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Abstract: This article is a big picture of how electrical noise or conducted Electromagnetic
Interference (EMI) is generated and mitigated in power converters. It gives an overview of what
EMI in power converters is — from generation through to conduction and mitigation. It is meant to
cover the complete subject as a summary so that the reader will have an outline of how to control
conducted EMI by design (where possible) and how to mitigate by filtering. A clear distinction is
made between Differential Mode (DM) and Common Mode (CM) EMI generation and mitigation.
By using a boost converter as an example the trade-offs for DM noise control are discussed. It is
shown how CM EMI is generated in a boost converter using the concept of the “Imbalance
Difference Model” (IDM). Practical measurements for an in-line power filter is given showing the
effect of the filter on the total EMI of a boost converter. Measurements for the CM current produced
due to the imbalance difference for different values of the boost conductor are also shown. The main
contribution of this study is linking CM noise generation to DM EML. It is shown that CM noise is a
direct consequence of DM noise (although circuit imbalance and coupling to a common ground also
play a role). This paper will be useful to designers seeking the “bigger picture” of how EMI is
generated in power converters and what can be done to mitigate the noise.
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1. Introduction

Power converters (consisting of power electronics) play an important role in modern day
electrical and electronic systems. They are electric energy conversion devices. They convert
Alternating Current (AC) or Direct Current (DC) to different voltage levels (and frequency) of AC
and/or DC. Examples are:

e  Power supplies where 50 Hz or 60 Hz from the utility grid is converted to DC. Most consumer
electronics have a circuit for this.

e Inverters, where DC (typically from battery level voltage) is converted to 50 Hz/60 Hz AC.

e  DC-to-DC converters which are used inside systems to transform one DC voltage level to
another.

Power converters are an enabling technology [1]. This means that they are not necessarily part
of the functional section of a system, but rather are adjunct to the main function. They support and
supply power without which no system can operate. As such they are found in all electronic systems
and products. As technology progresses towards the future it has been predicted that power
conversion will play pivotal roles in the Smart Grid [2],[3] and Internet of Things [4], [5],[6],[7]

Power converters used to be linear [8] (p. 4). This resulted in large losses and physically large
systems — mostly due to the area necessary to get rid of the excess heat. Although still used in special
applications, linear power conversion has mostly been replaced by switching converters.

Switching converters are a fraction of the size of linear converters and markedly more efficient.
There is however a caveat. Because of the switching action, all switch mode power electronics
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produce electrical noise. This is also known as Electromagnetic Interference (EMI). The reason it is
called interference is because the electrical noise can either interfere with the operation of the device
generating the noise, or it can interfere with other systems in close proximity to the noise producing
culprit.

The production of EMI is due to the fact that modern power converters use switching electronics
(transistors) to convert voltages and power levels. These converters employ either transformers
and/or capacitors as well as inductors to boost, reduce or isolate electric power at the switching
frequency. The switching frequency is much higher than the DC or AC being converted. There are
numerous topologies of converters — all employing a switching frequency. The reader is referred to
one of numerous textbooks on different converters and topologies [9].

At this stage it is important to understand the relationship between the main power transfer
through a power electronics converter and the direction of the noise energy flow. Figure 1 gives a
block diagrammatic representation of a power electronics converter and the direction of converted
electric energy flow vs. that of the noise being created. The power source can typically be the 50 Hz
grid and the load an electric machine. In this example the converter act as a variable speed drive and
outputs typically a variable frequency AC up to 100 Hz. The main electric energy flow is therefore
from left to right. The noise (EMI) however, is generated inside the converter (at kHz switching
frequencies) and permeates towards the power source and the load. At the power source or the load
the EMI can interfere with sensitive electronics or the noise can affect the operation of the power
electronics converter itself.
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SOURCE
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Figure 1. Block diagrammatic representation of a power electronics converter and the direction of
converted electric energy flow vs. that of the noise being created.

It is not uncommon for power electronic converters to share a common power source. This
common source must be protected from converter EMI (noise). To this effect different regulations
and standards are mandatory for converters and regulate the noise contribution of a converter. Power
line filters (see Figure 5) are used to block and divert noise from the converter so that EMI cannot
reach the power source. In Figure 1 a power line filter is usually implemented on the left hand side
of the converter. This block or shunt EMI from reaching the common supply. It is left to the
manufacturer to control the amount of load EMI (on the right hand side of Figure 1) to a level
acceptable for internal product operation.

