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Electromagnetic Compatible Energy Measurements
Using the Orthogonality of Nonfundamental
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Abstract—Measurement bandwidth of energy measurements are
increasing to incorporate all the harmonics created by nonlinear
loads and distributed generators making the measurement elec-
tronics complex and sensitive to electromagnetic interference. This
article proposes to change the accuracy paradigm by focusing on
fundamental active power and lower harmonics for energy meter-
ing, simplifying the electronics and making them robust against
electromagnetic interference. Using the orthogonality of power
flow via Parseval’s theorem, a theoretical analysis, simulations, and
measurements on power calculations using the fundamental active
power are presented. It is shown that a perfect power measurement
is achieved with a pure 50 Hz supply voltage, regardless of the non-
linear current. Even with the highest allowed harmonic distortion
of the voltage and the current as listed in the international standards
EN 50160 and IEC 61000-3-2, more than 97.5% of the active
power is contained in the fundamental active power. Negligible
active power is contained in the higher frequency components.
This error margin falls within limits for electricity meters. Filtering
the current with a basic low-pass filter can prevent the erroneous
measurements that have appeared with static energy meters. In
other words, it has been proven that negligible energy flows in the
higher frequency components.

Index Terms—Conducted immunity and emissions, EMC
measurements, low frequency EMC, power electronics, power
quality.

I. INTRODUCTION

THE POWER and energy metering is conventionally fo-
cused on the phase deviation between supply voltage and

loading currents. All traditional loads could be considered to be
of a linear nature with some degree of capacitive or inductive be-
havior. With the introduction of semiconductor devices loads be-
came inherently nonlinear and thus started introducing harmonic
distortions [1]–[3]. This is now a classical electromagnetic
interference (EMI) phenomenon that raises (PQ) issues. Over the
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last decades, the silicon-based metal oxide semiconductor field
effect transistor (MOSFET) and insulated-gate bipolar transistor
(IGBT) have been pushed to the limit of their physical operating
boundaries, by increasing switching speeds, decreasing physical
sizes while increasing power densities. This has been pushed
even further by implementing several new technologies based
on wide bandgap materials, like Galium-Nitride (GaN) and
Silicium-Carbide (SiC), or any hybrid form, increasing the high
frequency spectral content of the switching waveforms [4].

Conducted EMI in the grid has been extensively investigated
over the years [1], [5], [6]. For instance, harmonic current flow
in a three-phased system, which causes heating or in extreme
cases even burning out of the conductor [7], [8]. Harmonic
voltages and currents are conventionally measured up to 2 kHz,
and EMI measurements for PQ, mainly voltage, are described in
[9]. The standardization community shows an increased interest
in the frequency range between 2 and 150 kHz developing
standards for apparatus [10]. This together with more accurate,
faster, and cheaper measurement equipment results in a trend
in power analysis, and inherently energy metering, to increase
the measurement frequency bandwidth to solve metering issues
attributed to EMI [11]–[13].

Household energy metering has been proven to be susceptible
to EMI [14]–[18]. In [14], it was shown that static energy meters
with a Rogowski coil current sensor showed positive deviations
and static energy meters with a Hall effect current sensor showed
negative deviations. Relative energy measurement errors of up
to 581% were shown in [15]. In [16], a current gradient of
1.1A/μs was shown to cause large metering errors. In [17],
an energy measurement error of 2675% for a commercial of
the shelf (COTS) water pump was shown and in [18] sensitivity
of static energy meters due to changes in nonsinusoidal load
conditions was shown.

