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Summary

To design an electromagnetic interference (EMI) suppression filter for a switched

mode power supply (SMPS) systematically, information of the noise source

impedance  and  noise  terminating  load  impedance  is  essential  for  selecting  the  most

appropriate filter configuration and choosing the respective filter elements’ values.

Based on a two-current-probe measurement approach, a novel method to determine

both common-mode (CM) and differential-mode (DM) noise source impedance of an

SMPS has been developed. The proposed method allows measurement of noise source

impedance of an SMPS under its normal powered on condition. With proper pre-

measurement calibration, it is capable of deriving noise source impedance of SMPS in

terms of equivalent electrical circuit model with good accuracy. Once the equivalent

electrical model of the noise source impedance is derived through measurement, the

most effective filter configuration and component’s value for the built-in EMI filter of

the SMPS could be designed without the usual guessing approach.

The effectiveness of power line EMI filter in the SMPS depends to a great extent

on the characteristics of the filter components under actual loading conditions,

especially the common-mode (CM) EMI suppression chokes. However, the CM

choke’s parameters given by the manufactures are usually measured under no load or

direct current (dc) loading condition, from which the information of core saturation

and parasitic effects under the actual operating condition are not fully reflected. With a
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novel measurement setup, the two-current-probe method is further extended to

measure the CM and DM suppression characteristics of the CM choke, as well as the

DM suppression characteristic of DM choke, under in-circuit operating condition. The

proposed in-circuit measurement approach provides a more realistic assessment of the

EMI suppression of any EMI suppression choke with good confidence.
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Chapter 1    Introduction

1.1 Background

Many well-established filter design methodologies for addressing and solving

electromagnetic compatibility (EMC) problems in telecommunications have been

developed over the years. Unfortunately, these methods cannot be applied directly to

the field of power electronics. Design equations for low pass EMI filters used in RF

and microwave applications are not applicable to SMPS. These equations were

developed for well defined matched source and load impedances, for example, 50 .

Such conditions do not exist in power electronic circuits. Also, the EMI filter is

connected directly to high voltage power lines and is designed for much higher current

rating. Another constraint for designing power line EMI filter is the restrictions in

values for both the serial and the parallel filter elements. For examples, the value of

the serial inductance is limited by maximum allowable voltage drop at the operating

frequency and the value of line-to-ground capacitor (parallel element) is limited by the

acceptable ground leakage current for safety purposes.

Conducted emissions produced by SMPS are usually broadband and coherent.

They appear in the form of common-mode (asymmetrical) and differential-mode

(symmetrical) currents. The noise source impedance of an SMPS varies widely, as it
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depends on the circuit configuration, the layout technology and the semiconductor

switch. To make the EMI filter design more complicated, the noise source impedance

is also frequency-dependent. Moreover, the semiconductor switches in the SMPS are

switching at high frequency in SMPS’s normal operation, which makes the impedance

analysis even more challenging.

Unlike filters in RF and microwave circuits, EMI suppression filters in SMPS are

terminated with varying source and load impedances. In addition, the power handling

requirements of the filter elements decide many of the filter parameters, such as

saturation current, leakage inductance, breakdown voltage, wire size and core size.

Information of the source and load impedances is vital for selecting the most effective

filter configuration and filter components for SMPS.

The effectiveness of power line EMI filter in the SMPS depends to a great extent

on the characteristics of the power line filter components under the actual operating

condition. However, the specifications of filter components supplied by manufactures

are mostly obtained from 50  measurement system under no load condition. For

examples, the specifications of EMI suppression inductors usually do not indicate

information of core saturation effects. Therefore, the ability to extract the

characteristics of the power line filter elements such as common-mode (CM) and

differential-mode (DM) chokes under actual operating condition is also an important

aspect of power line EMI filter design.
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1.2 Motivation

The motivation of the research work presented in this thesis aims to establish a

systematic power line EMI filter design methodology. To facilitate this systematic

design  methodology,  the  information  on  the  noise  source  impedance  and  filter

components’ characteristics under actual operating condition is important.

1.2.1 Noise Source Impedance of Switched Mode Power Converter

Optimal power line filter configuration as well as filter component values can be

properly chosen [1][2][3], without the usual trial-and-error process,  if  the source and

load impedances are known. With the known source and load impedances, the filter

design process can be done efficiently to meet EMI requirements.

The international EMI measurement standards specify a line impedance

stabilization network (LISN) be used in the conducted emissions measurement. The

LISN provides stable well-defined power mains impedance for the purpose of

measurement repeatability [4][5][6][7]. By supplying AC power to SMPS-under-test

through the LISN, the terminating impedance of the noise source (the SMPS) is

properly defined. However, the equivalent noise source impedance of the SMPS, is not

readily available [8]. Thus the development of a method that allows accurate and
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reliable measurement of noise source impedance of a SMPS will be able to provide

this useful information.

The CM noise source impedance is found to be dominated by the unintentional

capacitance between the switching device and the ground. The unintentional

capacitance can be contributed by parasitic capacitance between the heat sink and the

grounded chassis, and parasitic capacitance between other devices or wires and the

grounded chassis. The major contributors of DM noise source impedance are the

turned-on resistance of rectifying diodes, and the equivalent series resistance (ESR)

and equivalent series inductance (ESL) of the DC filtering capacitor. Other factors,

such as the PCB layout, component placement and wiring layout also influence the

noise source impedance. Due to the complexity of the CM and DM noise coupling

mechanisms, complete theoretical models may not be easily derived [10]. Hence, the

best way to determine their characteristics is still through measurement.

1.2.2 RF Impedance of EMI Suppression Chokes

Two supposedly identical power line filter elements from two different

manufacturers may perform differently in the same design application. In the case of

filter chokes, no information about the operating current at which the inductors, both

common core and independent core, will saturate, has been given. Hence, two

supposedly identical filter chokes may perform very differently, depending of the core

material used.

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 1 Introduction

Page 5 of 118

Various  measurement  methods  have  been  developed  to  measure  the  EMI

suppression chokes under either steady-state DC or AC load current with defined

source  and  load  impedances  [11]  .  In  reality,  for  EMI  filters  in  power  conversion

applications, the current carried by the chokes is usually a pulsed DC current under

varying source impedance [14]. The characteristics of an EMI suppression choke

under realistic operating condition may not be easily determined with existing methods

or through theoretical analysis due to the complexity of the actual operating condition.

The development of a measurement method to characterize the chokes under realistic

operating condition will be useful.

1.3. Literature Review

1.3.1 Noise Source Impedance of Switched Mode Power Converter

1.3.1.1   Resonance Method

Schneider [16] proposed a resonance method to estimate the noise source

impedance of a SMPS by terminating the power input of the SMPS with a reactive

component that is opposite type to the noise source reactance. In this method, the noise

source of a SMPS is treated as a black box, which is represented as a Norton

equivalent circuit with a constant current source and a reactance. By careful choice of

the terminating load impedance for the noise source, the Norton equivalent circuit of
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the noise source can be estimated. The value of the constant current source is obtained

by terminating the noise source with a short circuit. By selecting a reactive load that

resonates with the source’s reactive impedance, we can obtain the Q factor  of  the

parallel resonant circuit at a specific frequency. The Q factor of the circuit is defined

as:

0I
IQ l (1-1)

where Il is the measured current under resonant condition and I0 is the measured

current under short circuit condition.

The concept of the resonance method is illustrated by the test setup shown in

Figure 1.1, where the Norton equivalent circuit of the noise source is assumed to be a

constant current source with resistive source resistance R and capacitive source

capacitance C in parallel (CM case). A current probe is inserted between the noise

source and terminating inductive load L, which measures the current in the test setup.

When the switch is in closed position, the current measured is equal to I0, which is the

magnitude of the constant current source. When the switch is in opened position, the

terminating load inductor is tuned to resonate with the noise source capacitive

reactance, and the resonant current Il circulating between L and C is measured.

Under the resonant condition,

lLIRI0 (1-2)

C
IRI l

0 (1-3)
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Substituting equation 1-1 into equations 1-2 and 1-3,

L
R

I
I

Q l

0

(1-4)

CR
I
IQ l

0

(1-5)

Hence, the Q can be used to determine the resistive and reactive components of

the noise source impedance.

Similarly, we are also able to make the measurement with the resonant method for

the noise source with a Norton equivalent circuit which consists of a constant current

source, a resistive source resistance R and a inductive source inductor L in parallel

(DM case).

Figure 1.1    Test setup of the resonance method
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Theoretically, the resonance method looks rather simple. In practice, the process

to choose the right values of reactive components and to tune for resonance can be

very tedious and cumbersome. All reactive components are non-ideal in nature and the

calculation given in this method only provides rough estimation of the noise source

impedance. Especially when the frequency of measurement is high, the parasitic

effects of those non-ideal reactive components become significant and the circuit

topology based on which the resonance method is developed is no longer valid. For the

reason just mentioned, the resonance method is only valid if conducted properly below

1 MHz.  For the case of the CM noise source impedance measurement,  the range of

value  can  be  measured  depends  very  much  on  the  adjustable  range  of  the  inductor.

Selecting the right inductor with sufficient tuning range to achieve the required

resonant at a predetermined frequency may not always be possible practically. For the

case of the DM noise source impedance measurement, attempts to achieve resonant are

very difficult because of the low-impedance nature of the DM noise source.  The

calculation given in this method only provides rough estimate of the noise source

impedance.

1.3.1.2   The insertion loss method

Another method, the insertion loss method [17], has also been introduced to

measure  the  noise  source  impedance  of  an  SMPS.  In  the  insertion  loss  method,  the

noise source of a SMPS is simplified to a one-port Thevenin equivalent circuit shown

in Figure 1.2, where Zs can be referred to as either CM or DM noise source impedance.
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To obtain Zs through measurement, a filter element, either a series element Zseries or a

shunt element Zshunt, is inserted between noise source and noise load (a LISN in actual

measurement) shown in Figure 1.3 and Figure 1.4. With the filter element inserted, the

noise voltage across the load Rload changes, and the amount of change is measured in

terms  of  the  insertion  loss  A.  The  insertion  loss  A is  defined  as  the  ratio  of  voltage

across Rload before and after the filter element is inserted. From the measured insertion

loss and the known impedance of the inserted filter element, the magnitude of noise

source impedance Zs can be calculated. To obtain Zs  with good accuracy, either

series insertion method or shunt insertion method is used, depending on the relative

magnitude of Zs  versus Rload.

In the case of Zs Rload, the series insertion method is used for better accuracy.

Based on the assumption Zseries Zs ,  the  expression  for  insertion  loss  A can  be

simplified as follows:

s

series

sload

series

s
seriessload

load

s
sload

load

Z
Z

ZR
Z

V
ZZR

R

V
ZR

R

11 (1-6)

Since the insertion loss is normally much greater than 1, equation 1-6 can be

approximate by:

series
s

Z
Z (1-7)
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Where Zseries  is given and A can be obtained by the insertion loss measurement,

Zs can be calculated with 1-7. Generally speaking, the larger the insertion loss is, the

more accurate the equation 1-7 is.

In the case of Zs Rload, the shunt insertion method is used for better accuracy.

Based on the assumption Zshunt Zs ,  the  expression  for  insertion  loss  A  can  be

simplified as follows:

shunt

s

shunt

sload

s
sshuntload

shuntload

s
sload

load

Z
Z

Z
ZR

V
ZZR

ZR

V
ZR

R

1
//

1
)(

//
//

)(
(1-8)

Similarly, the insertion loss is normally much greater than 1, equation 1-8 can be

approximate by:

shunts ZZ (1-9)

Where Zshunt  is given and A can be obtained by the insertion loss measurement,

Zs can be calculated with equation 1-9.

In the case of Zs  and Rload  are of comparable magnitude: Rload can be decreased

or increased so that either Zs Rload  or Zs Rload is satisfied.

The first  step of the measurement is  to decide which insertion loss method to be

used without first knowing the magnitude of Zs . We can start with the series

insertion method first. From equation 1-6, Rload + Zs can be found. If the value of
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Rload + Zs turns out to be much greater than Rload, then the condition Zs Rload is

valid. Similarly, we can also try the shunt insertion method and determine Rload // Zs

using equation 1-8. If Rload // Zs is much smaller than Rload, then the condition Zs

Rload is satisfied.

Zs is a complex function of frequency in general. The magnitude of Zs can be

found easily by either equation 1-7 or equation 1-9. However, the phase of Zs cannot

be found from the same equations. In many applications, the phase of Zs is

inconsequential. In cases the phase is desired, Hilbert transform can be used to derive

it. Hilbert transform basically establishes a relationship between the phase Zs( ) and

magnitude Zs( ) of a minimum phase function such as the impedance function [17]:

d
ZZ

Z ss
s 0 ))((

)()(2)( (1-10)

Figure 1.2    Simplified noise emissions model in insertion loss method
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Figure 1.3    Series insertion method

Figure 1.4    Shunt insertion method

As long as the magnitude function Zs( ) is known over a fairly wide frequency

range, for example 0 ~ fmax, the phase function Zs( ) can usually be found quite

accurately at least up to fmax/3. In most practical situations, the model of noise source

impedance is simple. The variation of the magnitude of the impedance with increasing

frequency will provide enough information of the characteristics of the impedance. For
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example, if the noise source impedance is capacitive in nature, the magnitude of its

impedance with increasing frequency will show a decreasing trend of -20 dB/decade.

