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Abstract—This paper presents an analysis of the influence of
the phase relationship between the mains frequency and the
rectangular voltage fluctuation on flicker measurements made
by the IEC flickermeter. We studied analytically the origin of
the deviations for a set of significant fluctuation frequencies.
We found that the nonlinear behavior of Block 4 of the
IEC flickermeter produces an additional DC component in the
instantaneous flicker sensation, Pinst, for several rectangular
fluctuation frequencies. The value of this DC component depends
on the phase relationship between the mains frequency and the
fluctuation frequency. The analysis of this work has contributed
to clarify the definition of some Performance Tests of the IEC
flickermeter standard IEC61000-4-15 ed.2. This will help to de-
velop calibration and verification methods for the flickermeters.

Index Terms—Power quality, flicker, IEC flickermeter, Pst,
rectangular voltage fluctuation.

I. INTRODUCTION

VOLTAGE fluctuations in the power supply system cause
variations of luminosity in light sources connected to the

network. This phenomenon is known as flicker and is defined
as the subjective perception of the irritation produced by these
low-frequency fluctuations, for amplitudes within 10% of the
nominal voltage. A flickermeter must quantify the annoyance
induced in people by using a reference lamp to generate
light fluctuations under supply voltage changes. Standard IEC
61000-4-15 [1] establishes the functional and design specifica-
tions for flickermeters, and defines the fundamental parameter
for the measurement of the irritation, namely short-term flicker
severity Pst.

Standard IEC 61000-3-3 [2] describes four types of voltage
fluctuations introduced by the supply network: (a) periodic
variations of voltage, with rectangular form and the same
amplitude; (b) a series of variations of voltage irregularly
distributed over time and amplitude; (c) clearly separated
variations of voltage, which are not all stepped; and (d) random
and continuous variations of voltage. This description typically
corresponds to flicker sources in industrial electrical systems,
such as arc furnaces inducing large irregular variations in
current. However, smaller currents with regular working cycles
must also be considered, such as those generated by heat
pumps, welding machines, or the combined effect of several
motors connected to the same line [3].
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Since the first studies on flicker measurement [4]–[6],
rectangular voltage fluctuations have been considered as the
reference modulating functions for producing flicker. They
have been studied in detail, and represent adequately both
occasional abrupt changes and repetitive variations in voltage.
They have also been used to define the threshold curve of
annoyance [7], [8] and to fit the multipoint algorithm used
to calculate the Pst parameter. The IEC flickermeter works
specifically with this type of fluctuation in its operation tests.
In the 2010 edition of this standard the operation tests are
extended and many of them also use rectangular voltage
fluctuations.

It is clear from reading the standard (and recently high-
lighted in [9]), that there are just two characteristics of voltage
fluctuations that determine the annoyance level, and therefore
the value of Pst, namely the frequency and the amplitude
of the fluctuation. In this sense, the standard specifies that
a flickermeter fulfilling the IEC design requirements must
provide a unitary Pst measurement for several rectangular
voltage fluctuations characterized by their amplitudes and
frequencies.

The national metrology institutes have requested to go one
step beyond, and a calibration and verification protocol has
been projected by an IEC working group as a technical spec-
ification. This calibration system would allow to evaluate the
performance of flickermeters not only for rectangular voltage
fluctuations but also under more realistic conditions [10].

Neither the standard nor any recent studies on IEC flicker-
meter have considered whether the phase relationship between
the carrier and the rectangular voltage fluctuation has an
influence on the value of Pst [11]–[13]. This work analyzes
the influence of the carrier phase on the Pst value generated
by rectangular voltage fluctuations. Both experimental and
analytical approaches are considered, and they reach the same
conclusions.

In the remainder of this paper, Section II briefly introduces
the IEC standard [1] and describes the implementation of
the reference flickermeter used in this study. Section III
presents our experimental results for analytically generated
signals. Rectangular voltage fluctuation processing via the
IEC flickermeter is analyzed theoretically in Section IV. This
section also details a worst-case scenario. Section V contains a
critical discussion of our results, with conclusions being stated
in Section VI.
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Fig. 1. Block diagram of the IEC flickermeter according to IEC 61000-4-15 [1].