The IEC 61000-4-19 standard [19], to which all the static and
smart meters have to adhere, was updated in 2014, after negative
energy metering errors had been shown to exist. However,
energy meters compliant with the tests described in [19] are
also showing the higher meter readings [14]–[18], [20], [21]. It
has been identified that currents containing a high di

dt are more
problematic for derivative current sensing elements [21]. The
common approach of measuring the current components up to
high frequencies does not contribute to a better energy meter
reading, because of the orthogonality of the fundamental voltage
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frequency and the higher current harmonics. In this article, a
theoretical derivation is given to why only frequencies coexisting
in both the voltage and current waveforms are of interest for
active power calculations. The theoretical analysis results are
substantiated with simulations and measurement results of ideal
sinusoidal voltage waveforms combined with nonsinusoidal
currents. Also, the effect of distorted voltage waveforms on
the active power measurements have been analyzed, up to the
maximum voltage distortion limit described in EN50160 [22]
and the current distortion limit described in IEC 61000-3-2 [23].

The theoretical analysis is based on Parseval’s theorem and is
consistent with the theory of orthogonal power flow presented
in [24], which states that power produced by different frequency
components is orthogonal to each other. To verify the presented
theory and simulation results, measurements have been per-
formed using first, a dc power supply to demonstrate that mea-
surements of the active power can be limited to the frequencies
of the voltage supplied. The effect of placing filtering elements
in the measurement circuit to decrease the susceptibility to EMI
and thus increase electromagnetic compatibility (EMC) levels
is investigated. The practical implementation of such a filter
is, however, outside the scope of this article. This section is fol-
lowed by a more practical and commonly seen power system that
uses the 50 Hz as the fundamental supplying voltage component,
first perfectly sinusoidal and afterward distorted with higher
harmonics. The active power is calculated via both the time and
frequency domain for better insights in the orthogonality of the
power calculation.

The rest of this article is organized as follows. In Section II, the
theory of orthogonal power flow is presented based on Parseval’s
theorem. In Section III simulation results are presented showing
the ratio of the fundamental active power with respect to the total
power over a range of total harmonic distortion (THD) values
for both the voltage and the current. Sections IV–VI show the
active power measurement results of an ideal dc, ideal 50 Hz,
and distorted 50 Hz voltage source, respectively. Section VII
provides the overview of this article and, finally, Section VIII
concludes this article.

II. THEORETICAL BACKGROUND—ORTHOGONALITY

The Parseval’s theorem in its most general form, known as
Plancherel’s theorem, will be used to show the orthogonality
of power for the current and the voltage. Parseval shows that
a multiplication in the time domain within an integral stays a
multiplication in the frequency domain within an integral, under
the following circumstances shown in (1).∫ ∞

−∞
f(x) · g∗(x)dx =

∫ ∞

−∞
F (ξ) ·G∗(ξ)dξ (1)

where f(x) and g(x) can be mathematical relations in the
time domain and F (ξ) and G(ξ) are their Fourier transforms,
respectively. This theorem can be used for the equation of the
average power, which follows from the instantaneous power:

Pav =
1

2T

∫ T

−T

i(t) · v(t)dt (2)

where (2) equals the circumstances for the left side in (1), if we
include a rectangular function to incorporate for the impossible
infinite measurement time as follows:

Pav =
1

2T

∫ ∞

−∞
iT (t) · v(t)dt (3)

where iT (t) = i(t) · g(t) and g(t) = rect( t
2T ). From (3) and

Parseval’s theorem, it is concluded that

Pav =
1

2T

∫ ∞

−∞
IT (f) · V (f)df (4)

where IT (f) = I(f) ∗ 2T sinc(2Tf), which causes spreading
in the frequency domain due to the limited measurement time.
Equation (4) shows that to calculate the average power individual
frequency components in the voltage are only multiplied by
the corresponding frequency component in the current. If the
voltage is assumed to be a pure 50 Hz sinusoidal waveform,
Avcos(2πfct), (4) transforms into

Pav =
1

2T

∫ ∞

−∞
IT (f) · Av

2
[δ(f − fc) + δ(f + fc)]df. (5)

After which, (5) simplifies into

Pav =
Av

4T
[IT (fc) + IT (−fc)] (6)

where the convolution in IT (f) has to be performed first after
which, it can be considered at f = fc.