Similar to the resonance method, the insertion loss method also looks simple.

However, the condition for the impedance of the inserted filter element to be either

much larger or smaller than the noise source impedance may not always be feasible.

The parasitic effects of those non-ideal filter elements make the condition even more

difficult to be fulfilled. Also, in reality, a CM or DM filter element does not only affect

its  own conduction mode but also the other mode. For example,  in the CM insertion

loss measurement, there is leakage inductance in the CM choke and it affects the DM

noise as well. Therefore, the CM insertion loss measured is not due only to CM alone.

Hence, accuracy deteriorates if the conditions required in this method are not met.

1.3.2 RF Impedance of EMI Suppression Chokes

Inductance value measurements are normally made at very low values of voltage,

current, and frequency using a bridge instrument or a LCR meter. In recent years,

current biased LCR meters also are available in the market. The usual measurement

frequency is 1kHz. The self-resonant frequency which is due to the capacitance within

the coil winding, the distributed capacitance, is not found in the low-frequency

measurements. For EMI filter application, the frequency range over which the

inductor’s performance is evaluated is up to and above 30MHz. The traditional low
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frequency  method  with  this  type  of  instrument  is  not  suitable  to  evaluate  the  EMI

chokes.

Traditionally, filter components are normally evaluated under no load condition

by  means  of  a  50  measurement system with RF impedance analyzer, network

analyzer or some special measurement setup. Hence, the impedance characteristics of

the filter components provided by the manufacturers in the product specifications are

based on the 50  measurement  system  at  no  load  condition.  This  may  be  true  for

RF/microwave design applications but in power electronics applications, the power

line EMI filter components are operating at very high voltage as well as high current

loading condition. For filter chokes, saturation and core loss of the magnetic core

materials are rather sensitive to the loading condition. Also, actual impedance where

the power line EMI filter chokes to be inserted is not 50 .

The another approach is using insertion loss method to characterize the EMI

chokes by treating the choke as a one element EMI filter. The test methods described

in the standards ANSI C63.13 [11], CISPR 17 [12] and MIL-STD-220B [13] can be

used to perform the insertion loss measurement for the one element EMI filter under

various loading conditions such as no-load, steady-state DC or AC load current with

various defined source and load impedances. However, all these methods do not

characterize the chokes under their actual operating configuration.  For EMI filters in

power conversion applications, the current carried by the EMI choke is usually a

pulsed DC, which is significantly different from the loading condition specified in the

standards. In addition, the noise source impedance of the SMPS can vary widely,

which can be significantly different from the impedance used in the standards.  Hence,
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the EMI suppression performance of the EMI choke cannot be evaluated correctly with

the methods.

1.4 Objective

In order to design a power line filter for a SMPS systematically, the characteristics

of  CM and  DM noise  impedances  over  the  frequency  range  of  interest,  for  example,

150 kHz-30 MHz in most conducted emissions regulations, must be known. In

addition, the effectiveness of an EMI suppression choke depends to a great extent on

its impedance characteristics under a specific current loading condition.

The objective of the thesis is to develop a suitable measurement method so that it

is able to characterize CM and DM noise source impedances of SMPS as well as EMI

suppression choke under actual operating condition in the frequency range of 150 kHz

– 30MHz.

1.5 Thesis Organization

The thesis is organized into six chapters.

Chapter 1 gives an overview of the thesis. Literature review, motivation and

objective are described.
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Chapter 2 provides the necessary fundamentals covering conducted emission

measurement, discrimination of common-mode (CM) and differential-mode (DM)

conducted emissions, mechanism of conducted emissions in the SMPS, EMI filter

configurations, EMI filter design, EMI filter components and insertion loss

measurement.

In Chapter 3, the  basic  theory  of  a  two-current-probe  method  is  presented.  Two

measurement approaches have been discussed. The first approach is two-probe

measurement with a network analyzer. The second approach is two-probe

measurement with a spectrum analyzer and a signal generator to improve the signal-to-

nose performance. After comparison of the two approaches, the second approach is

chosen. The validation of proposed measurement method is also provided in this

chapter.

Based on the two-current-probe measurement method, characterization of CM and

DM noise source impedances of SMPS is explained in Chapter 4. This characterization

approach allows measurement of noise source impedance of the SMPS without

interrupting its normal operation. The proposed measurement method is demonstrated

with an actual measurement on an SMPS.

In Chapter 5, the two-current-probe method is extended to characterize the

impedance of EMI chokes, with a modified test setup. The proposed measurement

method provides a more realistic assessment of the impedance characteristic of EMI

chokes under actual operating condition with good accuracy.

Finally,  Chapter  6  concludes  the  thesis  and  discusses  future  work  that  is  worth

exploring.
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Chapter 2 Conducted Emissions and EMI Filters

in Switched Mode Power Supplies

2.1 Conducted Emissions

2.1.1 Electromagnetic Compatibility

Electromagnetic compatibility (EMC) is the ability of an equipment or system to

function satisfactorily in its electromagnetic environment without introducing

intolerable electromagnetic disturbances to anything in that environment [18]. In

essence, the definition of EMC emphasizes two aspects, emission and immunity.

Emission is the phenomenon by which electromagnetic energy emanates from a

source. Immunity  is  the  ability  of  a  device,  equipment  or  system to  perform without

degradation in the presence of an electromagnetic disturbance.

Electromagnetic Interference (EMI)  is  defined  as  a  phenomenon  where  an

electronic device or system generates electromagnetic (EM) field in the radio-

frequency (RF) spectrum that degrades the satisfactory operation of other electronic

device  or  system  in  its  vicinity.   EMC  is  achieved  when  a  piece  of  electronic
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equipment functions satisfactorily in its intended electromagnetic environment and

does not introduce intolerable EMI to affect anything in that environment.

 The evolution of technology has caused EMC design to be as critical a part of

electronic  design  as  any  of  the  traditional  aspects.  The  primary  concern  of  EMC

engineering design is to make electronic systems to comply with the legal

requirements imposed by governmental agencies. These EMC regulations have made

EMC a critical aspect in the marketability of an electronic product. If the product does

not comply with these regulations for a particular country, it cannot be sold in that

country. The primary advantages of adequate EMC design consideration at the early

design stage are:

1. Minimizing the needs of redesigning in order to satisfy the EMC regulatory

requirements and hence, eliminating additional product development cost.

2. Maintaining the product launch schedule and avoiding delay in penetrating the

market.

3. Ensuring the product operates satisfactorily in the presence of the inevitable

external noise sources at its installation location, and hence minimizing

customer complaints.

The best practice in ensuring the product satisfying the EMC regulatory

requirements with minimum costs is to consider EMC design in the early stage of the

product development cycle.
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2.1.2 Conducted Emissions Measurement

Electromagnetic emissions occur not only by electromagnetic waves propagating

through air but also by direct conduction on metallic conductors. Usually, for typical

electronic products, emissions by conduction are more efficient than air coupling path

at the lower frequency range. Hence, conducted emissions measurement defined in

EMC standards is usually covered from 150k Hz to 30 MHz in most international

standards.  For emissions higher than 30 MHz, they are more efficient to propagate

through radiation in air. Noise current conducted out the ac cord passes through the

commercial power distribution net of the installation. This commercial power

distribution net is an extensive array of wires connecting the various power outlets

from which the other electronic systems in the installation receive their ac power. It

therefore represents a large "antenna" system from which these conducted emissions

can radiate quite efficiently, causing interference in the other electronic systems of the

installation. Therefore, controlling conducted emissions of a product indirectly also

controls the radiated emissions [19].

The purpose of the conducted emissions test  is  to measure the noise current that

exits the product’s ac power cord.  These emissions could be simply measured with a

current probe. However, for measurement repeatability, between sites, this simple

measurement method is not good enough. The impedance looking into the ac mains

power outlet varies considerably over the measurement frequency range from outlet to

outlet and building to building [20]. Such impedance variation affects the amount of
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noise that is conducted out the power cord. To ensure consistency of measurement

results between test  sites,  the ac mains impedance seen by the product must be well-

defined and stable regardless of the measurement site.

To overcome the problem of measurement repeatability, the line impedance

stabilization network (LISN) has been developed and designed for conducted emission

measurement. Its primary objective is to present constant ac mains impedance to the

product under test over the frequency range of the conducted emission test. Its other

objective  is  to  block  conducted  emissions  from  the  ac  mains  that  are  not  due  to  the

product under test so that only the conducted emissions of the product are measured.

Besides these two objectives, the LISN also provides easy interface to the

measuring receiver without direct contact to the high voltage ac mains. Figure 2.1

shows the schematic circuit of a typical LISN.

 The impedance at the disturbance output terminal (the terminal connected to the

EMI measuring receiver) of the LISN defines the termination impedance presented to

the equipment-under-test (EUT). For this reason, when a disturbance output terminal is

not connected to the measuring receiver, it shall be terminated by a 50  dummy

termination. Figure 2.2 shows the impedance versus frequency of the LISN defined in

the CISPR 16-1 standard.

Conducted emissions appearing on the live and neutral wires of the EUT may be

resolved into two conduction modes, differential-mode (DM) and common-mode

(CM). DM current flows in live wire in one direction and returns in the opposite

direction in neutral wire.  CM current flows in the same direction in both wires and

returns via the earth wire. Figure 2.3 shows the two noise conduction modes in a
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conducted emission measurement setup. An understanding of the two conduction

modes will facilitate the systematic design of an EMI filter.

The ability to discriminate DM and CM conducted emissions is essential for

conducted EMI diagnosis and power line EMI filter design. In the conducted emission

compliance test, the emission measured with the LISN is a mixture of both DM and

CM noise.  When the conducted noise fails  to satisfy the limits specified in the EMC

standards, it is usually not easy to identify the dominant mode that causes the failure.

Furthermore, power line EMI filter design is also divided into CM and DM filters,

which make the discrimination of the noise be essential in filter design process. Many

different CM and DM conducted emission discrimination techniques have been

developed [23] and will not be discussed here.

Figure 2.1    The circuit diagram of a 50  / 50 H LISN [4]
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Figure 2.2    Impedance-frequency characteristic of the 50 /50 H LISN [4]

Figure 2.3    CM and DM noise currents in conducted emissions measurement setup
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2.1.3 Conducted Emissions from Switched Mode Power Supplies

The efficiency of switched mode power supply (SMPS) is between 60% and 90%,

which is significantly higher than that of linear power supply. Typically, the efficiency

of linear power supplies is  of the order of 20% - 40%. SMPS is also much lighter in

weight than the linear power supply. However, the high frequency switching in SMPS

results in significant amount of noise spreads over a wide range of frequencies.

International EMC standards restrict conducted emissions in the frequency range from

150  kHz  to  30  MHz.  To  comply  with  these  standards,  an  EMI  filter  is  required  to

reduce the levels of conducted emissions produced by the SMPS below the limits.  If

the EMI issue is properly tackled, the merits of SMPS far out-weight the EMI problem

[30].

When  a  SMPS  is  in  operation,  the  switching  elements  switch  on  and  off

continuously, and repetitive voltage and current pulses are generated. Typically, the

switching frequencies are from 20 kHz to several hundreds of kHz. All these voltage

and current pulses generated in the power conversion switching process contribute to

conducted emissions emitted by the SMPS.

The mechanism of DM and CM conducted emissions in SMPS is well reported in

[2] [3] and will not be discussed here.
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2.2 Power Line EMI Filters

The advent and widespread use of SMPS has increased the concerns for

controlling conducted emissions on the ac power line. The major component used in

the control of conducted emission is the power line filter. Communication filters such

as Bessel, Chebyschev and Butterworth, etc, are very well developed and documented.

Unlike communication filters, power line filters are terminated with varying source

and load impedances. In addition, the power handling requirements place constraints

on the values of some filter  components.  For instance,  a one-stage Butterworth filter

with a cut-off frequency 10 kHz calls for a capacitance of 0.25 F and 1.13mH. Such

an inductance can be easily designed for a low current rating but it may be impractical

for a filter in a high-power SMPS.  Hence, the EMI filter in SMPS cannot be based on

the conventional communication filter design methods.

A power line EMI filter in an SMPS is a basically a low pass filter. Its objective is

to reduce or eliminate high frequency (150 kHz – 30 MHz) conducted emissions

generated by the SMPS without affecting the voltage and current of ac power supply

frequency (50 or 60 Hz).

The difference between predicted levels of conducted EMI and the target EMI

limit leads to the minimum attenuation performance required of the EMI filter.

Although there are known accurate prediction methods for determining the DM noise

components produced by a SMPS circuit, the CM noise components can only be
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estimated  with  approximation.  Therefore,  the  EMI  filter’s  DM  and  CM  attenuations

required are best determined with actual measurement results.

