 MVA
Z = 0.2908 Ohms (calculated from R and X above)

Therefore, the current through this impedance connected in shunt would be:

I = 26.23 kA

We can calculate the real power component using the current and the resistance (I2R)

P = 29.96 MW

We have to convert this to hp using the conversion factor 0.746

HP = 40164

Power factor is the real power divided by the total MVA

PF = P/S = 0.05



Tech Notes Machine Model

Issue # 98-3 Page 4

Therefore, we will model the generator reactance as

HP=40164
PF = 0.05
Efficiency = 100%

Representation at Harmonic Frequencies

The representation at harmonic frequencies is easy.

You enter the base power rating (600 MVA) and specify the subtransient resistance and
reactance in percent.  If we assume that the subtransient reactance is 16% and the X/R ratio is 20,
we get the following parameters:

KVABASE= 600000
%Rh = 0.8
%Xh = 16

Example Model – Fundamental Frequency Test

Here is a SuperHarm case set up with the Machine model for evaluation of the 60 Hz impedance
(short circuit on the generator terminals to verify that we have the impedance correct).  The
results are provided directly after the model and show that the fundamental frequency current is
26.2 kA, as expected (small difference due to resistor used to implement the short circuit).

! Simple Evaluation of MACHINE Model

vsource    name=va    bus=srcbus   freq=60  ang=0   mag=@"13200 3 sqrt /"

! Machine model to represent generator impedance
!   600 MVA generator
!   13.2 kV base
!   Assume subtransient reactance is 16% and X/R ratio is 20
!
!   1 hp is 0.746 kW
!   Therefore, we can use the rated kVA in the
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MACHINE
Name= generator
From=srcbus To=bus1
HP= 40164 kV =13.2
%Eff=100 %Load=100
DF=0.05
KVABase =600000
%Rh =0.8 %Xh =16

! branch to evaluate 60 Hz impedance
branch  name=load  from=bus1 to=ground  r=0.0001

retain voltages = yes
retain currents = yes
....

generator.srcbus.0 26195.7 -87.1143
generator.bus1.1 26195.7 92.8857
load.bus1.0 26195.7 -87.1143
load.GROUND.1 26195.7 92.8857
va.srcbus.0 0 0

Example Model – Harmonic Frequency Test

Here is the same model with a test of the impedance vs. frequency at harmonic frequencies.

! Simple Evaluation of MACHINE Model

vsource    name=va    bus=srcbus   freq=60  ang=0   mag=@"13200 3 sqrt /"

scan  name=scansrc
bus=bus1     ang=0
fmin=60  fmax=1500  finc=30

! Machine model to represent generator impedance
!   600 MVA generator
!   13.2 kV base
!   Assume subtransient reactance is 16% and X/R ratio is 20
!
!   1 hp is 0.746 kW
!   Therefore, we can use the rated kVA in the
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MACHINE
Name= generator
From=srcbus To=bus1
HP= 40164 kV =13.2
%Eff=100 %Load=100
DF=0.05
KVABase =600000
%Rh =0.8 %Xh =16

! branch to evaluate 60 Hz impedance
! branch  name=load  from=bus1 to=ground  r=0.0001

retain voltages = yes
retain currents = yes
....

Impedance vs. Frequency Looking into the Machine Model of the Generator
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POWER QUALITY IMPACT ON PERFORMANCE AND ASSOCIATED
COSTS OF THREE-PHASE INDUCTION MOTORS
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Abstract - This paper aims to present investigation results related to induction motors operation under non-ideal
supply conditions. The motors are of squirrel-cage type and the non-ideal conditions are associated to harmonics,
unbalances, voltage sag and swell, etc. The studies are carried out using time domain modeling and the SABER
simulator. Using this approach, computational results are derived in order to compare the non ideal motor
performance to the ideal ones so that the real supply condition effect upon the motor behavior can be highlighted. In
addition to technical aspects, the power quality impact on energy and financial waste is also considered.