Equation (6) shows that only the fundamental active power
has to be considered, regardless of the THDI. This means
that frequency components in the current, other than the main
50 Hz component, only influence the active power calculation
at 50 Hz due to the spreading in the frequency domain, which
can be attributed to the limited measurement time [25], [26].
This influence can be quantified by considering the envelope
function of the sinc, which decreases linearly with 1/(2TΔf).
The fact that only the 50 Hz fundamental current component is
needed for accurate active power and energy measurements are
always valid for an ideal power supply grid, allowing for highly
accurate measurements. This allows for filtering elements to be
placed in the measurement circuit to decrease the susceptibility
to EMI. It is suggested that the designer creates a filter with
a fast roll-off while keeping the amplitude of the fundamental
unaffected. Also, the phase shift introduced by the filter should
be kept as small as possible. In actual systems, the grid has some
impedance, and the distorted current consumption will result
in voltage distortion. As the energy supplier is responsible for
the THDv, the energy supplier is able to minimize any energy
measurement errors by reducing the THDv. This effect has been
included in the analysis as well.

III. SIMULATION

To demonstrate the effect of orthogonal power flow, which
shows that with an ideal 50 Hz grid only the fundamental fre-
quency component of the current has to be considered regardless
of the THDI, a simulation has been performed. The effect of
different THD values in both the current and the voltage on the
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TABLE I
EN 50160 HARMONIC VOLTAGE LIMITS

TABLE II
CURRENT LIMITS FOR CLASS C EQUIPMENT

total active power will be presented. Both a linear load and a
nonlinear load will be examined.

For the maximum harmonic distortion of the voltage the EN
50160 standard for voltage characteristics of electricity supplied
by public distribution networks is used as reference [22]. For a
linear load, the same harmonics will be present for the current.
The maximum voltage harmonics are shown as Table I. In the
situation of a nonlinear load, the effect of Class C equipment
is used as reference, based on the International Standard IEC
61000-3-2 [23]. This standard prescribes the maximum value
for harmonic currents from the second harmonic up to and in-
cluding the 40th harmonic. IEC 61000-3-2 applies to equipment
with a rated current up to 16 A. The standard established four
groups of equipment, each with their own harmonic emission
limit. Class A consists of household appliances, tools, and
audio equipment, Class B holds portable tools and arc welding
equipment, which is not professional. Class C is specified for
lighting equipment, including dimmers. Class D is for personal
computers and television receivers consuming less than or equal
to 600 W. The standard of Class C equipment has its limits
specified as a percentage of the fundamental frequency as does
the EN 50160 standard. For this reason and for creating a generic
case, by not specifying a specific amplitude for the fundamental
frequency, the limits for Class C equipment were chosen as an
example. In actual households, the type of appliances differ, and
the diversity will result in an overall lower THDI, compared to
one of the classes only [7]. An overview of the specified current
harmonics for Class C equipment is shown in Table II.

The THD is defined with respect to the fundamental as shown
in (7).

THDV =

√∑∞
n=2

V 2
n

V 2
1

(7)

where Vn represents frequency components that are integer
multiples of the fundamental frequency. Equation 7 shows the
THDV, but the same concept holds for the THDI calculation.

Fig. 1. Power ratio of the fundamental active power with respect to the total
power for a linear load for different THD values.

A. Linear Load

Under the assumption of a linear load the THDI is equal to the
THDV. This means that the values from Table I are chosen for
both the current and the voltage. Taking the worst case allowed
values for every single harmonic, a maximum THDV of 0.11
is found. This is even higher than the accepted supply voltage
THDV of 0.08 as specified in EN 50160. All THD values up to
0.11 are considered for both the current and the voltage following
the same ratio from Table I. For all these different THD values,
the power ratio of the fundamental active power with respect to
the total power delivered to the linear load is calculated. This
result can be seen in Fig. 1, for which THDI equals the THDV,
due to the linear load. Different combinations of THDV and
THDI would show the effect of nonlinear loads on the amount
of active power in the fundamental frequency components with
respect to the total power, which will be elaborated on.