Figure 1 shows the converter coupled trough an impedance to a chassis. This is to emphasize
that EMI and noise generation not only takes place in the “normal” Differential Mode (DM) circuit
but also has a relationship to a common ground in Common Mode (CM). These two modes are dealt
with in this paper.

In section 2 of this work, definitions for DM and CM are presented. It is also shown how total
EMI (the sum of DM and CM EMI in the time domain) is used for compliance testing. In section 3,
DM EMI generation and mitigation (reduction) are dealt with by using the example of a common
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fundamental converter topology — the boost converter. The boost converter is only used as an
example as the fundamentals presented in this study are applicable to any power converter. Section
4 deals with the generation and mitigation of CM EMI. Once again using the boost converter as an
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Figure 2. Block diagrammatic representation of the relationship between total, DM and CM current
with influencing factors.

Figure 2 is an overview of the relationships between total current, DM and CM current with
influencing factors. It summarises the generation of EMI as presented in this paper.

Assume that a power source is supplying a power converter. There will be a total current flow
from source to converter (such as in the left hand side of Figure 1). This is the “Total Current” at the
top of Figure 2. Most of the DM current is used to transport energy from source to converter and is
influenced by the supply voltage wave shape [10]. The EMI usually presents itself as a ripple at the
switching frequency superimposed on the main supply current. Both the “main power current” and
“functional excess current” are in DM. The reason the DM noise is called “functional excess current”
is that this is the ripple the converter produce in order to operate (see sections 2.1. and 3.1.).

Figure 2 also shows the CM current and the factors influencing conversion from DM EMI to CM
EMI (see section 4). DM noise directly drives CM noise but is dependent on the “imbalance
difference” of the CM circuit. It also depends on the coupling of the CM circuit to a common
“ground”. This is covered in section 4.

2. Differential and Common Modes

This section explains and gives definitions for DM, CM and total EMI. In the first two sub-
sections below and in Figure 3 and Figure 4 noise is shown emanating from the converter “flowing”
through to the main power source. This represents a typical practical problem where the converter
“pollutes” the supply grid. As per Figure 1, one should not confuse the main energy flow of the
conversion process and the EMIL. The EMI or noise is superimposed on the power carrying signal and
can be thought of as originating in the converter and “flowing” towards the source.

2.1. Differential Mode Noise

Total DM current flows between a source and a power electronics converter as shown in Figure
3. In this mode current flows on the positive and negative lines (live and return) isolated from a
common ground (like a power supply chassis). DM current flow is per the normal functional circuit.
The DM current Ipm(t) consists out of two sub components or:

v, t) .
Ipy(t) = P— SOURCE— 4 i1y ear (B). (1)
CONVERTER
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e  The first sub-component in (1) is the energy carrying current flow to the converter that returns

v, (t) .. . . . .
to the source or - 222%2== This is the “main power current” in Figure 2. The main power current
CONVERTER

to a converter is influenced by the source or main functional voltage (vsoyrce (t) in (1)). This is
due to the fact that nett electrical energy can only be transferred by a scaled version of the source
voltage [10]. Another way of stating this is that for electric energy transfer the source side input
impedance to a power electronics converter must be the equivalent of a resistor
(Rconverrer in (1)). This fact is again used in Section 3 when pairing a converter with a filter.

e The second sub-component in (1) is DM EMI (ipy g (t)) and is electrical noise that is
superimposed on the power carrying signal. This is the high frequency switching ripple on the
usually 50 Hz/60 Hz or DC supply. Both the “main power current” and “functional excess
current” of Figure 2 are in DM. The reason the DM noise is called “functional excess current” is
that this is the ripple the converter produce in order to operate (see section 3.1.).
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Figure 3. Representation of differential mode current flow between a power electronics converter
and the source.

2.2. Common Mode Noise

DM noise current flows in circuits in functional current paths. However, CM current flow is
parasitic. CM current flow between a source and a power electronics converter is shown in Figure 4.
The current path for the CM flow shares a common ground (or typically a chassis). The current path
consist of parasitic components (usually capacitive) that complete the path between the active
circuitry and a common ground.
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Figure 4. Representation of common mode current flow between a power electronics converter and
the source.

As can be seen in Figure 4, the CM current flowing on the positive and negative (live and return)
is in the same direction but does not necessarily split equally between the two connections. In general:
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lem = ICM1+ICM2 2)

2.3. Measurement and Total EMI

All electronic power converters must conform to international and local EMI standards and
regulations. Their EMI signature must be below a given minimum so that they do not interfere with
other electronic systems in their electric and electromagnetic environment. In order to ensure this, a
standardised measurement setup is used to measure total conducted EMI (usually in the range 150
kHz - 30 MHz).