To determine the filter attenuation, the EMI filter’s input and output terminated

impedances must be known from the noise suppression point of view. The terminals

connected to the noise source (SMPS or EUT) are referred to as input of the filter, and

the  ones  connected  to  the  ac  power  mains  to  be  protected  from  conducted  EMI

constitute the filter output.

Consider the example of supplying a signal to a load as shown in Figure 2.4. The

filter is inserted between the source and the load in order to prevent certain frequency

components of the source from reaching the load, as shown in the Figure 2.5. Let P1 be

the power received by the load when connected directly to source without the filter,

and P2 be the power received by the load when the filter is inserted between the source

and the load, while the input power is held constant. The load voltage without the filter

inserted is denoted by V1 and the load voltage with the filter inserted is denoted as V2.

The insertion loss in dB ( ILdB ) of the EMI filter expressed in terms of power is

defined as [59]:

P
PILdB

2

1log10 (2-1)

The insertion loss can also be expressed in terms of voltage as follows:

V
V

ILdB
2

1log20 (2-2)

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2     Conducted Emissions and EMI Filters in Switch Mode Power Supplies

Page 26 of 118

Figure 2.4    load voltage without the filter - definition of the insertion loss of a filter

Figure 2.5    load voltage with the filter - definition of the insertion loss of a filter
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The insertion loss of a particular filter depends on the source impedance, load

impedance and the filter circuit, and therefore it cannot be stated independently of the

termination impedances. Most filter manufacturers provide frequency response plots of

the insertion loss of a particular filter. Usually, they assume that Zs =  Zl = 50 .

Hence, the specification of insertion loss based on 50  source and load impedances

may deviate from the actual applications, where the source and load impedances are

not 50 For the case of SMPS in the conducted emission test setup, the terminating

impedance seen by the SMPS corresponds to the 50  impedance of the LISN

between live and earth, as well as between neutral and earth. However, the source

impedance Zs is not 50  Hence, using the manufacturer’s insertion loss data to assess

the performance of the EMI filter in a SMPS may not give the correct filter insertion

loss.

For  cost  reasons,  most  of  the  SMPS use  on-board  EMI filter.  To  achieve  the

expected insertion loss, the knowledge of the noise source impedance of the SMPS is

very important in the design of the on-board EMI filter.

The EMI filter  design methods for SMPS can be found in many publications.

Almost all the design methods developed depend on the knowledge of EMI source and

load impedances.  In the conducted EMI measurement setup defined in standards,  the

load impedance of conducted EMI is that  of the LISN (Line Impedance Stabilization

Network),  which  has  a  well-defined  and  known  impedance.  Therefore,  if  the

equivalent circuit model of the noise source impedance can be obtained with

reasonable accuracy, the most effective filter configuration and suitable component

values  for  the  power  line  EMI  filter  of  a  SMPS  can  be  designed  in  a  systematic

manner without guessing.
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The  role  of  EMI filter  in  the  circuit  is  to  minimize  the  conducted  noise  transfer

over the frequency range of interest (0.15 kHz - 30 MHz), which is much higher than

the  operational  frequency  on  the  ac  power  in  the  circuit.  This  noise  transfer

minimization  can  be  realized  with  a  filter  that  is  highly  mismatched  with  both  the

source  and  load  impedances  in  the  frequency  range  of  interest.   Hence,  to  design  an

EMI filter with the least number of components, the need to know the noise source

impedance is obvious.

A major challenge in designing cost effective power line EMI filter is to provide

highest possible insertion loss in the frequency range of 0.15 MHz to 30 MHz and still

capable of handling high power rating at  low-frequency (50Hz/60Hz). The decision in

favor of a particular filter circuit is also influenced by the input and output impedances

and the limitations on the serial and parallel filter elements.

Normally, a first order filter, a filter with only one filter element, is able to meet

the EMI suppression requirements when the source and load impedance are of similar

impedance magnitude. A second order filter, a filter with two elements, is most useful

when the source and load impedances are very dissimilar, the situation often arises in

which the parallel combination of the source and load impedances is too low to be

“shorted  out”  with  a  capacitor  or  the  sum is  too  high  for  the  inductor  to  represent  a

relative “open circuit”. Table 1 shows all possible combinations of source impedance

Zs and load impedance Zl, and the most appropriate choice of filter topology. The first

order and second order filters are widely used in the SMPS for conducted EMI

suppression.
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High Zl Low Zl

High Zs

Low Zs

Table 1   The first and second order filter selection matrix [2]

High Zl Low Zl

High Zs

Low Zs

Table 2   The higher order filter selection matrix [2]
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In cases where the faster roll-off is required to keep the corner frequency high

and, consequently, keep the components smaller than that is possible with a first or

second  order  filter,  a  third  or  fourth  order  filter  may  be  used.  The  most  appropriate

third and fourth order filter topologies versus source and load impedances are shown

in Table 2. In general, the fourth and higher order filter configurations are seldom used

in EMI filter design as the fast rate roll-off is not an important factor in this

application. The most commonly used configurations in EMI filter design are the first,

second and third order filter configurations.

2.3 EMI Filter Design

Basically, EMI filter is a low pass filter, which only blocks the high frequency

contents. Around the operational frequency (ac mains frequency, i.e. 50Hz or 60Hz),

the EMI filter should provide negligible loss. Between the operational and the lower

limit of the frequency range to be filtered (150 kHz in most cases), it must not develop

resonances. Above the lower limit of the frequency range, it must provide enough

insertion loss to high frequency noise.

As  the  conduction  current  paths  for  DM and  CM currents  are  different,  the  DM

and CM filters have to be designed separately. The two filters will be merged

subsequently when implemented on the PCB. In EMI power line filter design, the first

step is  usually to design the CM filter  section.  Past  experience shows that when CM

conducted emissions are successfully suppressed below the required EMI limit; the
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DM  conducted  emissions  are  also  being  reduced  significantly.  This  is  due  to  the

unintentional DM inductance offered by the leakage inductance of the CM choke and

the DM shunt capacitance offered by the CM shunt capacitors.  Hence,  the DM filter

design is always based on the DM conducted emission results after the CM filter being

built in the circuit, to prevent over-designed.

2.3.1 CM EMI Filter Design

As a guide, the CM filter will be designed with the following four steps:

Step 1: Determination of filter topology.

The optimal filter topology is a function of both source and load impedances.

Normally, the CM filter is presented with high source impedance (capacitive in nature

with small capacitance) and relatively low load impedance (about 25  due to the

LISN). From the circuit diagram of LISN shown in Figure 2.1, the CM impedance of

LISN seen from the EUT (Equipment Under Test) is approximately 25 , which is the

result of parallel combination  of R2 (50 , the terminating resistance) and R4 (50 ,

the input impedance of EMI measuring receiver). As previously discussed, the best

topology  that  will  achieve  the  optimum mismatch  is  the  L-C filter  with  capacitor  on

the source side (SMPS) and the inductor facing the load side (LISN). Higher levels of
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attenuation and faster roll-off are achievable with more L-C stages. In CM filter

design, multistage configuration is usually not required because the CM choke

impedance can be rather high. Only in extreme cases of high source capacitance (low

source impedance), it is beneficial to use a T topology, or third order filter. Hence, in

most  situations,  a  second  order  L-C  filter  is  usually  adequate.  The  CM  equivalent

circuit of a SMPS and the termination impedance, without any filter components, is

given  in  Figure  2.6.  The  CM  equivalent  circuit  with  a  second  order  L-C  CM  filter

added is shown in Figure 2.7.

Figure 2.6    CM equivalent circuit without any filter components

Figure 2.7    CM equivalent circuit with 2nd order CM filter
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Figure 2.8    CM equivalent circuit with 3rd order CM filter

With the measurement setup defined in the EMC standards, the LISN presents the

load to the EMI filter. The CM impedance of LISN is around 25  (50  live-to-earth

in parallel with 50  neutral-to-earth), which is considered as relatively low as

compared to the source impedance.

The CM conducted emissions measured with LISN are the voltages across Zl due

to the noise from the SMPS. Zs is the CM noise source impedance of the SMPS. Under

the condition where no filter component is added, as shown in Figure 2.6, the CM

conducted emissions are given by

V
ZZ

ZV s

ls

l
l1 (2-3)

In the case of Figure 2.7 where the second order filter is inserted, the CM

conducted emissions are given by
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In the case of Figure 2.8 where the third order filter is inserted, the CM conducted

emissions are given by

V
ZZZZZZZZZZZZ
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V s
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lcap
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2

3    (2-5)

The filter attenuation due to the second order filter can be calculated by

ZZZZZZ
ZZZ
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2      (2-6)

Similarly, the filter attenuation due to the third order filter is given by

)())((
)(2

3
ZZZZZZZZZZZZ

ZZZ
Att

caplscapscapchokecapchokelcapl

lscap     (2-7)

With the knowledge of noise source impedance Zs, noise load impedance Zl,

suitable  values  of  the  CM  choke  and  shunt  capacitor  can  be  chosen  to  meet  the

attenuation requirement of the filter. The second order and the third order attenuation

can be computed over the frequency range of interest with equations (2-6) and (2-7).

Step 2: Determination of targeted attenuation of the EMI filter.

Before determining the targeted attenuation of the EMI filter, designer has to

alleviate the attenuation requirements by source suppression. This can be done by
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reducing the signal amplitude and frequency, increasing the rise time and fall time of

the pulse, using special EMI suppression techniques [32], etc. After the source has

been reduced to as low a level as possible, the CM conducted emissions of the SMPS

should  be  measured  with  no  filter  in  place  to  determine  the  CM  attenuation

requirements. The difference between the conducted EMI measured and the limits

specified in the standards provides the minimum attenuation requirement of the EMI

filter. To establish the final requirement for EMI filter, usually a safety margin of

approximately 6 to 10 dB should be added to estimated attenuation to cater for filter

component tolerance.

Step 3: Determination of the capacitance of the Y capacitors.

One of the constraints on the CM filter is the limitation of the line-to-earth

capacitor, commonly referred to as Y capacitor. In Figures 2.7 and 2.8, each Zcap

represents the resultant impedance of two parallel connected Y capacitors (one from

live-to-ground and another from neutral-to-ground) for single phase ac input.  A large

Y capacitor would be especially effective because of the large CM noise source

impedance. The upper bound on Y capacitor is imposed because of safety issues.

Large Y capacitors constitute a shock hazard by creating leakage current to earth. The

acceptable leakage current limits for various grounded devices are recommended by

international electrical safety standards. These standards impose requirements on the

maximum allowable leakage currents for a specific product, thus indirectly setting an

upper limit of the Y capacitor value in the power line EMI filter.
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For example, Table 3 shows the maximum leakage currents of information

technology equipment (ITE) defined in the relevant safety standard [57].

Table 3  Maximum leakage current defined in IEC 60950-1: 2005

Type of equipment Terminal A of measuring
instrument connected to

Maximum leakage
current  r.m.s.

All equipment Accessible parts and circuit
not connected to protective
earth

0.25mA

Hand-Held
Equipment main protective
earthing terminal (if any)

0.75mA

Movable
(other than hand-held, but
including transportable
equipment)

3.5mA

Stationary, Pluggable
Type A

3.5mA

All other Stationary
Equipment.

3.5mA

The acceptable leakage current limits for certain types of medical electrical

equipment defined are even more stringent because of the critical safety requirement in

hospital [58].  The above-mentioned restrictions on leakage current limit the maximum

value of Y capacitor that can be used in the power line filter design. As a quick

estimation, the maximum value of Y capacitor can be calculated as follows [3]:

10
2

6
max, fV

IC
mm

g
Y   nF
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Where Vm is the AC mains voltage in V, fm is the mains frequency in Hz, and Ig is

the maximum acceptable leakage current in mA.

Step 4: Determination of the inductance of CM choke.

The CM choke is the backbone of the CM filter. Its principle advantage is that

very large inductance can be obtained on a small magnetic structure relative to the DM

choke. With the knowledge of noise source impedance Zs, noise load impedance Zl, the

maximum allowable  Y capacitor and the expected attenuation of the CM EMI filter,

the RF impedance of CM choke, Zchoke, can be computed over the frequency range of

interest with equation (2-6) for the second order filter or equation (2-7) for the third

order filter. With the computed CM choke impedance, suitable CM choke inductance

can be selected.

Due to its relatively low self resonant frequency, the CM choke contributes

attenuation mostly at lower frequencies, while the Y capacitor contributes attenuation

mostly at the higher frequencies. To ensure that the filter attenuation is not degraded at

the higher frequencies (up to 30 MHz), the equivalent series inductance (ESL) of the Y

capacitor is of critical importance. Besides the ESL of the Y capacitor, special care

should be taken to minimize the length of the leads and PCB traces and bonding

between PCB ground and the metal chassis of the product.
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2.3.2 DM EMI Filter Design

The leakage inductance of the CM choke and capacitance of Y capacitors in CM

filter also contribute towards DM attenuation, though unintentionally.  The DM

emissions should be measured with a designed CM filter in place. In many low power

applications, the CM filter has sufficient leakage inductance and shunt capacitance to

adequately filter  the DM emissions.  In that  case,  design of DM filter  is  unnecessary.