It is important to note that even with a THD of 0.11 for
both the voltage and the current, more than 98% of the total
power coincides in the fundamental frequency component. This
raises the attention about shifting our focus away from the higher
frequency components and more toward the fundamental active
power. Furthermore, under the assumption of a pure sinusoidal
supply voltage the THDI has no effect on the average active
power, regardless of the frequency components in the current,
and thus it is sufficient to only consider the fundamental active
power.

B. Nonlinear Load

The orthogonality of power flow toward a nonlinear load
is considered using the limits of IEC 61000-3-2 for Class C
equipment, as stated in Table II. The worst case THDI following
these values is 0.34. Again all the THD values are investigated
following the same ratio from zero until the worst allowable
distortion, for both the voltage (EN 50160) and the current (IEC
61000-3-2). The fundamental active power with respect to the
total power in the nonlinear load is calculated and can be seen
in Fig. 2.

The flat line of 1 at a THDV of zero shows that a perfect
energy measurement result is achieved when only considering
the fundamental active power, regardless of the intensity of
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Fig. 2. Power ratio of the fundamental active power with respect to the total
power for a nonlinear load for different THDV and THDI values.

THDI, since the nonfundamental active power is zero. In other
words, if the wideband current signal in an energy meter would
be fitted with a basic low-pass filter, the active power and energy
measured would be exactly the same as when the, even extreme
wideband, current signal would be used without a filter. The
results in Fig. 2 show that even at the worst-case scenario of a
THDV of 0.11 supplied by the grid and a THDI of 0.34, the power
calculation using only the fundamental active power has an error
of less than 2.5% compared to the total power considering all
components. This error is within the maximum permissible error
limit for electricity meters used in Europe with approval of the
European measuring instrument directive and according to the
European standard EN 50470-3:2006 [27].

IV. MEASUREMENT SETUP I—DC

To verify the feasibility of the orthogonality concept, a
programmable load is used in combination with a Keysight
E36234 A voltage source set to 10 V dc. The load is programmed
to vary “sinusoidally,” between 0.5 and 1.5 A. The resulting
voltage and current waveforms can be seen in Fig. 3(a).

In the figure one can clearly distinguish the dc behavior in
the voltage versus the dc plus sinusoidal behavior of the current.
The active power that will actually be consumed is due to the
dc component in the current. The 50 Hz component of the
current will deliver no work and is therefore of no importance
when one is interested in the actual active power of the load.
To emphasize on the difference in frequency components, their
respective frequency plots can be seen in Fig. 3(b).

For this case, it seems trivial that the extra frequency com-
ponent in the current adds nothing to the active power. Instan-
taneous power shows a higher current flow through the load
during the first-half of the 50 Hz sinusoidal period, while in the
other-half of the period, it is vice versa and thus resulting in a
zero average contribution to the active power consumed. This
physically results in the load warming up and cooling down over
time, with respect to the average power when not considering this

Fig. 3. Voltage (blue) and current (red) measured at the output of the dc source.
(a) Time domain. (b) Single-sided amplitude spectra of the voltage and current.

extra frequency component in the current. This case is extended
in the following section to an ac voltage source, where the current
also has additional harmonics that do not occur in the voltage
waveform. When considering energy measurements low-pass
filter elements should be used to decrease the susceptibility to
high-frequency harmonics caused by the nonlinear currents.

V. MEASUREMENT SETUP II—PURE 50 HZ

To emphasize orthogonal power flow occurring in ordinary
situations a full wave rectifier has been used, which can be found
in many COTS equipment. It is well known that a full wave
rectifier introduces harmonics in the current [28]. The rectifier
is followed by a capacitor in parallel with a resistor. For these
measurements, a 70.71 Vrms ideal, i.e., nondistorted, sinusoidal
voltage is generated using a four-quadrant pacific power smart
source 140-TMX AC. This ideal nondistorted sinusoidal voltage
results in a single frequency component with a peak voltage of
100 V. In the following sections, peak values are used to represent
the individual sinusoidal component of the voltage and current
waveform to better relate the mentioned values to the frequency
graphs.