Note that for conformance, no distinction is made between DM and CM EMI. The standardised
measurement setup includes a device called a Line Impedance Stabilisation Network or LISN. Figure
5 shows a power electronics converter connected to a source (either DC or 50 Hz/60 Hz) and a high
frequency (HF) model of a LISN and the position of a power line filter. The power line filter shorts
and then block noise from the converter and is explored further in sections 3 and 4. It is shown here
for reference.

POWERLINE
HF LIS FILTER
POWER
POWER
SOURCE ) % ELECTRONICS LOAD
CONVERTER
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Figure 5. Power electronics converter connected to a source, LISN and filter for the measurement
of total EML.

Operation of the LISN can be described as follows:

e At low frequencies the impedance of L is low and 50 Hz/60 Hz AC or DC can pass from the
Power Source (in Figure 5) to supply the converter.

e  From the converter side, the LISN presents a standardised load impedance for the noise
generated by the power electronics. This noise is at higher frequencies than the supply from the
power source, due to the switching frequency. At sufficiently high frequencies, L will block the
generated EMI, C will have a low impedance and the noise load is presented as 50 Q2.

e  Measurements are made across 50 Q for the total EMI as both DM and CM noise from the
converter flows through the 50 Q. The voltage vi represents the total EMI on the positive or live
line while v, represents the total EMI on the negative or return line.

At higher frequencies the noise current flows through the 50 () and two voltages are measured
that represent the total EMI or:

Vi, = 50'(IDML2 + Icml,z) (3)
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These two voltages vi and v, are then subjected to limits from an appropriate regulation or
standard.

It should be noted that vi and v, are representations of the total EMI and only valid at high
frequencies (typically higher than 1 MHz). There are some controversy surrounding the true EMI of
measured converters (using a LISN) at low frequencies [11] but for the purpose of this study it is
assumed that by reducing DM and CM EM], the values for vi and v; are reduced and therefore the
total EMI at all frequencies.

3. Differential Mode in a Boost Converter

3.1. Generation of Differential Mode EMI

Differential Mode EMI in a boost converter is studied in the absence of any coupling to a
common ground (or chassis). To understand DM generation in a boost converter the operation of the
converter must first be introduced. This is done with the aid of Figure 6 — which is the simplest form
of a boost converter and is assumed to be in continuous current mode [8].

Figure 6. Functional circuit of a Boost Converter (DM).

The converter boosts a DC input voltage (Vi» in Figure 6) to a higher output or load voltage Vo.
The output is also DC but with ripple on it (see Figure 7). R in Figure 6 represents a load. Ripple on
the output v, is reduced by the size of C. The boosting action is provided by switching a power
electronic switch (such as a MOSFET “Q”) to charge L. By turning the switch (Q) off, the voltage
across L climbs and is transferred to the load side by the diode D. The output voltage is determined
by the input voltage and the duty cycle of the switching action, or:

4)

where 1/(1-D) is the DC gain of the boost converter and D the duty cycle.
The switching typically has a frequency in the tens of kHz to low MHz. It is this switching action
that leads to DM EML
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Figure 7. Measured boost converter time domain waveforms (in DM) for the conceptual circuit of
Figure 6 — showing the switching action in continuous current mode.

As can be seen in the practical measurements of Figure 7, the input current (iin) is not only DC.
It contains a DC component with a shaped wave superimposed on the average (or DC). A
representation of the harmonics for this input current is shown in Figure 8 (as seen by the LISN). The
frequency domain representation of iin contains a DC component and harmonics spaced at the
switching frequency fs [12]. The exact shape and outline of the harmonics vary with operating
conditions. The harmonics however, diminish at higher frequencies but it should be noted that the
input current contains numerous high frequency components. It is these numerous high frequency
input current components that are seen as noise or EMI.
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Figure 8. Measured frequency harmonics of the input current iin of a simple boost converter (Figure
6) at multiples of the switching frequency. In this case the switching frequency is close to 100kHz.
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The term “DM noise” or “DM EMI” for the input current of a boost converter is however ambiguous.
Although the high frequency DM components seem to be noise it can be argued that this current
wave shape is functional. The majority of the power being converted is drawn from to input or supply
voltage’s DC component [10] but the higher frequency components are due to and necessary for the
switching action. In Figure 2, the DC component is described as the “Main Power Current” and the
rest of the components as “Functional Excess Current”. It is this “Functional Excess Current” that is
also known as EMI or power line noise.
In order to reduce total EMI, DM and CM noise currents need to be reduced. Especially DM, as
DM is not only noise on its own, but interference that converts to or drive the CM mechanisms. Total
EMI reduction therefore starts with reduction in DM.
In this section it is shown that:
e  Within limits, the switching frequency (and therefore DM EMI signature) can be shifted
e  The Boost Inductor can be made large as to reduce DM EM]I, but there are steady state response
limits to this and
e  An LCHfilter reduces DM EMI but it size is limited due to the possibility of converter instability
and possible lack in high frequency load response.