II. REFERENCE IEC FLICKERMETER

Fig. 1 shows a block diagram of the IEC flickermeter
according to the standard IEC 61000-4-15 [1]. In Block 1,
the input voltage u(t) is scaled to an internal reference value
to make flicker measurements independent of input voltage
level.

In Block 2, the scaled input voltage u1(t) is demodulated
by means of a squaring multiplier. Block 3 comprises three
cascaded filters. The first two filters complete the demodula-
tion process and comprise a 1st - order high-pass filter (3 dB
cutoff frequency fco = 0.05 Hz) and a 6th - order low-pass
Butterworth filter (3 dB cutoff frequency fco,50 = 35 Hz for
50 Hz systems and fco,60 = 42 Hz for 60 Hz systems). The
third step is a band-pass filter that models the behavior of the
lamp–eye system. The analogue response of this filter is given
for both 230 V and 120 V reference lamps. The output of
Block 3 is u3(t), which represents the weighted demodulated
voltage-change signal Plin.

Block 4 implements an eye–brain model. It includes a
squaring multiplier followed by a low-pass filter that is speci-
fied to be a sliding-mean filter, having the transfer function
of a 1st-order low-pass resistance–capacitance filter with a
time constant of 300 ms. The output of Block 4, u4(t),
represents the instantaneous flicker sensation Pinst. A unit
output from Block 4 corresponds to the reference human
flicker perceptibility threshold. In Block 5, Pst is calculated
by performing a statistical classification of Pinst over a short
period of time (usually 10 min). The method for obtaining the
Pst value is a multipoint algorithm that uses the percentiles
obtained from the cumulative probability distribution of Pinst,
namely

Pst=
√

0.0314·P0.1+0.0525·P1s+0.0657·P3s+0.28·P10s+0.08·P50s.
(1)

For the measurements performed in this work, we have im-
plemented a highly accurate IEC flickermeter. This reference
flickermeter is the complete digital MatLab implementation
previously used in other studies [14]. Its three main features
are: (a) it uses input sampling rates fs = 1600, 3200, 6400
and 12800 S

s ; (b) it performs a decimation process at the
output of the low-pass demodulation filter to allow a constant
sampling rate of 800 S

s in the following blocks, independent
of the input sampling rate; and (c) to avoid errors caused by
the classification process, in terms of the number of classes,
type of classification, or type of interpolation, the reference
flickermeter does not classify the Pinst signal. Instead, it stores
the 800 S/s of Pinst during the 10 min short-term period
and calculates the percentiles for the Pst formula (1) in an
absolutely accurate way.

III. EXPERIMENTAL RESULTS

In our experiments, we used a rectangular voltage fluctu-
ation modulating a 50 Hz mains frequency, with a variable
relationship between their phases. The input voltage signal
u(t) was generated analytically according to the expression

u(t) = V (1 + gBLm (t)) cos(ωot+ ϕ), (2)

where V is the amplitude of the 50 Hz carrier ωo = 2π50, ϕ
is the initial phase of the carrier, and gBLm (t) corresponds to
the band-limited rectangular voltage fluctuation gm(t). Fig. 2
shows gm(t), with period Tm = 1

fm and amplitude ∆V
V .

In our experimental work, gm(t) was band-limited to avoid
errors caused by aliasing effects. Using the cosine-Fourier
representation, gm(t) and gBLm (t) can be expressed analytically
as

gm(t) =
∞∑
n=0

cn cos(nωmt)

gBLm (t) =
N∑
n=0

cn cos(nωmt)

 cn = ∆V
V

2
nπ sin

(
nπ
2

)
, (3)

where N is the greatest integer satisfying Nfm + fo ≤ 1
2fs.
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Fig. 2. Modulating rectangular voltage fluctuation of relative amplitude ∆V
V

and frequency fm = 1
Tm

.

The two extreme cases for the value of ϕ were studied
experimentally. For ϕ = 0 rad, the carrier is a pure 50 Hz
cosine function and, for ϕ = 3π

2 rad, the carrier is a pure
50 Hz sine function. The effect on u(t) is shown graphically
in Fig. 3, for fm = 25 Hz ≡ 3000 changes per minute (cpm)
and a carrier of 50 Hz. As shown in the expanded parts
of the subfigures, there are clear differences in the way the
discontinuity from the rectangular voltage fluctuation affects
the signal u(t).

