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Conducted high frequency disturbances observed in electrical
power systems with switch mode converters

Abstract. This paper deals with electrical power systems (EPS) with power electronics interfaces. The EPS with switch mode converters (SMC)
are of particular interest. In general, one of the phenomena of SMC topologies is the generation of signal perturbation and examples of such signal
perturbation from test results are presented. A simplified equivalent circuit model of the common mode (CM) and differential mode (DM) voltage and
current analysis in a three-phase system is introduced. Furthermore, many examples of experimental test results in EPS with SMC are presented.

Streszczenie. Artykut dotyczy systemow elektroenergetycznych (SE) z interfejsami energoelektronicznymi. Szczegélnie sg to SE
z przeksztattnikami energoelektronicznymi (PE) o sterowaniu typu PWM. W ujeciu ogbéinym, przedstawiono wyniki badarn sygnatéw zaburzen, ktére
sg efektem stosowania PE w tych systemach. Wprowadzono model obwodowy systemu tréjfazowego do analizy zaburzen napiec i pradéw typu CM
oraz DM. Ponadto, przedstawiono wiele przyktadowych wynikéw badan eksperymentalnych zaburzen w SE z PE. (Zaburzenia przewodzone
wysokiej czestotliwosci obserwowane w systemach elektroenergetycznych z przeksztaftnikami energoelektronicznymi o sterowaniu typu

PWM).
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elektromagnetyczne.

Introduction

Electrical power systems are very important and
convenient ways to “keep alive” industrial and social
systems. These systems can be divided into electrical
energy transmission systems (EETS) and electrical energy
distribution systems (EEDS) [1]-[11]. In EETS there are two
technologies used for controlling the transmission of
energy: (/) high, medium or low voltage direct current
(HVDC, MVDC, LVDC) devices with DC transmission and
(i) flexible alternating current transmission system (FACTS)
devices, (Fig. 1) [5], [8]. In EEDS there are also two
technologies used for controlling the transmission of
energy: (i) coupling of renewable or stored distributed
electrical energy sources with EPS or local end-user and (i)
interfacing passive and active load or local end-user in
order to supply quality improvement, (Fig.2) [6]-[9].

All types of the electrical energy conversion are used in
EPS which are realized by AC/DC, DC/AC, DC/DC and
AC/AC power electronics converters [6], [11]-[13].
Increasingly, there are switch mode converters with self
commutated switches (transistors) in such circuits. Even for
high power converters (a few MVA) using transistor
switches based on insulated gate bipolar transistors (IGBT),
rise or fall time of the voltages or currents are smaller than
a few microseconds [14]. This produces rates of du/dt and
di/dt with values even more than 1kV/us or 1KkA/us
respectively. It leads to many EMC related side effects [11],
[15], [16].

A typical approach to electromagnetic emission
measurements is based on the use of standardized
equipment and comparison of the result obtained in
normalized arrangement with specific limit lines related to
EUT (Equipment Under Test). In this case, classical filter
development is limited to the selection of a device with a
desired attenuation in a given frequency range [17, 18].
However, evaluation of the electromagnetic compatibility in
defined (not EMC standard) context and the development of
effective disturbance mitigating techniques [19]-[21] require
knowledge of specific phenomena accompanying the
application of SMC in electrical power systems.

The aim of the paper is to present recent results,
obtained by the authors [22]-[27], concerning generation
and flow of disturbances introduced into electrical power
systems by switch mode converters.

Switch mode converters

In Electrical Energy Transmission Systems

The types of electrical energy conversion in EETS are
shown in Fig. 1. In general, in HV-, MV- and LVDC
transmission systems AC/DC and DC/AC converters are
used, whereas in FACTS different types of converters,
including also AC/AC with and without DC storage, are

applied.
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Fig. 1. Electrical energy transmission systems

In Electrical Energy Distribution Systems

Types of electrical energy conversion in EETS are shown
in Fig. 2. In general, in coupling renewable or storage
distributed electrical energy sources with EPS or local end-
users DC/AC converters are used for the voltage or current
profiling of DC sources, e.g., photovoltaic cells, whereas
AC/AC indirect or direct converters are used for the voltage
or current profiing of AC sources e.g.,, wind turbine
generator. There are similar types of power electronics
converters in interfacing EPS with passive loads e.g.,
electro thermal actuators or active loads e.g., DC or AC
drive systems.