3.2.1. Altering DM EMI by shifting the switching frequency

Technically not reducing DM EM]I, but a shift in the interference spectrum can be introduced by
choosing a suitable switching frequency fs. In a practical converter however, switching frequency is
chosen and limited to not being too low as to generate audible noise and not too high as to overheat
— as switching losses in a converter are directly proportional to fs [8]. Within these practical
constraints, the frequency of the harmonics in Figure 8 can be influenced by choosing fs. Frequency
spectrum shifting is used to avoid generating EMI that interfere with other systems that is sensitive
to a very specific frequency.

3.2.2. Reducing DM EMI by increasing the boost inductor

Power electronic converters use switching elements (usually transistors) together with
electromagnetic storage elements (inductors and capacitors) to shift electrical energy in voltage level
and frequency. Different switching topologies are used. This switching usually results in current and
voltage ripple which is seen as noise. In the case of the boost converter, the input boost inductor
determines the input current ripple and the magnitude of the resultant EML

The ripple content of iin in Figure 7 can be reduced if the boost inductor size L is increased. This
in turn will reduce the harmonic content shown in Figure 8 and therefore the DM EMI. This will
further decrease the CM EMI and total EMI. Following this thought of reason, one can argue that L
must be as large as possible. In fact, if L is infinitely large, iin will be perfect DC with no ripple and no
EMI. This however is not practical as L (and C) determine the transitory response of the converter
with regards to three cases [13]:

e  The response of the output v, to variation in input Vis;
e  The response of the output v, to variation in load R;
e  The response of the output V, to variation in the set point of the voltage gain or the duty cycle D.

3.2.3 Reducing DM EMI by Filtering

This sub-section introduces reduction of DM EMI by filtering. From a practical point of view a
power electronics converter rarely conforms to EMI limits and standards without filtering. Complete
papers and textbooks are dedicated to the design of power line filters [14], [15], [16]

First an idealised shunt current compensator is dealt with and secondly a conventional LC-filter.
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BOOST
CONVERTER v,

Figure 9. Ideal DM input current compensation for a boost converter

An idealised version of how DM input noise current can be compensated for is given in Figure
9. In this set-up the total input current to the converter iin is now not only supplied by the DC power
source but also a current source ic where:

by =ipc +ic - ®)

Referring back to Figure 7, iin consists of an average or DC component (that carries the energy
for conversion) and a ripple component (that is necessary for the converter to operate). From (5), ipc
is the average or DC component only and carries no ripple. The ripple component ic is supplied by
the idealised shunt current source.

In practise, ic can be realised by either employing an active source [17] or a shunt capacitor. An
active source is usually good for compensating the lower order harmonics in the ripple current but
comes at the expense of complexity and cost. More common is the use of a so called DM X-capacitor

[17].
HF POWER HF
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Figure 10. High Frequency (HF) DM noise model for a Boost Converter with LC-filter.

Figure 10 shows a High Frequency (HF) model for a Boost Converter with LC-filter. Note that
HF here is in the context of higher harmonics (higher than DC) and therefore includes the converter
switching frequency fs and higher frequencies (see Figure 8). In Figure 10, a parallel Cr is used to
supply (or sink) the ripple current produced by the converter. Whether Cs is sinking or supplying
ripple (or HF) current is a question of semantics and is determined by the convention of direction
chosen for the noise current produced at Vc. In Figure 9 ic is supplied to the converter and in Figure
10, Cr is sinking noise current. An inductor Lt represents the leakage flux in a CM filter choke which
is usually deployed with an X-capacitor (see section 4). It can also include some inductance present
in the source. Note that Figure 10 is a HF model. If DC only was represented, energy would have
flowed from the left of Figure 10 to the right, while EMI generation is represented by Vc; flowing from
the right hand side, crossing AA’, shunted by Cr and blocked by Ls to the left hand side noise
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(“source”) load impedance Zs. In a regulatory measurement set-up, Zs would be the HF input LISN
impedance (Figure 5).