Using the reference flickermeter, we calculated the Pst
values produced by the signal u(t) as fm varied from 1 to
4000 cpm in steps of 1 cpm. The values of ∆V

V correspond to
the unitary flicker severity measurements for the cosine carrier.
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Fig. 3. Waveform of u(t) for a rectangular voltage fluctuation of 3000 cpm, ∆V
V

= 40% and 50 Hz mains frequency. The phase relationship between the
mains frequency and the rectangular voltage fluctuation is determined by ϕ.

The 4000 values of Pst for ϕ = 0 rad (cosine carrier), namely
Pstc, and those corresponding to ϕ = 3π

2 rad (sine carrier),
namely Psts, were obtained.

Fig. 4 shows the percentage deviation between Pstc and
Psts values, obtained as

∆Pst
Pst

= 100 · Psts − Pstc
Pstc

. (4)

Ignoring the small deviations appearing for fm between
2000 and 4000 cpm, it can be observed that, for most frequen-
cies, the carrier phase does not influence the Pst value, given
that the deviation between Pstc and Psts is null. However, for
some frequencies, the deviation is significant, surpassing 14%
for fm = 3000 cpm.
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Fig. 4. Percentage deviation between Pstc and Psts values using ∆V
V

values
corresponding to unitary flicker severity values for the cosine carrier, namely
Pstc = 1.

Table I lists the range of frequencies with appreciable
deviations. If the calculations are repeated for the maximum
value of the instantaneous flicker sensation, namely Pinst,max,
similar conclusions are obtained. Table I also shows the values
of deviations obtained for Pinst,max according to

∆P
inst,max

Pinst,max

= 100 · Pinsts,max
− P

instc,max

Pinstc,max

, (5)

where Pinsts,max and Pinstc,max are the maximum values of
Pinst for the sine and cosine carrier functions, respectively.

TABLE I
Pst AND Pinst,max PERCENTAGE DEVIATIONS BETWEEN SINE AND

COSINE CARRIERS.

fm 1 ∆Pst
Pst

2
∆P

inst,max

Pinst,max

3 fm
∆Pst
Pst

∆P
inst,max

Pinst,max

1 +0.96 +2.00 80 -0.99 -2.00
2 +0.95 +2.00 100 +1.00 +2.03
3 +0.99 +2.00 120 +1.01 +2.03
4 +0.95 +2.00 125 +1.00 +2.04
5 +0.96 +2.00 150 +1.02 +2.05
6 +0.96 +2.00 200 +1.02 +2.08
8 +0.98 +2.00 240 -1.03 -2.07

10 +0.98 +2.00 250 +1.04 +2.11
12 +1.00 +2.00 300 +1.05 +2.15
15 +0.96 +2.00 375 +1.14 +2.30
16 -1.00 -1.96 400 -1.14 -2.27
20 +0.99 +2.00 500 +1.07 +2.15
24 +1.00 +2.00 600 +0.96 +1.94
25 +1.00 +2.00 750 +1.01 +2.03
30 +1.00 +2.00 1000 +1.49 +2.98
40 +0.96 +2.00 1200 -2.03 -4.01
48 -0.97 -1.96 1500 +3.24 +6.58
50 +1.00 +2.00 2000 -5.56 -10.81
60 +0.99 +2.02 3000 +14.28 +30.60
75 +0.97 +2.02

1 fm : fluctuation frequency in cpm
2 ∆Pst

Pst
= 100 · Psts−Pstc

Pstc
in %

3
∆P

inst,max

Pinst,max
= 100 ·

P
insts,max

−P
instc,max

P
instc,max

in %

IV. THEORETICAL ANALYSIS

This section describes the theoretical framework used to
explain and confirm the experimental results of the previous
section. The intention is to obtain analytical expressions that
can interpret the influence of the carrier phase on the value of
Pinst,max and Pst for different frequencies of the rectangular
fluctuation.