The test setup that is used is shown in Fig. 4. A dc electronic
load (BK8601) is used to sink all the dc current generated by the
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Fig. 4. Schematic overview of the measurement setup with a rectifier test case.

circuit. The BK8601 is programmable and gives a measurement
of the power that is being dissipated. This programmable elec-
tronic load has a maximum dc voltage rating of 120 V. Because
of this constraint, the supply voltage is set to 70.71 Vrms with
a peak value of 100 V in order to protect the equipment. Using
a 220 μF capacitor and 1 kΩ load resistance will result in a
voltage ripple of approximately 5% at the load. The rectifier
starts conducting twice in the 50 Hz period causing the capacitor
to charge via a current pulse, causing harmonic distortion in the
current waveform.

This measurement setup emulates a common situation, where
higher frequency components in the form of harmonics are
created in the current, while the voltage remains 50 Hz. Mea-
surements are performed with a multichannel digitizer, in this
case, a PicoScope PS4824. The current and voltage waveforms
measured at the output of the source are shown in Fig. 5(a). It can
be clearly seen that the voltage is mainly sinusoidal, while the
current is impulsive. Based on Fourier analysis, the impulsive
current constitutes of many uneven, higher harmonics. The
frequency content of both signals has been plotted in Fig. 5(b).
The active power consumed by the load corresponds to 9 W,
which is mainly due to the 0.18 APk, 50 Hz and 100 VPk,50 Hz of
the 50 Hz component. Even though the fact that the higher
harmonics in the current have almost the same amplitude as the
50 Hz component, they add almost nothing to the active power
being consumed. When considering energy measurements a
low-pass filter should be used to reduce the EMI caused by
the nonlinear currents and the corresponding higher frequency
harmonics. In this article, we have looked at the extreme case
of only taking the 50 Hz component into account, while still
remaining within the measurement accuracy limits for electricity
meters.

This measurement shows that when a grid is maintained
without any significant harmonic distortion, active power mea-
surements can be confined to the very low frequencies, i.e., the
fundamental supplying frequency. This allows for measurement
circuit design, which is very robust against high-frequency
current harmonics, for instance by employing basic low-pass
filters.

VI. MEASUREMENT SETUP III—ADDING HARMONICS

The effect of harmonics, representing actual power supply
grids, is demonstrated in this section. Using the pacific power

Fig. 5. Voltage (blue) and current (red) measured at the output of the source
during the diode rectifier setup. (a) Time domain. (b) Single-sided amplitude
spectra of the voltage and current.

smart source 140-TMX AC, a 50 Hz grid is emulated with an
additional third harmonic. Due to the phase, the harmonic can
be added destructively, i.e., creating a lower peak in the voltage,
and constructively, i.e., increasing the peak of the voltage [1].
The fundamental component is 100 VPk, 50 Hz, while the third
harmonic is 10% of the fundamental component (10 VPk, 150 Hz).
A relatively high value for the third harmonic, outside the EN
50160 limits, is chosen to emphasize the importance of keeping
the grid voltage within the allowable distortion levels w.r.t.
EN 50160. In this example, a significant power of around 5%
can be found in the third harmonic when not adhering to the
limits. This extra frequency component does also influence the
functionality of the load, and therefore the power flow within
the load. The measurement for this apparent power, however,
remains completely orthogonal, i.e., the 150 Hz component is
not involved with the 50 Hz component for the active power
measurement.