In Figure 10, the HF noise characteristic of the boost converter is simplified using an equivalent
Thevenin source V¢ and Zc.

1L(dB)

A0dB / dec

Figure 11. Simplified Insertion Loss (IL) for an LC-filter.

A measure of how well the LC-filter of Figure 10 reduces the boost converter EMI is determined
by the filter’s Insertion Loss (IL). This is shown in the simplified curve of Figure 11 and is a measure
of the EMI loss (in dB), with and without the filter.

The break frequency for the LC-filter is:

@, =1/ [L,C, . (6)

Lt is usually fixed or limited to a range so that Ct is chosen to make wo as low as practically
possible. Preferably below the switching frequency. Once again it can be argued that if Lt or Cs is
infinitely large then wo will approach zero and the maximum IL will be attained.

In the DM filter of Figure 10, Ct cannot be made too large. With a too large capacitance the
equivalent series resistance (ESR) and inductance (ESL) in the capacitor becomes a limiting factor in
the high frequency response of the capacitor. This will in turn curb the supply of high frequency
current that the capacitor can deliver and limit the effectiveness of the filter.
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Figure 12. Negative converter impedance vs. source impedance through the LC -filter.

Another option in making wo as low as possible is to make Lt as large as possible. This strategy
however also has its limits as the converter can become unstable if the source impedance feeding a
converter is made too large. This situation is illustrated in Figure 12. The converter has a negative
impedance meaning that for constant power output the converter will draw more current as its input
voltage is lowered. Referring to Figure 12, there is a voltage drop at every frequency across Zf(w). This
voltage drop will become larger as the current being drawn by the converter increases. If this drop is
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too large, the input voltage to the converter will drop and it will become unstable. As a general rule,
for converter stability:

2, (@) <<[Zc(@)]- (6)

This is known as the Middlebrook stability criterion [18].

In this sub-section it was shown how an LC-filter can reduce the DM EMI of a Boost Converter.
There are however, limits to the size of the LC-filter as a too large filter (especially a large Ls) can
cause converter instability and a too large Cs reduce the ability to respond to high frequency noise.

4. Common Mode

In his section it is explained how CM current is generated in a Boost Converter and how it can
be mitigated.

Generation of CM current flow is conceptually more difficult to grasp than the generation of DM
current as it is parasitic and does not flow as per the conventional functional circuit diagram [19]. The
Imbalance Difference Model (IDM) is used to predict CM current noise flow. This is a complete
subject on its own [20] and only the results of this modelling method are given here.

Section 4.1. is concluded by three factors that influences the generation of CM noise current in a
Boost Converter. These factors can be seen from a CM equivalent IDM (Figure 16). This can be
extended to power electronic converters in general.

Section 4.2 contains two general methods of mitigation. Circuit modification and filtering.

4.1. Common Mode generation in a Boost Converter

4.1.1. Common Mode Coupling

Figure 13. Common Mode coupling and generation in a Boost Converter. From [20].

Figure 13 is used to explain CM current generation and flow in Boost Converter. CM current
generation start at point A in Figure 13. Although there are different parasitic pathways to a common
ground (in this case a heat sink), it has been shown that the parasitic capacitance C, has a major
influence on CM generation in a Boost Converter [21]. Figure 13 shows an N-channel MOSFET as the
switch Q. Point A has the largest exposure (capacitive coupling) area to a common ground (outside
the functional circuit) as the tab of the MOSFET (drain of Q) is connected to a heat sink. Furthermore,
point A is a switching node with a high dv/dt swing. If Cp, is known, the CM current icm can be obtained
from:

. d
iew (1) =C, Vd%(t) @)
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Where Va(t) is similar to the switching waveform of Q as shown in Figure 7. In this case the CM
current path return was chosen to be the middle of the source or a reference voltage half of Vin. This
is somewhat arbitrarily as it is a parasitic path and connect to the circuit at different points. However
this CM reference point is typically chosen as a balanced source simplifies testing and analysis. For
example in Figure 5 the common ground or chassis will keep the test set-up balanced if the CM
ground is connected to the power source at Vin /2.

The CM current components (icw1 and icmz) flow in the same direction on the supply power lines.
The CM current (icum) return via a common ground, driven by a parasitic capacitance Cp. Where:

lem =lem, T ICMz. (8)
Note that it is customary in texts describing general EMI to assume that icpyq = icyz = icy/2

[23]. This is however not correct as will be shown by implementing the Imbalance Difference Model
(IDM) in the next section.