Assuming it will not, the next step is to design a DM filter for the switched mode

power supply. The DM filter is also designed with 4 steps that are very similar to those

steps  of  the  CM  filter  design.  The  first  step  is  the  selection  of  the  most  appropriate

filter topology. The load impedance Zl of  the  DM  filter  is  the  DM  termination

impedance of the LISN, which is around 100 live-to-earth in series with 50

neutral-to-earth).  The DM noise source of a SMPS has both a high impedance and a

low impedance component.  It  is  suggested to have a  filter  as shown in Figure 2.9,

[34].

In SMPS, the leakage inductance of CM choke is usually used as the DM suppress

inductance (Zchoke) in DM filter, and the two CM shunt capacitors in series are usually

used  as  the  DM  shunt  capacitor  in  DM  filter  (Zcap2).  Therefore,  the  design  of  the  

filter can be simplified as design of a first order filter (Zcap1, one shunt capacitor before

the CM choke), with DM load impedance Zl  and DM noise source impedance Zsdm

which consists of leakage inductance of CM choke (Zchoke), two CM shunt capacitors
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in series (Zcap2) and DM noise source impedance ( Zs ) of the SMPS as shown in Figure

2.9.

Figure 2.9     Filter

The second step is to determine the targeted attenuation of the DM filter. The

method  is  the  same as  that  for  CM filter  design  describe  above.  The  DM conducted

emissions of the SMPS is measured with no DM filter in place (but with CM filter) to

determine the DM attenuation requirements. The difference between the conducted

emissions  measured  and  the  limits  specified  in  the  standards  provides  the  DM  filter

attenuation required. Again, a safety margin of approximately 6 to 10 dB is added for

component tolerance.

The  third  step  is  to  determine  the  inductance  of  the  DM  inductor.  In  most  low

power applications, there is no need for the DM inductor as the leakage inductance of

the CM choke gives sufficient DM inductance.
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The last step is to determine the capacitance of the X capacitors. The line-to-line

capacitors in the DM filter are commonly called X capacitors. For a first order filter,

the impedance of X capacitor can be computed easily.

2.3.3 Filter Integration

Finally, the CM and DM filters are integrated as one EMI filter in the circuit.

Figure 2.10 shows a typical EMI filter circuit of a SMPS. LCM is the inductance of the

CM choke in the filter and LDM is the leakage inductance of the CM choke which plays

the role of DM inductance in the filter. CX is the X capacitors of DM filter circuit. CY

is the Y capacitor of the CM filter circuit. In theory, DM and CM filters are assumed

to be independent to each other. In realty, some of the DM and CM filter components

do affect the other noise conduction mode.

Figure 2.10  Typical EMI filter circuit of switched mode power supply
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2.4 Insertion Loss Measurement

Because of non-ideal behaviors of the filter elements, the actual insertion loss of

the filter can differ from the calculated or expected one. The parasitic effects of the

filter elements could degrade the filter performance [35]. Two filters with identical

topologies and components can exhibit a significant difference in filter insertion loss

due to their different layouts, undesired couplings among components and self-

resonant effects of the parasitic elements. As it is impossible to predict the filter

insertion with all these influences, actual measurement is still a preferred method in

industry to evaluate the EMI filter performance.

2.4.1 No-Load 50  Insertion Loss Measurement Method

The impedances of nearly all signal generators and measuring instruments are 50

This is why most national and international standards suggest measuring the

insertion loss in a 50  measurement system. A test circuit to measure CM insertion

loss in a 50  system  is  shown  in  Figure  2.11.  For  this  mode,  the  line  and  neutral

terminals are at the same potential with respect to ground. Therefore, these two

terminals are connected in parallel in the measurement setup. The insertion loss is
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measured with respect to a reference established by substituting a direct connection for

the filter as shown in Figure 2.11.

For DM insertion loss, a test circuit as shown in Figure 2.12 is used. In this mode,

the signals on the line and neutral terminals are the same in magnitude but opposite in

phase. Therefore, the measuring circuit uses 50 , 180° splitter/combiners. Again, the

reference  for  insertion  loss  is  determined  by  substituting  a  direct  connection  for  the

filter. The insertion loss can be worked out with equation (2-1) or (2-2) with the signal

level and reference level obtained in the measurement.

Figure 2.11  No-load 50  CM insertion loss measurement [11]
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Figure 2.12  No-load 50  DM insertion loss measurement [11]

2.4.2 50  Insertion Loss Measurement Method With Loading

As the filter inductor could vary due to the actual load current, the previous

measurement method under no load condition may over estimate the filter attenuation

performance. To measure the performance of an EMI filter under loading condition, an

improved test setup shown in Figure 2.13 is suggested by MIL-STD-220B. The

purposes of performing insertion loss measurements under various load conditions are

intended to reveal the actual choke impedance under loading condition so that the

problem of incorrectly chosen choke can be rectified.
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The purpose of the RF buffer networks in Figure 2.13 is  to provide RF isolation

between the low frequency (operational) terminals and the measurement system; i.e. to

present high impedance paths from the measurement system (signal generator,

isolation attenuators, filter under test and receiver) to the DC source, and low

impedance paths from signal generator to the filter under test and from the filter under

test to receiver. The impedance of the isolation choke coil in the RF buffer network

must be much higher in the measurement range so as not to influence the measurement

accuracy. The measurement procedures of this method are similar to that of no-load 50

 insertion loss measurement method mentioned earlier. The EMI filter’s insertion

loss can be obtained under different dc load current with an adjustable dc power

source. The dc source may be replaced by a 50 Hz or 60 Hz ac power source to

evaluate the filter performance under ac power condition with varying ac load

currents.

Figure 2.13  Basic test circuit for insertion loss measurement with full load [13]
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Another  international  standard,  CISPR  17,  also  suggests  a  similar  setup  of

insertion loss measurement as MIL-STD-220B for evaluation of EMI filter under

loading conditions, but with more source and load impedance combinations such as

50 /50 , 75 /75  0.1 /100 , etc.

As discussed above, insertion loss is usually measured under clearly defined

impedance conditions. However, it is well known that insertion loss is highly

dependent on the load and source impedances seen by the filter. As the SMPS’s noise

source impedance varies in a wide range, the insertion loss obtained with above

methods does not reflect the EMI filter’s actual performance in SMPS.

In determining EMI filter insertion loss characteristics, it is of primary important

to utilize laboratory measurement techniques whose results are indicative of actual

real-world performance. To get realistic data regarding EMI filter performance under

operational conditions, and to avoid over-specification of the insertion loss as a

safeguard, new laboratory measurement techniques have to be developed and

suggested for general use.

2.4.3 Worst Case Insertion Loss Measurement Method

To study the effect of impedance mismatch conditions on the filter insertion loss,

a worst case test method has been developed.

It  can  be  shown that  an  insertion  loss  of  a  filter  reaches  a  minimum for  a  given

frequency when its input and output are matched with the complex conjugate of their
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respective impedances [3]. In order to match such a filter configuration with the

complex conjugate impedance, a choke coil of appropriate value must be inserted in

series of input port and output port. The worst case insertion loss of LC configuration

can be measured by placing adjustable matching capacitors on the input and an

adjustable matching inductor on the output. Due to the capacitances possessed by most

power line filters, it is impractical to obtain choke coils of the required value above a

few MHz. But given the usual power mains impedance, laboratory measurements with

a 50  system  provide  quick  test  data  to  approximate  the  worst  case  insertion  loss

values.

For  determining  the  worst  case  insertion  loss  as  a  function  of  frequency,  the

minimum insertion loss must be measured at many frequencies with properly adjusted

matching source impedance and load impedance. For better characterizing the EMI

filters, worst case insertion loss measurement are usually made under power bias. Two

test methods are employed, the serial and the parallel injection methods.

Figure 2.14 shows the series injection worst case insertion loss measuring setup.

The given measuring setup serves to determine the minimum insertion loss of  type

filter configuration, since two matching inductors are used (filter capacitors at input

and output). For series injection, an ideal voltage source would be needed. The

impedance associated with any realizable voltage generator must be small in relation

to the equivalent series resistance of the resonant circuit at resonance. If this condition

is not met, degradation in Q-factor occurs, and the worst case insertion loss cannot be

determined. Usually, a few m  of equivalent series resistance is required. To obtain

such a low value, a voltage injection probe must be used. The voltage injection probe

must  have  a  large  turn  ratio  and  often  must  be  terminated  by  low  resistance.
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Furthermore, the inductance inserted by the voltage injection probe (as well as current

detection probe) must be minute, since it limits the highest interface resonance

frequency  that  can  be  attained  with  a  given  EMI  filter.  This  condition  requires  very

tight coupling between the two probe windings. With special wound probe, about 50

mH equivalent series inductance can be achieved.

Because of parasitic inductances, the worst case insertion loss can be measured

only  up  to  the  MHz range  with  series  injection.  The  upper  limit  of  the  measurement

frequency range can be increased by parallel injection. The measuring setup of worst

case insertion loss with parallel injection is shown in Figure 2.15. The most important

benefit of the parallel injection method is that no inductive injection probe is needed,

since the injection is made by a high pass network that keeps the low frequency

biasing voltage off the current source and detector. This network is represented by the

coupling capacitor, C, in Figure 2.15. To establish a characteristic interfacial

resonance, it is essential that the current source and the detector have a large resistance

compared  to  the  resistance  of  the  resonant  circuits  on  the  input  and  output  at

resonance. Typically, a 50  current source and detector is large enough for parallel

injection worst-case insertion loss measurement. The upper measurement frequency

limit will be determined by various parasitic inductances. In general, an upper limit of

about 10 MHz can be expected. The lower measurement frequency limit for both serial

and parallel injection will be affected by the size of the matching choke coil and the 10

F capacitor needed for high frequency isolation. As an example, the lower

measurement frequency limit does not exceed the 20 kHz when the measurement is

made with instrument of R = 50 , assuming an average filter capacitance of 2 F and

a Q-factor of 10 for the matching choke coil.
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Figure 2.14  Series injection worst case insertion loss measurement system [3]

Figure 2.15  Parallel injection worst case insertion loss measurement system [3]
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Chapter 3 Two-Current-Probe Method

3.1 Introduction

In the previous chapter, the various methods of filter insertion loss have been

discussed. However, to accurately predict the filter attenuation performance, the

equivalent  CM  and  DM  noise  source  impedances  of  the  SMPS  must  be  known.  To

determine the noise source impedance of the SMPS under the actual power-up

condition, a two-current-probe measurement approach is proposed.

The concept of measuring unknown impedance using the two-current-probe

method with a network analyzer was first reported for ac power mains impedance

measurement.  Nicholson and Malack [20] conducted the impedance measurement of

ac mains outlets in the United States using the two-current-probe method in the

frequency range from 20 kHz to 30 MHz. This measurement technique was also

studied by Southwick and Dolle [21]. The measurement made in the United States was

later compared with the similar measurement performed in Europe [36]. Schlicke [54]

presented statistical data collected from many hundreds of outlets in households,

factories, laboratories, aboard naval vessels, and others, in the frequency range from 1

kHz to 10 MHz. Several other authors investigated power line impedances for various

purposes in different frequency range with the two-current-probe method in 1980’s.
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Vines et al. [37] described measurement results and an analysis of impedance of

residential power-distribution circuit at frequencies from 5kHz to 20 kHz in 1985.

These frequencies were used by systems such as distribution-line carriers that

employed the power distribution circuit as a communication medium. With the aim of

investigating surge and “high frequency” propagation, Martzloff and Gauper measured

the input impedance of industrial power lines over the frequency range of 100 Hz – 10

MHz [38]. Investigating the possibility of using power lines as small scale local area

networks (LAN), Tanaka made measurement of power line impedances over

frequency range of 20 kHz – 30MHz [39]. Forti and Millanta, surveying the origin of

the low frequency oscillatory transients, measured power line impedances from DC to

20 kHz [40]. Kwasniok extended the frequency range of the two-current-probe method

up to 500 MHz in his measurement of power line impedances in 1993 [22]. For many

years, there has been continuing interest to use the two-current-probe method in the

impedance measurement of ac power-main distribution networks and in the

monitoring  of  the  quality  of  the  ac  power-main  voltage.  Tanaka  measured  the

transmission characteristic of power lines used for data communication in the

frequency range up to 500MHz [41]. See, Kamarul, and So also made used of this

two-current-probe method in characterizing the power line communication networks

[42].

In this thesis, with a modified measurement setup, the two-current-probe method

is extended to characterize the CM and DM RF noise impedances of SMPS as well as

impedance of EMI suppression chokes under actual operating conditions.

In the measurement, one current probe is used as an injection probe and another

current probe is used as a receiving probe, the unknown impedance is characterized
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with analysis based on the injected signal level and received signal level. With a pre-

measurement calibration process, all parasitic effects in the measurement setup in the

given frequency range of interest can be eliminated. The measurement results collected

allows EMI filter designers to obtain the CM and DM noise source impedances of  any

SMPS in normal operating conditions as well as to assess the EMI suppression

performance of EMI suppression chokes (CM and DM chokes) under realistic loading

conditions with reasonable accuracy.