LVDC or AC/DC/AC Converter

An example of the LVDC or AC/DC/AC topology is shown
in Fig. 3 [11], [15], [14]. In this circuit two switch mode
converters are used. Both are used as the rectifier and the
inverter for the energy flow from line-side source to output
side source or inversely. In general, each converter has 8
allowed switch configurations and control strategies, usually
with space vector modulation (Fig. 3b), being used [28].
Multilevel converters are also applied, inter alia, because of
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the duldt lowering ratio. An example of the five level
converter with cascade H-bridge topology is shown in Fig. 4
[28], [29].
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Fig. 3. AC/DC/AC frequency converter in drive system, a) 4-
quadrant topology, b) simplified geometrical interpretation of the
space vector synthesis
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Fig. 4. Five level cascaded H-bridge inverter

Unified Power flow Controller
An example of the UPFC, the most universal power
electronics device of the FACTS, is shown in Fig. 5 [29],
[30]. Two voltage source inverters (VSI) are used as the
compensation voltage uc and as the compensation current
ic sources.
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Fig. 5. UPFC in AC/AC transmission system

DC/DC Converter

An example of the DC/DC converter with Z-source
interface and high frequency step-up insulation transformer
is shown in Fig. 6 [11]. Usually, the PWM H-bridge bipolar
inverter and voltage doubler rectifier are used.
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Fig. 6. DC/DC converter with high frequency insulated transformer

AC/DC Converter

A three-phase PWM rectifier cascade connected with a
buck topology DC/DC converter for bidirectional power flow
control to or from a battery, exemplifying the distribution
system, is shown in Fig. 7 [11].
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Fig. 7. AC/DC converter in distribution system with active load

Theoretical Base
General Description
Fig. 8 schematically shows intentional and parasitic

electromagnetic processes in systems containing power

electronic converters [15]. For the most commonly
encountered system operation conditions (resistive-inductive

load, pulse width modulation and switching frequencies of a

few kHz) it is possible to predict certain characteristic EMI

(Electromagnetic Interferences) currents:

e the carrier frequency and its harmonics are predominant
in the EMI current spectrum in the lower (CISPR A) EMC
frequency band,

e EMI currents excited by fast du/dt in parasitic resonant
circuits prevail in CISPR B frequency range,

e because of their origin EMI currents in CISPR B
frequency range will have approximately damped
oscillatory waveforms with frequencies not exceeding 30
MHz (upper limit of conducted EMI),

e the near square waveforms of voltage excitation and
large extent of systems causes the wave approach to be
very useful in analyses.
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In order to describe EMI current paths and the
appropriate application of emission reduction techniques
the method of splitting EMI current into a Common Mode
(CM) and a Differential Mode (DM) is commonly used. CM
noise is a type of EMI induced on signals with respect to a
reference ground. The remainder of the total conducted EMI

is defined as the DM noise. The CM/DM current paths in
three-phase systems for step excitation in the phase B are
shown in Fig. 9. Lumped RLC elements represent parasitic
and residual parameters (of source, cable and load
respectively) of EMI noise paths.
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Fig. 8. Intentional and parasitic electromagnetic processes in systems with power electronic converters
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Fig. 9. The CM/DM current paths in three-phase systems for step
excitation in the phase B

EMI currents in HF CISPR B range

EMI currents spread over systems in complex circuits
containing parasitic parameters (that are in fact distributed).
While the CM/DM separation is well defined and understood
for the single-phase or the DC system, the same cannot be
said of three-phase converter systems and there is no
universal CM/DM definition [31]. However, splitting three-
phase-systems into CM/DM is still possible if a symmetrical,
linear and time invariant three phase system is considered.
In CISPR B frequency range, using some orthogonal
transformations (e.g. 7,0 ,0) and the Laplace transform it
is possible to transform the three-phase circuit of fig. 9
which contains parasitic elements into to the single-phase
CM and DM circuits shown in Fig. 10 [15].

It is usually possible to separate dominant oscillation
mode in CM and DM current waveforms. This allows the
adoption of a simple RLC model, and in normal practice this
is the basis for analyses and the selection of EMI mitigating
techniques. In regard to the pulse nature of voltages in
power electronic converters the step function is often used
in simplified analyses as an excitation in EMI current
circuits. However, the trapezoidal function fits better with
experimental voltage waveform because although the

frequency of the oscillation in a circuit with trapezoidal
excitation depends on parameters of passive elements, the
resulting shape and maximum value of the current are
strongly influenced by rise and fall times of the voltage
slope. For convenience of analysis the leading edge of a
trapezoidal signal can be split into two linear excitations, as
shown in Fig. 11.
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Fig. 11. Graphical interpretation of the voltage step function
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Time varying voltage u(t) can be expressed by (1),