A. Destructive Harmonics

Based on the theory of orthogonal power flow, it is expected
that the third harmonic will add active power to the system and
thus increase the total power consumption. The assumption here
is that the current drawn by the load is unaffected by the change
in voltage supply. However, it turned out, after measuring a lower
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Fig. 6. Voltage (blue) and current (red) measured at the output of the source
with destructive harmonics added to the voltage. (a) Time domain. (b) Single-
sided amplitude spectra of the voltage and current.

power consumption, that the current drawn was lower. This can
be seen by comparing Fig. 6 with Fig. 5, as the voltage waveform
has a lower peak. This can be explained, by the negative peak
of the 150 Hz coinciding with the positive one of the 50 Hz,
lowering the maximum voltage peak, thus lowering the average
voltage of the capacitor and inherently lowering the current
drawn by the resistor.

B. Constructive Harmonics

When phase shifting the 150 Hz harmonic 180◦ with respect
to itself, the harmonic interference adds constructively at the
top of the 50 Hz voltage increasing the maximum peak of the
total voltage as seen in Fig. 7(a), while again keeping the 50 Hz
component constant at 70.71 Vrms, see Fig. 7(b).

It is important to emphasize on the fact that these harmonics
in the grid can hugely affect the function of equipment in a
household. Either lowering the power consumed in such a way
that the equipment does not turn-ON anymore, or increasing it
such that the equipment can even break down. However, it is
key to emphasize here that the orthogonality of power flow
is maintained. There is no interaction between voltage of one
frequency in combination with a current on another. In this

Fig. 7. Voltage (blue) and current (red) measured at the output of the source
with constructive harmonics added to the voltage. (a) Time domain. (b) Single-
sided amplitude spectra of the voltage and current.

example, a significant power can be found in the third harmonic.
This is due to the fact that the third harmonic of the voltage
is outside the EN 50160 limits and the current also has high
harmonics not falling within the Class C equipment standard.
The functionality of the equipment itself, does effect the total
active power. In the measurement case, a reduction or increase
in active power is purely due to the reduced and increased dc
voltage provided to the resistance.

VII. OVERVIEW

A schematic overview of this article is given in Fig. 8, showing
the difference between a static energy meter, with and without
a basic low-pass filter. This figure is divided in three separate
parts, first it shows that no errors occur for both cases in an ideal
situation with no THD for both the voltage and the current. In
the middle section, it shows that a static energy meter without a
low-pass filter is prone to errors due to THDI. The static energy
meter with a low-pass filter, however, still shows perfect results.
The last scenario, with a THD for both the voltage and current,
shows an error prone static energy meter without a low-pass
filter. The static energy meter with a low-pass filter remains
within limits, as considered for Class C equipment [23].
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Fig. 8. Left: Pure 50 Hz voltage and current, Middle: Pure 50 Hz voltage and a current with THD, Right: THD for both the voltage and current.

VIII. CONCLUSION

In this article, a theoretical model, simulations and measure-
ments were presented to prove that for reliable energy measure-
ments, only the fundamental 50 Hz component of the current
should be considered if the voltage source is a pure 50 Hz.
Also, in case of a THDv of 0.11 and a THDi of 0.33, as a worst
case allowed scenario following the international standards EN
50160 and IEC 61000-3-2 for Class C equipment, more than
97.5% of the total power is still confined to the fundamental
frequency. Thus, by filtering the harmonics, created by nonlinear
loads, a reliable active power and energy measurement can
be performed, and no high sampling of the current waveform
is needed. The trend toward measuring active power up to
higher frequencies does not add significant improvements to
the accuracy of the total power measurement, while it adds
unnecessary complexity and electromagnetic susceptibility. Two
measurement setups were used to validate the theoretical model.
A dc source was loaded with a variable impedance, introducing
higher frequency components in the current, which did not
contribute to the registered average dissipated power. A more
common case of using a diode rectifier connected to an ac voltage
supply, showed similar results. The harmonics in the current do
not add any active power to the load, if the voltage source quality
is maintained, i.e., no harmonic distortion. Finally, it was shown
that adding harmonics in the voltage can influence the power
drawn by the load. However, the total active power can still be
determined via the orthogonality principle and thus measuring
only at the fundamental frequency.
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