4.1.2. Imbalance Difference Model

The Imbalance Difference Model is a way of describing CM generation in circuits with DM EML
It was first described by Watanabe et al [24] to predict CM noise in digital circuitry. It has been found
useful in the understanding of CM generation in power electronics [20].

In its most essential form the IDM is an equivalent CM circuit derived from a DM circuit. This
is described in [25]. The IDM describes a “cell” of DM circuitry from which a CM voltage is derived.
An equivalent CM circuit (model) is then developed using DM voltage sources as drivers for CM
noise current flowing through equivalent impedances, all with respect to a common ground (like a
chassis for example).

An example of how a Boost Converter can be converted to its CM equivalent noise generating
circuit is shown next.

Figure 14 shows a complete Boost Converter connected to a LISN with capacitive coupling to a
common ground. The converter in Figure 14 is an extension of the one in Figure 13 and includes
components in pairs (C1,Czand Ly, L»). From this a DM noise model can be constructed where Q is the
primary DM noise driver.

This is shown in Figure 15 where Ic is the CM noise current and h (0 < h < 1) the ratio of CM
current distribution flowing between two impedances [25]. For example hy is the ratio or current split
of the CM component between L; and L or:

©)

Figure 14. Boost Converter connected to a LISN and showing CM capacitive coupling. From [20].
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Figure 15. Boost Converter Equivalent Noise Model showing CM current (Ic) flow through the DM
circuit. From [20].

According to the IDM [24]:
AV, = ARVy; (10)

where AV, is a CM voltage driven by the imbalance difference (Ah)around a DM noise source
(Vy). The equivalent CM noise circuit for the DM model in Figure 15 is given in Figure 16.
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Figure 16. Boost Converter Equivalent CM Imbalance Difference Model (IDM). From [20].

With reference to Figure 16 and [25] it is shown that CM current generation from a Boost

Converter is dependent on 3 factors:

e  The magnitude of the main power conversion voltage (i.e. the DM signal Vq) as well as the DM
voltage across Cx.

e  The imbalance difference ratios of component values in the DM functional circuit of the Boost
Converter (such as the boost inductor (h.))

e The impedance of the parasitic couplings between changing voltages in the converter and a
common ground (such as a chassis) (for example C1+C,).

4.2 Mitigation of Common Mode EMI in a Boost Converter

In this sub-section, mitigation of CM EMI in a Boost Converter is discussed. First is circuit
modifications based on the three factors in section 4.1.2. Second is external CM filtering.

4.2.1. Circuit Modification
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The CM IDM shown in Figure 16 can be used to explain circuit modifications that will reduce
CM noise current.

First is that the magnitude of the DM voltage sources drive the CM noise current. For example
Vi where:

Ve, = (hy = he)Vg (11)

Vq is fixed, but if (h, — h¢) is reduced or zero then no CM voltage will be produced by the
switch Q and CM noise current will not flow. In (11), h;, and h. are the ratios of current distribution
between L1 and L2 and Cy and C; and therefore the ratios of the individual inductance and capacitance
values. If these values can be optimized, CM noise current will be reduced. This however might not
be very practical or easy to achieve as C;and C; are parasitic and may vary in individual units of a
similar product.

If h; is optimized for (11) then for Vca:

Ve, = (hysy — h)Ve,, (12)

and no optimization for Vc; is possible as h; and hygy are fixed. One can however optimize
between (11) and (12) simultaneously for the smallest values of Vciand Vce.

Ve, in (12) is the DM noise voltage across the filter X-capacitor. The larger Cy is, the smaller V_
will be. This is consistent with the argument in section 3 where DM filtering was discussed. There is
however practical limits in making Cyas large as possible. This argument is consistent with the notion
that parallel capacitance across the power rails of a converter reduces DM EMI and therefore CM
noise current in general.

4.2.2. Filtering

In the previous sub-section it was shown how CM EMI can be mitigated by “balancing” of
components using the IDM. It was also argued that this cannot completely mitigate all CM noise
current. In order to comply with EMI regulations and standards a CM filter has to be employed. This
is called an inline power or power line filter. Although deceptively simple from the number of
components used, complete texts have been dedicated to this subject [15] as it is not straight forward
to design.