AU AU
M ult)==—=t-1()-—=(t-t,)-1t-t,),
t0 t0
where: AU - voltage step, l(t)- unit step function, t; - rise

time.
Using Laplace transform theory the waveform of the current
in a series RLC circuit can be expressed by (2),
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The current responses of a series RLC circuit to excitation
with different rise times t; and the spectra of these currents
are shown in Fig. 12.
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Fig. 12. Time waveforms and spectra of the current responses for different rise times, a), b), c), d) time waveforms, e), f), g), h) spectra of

currents

Generally, currents have damped oscillatory waveforms,
however for the specific rise time of voltage (t, =1/ f where

f is resonant frequency of the circuit) there has been

observed strong attenuation of ringing. This is very
important because the lack of a characteristic peak in the
EMI current spectrum can lead to misinterpretation of
experimental data. It is worth noting that there is a strong
dependence of the current amplitude on the voltage rise
time. The ringing phenomena can exacerbate the problems
of EMI, overvoltages and signal integrity in systems
containing power electronic converters. Additionally, the
ringing transients cannot fully decay prior to the occurrence

of the next pulse that can cause ringing higher than in the
case of a single pulse (double pulsing).

Analytical decomposition of phase voltages in

CISPR A frequency band

Usually, EMI noises connected with control algorithms of
PWM drive systems are located in CISPR A band because
of typically used carrier frequencies in such systems [28].
To determine voltage excitations for both modes the double
Fourier integral analysis may be applied. Three-phase
naturally sampled (sinusoidal) PWM will be used as an
example of decomposition. For this algorithm phase
voltages can be expressed by the well known expression

(3) [4].
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4VDC z [m—jsm([mn] ZJ

3) x cos(ma)ct +n[ogt+6,])+ ’

Apc mz;nzw [mgmjsin([m+n]%jx
x cos(m W, + n[a)ot +6; ])

where: i=a,b,c-phase leg identifiers for three phase

inverter, m,n -harmonic index variables, Vpc -one-half of

DC-link voltage, Jn(X)-BesseI function of order n and

argument X, @, -angular frequency of carrier waveform,

@, -angular frequency of fundamental component, M -
modulation index.

The theoretical harmonic spectra of the phase voltage for
a three-phase natural sampled (sinusoidal) PWM as a
function of the modulation index is shown in Fig. 13. The
common mode voltage source is expressed by (4).

ey (1) = L2 s () + 00

3

(4)

)

where: U,,Uy,U, -phase voltages.

apmyjdwry

Fig. 13. Normalized harmonic spectra of the phase voltage

Sideband harmonics with even combination of m%n will
not appear in this sum because of the term sin([m + n]ﬂ'/2) .
The elimination term cos[1+2cos(n . 271/3)] causes a

cancellation of specific harmonics in the CM voltage.
Harmonics, which are cancelled in the CM voltage, are
represented in the DM voltage because of the term
sinnz /3. Using the above mentioned terms, common and
differential mode components in phase voltages can be

expressed as in (5) and (6).
Upwi (t 8VDC Z z 1 [m Mjsm([m+ n]= j
. T
X sin n?cos(ma)ct + na)ot)
Uew (t 4VD° Z Z —J Lm MJ

®) =1 n=—
(6) m=! IR;tOOO

X sin[[m + n];[){l +2cosn 237[} x cos(ma)ct + na)ot)

The result of the analytical decomposition of the phase
voltages into CM and DM components for arbitrarily
selected parameters of the modulation (modulation index

M =0.9, f./f,=21)are shown in Fig. 14.
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Fig. 14. Spectra, a) phase voltage, b) CM voltage component and
c) DM voltage component
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Fig. 15. Insertion losses of CM and DM paths on the motor side of
the drive system

In order to determine the current harmonics, advantage
can be taken of the fact in CISPR A frequency band the
impedance of the common mode path is predominantly
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capacitive in character. As an example, Fig 15 shows the
insertion losses of CM and DM paths on the motor side of
the drive system (Fig. 15).

After taking into account the impact of the measuring
range of the receiver on the result, we can enter the
distribution of computational normalized harmonic common

mode currents Amn weighted by the number of harmonic

group (m) and aggregated around the harmonic output
frequency according to the formula (7) [15], [32].

n=o00
(7) Anmn (w)z zAmn (a)) m.

N=—o0
In Fig. 16 are shown the spectrum obtained this way for
modulation indexes M =0.9 and M =0.