3.2 Theoretical Background

To illustrate the concept of the two-current-probe method, Figure 3.1 shows the

basic measurement setup to measure any unknown impedance ZX. The basic

instruments involved consist of an injecting current probe, a receiving current probe

and  a  network  analyzer.  The  two probes  and  the  coupling  capacitor  form a  coupling

circuit to avoid direct connection to ZX, which may be a part of a high-voltage, high-

current circuit. Port 1 of the network analyzer induces a signal in the coupling loop

through the injecting current probe. Port 2 of the network analyzer measures the

resultant circulating current in the coupling loop with the receiving current probe.

Figure 3.2 shows the equivalent circuit of the measurement setup. V1 is the output

signal source voltage at port 1 connected to the injecting probe and V2 is the resultant

signal voltage measured at port 2 with the receiving probe. Zp1 and Zp2 are output and

input impedances of ports 1 and 2, respectively, which are usually 50 . L1 and L2 are
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the primary self-inductances of the injecting probe and receiving probe, respectively;

and L is the self-inductance of the coupling loop. M1 is the mutual inductances of

injecting probe and the coupling loop, M2 is the mutual inductance between the

receiving probe and the coupling loop. By reflecting the primary circuits of the

injecting probe and receiving probe in the coupling circuit loop, the simplified

equivalent circuit of the measurement setup is illustrated in Figure 3.3.

Figure 3.1    Basic setup of the two-current-probe method with network analyzer
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Figure 3.2    The equivalent circuit of the two-current-probe measurement setup
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Figure 3. 3    Simplified equivalent circuit of the two-current-probe measurement setup

The resultant current in the coupling loop due to the injecting signal is given by

XMM
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Z
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Finally, the coupling circuit can be replaced by an equivalent voltage source VM1 in

series with an equivalent source impedance Zsetup, where Zsetup = ZM1 + ZM2 + j L +

1/j C. So equation (3-1) can be rewritten as

Xsetup

1M

ZZ
VI (3-2)
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From equation (3-2), the unknown impedance ZX can be obtained by

setup
M

X Z
I

VZ 1 (3-3)

The current I measured by the receiving probe can be determined by:

2

2

TZ
VI (3-4)

where ZT2 is the calibrated transfer impedance of the receiving probe.

Substituting
11

1
11 ZZ

VMjV
p

M and equation (3-4) into equation (3-3) leading

to

setup
T

p
X Z

V
Z

ZZ
VMjZ

2

2

11

11 (3-5)

Let
11

21

ZZ
ZMjk

p

T , then equation (3-5) can be expressed as

setupX Z
V
kVZ

2

1 (3-6)

By maintaining V1 at a fixed magnitude, kV1 is a frequency-dependent constant.  If

ZX is  replaced  with  a  known  precision  standard  resistor Rstd, the constant coefficient

kV1 can be determined by

stdX RZ2setupstd1 VZRkV (3-7)

If ZX is replaced with a short circuit, one gets
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0Z2setup1
x

VZkV (3-8)

From equations (3-7) and (3-8), the impedance due to the coupling circuit Zsetup can

be obtained through:

std
RZZ

RZ
setup R

VV

V
Z

stdXX

stdX

202

2
(3-9)

Once Zsetup is found, the coupling circuit is ready to measure any unknown

impedance ZX as follows

setup
unknownZ2

1
X Z

V
kVZ
x

setup
unknownZ2

RZ2setupstd

X Z
V

VZR
Z

X

stdX (3-10)

In most practical situations, Zsetup is small and can be neglected. Then, equation (3-

10) can be simplified to

unknownZ

RZstd
X

X

stdX

V

VR
Z

2

2
(3-11)

However, if the unknown impedance ZX to be measured is small and comparable to

Zsetup, then ZX must be evaluated according to equation (3-10) to ensure good

measurement accuracy.
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In the measurement, V1 and  V2 are the voltages at the terminals of the injecting

probe and receiving probe, respectively. These voltages are related to the S parameters

measured with the network analyzer since V1 = V 1 forward (1+S11), and V2 = V1 forward

S21.  Hence:

S
S

V
V

11

21

1

2

1
(3-12)

Here the S11 is  measured at  the terminal of injecting probe with the receiving port

(Port 2 of the network analyzer) connected to the receiving probe. S11 =  0  when  the

impedances at Port1 and the impedances at port 2 are matched, respectively.

In  the  actual  measurement,  the  input  impedances  of  the  current  probes  available

are 50 .  As the impedance is quite well matched between the probes and the network

analyzer’s ports, we can say that S11  0, hence, V1  V1 forward and V2  V1 S21 all the

time.

3.3 Measurement Setup with a Spectrum Analyzer and a Signal

Generator

Most researchers prefer to using the network analyzer in their measurement of ac

mains RF impedance with the two-current-probe method, as the measured results

provide the both magnitude and phase of the RF impedance under measurement. This

is usually not an issue when the RF background noise level is relative low. However,

to measure the true RF impedance while the SMPS is powered up for the purpose of
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the filter design, the built-in power line filter of the SMPS is not present. Hence,

conducted emissions in the frequency range of 150 kHz to 30 MHz, can be very high

and network analyzer may not be able to track the injected signal properly.  When the

measurement with the two-current-probe method is employed on a SMPS in its actual

operating conditions, the useful induced signal from the injecting probe may be

masked by the RF back ground noise mentioned.  The network analyzer, which is

based on tracking the useful injected signal, may not be able to identify and track the

correct signal, and hence, meaningful measurement in certain frequency ranges due to

these background RF noise may be impossible. The alternative approach of the two-

current-probe method for the measurement of RF impedance under noisy background

noise is to replace the network analyzer with a signal generator and a spectrum

analyzer in the measurement.

Figure 3.4 shows the basic setup of the two-current-probe method with a spectrum

analyzer  and  a  signal  generator.  The  signal  generator  produces  the  RF  signal  to  be

injected into the electronic circuit under measurement with the injecting probe. By

adjusting  the  output  signal  level  of  the  signal  generator  to  a  sufficient  level  at  the

selected frequency points, the induced signal from the injecting current probe, will

have a better signal to noise ratio, so that it can be easily detected by the spectrum

analyzer via the receiving current probe.

The measurements are made at sufficient selected frequencies that cover the

required frequency range. However, using the signal generator and spectrum analyzer

measurement setup, only the magnitudes of injected signal V1 (signal generator output

level) and the received signal V2 (reading of spectrum analyzer) are obtained at the

selected frequency points. The magnitude of unknown impedance can be obtained with
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equation (3-10) or (3-11) based on measured V1 and V2 and pre-calibration results. By

observing the trend of the measured impedance’s magnitude with frequency (flat, +20

dB/decade or –20 dB/decade), a reasonably accurate impedance model in terms of

resistor, inductor and capacitor can be derived for the unknown impedance.

Figure 3.4    Measurement setup with a spectrum analyzer and a signal generator

The measurement process with this measurement setup may be tedious as the

measurement is made point by point in the interested frequency range, especially when

the measurement frequency range is wide with a few hundreds of frequency

measurement points. In order to speed up the measurement process, tracking signal

generator, either internal tracking signal generator module of the spectrum analyzer or

external tracking generator, is recommended in this measurement. Figure 3.5 shows the
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basic setup of the two-current-probe method using spectrum analyzer with an internal

tracking signal generator module.

In the frequency range where the induced signal can be clearly differentiated from

the background RF noise, the measurement can be performed with data acquisition

software to capture the data in the frequency range via a PC connected to the spectrum

analyzer.  The whole measurement process takes a few seconds for the full  frequency

range  of  150  kHz  to  30  MHz.  In  the  frequency  range  where  the  induced  signal  is

masked  by  the  background  RF noise  in  the  electronic  circuit,  one  could  increase  the

injected signal level by increasing the tracking signal generator’s output level. Another

effective countermeasure is to skip the measurement in some narrow frequency bands

where the background RF noise is too high, and characterize the unknown impedance

with data obtained just before and after the narrow frequency band.

Figure 3.5    Setup using a spectrum analyzer with an tracking signal generator module

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3          Two-current-probe Method

Page 60 of 118

Figure 3. 6    Induced signal and background RF noise

Figure 3.6 shows an induced signal and background RF noise captured with the

data acquisition software during the measurement. Besides a few high magnitude

narrow band RF background noises was detected, very good signal to noise ratio is

maintained in the frequency range of interest. For the narrow frequency bands where

high magnitude RF background noises are detected, one can just simply skip the data

in these narrow frequency bands and work out the impedance values of the unknown

impedance in the rest of the frequency range with equations derived above. The

unknown impedance is still able to be characterized in these narrow frequency bands

with the impedance values just before and after the narrow frequency band. The data

captured with the data acquisition software is in “.xls” format (Microsoft Excel file),

which makes data process easier and faster.
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RF Noise &
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3.5 Validation

In order to validate the proposed measurement method, Tektronic CT-1 (5 mV/mA,

bandwidth 25 kHz to 1000 MHz) and CT-2 (1 mV/mA, bandwidth 1.2 kHz to 700

MHz) current probes are chosen as the injecting probe and receiving probe,

respectively. The HP 8591E spectrum analyzer with an internal tracking signal

generator module is employed for the measurement. The data acquisition was

performed with “HP Benchlink” software at an IBM notebook PC connected to the

spectrum analyzer with GPIB cable. Two 1 F capacitors connected in parallel are used

as the coupling capacitor. Figure 3.7 shows the measurement setup used in the

validation.

To obtain the frequency-dependent coefficient kV1 for the two probes measurement

setup, a precision resistor Rstd (600  1%) is measured using the two probes setup.

After  that,  without  any  resistor  (ZX =  0 ), the measurement is repeated. The

impedance due to the coupling circuit Zsetup is obtained with V2|ZX=Rstd
,  V2|ZX=0 and

Rstd, in accordance with equation (3-9). Once kV1 and Zsetup are found, the coupling

circuit  is  now ready  to  measure  any  unknown impedance.  For  validation purposes, a

few resistors of known values are treated as unknown resistors and measured using the

proposed method. Figure 3.8 shows the measurement results with the two-current-

probe method for resistors with resistance value 1k , 5 k  and 10 k . It can be seen

the measured resistance is in close agreement with the stated resistance of these

resistors. For 5 k  and 10 k  resistors, the roll off above 10 MHz is expected due to
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the parasitic capacitance that is inherent to resistors of large resistance. For comparison

purposes, the magnitude of Zsetup is  also  plotted  in  Figure  3.8.  Based  on  the  trend  of

impedance variation with frequency, the impedance of the coupling circuit Zsetup is

capacitive in nature at low frequency because of the coupling capacitors. However, it

becomes more inductive as frequency increases, which is due to the loop inductance of

the coupling circuit. The inductive reactance can be as high as 40   at  30  MHz.

Hence, if the unknown impedance to be measured is low, it should be measured and

determined in accordance with equation (3-10) so that Zsetup can be eliminated for

better measurement accuracy.

For resistors with resistance 2 ,  5 , 10  and  25 ,  the  impedance  due  to  the

coupling circuit cannot be ignored and Zsetup has  to  be  subtracted  from  the

measurement results for better accuracy. By subtracting Zsetup from the measurement

results, the measured resistance has agreed very well with the stated resistance of these

resistors, as demonstrated in Figure 3.9. Hence, the pre-measurement characterization

of the measurement setup serves as a good mean to eliminate measurement error due

to the coupling circuit.

To further validate the accuracy of the two-current-probe method, the 5 k  and 5

 resistors  are  measured  again  using  the  HP  4191A  impedance  analyzer.  The

comparisons of measured results using the two-current-probe method and the

HP4191A impedance analyzer for 5  and 5 k  resistors are given in Figure 3.10 and

Figure  3.11,  respectively.   As  the  lowest  operating  frequency  of  the  HP  4191A  is  1

MHz, only measured results from 1 MHz to 30 MHz are compared. The measured

results using the two-current-probe method show good agreement with those obtained
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from the  HP 4191A.  Using  the  results  of  the  HP4191A as  references,  the  maximum

deviations are less than 5% and 10% for 5 k  and 5  resistors, respectively.