COMMON MODE FILTER

L ! h
: - Ve, =(husy = )Ve, ' Ve, =(h, =R )V,
Z 1oy |:| == L h(,
2 i Cy//Cy = 2Cy C//IC,=C +C,
T VT & Ve — —— L
]C

Figure 17. CM filtering of a Boost Converter from an IDM perspective. From [20].

Figure 16 shows an equivalent CM circuit for a Boost Converter. The CM noise current is filtered
as shown in Figure 17.

The purpose of the CM filter is to keep noise from reaching the LISN impedance (Zuisn) as the
LISN represent the rest of the supply network that should not be “polluted”. To this effect a
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capacitance (Cy) to a common ground is used to short circuit the CM EMI. This capacitance is in

parallel and returns the CM noise current to its source without reaching the LISN (power supply).
Another component, the common mode choke (Lcw) is placed in series and “chokes” the high

frequency noise current. Once again keeping the CM noise current from reaching the supply network.
As with the DM filter in (6), the cut-off frequency (w,) of the CM filter is determined as:

@~ 1/ JLow 2y (13)

The cut-off frequency is chosen to be as low as possible — usually below the switching frequency
fs. From a theoretical view, L¢y and Cy should be as large as possible. This however is not practical
as apart from the physical size constraint, parasitic elements limit the high frequency effectiveness of
L¢y and Cy. At very high frequencies and physically large Ly and Cy, inter-turn capacitance causes
L¢y to become capacitive and Equivalent Series Inductance (ESL) causes Cy to become inductive.
Thereby “leaking” EMI to the power source.

DM FILTERING

_________________________

Figure 18. Power line (inline) filter for a Boost Converter.

Figure 17 is an equivalent circuit in CM. The inline filter is realized in DM and shown in Figure
18. In Figure 18, C, is the DM filter capacitance. Cy is the value of one of two capacitors down to a
common ground (chassis). These are shown as CM shunts in Figure 17. Since there are two of Cy in
parallel, Figure 17 shows 2Cy.

Lcy is a special inductor known as a CM choke. A CM choke works by letting through DM
current and “choking” or being an inductor in the path of CM.

An example of a CM choke is given in Figure 19. DM flux ¢p,, is created by each winding and
cancels out — therefore the inductance to DM current (ipy,) is zero in theory. The CM flux ¢¢), created
by the two windings however, adds together to form an inductance in the path of the CM current iy.

Figure 19. Example of a Common Mode choke.
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In Figure 19, DM inductance is theoretically zero but leakage flux causes a CM choke to exhibit
some DM inductance. Therefore in Figure 18, the DM filter consist of the capacitance Cy and the
leakage inductance of L.y. Depending on the coupling, 2 times Cy in series also form part of the DM
capacitance. The CM filter is formed by 2 times Cy in parallel and L.

5. Experimental Results

In this section, practical measurements for EMI emanating from a boost converter is given. Two
types of mitigation are illustrated. In the first sub-section a power line filter is applied and in the
second the converter is balanced according to the IDM.

5.1. Power Line Filter

A practical example of the functionality of a power line filter (as seen in Figure 18) is presented
in this section. The converter was the same as used to produce the time domain waveforms of Figure
7. Results of measurements showing the noise with and without a filter (as measured from a LISN)
are given in Figure 20. The boost converter was balanced (i.e. the boost inductor was split equally
into L; and L as in Figure 14). Capacitive coupling to the chassis was balanced and parasitic only.

Figure 20 shows the background noise with no filter present and no part of the converter
energized. Since the measurement was not done in an anechoic chamber, some background noise
was present.

As reference the IEC CISPR 14-1 conducted emission limits (for quasi peak measurements) are
shown. CISPR 14-1 is required to limit emissions from household appliances, electric tools and similar
apparatus.

The converter measurements were peak values and therefore “worst case” and would probably
be lower if a quasi peak detector was used. Without the filter the interference exceeds the CISPR 14-
1 limit. With the filter present, the interference is well below the limit.

80

20 |

LISN Qutput (dBuV)

——Background (No Filter)

20 H ——No filter (Full Load) " L1ag [

——With Filter In-line (Full Load)

CISPR 14 Conducted Emission Limits (Quasi Peak)
l [T [ T 11171

1.E+05 1.E+06 1.E+07

Frequency (Hz)

Figure 20. Example of the filtering of power line noise from a balanced boost converter.
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5.2. Balancing the Converter

Results for the balancing of a converter is taken from [25]. The converter is shown in Figure 14
and the results in Figure 21. To illustrate the effect of balancing using the IDM, only the CM current
is shown in Figure 21. It was measured directly with a current probe on both positive and negative
lines simultaneously over the range 10 kHz — 80 MHz. This direct measurement of the CM current
gives results in dBuA.