The first block of the flickermeter scales u(t) to its rms
value, Vrms = V√

2
, namely

u1(t) =
√

2(1 + gBLm (t)) cos(ωot+ ϕ). (6)

The signal u1(t) is squared in Block 2. Given that the
squared rectangular voltage fluctuation (gBLm (t))2 is approxi-
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mately a constant value of 1
4 (∆V

V )2, the output of Block 2 can
be written as

u2(t) ≈
[
1 + 1

4 (∆V
V )2 + 2gBLm (t)

][
1 + cos(2ωot+ 2ϕ)

]

=

[ T1︷ ︸︸ ︷(
1 + 1

4 (∆V
V )2

) ]
+

[ T2︷ ︸︸ ︷(
1 + 1

4 (∆V
V )2

)
cos(2ωot+ 2ϕ)

]
+

[
2gBLm (t)(1 + cos(2ωot+ 2ϕ))︸ ︷︷ ︸

T3

]
. (7)

The filters of Block 3 can be considered as a cascaded filter
with a discrete frequency response Heq(Ω). This equivalent
system eliminates the DC component T1, and strongly atten-
uates the T2 component at 2fo. The spectral components that
produce flicker are caused by term T3. Using Equations (3)
and (7), and considering the components in the range 0−2fo,
the output of Block 3 can be represented as

u3(t) ≈2

NL∑
n1=0

an1 cos(n1ωmt+ θn1)

+

2NL∑
n2=0

bn2 cos((n2ωm − 2ωo)t+ θn2 − 2ϕ), (8)

where NL is the greatest integer satisfying fm ·NL ≤ 2fo and

an1
= cn1

·
∣∣Heq(Ω)

∣∣
Ω=n1ωm

θn1 = ∠
(
Heq(Ω)

)∣∣
Ω=n1ωm

bn2
= cn2

·
∣∣Heq(Ω)

∣∣
Ω=n2ωm−2ωo

θn2 = ∠
(
Heq(Ω)

)∣∣
Ω=n2ωm−2ωo

. (9)

In Block 4, the signal u3(t) is squared and low-pass filtered
with a 3 dB cutoff frequency of 0.53 Hz. For this reason,
the DC component of u3(t) contributes decisively to the final
waveform of the instantaneous flicker sensation and therefore
to the values of Pinst,max and Pst.

In general, when the sum of two spectral components,
w1 and w2, is squared, the resulting signal contains a DC
component that depends on the relation between w1 and w2,
as given by

x(t) = A1 cos(ω1t) +A2 cos(ω2t), (10)

DCx2 =


A2

1+A2
2

2 |ω1| 6= |ω2|
A2

1+A2
2

2 +A1A2 |ω1| = |ω2|.
(11)

This consideration can be applied to the squaring of u3(t).
The spectral components of the first term of Equation (8) will
give rise to results related to the condition |ω1| 6= |ω2| of
Equation (11). However, the DC components caused by the
cross-products between both terms of Equation (8) are related
to the condition |ω1| = |ω2| of Equation (11). This condition
can be met for two values of n2, namely

n1ωm = n
′

2ωm − 2ωo ⇒ n
′

2 = 2ωo+n1ωm

ωm

n1ωm = 2ωo − n
′′

2ωm ⇒ n
′′

2 = 2ωo−n1ωm

ωm
. (12)

For the fm values implied by Equation (12), u3(t) in
Equation (8) will contain three terms of the form

s(t) =2an1
cos(n1ωmt+ θn1

)

+ b
′

n2
cos
(
(n

′

2ωm − 2ωo)t+ θ
′

n2
− 2ϕ)

)
+ b

′′

n2
cos
(
(2ωo − n

′′

2ωm)t+ θ
′′

n2
− 2ϕ)

)
. (13)

We can make the simplifications

ω1 = n1ωm = n
′

2ωm − 2ωo = 2ωo − n
′′

2ωm

A1 = 2an1

A2 = b
′

n2

A3 = b
′′

n2

θ1 = θn1
= θ

′

n2
= −θ′′

n2

(14)

resulting in

s(t) =A1 cos(ω1t+ θ1) +A2 cos(ω1t+ θ1 − 2ϕ)

+A3 cos(−ω1t− θ1 − 2ϕ). (15)

The DC component provided by s2(t) can then be expressed
as

DCs2 =
A2

1+A2
2+A2

3

2 + (A1A2 +A1A3) cos(2ϕ)

+A2A3 cos(4ϕ). (16)

For the extreme cases corresponding to the cosine carrier
(ϕ = 0 rad) and the sine carrier (ϕ = 3π