Figure 3.7    Measurement setup in validation

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3          Two-current-probe Method

Page 64 of 118

Figure 3.8    Measurement of large-resistance resistors

Figure 3.9    Measurement of small-resistance resistors
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Figure 3.10  Comparison of measured results for 5

Figure 3.11  Comparison of measured results for 5 k
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As a final check, the two-current-probe measurement using a spectrum analyzer

with an internal tracking signal generator module is compared with that using a vector

network  analyzer.  An  inductor  is  chosen  as  component-under-test.  By  using  an  RF

impedance analyzer HP 4396B, the equivalent circuit of the inductor is found to be a

circuit consists of an inductor (L  136.24µH) and a resistor (R  8.21 ) in series,

parallel with a capacitor (C  1.71pF). The first approach uses a spectrum analyzer

with an internal tracking signal generator module and the second approach makes use

of a Rohde & Schwarz ZVB vector network analyzer (VNA). Figure 3.12 shows the

comparison of measured impedance magnitudes obtained based on the two

approaches. Close agreement between the measured results from the two approaches is

observed. It is also noticed the spectrum analyzer measurement approach provides

much stable measured data as one could observe and increase the injecting signal

level, where necessary, during the measurement so as to provide good signal to noise

ratio. As the measurement using VNA is based on auto-tracking, care should be

exercise to ensure that the tracking signal source from the VNA is strong enough to

obtain stable reading.
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Figure 3.12 Comparison of results obtained with spectrum analyzer (blue

curve) and vector network analyzer (brown curve)

Spectrum
Analyzer Results

Vector Network
Analyzer Results

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Page 68 of 118

Chapter 4 Measurement of Noise Source

Impedance of SMPS

4.1 Noise Source Impedance of SMPS

The knowledge of noise source impedance and termination impedance of a

switched mode power supply (SMPS) is essential in its power line EMI filter design,

especially in the selection of filter circuit topology and filter components’ value. EMI

filter performance depends not only on the filter itself but also the noise source

impedance of the circuit and the noise load impedance at the test site. The filter design

guideline is to maximize impedance mismatch so that the noise energy delivered to the

load is minimized. As typical conducted emissions measurement setup requires a line

impedance stabilization network (LISN), both the CM and DM termination

impedances seen by the SMPS are well defined in the standards. However, the

characteristics  of  CM  and  DM  noise  source  impedances  of  the  SMPS  over  the  EMI

regulated frequency range of 150 kHz to 30 MHz are not readily available.

Shih  etc.  have  found  that  under  some assumptions  the  attenuation  of  a  filter  has

little to do with the noise source impedance [45]. Their approach simplifies the filter

designing procedure but is valid only for a particular filter topology under certain
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conditions. In addition, the approach cannot predict filter resonance performance. To

solve the problems mentioned above, EMI noise source impedance has to be known.

Due  to  the  conduction  modes  of  a  SMPS,  it  is  essential  to  determine  the  noise

source impedance Zs in separate conduction modes, namely, in terms of the CM noise

source impedance Zscm, and the DM noise source impedance Zsdm. The definition is

given as follows.

CM source impedance is the impedance between the new terminal formed by

shorting line and neutral together, and the terminal ground, when looking into the

SMPS. See Figure 4.1. The major components of CM noise source impedance are the

unintentional capacitance between the switching device and its heatsink, the parasitic

capacitance between the heatsink and the grounded chassis, and the parasitic

capacitances between other devices or wires, which carry pulsating voltage waveform

and the grounded chassis.

Figure 4.1     CM source impedance of SMPS
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Live
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DM Source Impedance is the impedance between line and neutral as shown in

Figure 4.2. The major components of DM noise source impedance are the turned-on

resistance of rectifying diodes, the equivalent series resistance (ESR) and equivalent

series inductance (ESL) of the bulk capacitor. Other factors, such as the PCB layout,

component placement and wiring layout also influence the noise source impedance.

Figure 4.2    DM source impedance of SMPS

Figure 4.3 Simplified noise source circuit
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By following the above definitions, the noise source can then be reduced to a one-

port Thevenin equivalent circuit as shown in Figure 4.3. Notice that in Figure 4.3, Zs is

Zscm in the case of CM and Zsdm in the case of DM.

Using the actual value of the noise source impedance obtained from a particular

converter, its EMI filter topology and filter component values can be appropriately

selected. Resonance between the noise source impedance and filter components can

also be predicted based on the information. Furthermore, high frequency performance

of a specific filter is also predictable provided the characteristics of the filter are

known. However, there are several reasons, both theoretical and practical, why it is

difficult to characterize the noise source impedance of SMPS. They are described in

the following:

The DM and CM conducted emissions are coupled through different paths

to the point where conducted emissions are measured. Equipment package

and component layout all affect the coupling paths, but the effects are very

difficult to quantify. Often, a seemingly small change in layout could lead

to significant change in the noise source impedances.

Beyond a certain frequency, the effects of some high frequency parasitic

elements start to surface. High frequency effects include permeability

reduction of choke core, parasitic capacitance effect of the inductor, and

parasitic inductance effect of the capacitor.

At high frequency, the radiation coupling between SMPS and the circuits

in vicinity and the coupling between components of SMPS will also affect

the noise source impedance.
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Due to the complexity of the CM and DM noise coupling mechanism, complete

theoretical  models may not be easily derived. Hence,  the best  way to determine their

characteristics is still through measurement, even though it can be quite a challenging

task.

In SMPS’s operation, its circuit topology is continuously changing due to the

switching actions.  The currents flow in different paths in each operation stage of the

switching circuit. Therefore, the noise source impedance measurement has to be made

when  the  SMPS  is  operating  at  its  intended  loading  condition.   So  far,  very  limited

research has been done on determining the noise source impedance of SMPS.

4.2 Measurement with the two Current Probes Method

To overcome the problems faced by the previously mentioned methods, the two

current  probes  method  is  adopted  for  the  measurement  of  the  SMPS’s  noise  source

impedance. Using one current probe as an injection probe and the other current probe

as a receiving probe, CM and DM noise source impedances in the EMI regulated

frequency range of any SMPS can be determined with ease. As mentioned in Chapter

3, with careful calibration of the measurement setup, good accuracy can be achieved

for measuring both CM and DM noise source impedances.
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4.2.1   Measurement of CM Mode Noise Source Impedance for SMPS

The measurement setup for the CM noise source impedance of a SMPS is shown

in Figure 4.4. The two 1 F capacitors (one for live to ground and another for neutral

to ground) together with the injecting current probe and receiving current probe form

the CM coupling circuit to avoid direct connection to the power mains. To isolate the

LISN from the coupling circuit, a CM choke is inserted between the LISN and the

SMPS during the measurement. The CM choke provides sufficient isolation between

the LISN and SMPS in the interested frequency range (from 150 kHz to 30MHz), but

does not affect  the 50Hz/60Hz ac power.  Normal power line CM choke is able to fit

this purpose.

If the CM chock provides sufficiently large CM impedance at the measurement

frequencies, the measurement setup shown in Figure 4.4 can be simplified to the

equivalent circuit shown in Figure 3.3. With the expressions derived in Chapter 3, the

CM noise source impedance of the SMPS can be obtained with the injected signal

level and received signal level at the measurement frequencies. By conducting the

measurement at a series of frequencies in the frequency range interested, the

characteristics of the CM noise source impedance over the frequency range of interest

can be determined.
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Figure 4.4 Measurement setup of SMPS’s CM noise source impedance

4.2.2   Measurement of DM Noise Source Impedance for SMPS

Figure 4.5 shows the test setup for the DM noise source impedance measurement

of SMPS. For ease of changing CM setup to DM setup, the two 1 F capacitors used

in the CM setup will still be employed in the DM setup. Now, the two coupling

capacitors are in parallel and connected between live and neutral. Again to isolate the

effect of the LISN and ac main lines in high frequency, two DM chokes are added

between  the  LISN  and  the  SMPS.  Same  as  the  measurement  of  CM  noise  source

impedance measurement, if the DM chokes provide sufficiently large DM impedance
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at the measurement frequencies, a condition which is very easy to meet by using two

DM chocks effective in the required frequency range, the measurement setup shown in

Figure 4.5 can be simplified to the equivalent circuit shown in Figure 3.3. Based on

the procedures derived in Chapter 3, the DM noise source impedance of the SMPS can

be obtained with the injected signal level and received signal level at the measurement

frequencies. The measurement is also made at a series of frequency in the interested

frequency range.

As the objective of this measurement is to obtain the noise source impedance for

EMI filter design purposes, the SMPS under measurement is a non-filtered SMPS. The

EMI  filter  for  the  non-filtered  SMPS  will  be  designed  based  on  its  impedance

characteristics obtained in the measurement. During the measurement, the SMPS is

operating in its normal operation conditions with its typical load. Hence, the measured

impedance reflects the true impedance of the SMPS in its intended operating

condition.

Figure 4.5 Measurement setup of SMPS’s DM noise source impedance

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4                                      Measurement of Noise Source Impedance of SMPS

Page 76 of 118

4.3 Experiment Results

Same as the measurement setup proposed in Chapter 3, a Tektronic CT-1 current

probe (5mV/mA, bandwidth 25 kHz to 1000 MHz) and a CT-2 current probe

(1mV/mA, bandwidth 1.2 kHz to 700 MHz) are chosen as the injecting current probe

and  receiving  current  probe,  respectively.  The  HP 8591E spectrum analyzer  with  an

internal tracking signal generator module is employed for the measurement. The data

acquisition was performed with “HP Benchlink” software at an IBM notebook PC

connected to the spectrum analyzer with GPIB cable. In both CM and DM noise

source impedance measurement setups shown above, the RF coupling circuit consists

of two 1 F capacitors, the injecting current probe and the receiving current probe. To

ensure Zsetup of the RF coupling circuit is repeatable, the two capacitors are mounted

on a printed circuit board (PCB) and two fixed positions have been marked on the

PCB for the injecting probe and receiving probe. Also, the final wire connections from

the  PCB  to  the  points  of  measurement  have  been  made  as  short  as  possible  to

minimize the parasitic effect due to wire positioning. The actual implementation of the

RF  coupling  circuit  is  shown  in  Figure  4.6.  The  advantage  of  fixing  the  coupling

circuit for both setups is that once it is calibrated to obtain Zsetup, it can be used for both

CM and DM setups to speed up the noise source impedance measurement process. The

measured Zsetup of the RF coupling circuit is plotted in both Figure 4.7 and Figure 4.8.

By observing the change in measured magnitude of Zsetup with respective to frequency,
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it can be modeled as a resistor of 1.12 , an inductor of 240 nH and a capacitor of 2.05

F in series.

Figure 4.6    Implementation of the RF coupling circuit

Figure 4.9 shows the measured impedance magnitude of Zsetup with that obtained

from the series RLC equivalent circuit model (R = 1.12 , L = 240 nH and C = 2.05

F). It shows that in the frequency range of interest (150 kHz – 30 MHz), the proposed

equivalent circuit model is adequate to represent Zsetup.
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The actual measured impedance of the RF coupling circuit is ZT, which is ZL and

Zs in parallel, where Zs is the actual noise source impedance to be measured and ZL is

the RF isolation to be provided by suitable chokes. If sufficient RF isolation is

provided and ZL >> Zs, then ZT Zs. For the CM setup, a 16 mH CM choke (Coilcraft

CMT3-16-2) is inserted between the LISN and the SMPS to provide CM RF isolation.

For the DM setup, two 350 H DM chokes (Zion VSM 300) are added between the

LISN and the SMPS to provide the DM RF isolation.

A SMPS (ASTEC RBS22, 22W, 230 V/0.5 A) is used as an example to illustrate

the  steps  to  obtain  the  CM and  DM noise  source  impedances.  The  rated  currents  for

the selected CM and DM chokes are 2 A and 3 A, respectively. Since the rated current

of the SMPS is much lower than the current ratings of the chokes,  we do not expect

core saturation to happen for the chokes. First the SMPS is removed from the ac mains

and the coupling circuit measures essentially ZL only. Then the SMPS is connected

back to the ac mains and now the coupling circuit measures ZT.

Figure 4.7 shows the measured ZL, ZT and Zsetup in the frequency range of 10 kHz

to 30 MHz for the CM setup. From 10 kHz to 40 kHz, ZT ZL, it shows that Zs >> ZL.

It also indicates that the CM choke is not saturated, otherwise, ZT << ZL. Above 40

kHz, the CM choke begins to provide good RF isolation. Since Zsetup is very small as

compared to ZT, ZT Zs. A series resonance at approximately 8 MHz is observed

because the capacitive reactance of Zs is equal to the inductive reactance of Zsetup.

Above 8 MHz, the measured impedance is dominant by Zsetup and Zs cannot be

determined. Based on the trend of ZT with frequency between 40 kHz to about 8 MHz,

it is quite obvious that Zs is capacitive in nature with a capacitance of 950 pF.
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Figure 4.8 shows the DM measurement results from 10 kHz to 30 MHz. For the

full frequency range, ZT << ZL, it shows that the DM chokes provide good RF isolation

for the entire frequency range. Since ZT is now comparable to Zsetup, the effect of Zsetup

cannot be ignored and the DM noise source impedance must be determined by Zs = ZT

Zsetup.  Based  on  the  trend  of  magnitude  change  of ZT with frequency, ZT can be

modeled by a series RLC circuit with R = 2.7 , L =  320 nH and C =  2.05 F. Figure

4.10 shows the measured ZT and the calculated ZT from the proposed equivalent circuit

model. It shows that in the frequency range of interest, the proposed equivalent circuit

can be used to represent ZT with good accuracy.  With known circuit  model of Zsetup

(series RLC with R = 1.12 , L =   240  nH and C = 2.05 F), we can obtain Zs by

subtracting Zsetup from ZT, which can be represented by series RL circuit with R = 1.58

 and L = 80 nH.  Hence, for the frequency of interest, if the impedance changes with

frequency is either + 20 dB/decade or – 20 dB/decade, we only need the magnitude

information of the measured impedance to extract the equivalent circuit model with

good accuracy.