(o]

21 42 63 84 105

Fig. 16. Spectrum of weighted and aggregated harmonics of CM
voltage

Travelling wave phenomena

On account of high du/dt at the output of the inverter,
EMI currents in the motor cable are, in fact, travelling wave
phenomena in feeder cables and motor windings [15], [33],
[34].The understanding of these phenomena is very
important for a proper analysis of EMI spectra. An
exemplification of the effect of travelling wave phenomena
on CM and DM noise spectra is shown in Fig. 17. Travelling
waves have been excited in a shielded and unshielded
open-ended cable fed by an inverter. The velocity of the
electromagnetic waves can be approximately expressed by

(8)
1

VEoEr Hokly ‘

where: g is the dielectric constant, ¢ is relative permittivity,
Uo is the permeability of the free space, u,r is relative
permeability.

The frequency of the noise is formed by multiple
reflections of the traveling wave and depends on the
propagation time between reflections. The circuits of CM
and DM currents can be quite different. However, in the
case of the shielded cable, the frequencies of the main
oscillatory modes are approximately the same, because
electromagnetic waves propagate in the material with
similar permittivity.

For the unshielded cable, the electromagnetic wave
connected with DM noise propagates in the solid material
as in the case of a shielded cable. Therefore, the spectrum

(8) V=

of EMI noise remains unchanged. Otherwise, the
electromagnetic wave that constitutes the CM leakage
current propagates mainly in the air, which results in an
increased wave velocity. This in turn causes a higher
frequency of the main oscillation mode. The magnitude of
CM spectra is much smaller because of decreased
transverse line-to-ground parasitic capacitances. The
observations made on the basis of the above-presented
spectra have been confirmed by measurements in time.
The waveforms of phase voltage, phase current, DM and
CM noise currents are shown in Fig. 18.
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Fig. 17. EMI currents spectra in: a), b) shielded

and c), d) unshielded cable
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Experimental Test Results
Conducted EMI generated by
frequency converter
CM currents, which are generated by switching states of
the inverter, have an impulse-like waveform with HF
oscillation. The resonant frequency of the oscillatory mode
is determined by the residual, parasitic parameters of the
CM current path. Fig. 19 shows the main oscillatory modes
of the CM current, generated by the 7.5 kW two-quadrant
frequency converter, supplying the 1.5 kW induction motor.

two-quadrant

The main return path for the CM currents leads through the
heat sink to DC link capacitance. The CM current causes a
CM voltage drop in the heatsink-to-DC link capacitance. In
the blocking state of the rectifier diodes, only the higher
frequency part (oscillatory modes of approximately 160 kHz
and 6.8 MHz) of this current flows through the series
parasitic capacitance of the diode and converter supply
arrangement. In the conduction state, the voltage drop in
the heatsink-to-DC link capacitance causes oscillation of
the relatively low frequency (approximately 16 kHz) in the
shape of CM current that flows in a closed loop consisting
of a DC-link-to-heatsink capacitance, the resultant
inductance of the mains (or LISN), the cable and the input
filter [35, 36]. The CM current (icu) and phase current (i) on
the line side of the converter in the conduction and blocking
states of the rectifier diodes are shown in Fig. 20.
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Fig. 20. a) CM current on the line side of the converter and rectifier
phase current, b) CM current in conduction state of the rectifier, c)
CM current in blocking state of the rectifier

Conducted EMI
frequency converter

The experimental results presented in previously
published papers indicated that there are two CM voltage
sources in a four-quadrant AC drive system; one on the line
side of the converter and a second one on the motor side
[22], [24].

The measurements in the time domain have been made
in the system presented in Fig. 3 consisting of a 25 kW four-
quadrant frequency converter and a 10 kW induction motor.
Fig. 21 shows the CM currents measured on both sides of
the converter.

generated by four-quadrant
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Flows of CM interferences generated by a four-

quadrant frequency converter in LV and MV grid

In order to evaluate the depth of interference penetration
into the electric grid measurements in LV and MV grids
were performed [26], [36]. The converter shown in Fig. 3
was connected directly to the mains without a LISN (Line
Impedance Stabilization Network). The result of CM current
measurement in CISPR A frequency band, using peak
(upper line) and average (lower line) detectors, is shown in
Fig. 22. The main frequency modes (S&H clock frequency
40 kHz, and envelope of spectra typical for damped
oscillatory mode of 70 kHz) observed in the spectrum are
related to those in the time domain presented in Fig.21.
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Fig. 22. Spectrum of CM current in converter PE wire

Fig. 23 shows the results of magnetic field strength
measurements in the power transformer station on both low
and medium voltage sides.

The need to carry out research on conducted
electromagnetic interference in medium voltage (MV) grids
forced the application of the field measuring method. The
active loop antenna was used for measuring interference
penetration depth into the MV grid. The investigations were
carried out at an urban type transformer station. The
generator and converter were connected to the LV side of
the 160 kVA transformer.