Keywords: Power Quality, Three-Phase Induction Motors, Computational Simulations

I.  INTRODUCTION

Electric power quality has captured considerable attention from utility companies as well as their
customers. The major reasons for the growing concerns are the continued proliferation of
sensitive equipment and the increasing application of power electronics devices that result in
power supply degradation. In addition, the customers have become less tolerant of any related
power quality disturbances.

Many studies, researches and developments have been carried out in order to evaluate, assure
and even to improve the quality of power necessary to a good behavior of the electric power
system. However, what usually happens is that, for many industries, the system operation occurs
without any concern about power quality problems [1][2].

On the other hand, it is quite well known that 80% of the electric industrial load comprises three-
phase induction motors. Therefore, any power quality and energy-saving investigation procedure
should take into consideration the performance of these devices under non-ideal supply
conditions. As a matter of fact, in the literature [3][4], the effects of harmonic voltage distortion
on the induction motor behavior and loss of life have been widely analyzed. However, the power
quality context includes other non-ideal conditions than just harmonic distortion. So problems
such as voltage unbalance, voltage variations, transients and others, should be necessarily
evaluated.

Focusing in this direction, this paper aims to investigate the performance of squirrel-cage three-
phase induction motors under non-ideal voltage conditions. Using a time domain induction
motor model, a computer program was developed in the SABER simulator platform. Besides the
motor representation, the program is able to handle different power quality loss conditions in a
simultaneous way. Using this, several studies were carried out to emphasize the relationship
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between power quality problems and motor behavior and additional costs associated to the
increase in power consumption.

II. MATHEMATICAL MODEL OF THE INDUCTION MOTORS

The model implemented is the well known three-phase independent ABC reference frame model
for a squirrel-cage induction motor. This model allows independent representation of the three-
phase, so flexibility and versatility can be achieved to investigate the machine performance.

Electric Equation
According to ref. [5], by defining the stator phase as “abc” and rotor phases as “ABC”, the
instantaneous voltage is given in the ABC reference frame by the well known expressions given
below:

v r i
d

d ti i i
i= +

λ
(1)

where:
vi - instantaneous voltage applied to phase i
ri - motor winding resistance
ii -  motor instantaneous current of phase i
λi - coil flux linkages with phase i

The subscripts i (“a, b, c, A, B and C”) respectively denote stator and rotor quantities.

Mechanical Equation
The mechanical equations are then coupled to the electric system via the electromagnetic torque.
This can be done on the basis of the energy flow through the machine.

T
p

i j
dL

di j

ij

Rji

= ∑∑2 θ
(2)

with:
ii - stator phase current (i = “a, b, c”)
ij - rotor phase current (j = “A, B, C”)
p   - machine number of poles
Lij  - inductance matrix
θR  - rotor mechanical angle

Three-Phase Induction Motors Dynamic Equations
The full set of differential equations representing the electromechanical system can then be
numerically solved using the SABER simulator. Therefore, expression (1) can be written by
assuming  “i” as  “a b c” and “A B C”. The general instantaneous circuit equations (ABC
reference frame) is then:

[ ] [ ] [ ] [ ][ ]( )IDV1L
td

Id
−−= (3)
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The mechanical equation can be given by:

( )c
R TT

j
p

dt

d
−=

ω      (4)

R
R

dt

d
ω=

θ (5)

where:
[V] - stator and rotor voltage
[I] - stator and rotor current
[L] - winding inductance matrix
[D] - d [L]/dt + [R]
[R] - stator and rotor winding resistance
ωR - rotor shaft speed
j - motor moment of inertia
T - electromagnetic torque given by (2)
Tc - load torque

The inductance matrix and the torque equation can be expressed as follows:

[ ]L

L L M M MA MB MC

M L L M MC MA MB

M M L L MB MC MA

MA MC MB L L M M

MB MA MC M L L M

MC MB MA M M L L

SS S SS SS SR SR SR

SS SS S SS SR SR SR

SS SS SS S SR SR SR

SR SR SR RR R RR RR

SR SR SR RR RR R RR

SR SR SR RR RR RR R

=

+
+

+
+

+
+
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MB LSR SR R= +






cos θ
π2

3
     (11)
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MC LSR SR R= −






cos θ
π2

3
     (12)

where:
LS - phase leakage stator inductance
LR - phase leakage rotor inductance
LSS = LRR = LSR - 2/3 of phase magnetizing inductance
MSS - stator mutual winding inductance
MRR - rotor mutual winding inductance
MASR - phase A stator and rotor mutual inductance
MBSR - phase B stator and rotor mutual inductance
MCSR - phase C stator and rotor mutual inductance

III. COMPUTATIONAL RESULTS

In order to investigate the induction motor behavior under voltage supply conditions with power
quality loss, different computer simulations were then carried out using both ideal and non-ideal
voltage conditions. The results obtained are related to time domain voltage, current, torque,
active and reactive power, shaft power, shaft speed, etc. These and other variables can be easily
derived from the simulator. The loss of power quality considered was related to voltage
unbalance, voltage sag, voltage swell, etc. These will be specified later. The three-phase squirrel-
cage induction motors’ parameters are given in table I. For simulation purposes, the motor load
was taken as 50% of the rated value.

Table I - Motors parameters.

PARAMETERS UNIT VALUE

Rated Power cv 100
Rated Voltage V 440
Winding connection - delta
Rated Sped rpm 1775
Stator resistance - Rs ohm 0,088
Rotor resistance - Rr ohm 0,0615
Stator reactance  - Xs ohm 0,3019
Rotor  reactance - Xr ohm 0,7397
Magnetizing reactance - Xm ohm 16,26
Iron losses resistance - Rm ohm 225
Moment of inertia - jm Kg.m2 0,9843
Number of poles - np - 4
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Table II summarizes the different situations related to the loss of power quality considered.

Table II - Cases studied.

CASE CHARACTERISTICS

Case 1 Motor supplied with a purely sinusoidal, symmetric and equilibrate voltage.
Case 2 Voltage supply with 5% of unbalance.
Case 3 Voltage supply with 14% of harmonic distortion.
Case 4 System supply with 15% of undervoltage.
Case 5 System supply with 10% of overvoltage.

Case 6
System supply with a mix of voltage quality problems: unbalance - 5%, harmonic distortion -
14%, undervoltage - 15%

CASE 1

This first situation aims to supply the motor electrical and mechanical main characteristics
concerning the induction motor operation under ideal conditions. The voltage, current, torque
and speed waveforms provide qualitative and quantitative information relating to the machine
behavior.

Figures 1 to 4 show the well known voltage, current and torque waveforms for both transient and
steady state conditions.

TENSOES DE ALIMENTACAO - FASES A, B, C

 (V) : t(s) (5)v(v_i.medidor/vv.ab) (5)v(v_i.medidor/vv.bc)

(5)v(v_i.medidor/vv.ca)

2.9 2.903 2.906 2.909 2.912 2.915 2.918 2.921 2.924 2.927 2.93 t(s)
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Fig. 1 - Steady state voltage supply.

CORRENTES DE LINHA NA ENTRADA DO MOTOR

 (A) : t(s) (1)i(v_i.medidor/ii.a) (1)i(v_i.medidor/ii.b)

(1)i(v_i.medidor/ii.c)
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Fig. 3 - Three-phase steady state line current.

CORRENTE DE ESTATOR - FASE A
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Fig. 2 - Phase A line current.