2 rad), the DC
component of the output of Block 4 is made up of terms of
the form

DCs2 =
A2

1+A2
2+A2

3

2 +A2A3 +A1(A2 +A3) if ϕ = 0

DCs2 =
A2

1+A2
2+A2

3

2 +A2A3 −A1(A2 +A3) if ϕ = 3π
2 .
(17)

The values of fm fulfilling Equation (12) can be obtained
as

n1ωm = |n2ωm − 2ωo| ⇒ fm =
2fo

|n1 ± n2|
. (18)

Because the indexes n1 and n2 are odd, the combination
|n1± n2| is always an even number. The singular frequencies
that produce Pinst,max and Pst values depending on the carrier
phase are given by

fm =
2fo

2n+ 2
≡ 12000

2n+ 2
cpm for fm ∈ N, n = 1, 2, 3, ....

(19)

The results provided by Equation (19) are exactly the
frequencies that were detected experimentally and listed pre-
viously in Table I. It is therefore verified analytically that
the deviation in Pinst,max and Pst that depends on the
carrier phase is caused by an additional DC component that
appears in Pinst for those values of fm that generate identical
components in both terms of Equation (8).
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A. Case study for fm=3000 cpm

In this subsection, the case of fm = 25 Hz ≡ 3000 cpm,
which produced the largest deviation between the sine and the
cosine carriers (see Table I), is analyzed in detail.

If we ignore the components above 3fm = 75 Hz at the
output of Block 3, which will be strongly attenuated by the
Block 3 filters, Equation (8) can be expressed as

u3(t) ≈2a1 cos(ωmt+ θ1) + b3 cos(−ωmt+ θ3 − 2ϕ)

+ b5 cos(ωmt+ θ5 − 2ϕ). (20)

Because θ3 = −θ1 and θ5 = θ1, this can be rewritten as

u3(t) ≈2a1 cos(ωmt+ θ1) + b3 cos(ωmt+ θ1 + 2ϕ)

+ b5 cos(ωmt+ θ1 − 2ϕ). (21)

On squaring u3(t) in Block 4, a DC component and a
component at 2fm (50 Hz), which is strongly attenuated by the
low-pass filter of Block 4, are obtained. Therefore, the output
of Block 4 can be approximately given by a DC component,
of the form

u4(t) ≈ 2a2
1 +

b23
2 +

b25
2 + 2a1(b3 + b5) cos(2ϕ) + b3b5 cos(4ϕ).

(22)

The way in which the carrier phase ϕ affects Pinst is
therefore verified. Pinst is a DC component, but its value
depends on ϕ. For a cosine carrier (ϕ = 0 rad), the output
of Block 4 is given by

u4(t) ≈ 2a2
1 +

b23
2 +

b25
2 + 2a1(b3 + b5) + b3b5, (23)

whereas for the sine carrier (ϕ = 3π
2 rad), it is

u4(t) ≈ 2a2
1 +

b23
2 +

b25
2 − 2a1(b3 + b5) + b3b5. (24)

Using the reference flickermeter, if Pinst,max is evaluated
experimentally as a function of ϕ for a rectangular voltage
fluctuation of fm = 3000 cpm, a constant value should be
obtained, caused by the first term in Equation (22), upon which
the sum of a cosine of 2ϕ and another of 4ϕ are superimposed.

The upper plot of Figure 5 shows, as solid line, the
experimental Pinst,max values obtained when the carrier phase
varies from 0 to 2π rad. We applied a 3000 cpm rectangular
voltage fluctuation with an amplitude that produces a unitary
Pinst,max value for a cosine carrier (that is, Pinstc,max = 1).
The upper plot of Figure 5 shows, as dashed line, the theoret-
ical values provided by Equation (22). A small difference be-
tween the experimental and theoretical values can be observed.
This difference comes from the 50 Hz component produced
by the squaring of u3(t) in Block 4. Although the low-pass
filter of Block 4 strongly attenuates this component, it remains
in Pinst. The deviation obtained for the theoretical values of
Pinst,max in the two extreme cases of ϕ = 0 and ϕ = 3π

2 is
30.61%, which is consistent with the values listed in Table I.