The presented experimental results show that
interference introduced by the converter is transferred by
parasitic capacitive couplings onto the MV side of the
transformer (not synchronized to the transformer ratio). In

this case the transformer cannot be treated as an
attenuating device for high frequency interference.
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Fig. 23. Magnetic field strength on both sides of power transformer:
a) low voltage side, b) medium voltage side.
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Fig. 24. Increase of interferences caused by converter under MV
overhead lines: a) 20 m away from station, b) 1300 m away from
station

Further investigations were performed under overhead
MV lines. The first measurement was taken 20 m away from
the transformer station. The second measuring point was
located under an overhead MV line 1300 m away from the
transformer station. In both cases the loop antenna was
oriented along the lines in order to assure maximum level of
interference measured in the near field.
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Fig. 24 shows an increase of interference caused by the

converter in comparison with background interference
under MV overhead lines 20 m and 1300 m away from the
transformer station.
The presented results show that four-quadrant converters,
generating a high level of conducted EMI, connected to the
LV grid may cause a 40-60dB increase in interference at
distant points under MV lines. For characteristic, oscillatory
mode frequencies introduced by the converter, the
observed attenuation amounted to 10-20dB for these two
points. It is important to note that due to the above
described travelling wave, especially standing wave,
phenomena the measured attenuations should be treated
as approximate levels and might change along the line.

CM voltage produced by DC/DC converters

DC/DC converters supply a DC voltage generated in a
differential mode (DM) circuit consisting in a bulk capacitor.
However, plus and minus DC bus potentials with respect to
ground change their values. Fig. 25 shows DC voltage at
the output of the converter (Upc), plus DC-to-ground voltage
ripples (U:pc) and minus DC-to-ground voltage ripples (U.
pc).- The observed fast changes of the plus and minus DC
voltage buses with respect to ground bring about common
mode (CM) current flow in the presence of a CM
capacitance on the load side of the DC/DC converter. In
practice, it is usually parasitic to ground capacitance of the
load or capacitance of the Y-type capacitors dedicated to
the CM circuits of EMI filters.
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Fig. 25. DC voltage at the output of the converter (Upc), plus DC-to-
ground voltage ripples (U.pc) and minus DC-to-ground voltage
ripples (U.pc)

Aggregated interference
of SMCs

DC/DC converters in power systems are often connected
in series or in parallel in order to provide the required
electrical energy parameters. The box-and-whisker plots,
presented in Fig. 26, show the distributions of one thousand
average detector measurements taken in the test
arrangement, comprised of five 1 kW DC/DC converters
commonly used as interfaces between PV cells and a
common DC bus. Each of the measurements was taken
according to standard requirements, using the EMI receiver
and Line Impedance Stabilization Network (LISN), in a
normalized time equal to 1 s for a measuring frequency
equal to the converter switching frequency.

The EMC standards require only one measurement,
using a final detector (average and quasi-peak), for a given
frequency. The range of the results in the case of a single
operated converter (PEI 1, PEI 2, PEI 3, PEIl 4, PEI5) is
lower than 1dB, but the levels of the aggregated
interference, in the case of group work of two (PEI 1-2),
three (PEI 1-3), four (PEI 1-4) and five (PEI 1-5) converters,
differ significantly. In the presented case, for five operated
PEls (PEI 1-5), differences between single measurements

introduced by group

reached 17 dB. These differences result from very low
frequency envelopes caused by beating between the similar
switching frequencies of the operated converters.
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Fig. 26. Box-and-whisker plots of average detector measurements
for single and multiple DC/DC converters

The obtained results showed the ineffectiveness of the
normalized measuring procedures for the evaluation of the
conducted EMI generated by a group of PEls.

Conclusions

In this paper conducted high frequency disturbances
introduced to electrical power systems by switch mode
converters have been presented. The assurance of
electromagnetic compatibility is an important factor
conditioning the development of modern power systems.
Typically encountered connection of susceptible control and
communications electronic equipment to a high emission
power electronics sector of a power system requires a
special caution and in-depth EMC analysis to ensure
system reliability. The selected issues accompanying
application of SMCs in the power system such as the flow
of interference in extensive circuits as well as aggregation
of the interference caused by group of the DC/DC
converters have been presented.

Magnetic field measurements have shown that
interference caused by a four quadrant converter, which is
widely used in various modern power system
arrangements, can be transferred by parasitic couplings on
the medium voltage side of the transformer.

The experimental results have shown that the
aggregated interference components introduced into the
electric grid by the system consisting of the same power
electronic converters that individually fulfil EMC
requirements might act as an incompatible unit.
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