CONJUGADO NO EIXO DO MOTOR E CONJUGADO DE CARGA

 (N.m) : t(s) (4)...arga(carga.carga)   (4)con_eixo(mt.motor)
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Fig. 4 - Electromagnetic and load torque.
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CASE 2

The presence of voltage unbalance in any industrial power system complex is always certain.
This item quality loss issue is well known for the power engineer and the corresponding effects
are well established. By assuming the degree of asymmetry as being 5%, the investigations were
carried out to illustrate the induction motor performance.  Figure 5 shows the supplied three-
phase line current. It is evident that the low level of voltage unbalance results in a high level of
current unbalance. This phenomenon is quite well known and it is related to the negative
sequence impedance of the machine that is substantially lower than the positive sequence
impedance. As a consequence of this negative current component, the motor windings can suffer
overheating and this may result in loss of life expectancy.

The presence of negative sequence stator currents also affects the electromagnetic torque
produced in the machine airgap. This, in its turn, creates negative sequence rotor currents. The
final result is an oscillatory torque at the motor shaft and consequently, mechanical problems
may appear. Figures 6 and 7 illustrate this phenomenon.

CORRENTES DE LINHA NA ENTRADA DO MOTOR

 (A) : t(s) (1)i(v_i.medidor/ii.a) (1)i(v_i.medidor/ii.b) (1)i(v_i.medidor/ii.c)

2.9 2.903 2.906 2.909 2.912 2.915 2.918 2.921 2.924 2.927 2.93 t(s)
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Fig. 5 - Three-phase line current.

CONJUGADO NO EIXO DO MOTOR E CONJUGADO DE CARGA

 (N.m) : t(s) (3)...arga(carga.carga)   (3)con_eixo(mt.motor)
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Fig. 6 - Motor and load torque.

ZOOM DO CONJUGADO NO EIXO DO MOTOR E CONJUGADO DE CARGA

 (N.m) : t(s) (1)con_eixo(mt.motor) (1)...arga(carga.carga)   

2.8 2.813 2.826 2.839 2.852 2.865 2.878 2.891 2.904 2.917 2.93 t(s)
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Fig. 7 - Zoom of the motor and load torque.
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CASE 3

The power loss of quality to be analyzed in this case is related to the harmonic distortion
imposed on the voltage supply. The strategy is to maintain the fundamental voltage magnitude
and to add 5, 7, 11 and 13 harmonic order, which will result in a total harmonic distortion
(THDV) of 14 %.

Figure 8 illustrates the distorted voltage supply and Figure 9 the corresponding line current. It
can be seen that the current also shows some degree of harmonic distortion.

TENSOES DE ALIMENTACAO DO MOTOR - FASE/NEUTRO

 (V) : t(s) (1)v_i.medidor/van (1)v_i.medidor/vbn (1)v_i.medidor/vcn

2.9 2.903 2.906 2.909 2.912 2.915 2.918 2.921 2.924 2.927 2.93 t(s)
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Fig. 8 - Distorted voltage supply.

CORRENTES DE LINHA NA ENTRADA DO MOTOR

 (A) : t(s) (6)i(v_i.medidor/ii.a) (6)i(v_i.medidor/ii.b) (6)i(v_i.medidor/ii.c)

2.9 2.903 2.906 2.909 2.912 2.915 2.918 2.921 2.924 2.927 2.93 t(s)
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Fig. 9 - Distorted line current.

CONJUGADO NO EIXO DO MOTOR E CONJUGADO DE CARGA
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Fig. 10 - Motor and load torque.

In Figure 10 it is possible to see the effect of the distorted supply voltage on the motor shaft
torque. As expected, the Fourier analysis of the oscillatory torque shows the presence of 6th,
12th, etc. harmonic components.
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CASE 4

Another significant item of power quality to be investigated is the effect of undervoltage upon
the motor performance.  Figures 11 and 12 show the induction motor behavior with 15% of
undervoltage.

CORRENTE DE LINHA - FASE A
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0 200m 400m 600m 800m 1 1.2 1.4 1.6 1.8 2 t(s)

-1k

-800

-600

-400

-200

0

200

400

600

800

1k

1.2k

1.4k

1.6k

 (A)

Fig. 11 - Line A current.