As the two-current-probe setup allow measurement of the noise source impedance

of the SMPS under the normal “power on” condition, it has the flexibility to determine

the noise source impedance of the SMPS for different loading conditions. The merit of

the two-current-probe setup is its pre-measurement calibration process for the RF

coupling circuit. With this calibration process, the impedance due to the RF coupling

circuit, Zsetup, can be measured and accounted for. Hence, possible error contributed by

the  RF  coupling  circuit  can  be  eliminated  to  achieve  good  accuracy  for  the

measurement of noise source impedance of the SMPS.
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Figure 4.7    CM noise source impedance measurement

The CM noise source impedance is usually capacitive in nature. It resonates with

the inductive element of the RF coupling circuit at some frequency below 30 MHz,

which imposes the maximum frequency limit for the CM noise source impedance

measurement. The resonant frequency can be pushed up further by reducing the

inductive element of the RF coupling circuit, which can be achieved by selecting a

coupling capacitor with a lower ESL and making the RF coupling circuit more

compact.  Also,  for  SMPS  with  high  power  rating,  special  attention  must  be  paid  to

ensure that the CM and DM chokes are not saturated while providing the necessary RF
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isolation. This can usually be resolved by putting two chokes of lower inductances and

higher current ratings in series.

Figure 4.8    DM noise source impedance measurement

ZL

ZT

Z setup

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4                                      Measurement of Noise Source Impedance of SMPS

Page 82 of 118

Figure 4.9 Comparison of the measured and calculated Zsetup

Figure 4.10 Comparison of the measured  and calculated ZT
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Chapter 5   Characterization of EMI Chokes

5.1 EMI Filter Components

Typically, an EMI power-line filter consists of shunt capacitors and series

inductors. The components of an ac power line EMI filter are subject to two important

requirements: they must safely tolerate the nominal operating voltage and current of

the electrical equipment, and their high frequency characteristics must not vary with

frequency. However, EMI filter components are usually non-ideal within the

frequency reduction band of EMI. In the frequency range of 150 kHz to 30 MHz, the

equivalent circuit of EMI components becomes a two-terminal network containing

several components. The characteristics of EMI components in reality varies

significantly with frequency, which makes the performance of EMI filter deviates from

the expectation. The characterization of EMI filter components is crucial for conducted

emissions suppression design.

Real capacitors are not purely capacitive, even at low frequency, since their

leakage resistance of the isolation Rp and equivalent series resistance (ESR) Rs cannot

be neglected in every case. At higher frequencies, the effect of the stray inductances L

is also considerable. For dc current, the impedance of a real capacitor equal to its

leakage resistance Rp. With increasing frequency, the reactance of this capacitor will
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be lower than its leakage resistance Rp.  With  a  further  increase  in  frequency,  the

impedance of the real capacitor will be determined more and more by its parasitic

inductance L instead of its capacitance. This means that the real capacitor behaves

more like an inductor than a capacitor at high frequency. The capacitor will resonate at

its self-resonant frequency o. A real capacitor can be regarded as capacitance only in

the frequency range below its self-resonant frequency. The impedance of the capacitor

is just Rs (ESR) at its self–resonant frequency. At frequencies higher than its self-

resonant frequency, the capacitor behaves like an inductor and is, therefore, no longer

effective as an EMI power-line filter component.

In engineering practice, the high frequency characteristics of real EMI filter

capacitors are examined by means of equivalent circuit with an ideal capacitor C, an

equivalent series resistance Rs and an ideal inductor L connected in series. The effect

of the leakage resistance Rp is negligible in the analysis. The serial parasitic inductance

is principally the result of three partial inductances: the inductance of the wound

structure, Ls, the inductance of internal leads, Ll, and the inductance of the connecting

wires Lw. The value of Ls and Ll  depends on their dimensions and structure of the

capacitor. This inductance is generally about 5 to 50nH. The inductance of connecting

leads, Lw, is related to the length and diameter of the connecting wires. EMI filter

capacitors can be well characterized by the resonance frequency o.  To  increase  the

effective frequency range where the real capacitor acts like a capacitance, noise

suppression capacitor with the highest possible resonance frequency should be applied.

Therefore, only capacitors with low parasitic inductance are suitable for EMI filter.  In

practice, for a selected EMI filter capacitor, the internal parasitic inductances Ls and Ll

cannot be changed, and the connecting wires are usually the major factors of
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inductance that determine the resonant frequency. Therefore, connecting wire length

should be kept to an absolute minimum for noise suppression.

The impacts of applied voltage and loading current on the characteristics of EMI

filter capacitor are not significant. The capacitor can be well characterized with off-

the-shelf equipment like RF impedance analyzer, network analyzer, RLC meters etc.

under no load conditions. Normally, EMI filter designers can rely on the parameters

and characteristics of EMI filter capacitors provided in the manufacturer’s catalogues

or data sheet in their work.

Real inductors are not purely inductive. The windings by their very nature will be

shunted by distributed capacitance. Therefore, inductors too suffer from self-resonant

characteristics. Above their self-resonant frequency, the capacitance dominates so that

inductors lose their effectiveness at higher frequencies. Depending on the value of the

inductance, the geometry of the windings, and the core material, coil self-resonance

typically may occur in the range of 150 kHz to 2 MHz.

It is quite clear that the design of inductors must take into account the saturation

characteristics of the core material due to the current rating of the filter and the turns

required. Otherwise, the core would be saturated under normal operating conditions

and  would  be  ineffective  as  a  filter  component.  An  identical  inductor  cannot  be

expected to perform identically or similarly in two different applications due to the

differences in the load current (amplitude, waveform, frequency, etc.) as well as some

parasitic phenomena. The parameters and characteristics of EMI filter inductors

provided in the manufacturer’s catalogues or data sheet can only be taken as a

reference. The performance of the EMI filter inductors in an actual application still

depends greatly on the measurement under their actual operation conditions.
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5.2 EMI Chokes

EMI  filter  inductors  may  come  with  two  forms.  The  most  common  form  is  a

single magnetic core structure wound with two coupled windings, one connected in the

line  conductor  and  the  other  in  the  neutral  conductor.  This  type  of  inductor  is  also

called as CM choke because it is mainly used to suppress the CM noise. In the other

form, independent and single-winding inductors are used in either or both lines. Only

DM noise can be suppressed with this type of inductor,  therefore,  it  is  also called as

DM choke. In the case of multiphase or split-phase filters, the CM choke have

identical windings, one for each power-carrying line. Similarly, the DM choke would

appear in each of these lines. For clarity, principles will be discussed with reference to

single-phase filters in this thesis.

5.2.1  CM Choke

High CM inductance is often required to suppress CM noise as value of Y

capacitor is restricted in the nF range due to the electrical safety consideration. The

goal of creating a choke coil that displays high impedance for CM noise components

but low impedance against DM noise components can be accomplished with the

development of CM choke. The CM choke consists of identical windings placed on a
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closed ferrite core. Figure 5.1 shows the structure of a CM choke. The two windings of

such  a  component  are  designed  with  an  equal  number  of  turns  so  that  the

magnetomotive force around the core due to the power frequency current in these

windings cancels each other. In the figure, it can be seen that the net magnetomotive

force around the core is zero because of the cancellation of the ampere-turns (NI)

associated with each winding. Therefore, if one stops at this point, one will conclude

that such a coil structure will never saturate. This is not the case, however, because of

leakage flux, which is not coupled from one winding to another. These independent

fluxes  can  cause  the  core  material  to  saturate  in  the  regions  where  they  exist.  This

saturation, even though it is localized, will have the same effect as the introduction of

a large air gap in the core. That is, the inductance of the windings will decrease

dramatically.

Figure 5.1    Structure of CM EMI choke
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As the most of mains frequency magnetomotive forces around the core are

cancelled each other, the core may be of high magnetic permeability, allowing a large

CM inductance with only a few turns. The relative permeability of ferrite cores

decreases with an increase in frequency; thus, the inductance of the CM choke also

changes as a function of frequency. The inductance of CM choke coils decreases at

gyro-magnetic frequency to about the half of initial value. The gyro-magnetic

frequency of ferrite cores is in the megahertz order.

In case of perfect  compensation of the mains frequency magnetizing force in the

ferrite core, the inductance of common mode choke coils might not depend on mains

frequency currents, but perfection is not always achieved in practice. In actual

application, this imperfect compensation is used to suppress DM EMI noise. The

impedance of the CM choke for DM noise is proportional to the leakage between the

two coils of the choke, a result of imperfect compensation of DM components.

Therefore, the leakage inductance of the CM choke coil can be used to suppress DM

conducted emissions. In many industry applications, no separate DM choke coil can be

found in the EMI filter circuit, the circuit designer use the CM inductance of the CM

choke coil as the inductor of the CM EMI filter circuit and the leakage inductance of

the  CM  choke  coil  as  the  inductor  of  the  DM  EMI  filter  circuit.  The  leakage

impedance of CM choke coil is also called as DM impedance of CM choke coil.

Saturation is a very important consideration in the design of CM Choke coils. The

ferrite core may saturate due to the imperfect compensation of mains frequency

magnetizing force, which resulting in drastically decreasing of common mode

inductance of the choke.
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5.2.2   DM Choke

The DM choke for EMI filtering are usually single-layer solenoid structure.  The

scheme of a solenoid-type choke coil is shown in Figure 5.2. Suitable formulas are

known for calculating the inductance of such coil arrangements, if the internal and

external diameters are not very different, and if the coil length is much higher than its

diameter (i.e. length > 0.3D) [3]:

10
45.0

)( 7
2

Dl
NDL  H (5-1)

Where

N = number of turns

D = internal diameter of the coil in meters

l = axial length of the coil in meters

In the case of multi-layer coils or choke coils made from a strip (flat) conductor of

large cross-section, the internal and external diameter may become mutually

commensurable. For calculating the inductance of such coils, substitute the average

coil  diameter  in  place  of  the  diameter  D,  in  equation  (5-1).  For  reducing  the  stray

capacitance between the turns, often some space is left between the turns of solenoid-

type choke coils, i.e. the pitch of windings (denoted as p in Figure 5.2) is higher than

the width of the conductor (denoted as d in Figure 5.2).
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Figure 5.2    Structure of DM single-layer solenoid choke

5.2.3   Equivalent Circuit of EMI Chokes

Noise suppression choke can be well characterized in a wide frequency range by

the equivalent circuit seen in Figure 5.3 which is necessary to understand the terms

that define the performance and the limitation of inductors in the frequency range of

conducted emissions suppression. The resistance in the equivalent circuit represents

the losses of the choke. The parasitic effects at higher frequencies, resulting from the

stray capacitances between turns, cannot be neglected in the analysis of the inductor’s

performance. Although the turn-capacitance is distributed, a parallel connected

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5                                                                    Characterization of EMI Chokes

Page 91 of 118

concentrated capacitor provides a suitable approximation. The impedance of the choke

according to the equivalent circuit is:

RCjLC
LjR

Z L 21
(5-2)

Figure 5.3    Equivalent circuit of an EMI choke

At low frequencies, impedance ZL is dominated by inductance, and at dc it will be

equal to R. In the frequency range of L, the impedance of the choke increases

proportionally with frequency, as can be seen in Figure 5.4. At frequency o, the

inductor, L, resonates with the parallel capacitor, C, and the impedance, ZL, reaches its

maximum. The maximum value increases with increasing Q-factor and decreasing

series resistance. The impedance of the choke at low frequencies (more precisely, in

the frequency range below the resonance angular frequency) with fair approximation

is:

ZL  R + j L (5-3)
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At higher frequencies, the impedance of the choke decreases because the parallel

capacitor dominates; i.e., the inductor acts like a capacitor. In this frequency range, the

impedance of the choke with good approximation is as follows:

CjLC
Lj

Z L
1

2
(5-4)

The self-resonance angular frequency of the choke:

LC
o

1 (5-5)

The Q-factor of the choke:

Q =
R
L (5-6)

The impedance of the choke at resonance can be determined by means of equation

(5-2) and (5-5). Supposing that the impedance of the choke at resonance is much

higher than the series resistance, the impedance of the choke at resonance is:

RC
LfZ oL )( (5-7)

Using equations (5-5) and (5-6), we can get Q2 at o:

R
LQ o
2

22
2

R

LLCQ 2

2
2

1
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CR
LQ 2

2 (5-8)

With equation (5-8), the impedance of the choke at resonance can be rewritten into the

following form:

QRfZ oL
2)( (5-9)

Figure 5.4    Impedance versus frequency of an EMI choke
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5.3 In-Circuit Characterization of EMI Chokes

The effectiveness of a power line EMI filter in SMPS depends to a great extent on

the  characteristics  of  CM  choke  and  DM  choke  under  actual  loading  condition.  The

different material properties and construction of the chokes, in addition to their

existing parasitic parameters, will cause two apparently identical chokes to behave

differently in a given application. For CM and DM chokes used in EMI filter of

SMPS, besides the magnetic material saturation, core loss and some other parasitic

effects, the varying CM noise source impedance and DM noise source impedance of

the  operating  SMPS  will  also  cause  the  CM  and  DM  chokes  to  perform  differently

from the technical specifications provided by their manufacturers. Therefore, the

measurements of CM choke and DM choke impedance under different loading

condition, especially in its actual application configuration, are important in estimating

the actual filter attenuation of the designed power line EMI filter.