Equations (11) and (12) (Figure 16) give expressions for the voltages driving the CM current as
seen in Figure 21. Crucial to the two CM voltages being driven by the DM voltages across the switch
(Vo) and X-cap (Vcx) are the factors (h, — he) and (hysy — hy). These two factors have a major impact
on the CM current of Figure 21. To recap:

_ _C _ 118 - _L
hpisy = 0.5 he = 1/(51 +C) 7~ /(118 +82) 0.59  h, = 1/(L1 + L) (14)

Table 1. Table showing the factors (h, — h¢) and (hysy — hy) for the traces in Figure 21

Figure 21
8 (h, — he) (huisy — hy)

0 059 — — _0 _
/(0 + 100y~ 059 = —0.59 050 ~ %/ 4 100y = 0:50
18 059 = — _18 _
/18 +82) =059 =-041 05018/, o) =032
50 059 = — _50 _
/(50 + 50y~ 059 =009 050 =50/55 . 50y =0.00

82 059 = _82 -
/(82 + 18y~ 059 =023  050-82/5, 1o =-032

100 _0.59 = _ 100 -
/(100 + 0y = 059 =041 050100/, 00 o =—-050

Trace
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Figure 21. Example of CM current from a boost converter for different boost inductor ratios (L1/L2)
given a fixed capacitance ratio to chassis of C1 and C2. See Figure 14. Taken from [25].

Table 1 gives values for the factors (h, — h¢) and (hygy — hy). The larger the absolute values of
these factors the higher the CM current. If it is assumed that the DM voltages across the switch (Vq)


https://doi.org/10.20944/preprints202108.0401.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 August 2021 d0i:10.20944/preprints202108.0401.v1

and X-cap (Vcx) are more or less constant for each variation in total inductance, the measurements
correlate with the IDM.

6. Conclusion

This paper shows how conducted EMI is generated and mitigated in power electronics
converters by using a Boost Converter as an example.

Noise is shown to emanate from converters regardless of the direction of main energy transfer.

Of most concern is noise conducted on the supply power line which carries the EMI to the power
source and which can “pollute” other systems.

CM and DM are introduced as they are the two modes in which EMI is transferred. It is argued
that CM noise in its totality is EMI but that the DM current wave shape drawn by a converter contains
both a functional power carrying component and a noise component. The DM noise current
component is seen as EMI but is still necessary for the converter to operate.

Measurement for the compliance of a converter to regulations, involve total EMI which is the
time domain sum of both CM and DM noise components. Although the total EMI is of concern it can
only be mitigated in either CM or DM. This is because the mechanisms for generation and conduction
paths for the two modes are different. This difference in the generation, conduction and mitigation is
shown in this paper.

The example of a Boost Converter is firstly used to explain DM EMI generation and mitigation
by filtering. Design criteria for a DM filter are given.

Secondly the Boost Converter is used to show how CM noise current is generated. This is shown
by using the Imbalance Difference Model (IDM). Although the IDM is complicated to the extent of
warranting a separate paper, the results of this method are summarized. CM filtering (as part of an
inline power filter) are discussed.

The contribution of this study is not only the establishment of a big picture for power converter
EMI generation and mitigation but the description of both DM and CM noise origins.

Practical measurements for an in-line power filter is given showing the effect of the filter on the
total EMI of a boost converter. Measurements for the CM current produced due to the imbalance
difference for different values of the boost conductor are also shown. This shows the validity of the
IDM and the mechanism of CM generation.

In conclusion, EMI generation (usually on the supply power lines) of a power electronics
converter can be summarized as follows:

e A DM current is supplied to or supplied by a converter. This current contains the main energy
transfer wave shape plus an extra “noise” component.

e  This extra “noise” component is a function of converter operation without which the converter
cannot operate.

e  This “noise” component is the DM noise current or DM EMI.

e  This DM noise component is the first of three factors that drives the generation of CM EMI.

¢  The DM wave shape determines the frequency content of the CM noise current.

e A second factor for CM EMI generation is the difference in imbalance in impedances of the CM
current flow path through the converter.

e  The last factor for CM EMI generation is the magnitude of parasitic coupling to a common
ground (chassis).

This paper will be useful to designers seeking the “bigger picture” of how EMI is generated in
power converters. It states what can be done to mitigate the noise from both a filtering point of view
but also from a generation point of view.
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