CONJUGADO NO EIXO DO MOTOR E CONJUGADO DE CARGA

 (N.m) : t(s) (4)con_eixo(mt.motor) (4)...arga(carga.carga)   
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Fig. 12 - Motor and load torque.

According to the results, the motor starting time has been extended due to the lower voltage level
applied. Besides, the current and torque level are correspondingly modified.

CASE 5

This case aims to investigate the induction motor performance under sustained overvoltage
conditions. Although this situation is not as frequent as the previous one, it may occur in a real
system and deserves consideration.

Figures 13 and 14 show line currents and motor torque, respectively, under 10% of overvoltage.

CORRENTES DE LINHA NA ENTRADA DO MOTOR

 (A) : t(s) (1)i(v_i.medidor/ii.a) (1)i(v_i.medidor/ii.b)

(1)i(v_i.medidor/ii.c)

2.9 2.903 2.906 2.909 2.912 2.915 2.918 2.921 2.924 2.927 2.93 t(s)
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Fig. 13 - Three-phase line currents.

CONJUGADO NO EIXO DO MOTOR E CONJUGADO DE CARGA

 (N.m) : t(s) (2)...arga(carga.carga)   (2)con_eixo(mt.motor)
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Fig. 14 - Motor and load torque.

As given in the previous figures, the motor starting time has been accelerated and the current,
torque, etc. are correspondingly affected.
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CASE 6

This last study aims to investigate the induction motor behavior when the voltage supply
comprises a mixture of power quality disturbances. Although this could be considered quite a
rare operational condition, the situation is not absolutely theoretical. Besides, when one
considers the case of induction motor applications supplied by frequency inverters, perhaps this
case will become closer to real conditions.

Figure 15 shows the three-phase voltage supply. The harmonic distortion, unbalance and the
undervoltage can be easily seen. The corresponding line current supplying the induction motor is
shown in Figure 16. The unbalance and harmonic distortion are quite clear.

CORRENTES DE LINHA NA ENTRADA DO MOTOR

 (A) : t(s) (1)i(v_i.medidor/ii.a) (1)i(v_i.medidor/ii.b) (1)i(v_i.medidor/ii.c)

2.8 2.813 2.826 2.839 2.852 2.865 2.878 2.891 2.904 2.917 2.93 t(s)
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Fig. 15 - Three-phase voltage supply.

TENSOES DE ALIMENTACAO - FASE-NEUTRO

 (V) : t(s) (1)v_i.medidor/van (1)v_i.medidor/vbn (1)v_i.medidor/vcn

2.9 2.91 2.92 2.93 2.94 2.95 2.96 2.97 2.98 2.99 3 t(s)
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Fig. 16 - Three-phase line current.

The shaft and load torque are shown in Figure 17 where the significant oscillation presented in
the time behavior can be easily seen.

CONJUGADO NO EIXO DO MOTOR E CONJUGADO DE CARGA

 (N.m) : t(s) (4)...arga(carga.carga)   (4)con_eixo(mt.motor)
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Fig. 17 - Motor and load torque.
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In order to provide means of comparison, Table III gives a summary of the main variables and
their numerical values, for the different cases studied.

Table III - Main Variables and Their Numerical Values

LINE CURRENT

[A]  (RMS)
SHAFT TORQUE

N.M
SPEED - n

 rpm
SLIP - S

%

CASE 1
Ia = 74,72
Ib = 74,72
Ic = 74,72

202,94 1792 0,44

CASE 2
Ia = 52.93
Ib = 111,24
Ic = 76,59

202,89 1792,3 0,43

CASE 3
Ia = 75,96
Ib = 75,96
Ic = 75,96

202,70 1792 0,44

CASE 4
Ia = 79,19
Ib = 79,19
Ic = 79,19

202,12 1788,6 0,63

CASE 5
Ia = 73,98
Ib = 73,98
Ic = 73,98

203,34 1793,3 0,37

CASE 6
Ia = 60,97
Ib = 110,43
Ic = 75,42

202,39 1789,8 0,57

IV.  ENERGY AND ECONOMIC ANALYSIS

Besides the previous results, which are useful to illustrate the effect of power quality upon the
several variables associated to the motor operation, the studies were carried on towards the
investigation of the relationship between power quality and energy consumption. To achieve this
target using the SABER simulator and its calculator facilities, the motor-supplied active power,
the mechanical power and the general motor efficiency for each situation were evaluated. Table
IV gives a summary of the results. The ideal voltage supply can be considered as the basis for
analysis.