The proposed two-current-probe method described in Chapter 3 can be extended

to measure the impedance of either CM or DM EMI choke, under the actual loading

conditions. Using one current probe as an injecting probe and the other current probe

as a receiving probe, the CM and DM impedances of EMI chokes in the conducted

EMI regulated frequency range (normally 150 kHz – 30 MHz) can be determined

accurately under actual current loading.
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5.3.1 Measurement of CM impedance of CM choke

CM chokes are crucial components in the power line EMI filters for power

conversion product such as SMPS and uninterruptible power supplies (UPS). With the

proposed two-current-probe measurement approach, it is possible to measure the

impedance of a CM choke under in-circuit operating condition. By varying the load

current, the CM impedance behavior of the choke can be easily observed. Figure 5.5

shows the measurement setup to characterize the CM impedance of the CM choke.

The circuit where the CM choke is inserted resembles that of a typical SMPS. The DM

load circuit consists of a bridge rectifier, a bulk capacitor Cd and a load resistor Rd. The

load also can be an actual SMPS or any kinds of application circuit in front of which

the CM choke will be installed. That means the measurement can be made in the actual

application circuit so that the characteristics of choke in the actual applications can be

obtained with this method. By connecting the DM load circuit  to a programmable ac

power source, repetitive dc current pulses are generated so that it emulates the actual

operating condition where the CM choke is supposed to work.  The magnitude of the

DM current pulse can be varied with the programmable ac power supply.

The two 1 F capacitors (one between live-to-ground and another between neutral-

to-ground) and the injecting current probe and receiving current probe form the CM

coupling circuit for the CM choke-under-test. In order to complete the CM signal path,

two 2200 pF capacitors (one between live-to-ground and another between neutral-to-

ground) are added on the other end of the CM choke. The value of 2200 pF is chosen
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because  this  is  the  typical  value  commonly  used  in  SMPS  or  UPS  for  EMI  filtering

purposes. The RF signal is injected into the CM signal path through the injecting

current probe, which is connected to the output port of a signal generator. The

resulting RF signal in the CM signal path is measured by RF input port of a spectrum

analyzer via the receiving current probe. The CM impedance of the CM choke-under-

test  can  be  obtained  using  the  procedures  described  in  the  Chapter  3.  To  ensure  the

impedance of the measurement setup of the CM signal path, Zsetup,  is  stable  and

repeatable, all the capacitors are mounted on a PCB. Also, two fixed positions on the

PCB are labeled for the placements of the injecting current probe and receiving current

probe.  The  wire  connections  on  the  PCB  have  been  made  as  short  as  possible  to

minimize the loop inductance of the coupling circuit. Firstly, without the CM choke-

under-test, the CM impedance of the measurement setup (Zsetup) is measured. Then, the

CM choke-under-test is inserted and the CM impedance is measured again. If the

effect of Zsetup cannot be ignored, it should be subtracted from the second set of

measurement.

Figure 5.5    Measurement setup to characterize CM impedance of a CM choke
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5.3.2 Measurement of DM Impedance of CM Choke

The DM impedance of CM choke is due to the imperfect cancellation of

magnetizing force in the core due to the DM noise current. This DM impedance can be

doubled  up  as  a  DM inductor  in  suppressing  DM noise  generated  in  the  circuit.  The

impedance  of  the  DM choke  is  independent  of  the  load  current  if  the  load  current  is

well below the saturation current of the choke. However, when the load current is

approaching to the saturation current point, the DM impedance will drastically

decrease to a very small value, especially in the vicinity of its self-resonant frequency,

mainly due to the core losses such as hysteresis losses and eddy current losses. The

other factors which affect the DM choke’s impedance value are resistive loss,

dielectric losses and temperature rise.

Similarly, with the two-current-probe, the DM impedance of a CM choke under

loading conditions can be measured over a wide frequency range. Figure 5.6 shows the

principle  of  the  DM  impedance  measurement  setup  for  a  CM  choke.  It  is

recommended to use the same RF coupling circuit that used in the CM impedance

measurement in order to eliminating the double work in the system calibration and

measurement of Zsetup. The load which consists of a bridge rectifier B, a bulk capacitor

Cd and a load Rd can also be replaced by an actual application circuit such as a SMPS,

UPS, etc. The 2 inductors LBs are used to eliminating the effects from the variable ac

source and the load circuit. The total inductance of the two LB should be much greater

than that of the LDM (2  LB >>  LDM ) in order to fit the isolation purpose. The LB
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should not be saturated throughout the measurement. Same as the CM impedance

measurement, the amplitude of load current can be adjusted by changing the amplitude

of the input ac voltage.

Figure 5.6    Measurement setup to characterize DM impedance of a CM choke
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5.3.3   Impedance Measurement for DM Choke

The same principle can be applied in the impedance measurement of normal

choke which is  quite often used as DM choke in EMI filter  circuit.  Figure 5.7 shows

the two-current-probe measurement setup with a load circuit consist of a bridge

rectifier B, a bulk capacitor Cd and a load resistor Rd. Same as the measurement of CM

choke impedance, the load circuit can be an actual application circuit, and the function

of the two LBs is to eliminate the effect of the ac source and the load circuit in the

impedance measurement. The amplitude of load current can be adjusted by changing

the amplitude of the input ac voltage. The procedures to conduct the measurement are

also the same.

Figure 5.7    Measurement setup to characterize DM choke
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5.4   Experiment Results

The measurement setup in the laboratory is shown in Figure 5.8. Again,

Tektronic CT-1 current probe and CT-2 current probe are chosen as the injecting probe

and receiving probe, respectively. A HP Spectrum Analyzer HP 8593E is employed

for the measurement of the RF signal received via the receiving probe, while, the

injected RF signal came from the output port of the tracking signal generator module

inside the spectrum analyzer. The readings of the spectrum analyzer over the whole

frequency  range  of  interest  were  captured  to  a  notebook  PC in  a  few seconds  with  a

data acquisition software “HP Benchlink” via a GPIB connection between the PC and

the spectrum analyzer. A pre-amplifier is used in the signal path as the signals are very

weak when the RF impedance is great. The ac source used in the measurement is an

ELGAR SW 5250A programmable power supply. A CM choke, model: Tokin SS24V-

R15080, is chosen for evaluation. The load circuit consists of a bridge rectifier, a 220

F electrolytic capacitor and a 100  aluminum wire-wound resistor with a maximum

power rating of 300W, which is used to simulate a SMPS.  The loading current of the

CM choke is adjusted by changing the output voltage amplitude of the programmable

power supply during the measurement. As before, the CM coupling circuit is

calibrated with a standard known resistor and followed by characterization of the

measurement setup. Then, the CM choke is added to the measurement setup as shown

in  Figure  5.5.  The  Figure  5.8  shows  the  actual  implementation  of  Figure  5.5  in  the

laboratory.
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Figure 5.9 shows the CM choke, RF coupling circuit including the two-current-

probe, and the load circuit built in the laboratory. The CM impedance of the choke is

measured in the frequency range from 50 kHz to 10 MHz. In the frequency range of

interest, the impedance of the measurement setup, Zsetup, is much smaller than the CM

impedance of the choke, as shown clearly in Figure 5.10.  Figure 5.11 shows the

measured CM impedance of the choke under varying load current condition.  When

the peak magnitude of the current pulse is less than 5.21A, the CM choke provides

excellent CM impedance, with at least 1k  up  to  5  MHz.  As  usual,  a  self-resonate

frequency  at  353  kHz is  observed.  If  the  peak  current  is  higher  than  5.21A,  the  CM

impedance of the choke begins to decrease as a sign of core saturation. This behavior

is clearly observed in Figure 5.11. When the peak current increases to 6.11A, CM

impedance at resonance has dropped from 24.5 k  to about 8.1 k . Further increase in

peak current, for examples, at 7.10A, the choke practically offers no CM impedance at

all. Ideally, the AC mains current in the live and neutral lines is DM in nature and

should not have any impact on the CM impedance of the CM choke. However, in

reality, the magnetic fluxes in the ferrite core due to the windings for the live and

neutral lines can never cancel totally. Hence, it results in finite flux in the ferrite core.

Once the AC mains current increases further,  it  will  reach a point when the resultant

flux circulating in the core causes core-saturation. For the given CM choke, it shows

that its CM attenuation performance is significantly reduce when the peak current goes

beyond 5.21 A.

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5                                                                    Characterization of EMI Chokes

Page 102 of 118

Figure 5.8    Measurement setup for characterization of chokes in lab

The impact of the core loss due to the load current is significant to the CM

impedance in the vicinity of its self-resonate frequency. This impact is not significant

to the CM impedance at higher frequency. In the vicinity of self-resonant frequency of

the CM choke, the CM impedance is very high (around 25 k )  when  the  current  is

below its rated current, and the amplitude of the signal received by the receiving probe
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is very low. Therefore, the measurement accuracy will not be good in this small

frequency range if an ordinary spectrum analyzer is used.

Figure 5.9    Circuit built in lab for the measurement of CM choke’s CM impedance
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Figure 5.10  The CM impedance and Zsetup

Figure 5.11  The measured CM impedance of the CM choke

I rms = 0 - 1.58A
I peak = 0 - 5.21A

Z setup

I rms = 0 - 1.58A
I peak = 0 - 5.21A

I rms = 1.58A
I peak = 6.11A

I rms = 2.13A
I peak = 7.10A

I rms = 2.39A
I peak = 7.93A

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5                                                                    Characterization of EMI Chokes

Page 105 of 118

Figure 5.12 shows the actual setup for DM impedance measurement of a CM

choke.  Choke  inductors  were  used  to  isolate  the  ac  source  and  load  circuit  in  the

measurement. The RF coupling circuit used is identical to that used in the CM

impedance measurement. The advantage of fixing the coupling circuit for both setups

is that once the calibration is done, the calibration results can be used for both CM and

DM setups so that it speeds up the process of CM and DM impedance measurements

for CM choke.

The measurement procedures are also identical to that in the CM impedance

measurements. The measurement was performed in the frequency range from 50 kHz

to 30 MHz at various load currents. Figure 5.13 shows the results of the DM

impedance measurement. Ideally, a CM choke should not have exhibited DM

attenuation. As explained earlier, the imperfect cancellation of magnetic fluxes in the

core  due  to  the  two  windings  of  the  CM  choke  results  in  finite  resultant  flux  in  the

core, and it leads to finite DM inductance (usually 1 to 3 % of the CM inductance).

From the results, it can be clearly observed that when the load current is below 1.83A

(rms), the DM impedance of the CM choke exhibits a self-resonate frequency of

around 7.1 MHz with magnitude as high as 11 k . Once the load current exceeds 1.83

A, the magnitude of DM impedance of the CM choke decreases with increasing load

current. It is also observed that the drop of CM impedance is more significant as

compared to the DM impedance when load current increases, which indicates that the

impact of core saturation has a greater impact on CM impedance than DM impedance.

This is an interesting finding and will be further investigated as a future research work.
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Figure 5.12   Circuit for the measurement of CM choke’s DM impedance

Figure 5.13 The measured DM impedance of the CM choke

I = 0A – 1.83A

I = 2.11A

I = 2.4A

I = 3.27A
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Chapter 6  Conclusions

The theory of the two-current-probe method has been described and its validity

has also been experimentally verified. As the two-current-probe setup allows

measurement of the noise source impedance of the SMPS under the normal “power

on” condition, it has the flexibility to determine the noise source impedance of the

SMPS for different loading conditions. The merit of the two-current-probe setup is its

pre-measurement calibration process for the RF coupling circuit. With this calibration

process, the impedance due to the RF coupling circuit, Zsetup, can be measured and

accounted for. Hence, possible error contributed by the RF coupling circuit can be

eliminated to achieve good accuracy for the measurement of noise source impedance

of the SMPS.    For SMPS with high power rating,  special  attention must be paid to

ensure that the CM and DM chokes are not saturated while providing the necessary RF

isolation. This can usually be resolved by putting two chokes of lower inductances and

higher current ratings in series.

It has also been demonstrated that the two-current-probe measurement approach

can be extended to characterize the impedance of CM choke and DM choke  under in-

circuit condition with its actual operating configuration, which will give us better

picture of their  performance in the application.  Same as in the measurement of noise

source impedance of SMPS, the pre-measurement calibration and characterization

processes allow the measurement error contributed by the setup to be accounted for
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and eliminated, hence, good measurement accuracy can be preserved. The ability to

observe the CM choke characteristic under varying load current provides the designer

a more complete picture of the EMI suppression performance of the CM choke,

without the usual trial-and-error approach.

With the known noise source impedance and the EMI choke impedance under

actual in-circuit operating condition, power line EMI filter can be easily designed in a

systematic manner.

Some possible applications of the proposed measurement approach can also be

extended to the following areas:

1. Characterization of the RF impedance of ac mains input port for various

conducted emissions test setups. This will help us to study the impacts of

various measurement setups in the measurement results.

2. RF impedance characterization for various ports such as signal ports,

telecommunication ports, dc power port, ac power ports, etc. of various

electronic equipment and modules.
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