The lower plot of Figure 5 shows the Pinst waveform during
a 0.1 s period, provided by the reference flickermeter for ϕ =
0, π4 and 3π

2 rad. The Pinst waveform is almost identical for the
three cases, namely a small 50 Hz component superimposed on
a DC component. The 50 Hz component has some influence on
the Pinst,max value, although it was ignored in Equation (22).
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(a) Maximum values of Pinst depending on ϕ.
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(b) Pinst waveform.

Fig. 5. Pinst,max and Pinst for a rectangular voltage fluctuation of
3000 cpm ∆V

V
= 0.8779%, depending on the carrier phase ϕ.

V. DISCUSSION OF THE RESULTS

The previous IEC standard [15] specifies operational tests
for the instantaneous flicker sensation Pinst and for the short-
term flicker severity Pst. For rectangular voltage fluctuations,
the standard considers the calculation of Pinst,max for the
various frequencies listed in Table I: 60, 120, 240, 300, 600,
and 1200 cpm (0.5, 1, 2, 2.5, 5, and 10 Hz). The deviation in
Pinst,max that the carrier phase produces at these frequencies
is less than 4%. This error is within the tolerance of 5% permit-
ted by the standard. For Pst, the standard requires analysis of
the behavior of the flickermeter for seven rectangular voltage
fluctuations. Only the frequencies of 1 and 2 cpm coincide
with those listed in Table I. The deviation generated by the
carrier phase at these frequencies is less than 1%, which is
below the tolerance of 5% permitted by the standard.

The TF1 group belonging to WG2 (Voltage fluctuations
and other low-frequency phenomena) of the IEC SC77A
subcommittee has been working on an update to the IEC
61000-4-15 standard. The new 2010 edition of the IEC
standard [1] demands more exhaustive operational tests. In
the tests specified for checking the normalized flickermeter
response (Pinst,max = 1) for rectangular voltage fluctuations,
the frequency of 3000 cpm is included. In this case, the
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deviation between cosine and sine carriers is over 30%. To 
solve this problem, the new standard explicitly indicates that 
a sine carrier must be used. The values of fluctuation amplitude 
provided by the standard are calculated using the sine carrier.

Since the first s tudies c arried o ut o n fl icker [4 ]–[6], sinu-
soidal and rectangular voltage fluctuations have been used and 
studied in detail. In these cases, using a reference lamp, it 
has been experimentally verified that the degree of annoyance 
suffered by people depends exclusively on the amplitude and 
frequency of the fluctuations. A ctual a nnoyance i s therefore 
independent of the carrier phase. The deviations observed 
in Pinst,max and Pst for rectangular voltage fluctuations in 
Table I depend on the carrier phase, demonstrating undesirable 
behavior in a flickermeter. T he o rigin o f t he d eviation i s the 
squaring operation of Block 4. Even if the influence o f the 
carrier phase on the measurement of Pst in real situations 
is difficult t o d etermine, w e b elieve t hat i t s hould b e taken 
into account when using the IEC flickermeter with rectangular 
voltage fluctuations.

The preliminary studies reported in this work concerning 
the influence of t he carrier phase on r ectangular voltage fluc-
tuations have been communicated to WG2 of the IEC SC77A 
subcommittee, with the aim of analyzing this dependency in 
depth and minimizing undesired effects in the future.

VI. CONCLUSIONS

We have given a full analysis of the influence of the 50 Hz 
carrier phase on the values of Pinst,max and Pst provided by 
the IEC flickermeter w hen w orking w ith r ectangular voltage 
fluctuations. T he s tudy w as c arried o ut e xperimentally by 
using a high-precision IEC flickermeter with analytically gen-
erated signals. The experimental results have been confirmed 
and justified by analysis. The work has explained how values 
related to a set of fluctuation frequencies can be influenced by 
the phase relationship between the carrier and the modulating 
function. This influence c an p roduce d eviations o f 1 4% for 
Pst and up to 30% for Pinst,max.

In reality, for a given type of lamp, the annoyance caused 
in people by rectangular supply voltage fluctuations depends 
exclusively on the frequency and amplitude of the fluctuation. 
For this reason, we believe that the results obtained demon-
strate undesirable behavior by the IEC flickermeter, which 
should be taken into account. The results of this work, together 
with previous research [14] could be used to improve some 
aspects of the IEC flickermeter.
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