Table IV - Induction motor energy analysis.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Psaída - kW 38,13 38,07 38,06 37,86 38,15 37,94

Pentrada - kW 42,77 43,01 43,72 42,47 43,89 43,25

Efficiency      ηη % 89,15 88,51 87,05 89,14 86,92 87,72

According to the figures in Table IV, it can be seen that the motor power consumption and
consequently the efficiency are substantially affected by the loss of power quality. This will, of
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course, cause internal overheating and loss of life expectancy. As a result, under the specified
operating conditions, either power quality solutions and/or derating procedures must be sought
so that the motor may work without thermally affecting its performance.

 In addition to the above analysis, it follows that the increase in power consumption leads to
further financial expenditures. By assuming the ideal supply condition as the reference case, then
the power increase for the individual cases of loss of power quality can be easily considered and
converted in US$. Using a typical Brazilian cost for the energy as being US$0.14 per kWh, and
the motor in operation for 24 hours a day, it is possible to convert the increase in power
consumption to US$ per year. Figure 18 shows the values obtained from this calculation.

Ideal Unbalance Harmonic Overvoltage
0

200

400

600

800

1000

1200

1400

A
d

d
ti

o
n

al
 C

o
st

s 
- 

U
S

$

Ideal Unbalance Harmonic Overvoltage

Cases Simulated

Fig. 18 - Additional expenditures associated to
increase in motor power consumption.

Since the above results express extra financial amount in the electricity bill, they must be
considered during power quality solutions payback studies.

V.  CONCLUSIONS

This paper focused on the behavior of induction motor under different and simultaneous power
quality loss conditions. By using the SABER simulator and a time domain motor model, a
computer program was elaborated to represent three-phase independent situations. Then, a set of
non-ideal operating conditions was established and computational studies were carried out. The
results were clear enough to illustrate the effect of power quality on the motor performance. In
addition to technical aspects, the paper went into the direction of considering the increase in
losses and the corresponding financial impact. It has been shown that not only motor life
expectancy reduction may be affected, but also substantial increase in the electricity bill may
occur. These are of importance when considering power quality payback solutions.
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Abstract
Numerous methods have been developed for measuring voltage flicker, and as these methods
range in price, they range in accuracy also.  Due to the ever increasing need to cut costs while at
the same time providing an increased level of power quality, a method is proposed that combines
the accuracy of one method with the availability and low cost of another.  This article is Part II
of a two part series, and presents an approach which utilizes standard measuring devices, thus
giving the utility the ability to measure voltage flicker with little to no added cost.  The method
proposed uses single-cycle rms data to measure the levels of voltage flicker.  Analytical
comparisons are made between the proposed approach and a current non-U.S. standard (IEC).

Introduction
Over the last two decades, customers and utilities have become more sensitive to the problems
and issues associated with power quality.  Rate structures have changed and soon consumers will
no longer be locked in to buying power from one provider, thus giving customers the ability to
buy power theoretically from whom they choose.  Therefore, the relationship between the utility
and the customer is rapidly changing.  The utility has the responsibility of supplying to the
customer a certain degree of quality power, and the customer has the responsibility of not
disrupting this quality of power in a manner that would affect other customers or the utility itself.
Standards exist to serve as guidelines for the limits of power quality for both the utility and the
customer, such as IEEE 519-1992 [1].  Currently, there is no set standard for measuring and
evaluating voltage flicker in the United States.  Many utilities and customers have their own
means for determining the severity of voltage flicker.

Part I of this series presented various methods that have been used to measure voltage flicker.
These methods ranged from extremely basic (a few hundred dollars) to extremely complex
($20,000.00).  The method proposed here combines the low-cost benefit of using standard
measurement tools with the increased accuracy associated with using flicker meters.

Adapting Present Measuring Devices
Due to the extremely high cost of present flicker meters ($10k-$20k), money can be saved if it is
possible to adapt standard measuring devices to measure voltage flicker.  The most common
measuring device on the market is the rms meter.  For this reason, the rms meter will be analyzed
to determine whether or not it can be used to measure voltage flicker.

RMS Meter
As mentioned in Part I, the basic flicker meter is composed of demodulation, weighting, and
statistical analysis.  Due to the nature of the rms calculation, the output can be thought of as
demodulated (with a dc offset).  The purpose of a demodulator is to remove the carrier signal
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(50/60 Hz mains) from the modulating signal (voltage flicker), and this is performed with a rms
calculation.  This leads to the belief that the demodulation block of the flicker meter can simply
be replaced with a rms calculator.  This would allow the use of the existing filters to weight the
signal according to lamp characteristics.  Obviously, the statistical analysis would remain the
same.

For obvious reasons, some information is going to be lost in the rms calculation, such as various
amounts of frequency and phase shift content of the voltage flicker.  An analysis of some of the
effects of frequency and phase shift can be performed by taking the rms value of a signal while
varying the frequency and phase shift of the modulating signal, or flicker.  The rms equation
used is shown in Eq. 1

( ) ( )( )[ ]∫ +⋅⋅⋅⋅+⋅⋅⋅=
T

f
0

2
F dtt2cosB1t)cos(A

T

1
  RMS θπω                               (1)

where T = 1/60 s, ω = 377.0 radians, θ ranges from 0.0 to 2π, and fF ranges from 0 to 60 Hz.  The
results obtained are shown in Figure 1, with A and B equal to one.  Realistically the magnitude
of the flicker signal would not be equal to the magnitude of the main signal (100% modulation),
but for demonstration purposes it is sufficient.  As can be seen in Figure 1, as the frequency of
flicker increases, the effects of flicker phase shift on the rms value become negligible.  For lower
frequencies, the output can range from 2/)ABA( −  to 2/)ABA( +  depending upon the flicker
phase shift.  It is apparent from Figure 1 that for lower frequencies, the rms value is strongly
dependent upon where in the rms window that the voltage fluctuation (which corresponds to
phase shift) occurs.

Figure 1.  Phase and Frequency Effect on RMS Calculation
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Modified IEC Meter
Based upon Figure 1, some of the problem areas associated with using rms data have been
recognized, but the real test is to implement the rms meter along with the IEC meter [2] and
evaluate the performance.  Due to the flexibility of implementing the IEC flicker meter in
software, this modification can easily be implemented.  The demodulator is removed and the rms
calculator is inserted.  The voltage adapter is chosen to remain but slightly modified to account
for the input being a rms value instead of an ac signal.  The rms calculator returns a single-cycle
rms value with a zero order hold.  A single-cycle rms calculation is chosen because the particular
rms meters that are being considered for adaptation provide rms data on a cycle-by-cycle basis.
Thus for testing purposes, a single-cycle rms meter is chosen.

Upon implementation, the instantaneous flicker levels obtained from both the IEC meter and the
modified IEC meter are shown in Figures 2 and 3 respectively.  The input values are taken from
Table 3 of the amendment [3] to the IEC standard for the 120V lamp. The values plotted are the
maximum values measured from Block 4 (using the particular ∆V/V values given in Table 3 of
the amendment) with a flicker phase shift ranging from 00 to 3600.

To obtain a better understanding of the relative importance of this data it is more beneficial to
compare these values with those obtained from the IEC flicker meter.  This relative difference is
shown in Figures 4 and 5.  The frequencies of Figures 2 - 4 range from 0.000833 Hz to 23.9583
Hz, while Figure 5 ranges from 0.05833 Hz to 10.0 Hz.  Due to the nature of these plots,
magnitudes can not be extracted from the corresponding frequencies.  The purpose of these
graphs is to demonstrate the general trend of flicker intensity over the specified range.

As seen in Figure 5, the relative difference in instantaneous flicker level between the IEC and the
modified IEC (using rms data) is relatively low over the frequency range of 0.05833 Hz to 10.0
Hz.  As mentioned previously, for extremely low frequencies, the output of the rms meter is
strongly dependent upon the flicker phase shift.  This results in significant differences between
the IEC and the modified IEC meters at certain phase shifts.
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Figure 2.  Instantaneous Flicker Level using IEC Meter

Figure 3.  Instantaneous Flicker Level Using Modified IEC (RMS Data)
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Figure 4.  Relative Difference Between IEC and Modified IEC Instantaneous Flicker Levels

Figure 5.  Difference Between IEC and Modified IEC Instantaneous Flicker Levels
(0.05833 Hz to 10.0 Hz)



Tech Notes Voltage Flicker Measurement

Issue # 98-3 Page 24

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

0.
00

1

0.
00

5

0.
02

5

0.
08

3

0.
40

0

1.
46

7

4.
00

0

6.
63

3

10
.0

00

20
.0

00

Flicker Frequency (Hz)

P
st

IEC

Single-Cycle RMS

Figure 6.  Pst for IEC and Modified IEC (RMS Data)

The calculated PST levels for the IEC and modified IEC are shown in Figure 6.  This plot is based
upon square-wave modulation using flicker frequencies and corresponding flicker levels (∆V/V)
specified in the proposed IEC amendment [3] for 120V/60Hz lamps.

The IEC standard [2] specifies that the calculated PST for the given input data must be in the
range of 1.0 ± 5.0%.  As shown in Figure 6, the value of PST for rms data is within the 5.0%
margin for flicker frequencies below 10.0 Hz.  According to Figure 6, even though certain
amounts of data are lost in the rms calculation, voltage flicker can reasonably be measured over
the range specified.

Problem Areas Associated with Using RMS Data
In order to implement the modified IEC method using rms data, the various blocks of the meter
would have to be performed off line, requiring all of the data to be stored by the rms meter.  The
rms meters being considered for measuring voltage flicker calculate single-cycle rms values for a
specified amount of time (such as 10 seconds) and store these values.  The window is repeated
with a frequency of occurrence usually specified by the user.  Some meters have the ability to
allow for the windows to be back-to-back, thus not loosing any data between consecutive
windows.  Unfortunately, this leads to the problem of limited disk storage for the data.

Conclusion
The purpose of this paper was to present a low cost alternative to measuring voltage flicker.  A
modified model of the IEC flicker meter is presented that calculates voltage flicker severity
based upon rms data.
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The IEC flicker meter was developed in software and then modified to receive rms data as the
input.  Results were gathered and have shown that rms data can be used to measure voltage
flicker for flicker frequencies below 10.0 Hz based upon IEC standards (recall that the most
sensitive range for voltage flicker is between 5 and 10 Hz).  For flicker frequencies above 10.0
Hz, the meter fails to meet the calculated PST of 1.0 ± 5.0%.

The method of using rms input data in a flicker meter is valid according to IEC standards (for a
specific range of frequencies).  Unfortunately, rms meters usually can not measure and store data
continuously for extended lengths of time.  This is of concern when measuring voltage flicker
because there is a necessary time lapse between consecutive rms calculating windows in order to
measure and store data for long periods of time.  Upon continuing the work involved in this
project, the relationship between how often the rms data is collected and the duty cycle of the
flicker producing load is to be evaluated.  The main focus is considering how often the rms
windows of data will need to be collected in order to measure voltage flicker.  This would
obviously be dependent upon the duty cycle of the flicker-producing load.
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