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Abstract. Matrix converter inherently exhibits sinusoidal input
current waveforms and has less stressful output voltage
waveforms, but it is causing problems with conducted and
radiated emissions. This paper deals with matrix converter
emitted disturbances from point of view of electromagnetic
compatibility (EMC) standard EN61800-3 and allocates the
sources of undesirable emissions using standard equipment used
for EMC assessment according to variety international EMC
standards and discusses methodology of troubleshooting flow,
using low cost equipment available in almost every laboratory of
Industrial Electronicsand Electrical Engineering.
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I. INTRODUCTION

In power electronic equipment, energy is conveffreadn
one form to another through power switching devifess
different applications. On the other hand, elecagnetic
interference (EMI) is brought out accompanying shiitg
actions. To achieve a good electromagnetic comifigtib
(EMC) performance- comply with applicable EMC staras,
trial and error method is often used to deal witese EMC
issues, although it is very time consuming and ddpenuch
on experience. Studies on EMI in power electromjgigment
are needed to remedy these EMI faults. It is comynlomown
that high values dv/dt and di/dt are the main sesirof
disturbances in power electronic equipment. In toatrol
circuit, besides dv/dt and di/dt of power semicartdes in the
main circuit, driving pulses, clock pulses, andosomay also
cause EMI to some extent. In order to diagnose Eddirces
and prevent disturbance propagation, it is necgdsastudy
the propagation path characteristics of EMI. Thaegal
method is simulation of the whole circuit based pamasitic
parameter extraction [1], [2].This method analyzésiple
PCBs, including all components- passive, active jpadsitic
elements between them- stray capacitance, mutdatiance
etc. While for a complete system or even part oft its very
difficult to extract parasitic parameters of thentol circuit
with a large number of digital and analog ICs, igjstting
worth if it's necessary to extract the parametarsomplex
three-dimensional structure.

Matrix converters are complex hybrid devices, whare
becoming ubiquitous in many large scale industeakrgy
conversion applications. Due to their high compglgxthe
dynamic behavior is typically neglected at the oolfer
design stage and usually only the (quasi) statitabier is
concerned. However, since the increasing demands

harmonic generation and EMI requirements, it is dadory to
comply with related standards such as IEC 6180(ué#tdble
speed electrical power drive systems” which apptirtake in
account conducted and radiated emissions [3]. EMC
measurements are carried out on a 3kW matrix cosver
prototype designed without EMC concerns, createdRiga
Technical University institute of Industrial Eleatics and
Electrical Engineering, covering the following asfe
conducted and radiated emission measurements aogdal
international standards, EMI sources in matrix euter.

Il. APPLICABLE STANDARD |IEC 61800-3 SCOPE ANDEMISSION
LiMITS

Matrix converter is covered by IEC 61800-3 standaslit
is expected to utilize it as frequency converterr fo
asynchronous drives. This part of IEC 61800 spesifi
electromagnetic compatibility requirements for povdzive
systems. A power drive system is defined, as systhat
consists of a complete drive module and motor, indrea.c or
d.c. Requirements are stated for power drive systerith
converter input and/or output voltages (line-teelimoltage),
up to 35 kV a.c. r.m.s.

Power drive systems covered by this standard amseth
expected to install in residential, commercial andustrial
locations with the exception of traction applicagp and
electric vehicles. Power drive systems may be cttedeto
either industrial or public power distribution nefks.
Industrial networks are supplied by a dedicatedribigtion
transformer, which is usually adjacent to or insitee
industrial location, and supplies only industrialstomers.
Industrial networks can also be supplied by thein @lectric
generating equipment. On the other hand, poweedystems
can be directly connected to low-voltage public msai
networks which also supply domestic premises, andhich
the neutral is generally earthed (grounded).

The scope of third part of IEC 61800, related to EM
includes a broad range of power drive systems, feofew
hundred watts to hundreds of megawatts. The syaspact is
not covered by this standard, but guidance is pexviin the
informative annexes. The requirements have beertteel so
as to ensure EMC for power drive systems at resaen
commercial and industrial locations. The requirets@annot,
however, cover extreme cases which may occur with a
extremely low probability. Changes in the EMC bebaef a
power drive systems, as a result of fault condgtjoare not
taken into account.
on
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The second environment is defined as environmeat th
includes all establishments other than those dyrecthnected
to a low voltage power supply network, which suesli
buildings used for domestic purposes.

The mains power network of the chamber is filterduls
providing clean power source without high frequency
disturbances.

The object of this standard is to define the lingited test
methods for a power drive systems, according tantended
use, it includes immunity requirements and requéets for
electromagnetic emissions.

Low-frequency emission requirements are given atingr
to the nature of the supply network. High-frequeerayission
requirements are given according to four categonds
intended use, which cover both environment andgimininto

TABLE Il
Operatlon' As a prOdUCt standgrd, this standard hﬂﬂ}dsed LIMITS FOR ELECTROMAGNETIC RADIATION DISTURBANCE IN3M ANECHOIC
for the assessment of power drive systems. It feylkse used CHAMBER
for the assessment of complete drive module orcbdsve Category C1 Category C2 Category C2
module, which can be marketed separately. Frequency Quasi peak Quasi peak Quasi peak
This standard does not specify any safety requintsnier band MHz dBuv/im dBuv/m dBuvim

: : . : 30<f<230 40 50 60

the equipment such as protection against electnincks, 230121000 27 57 )

insulation co-ordination and related dielectricté¢esunsafe
operation, or unsafe consequences of a failuasdt does not

cover safety and functional safety implications of _ ) _
electromagnetic phenomena. Shielded chamber also prevents the outside woddhted

The emission limits in Table and Tablen are stated €léctromagnetic disturbances, such as radio and TV

according to the following categories of power draystems: broadcasts, various W!reless communication etfiyance on
e C1- power drive systems of rated voltage less thdfi€ Measurements inside the chamber. _
1000V. intended for use in first environment: Matrix converter consists of power module with IGBT

e C2- power drive systems of rated voltage less thapyvitches,  digital ~ signal processing unit  (DSP), Idfie
1000V, which is neither a plug in device nor a ndea programmable gate array (FPGA) and personal com@Re)

device and. when used in the first environment ig) control converters performance. The matrix cotereis

intended to be installed and commissioned only bpad_ed with resistive load- rheosta_lts. Test setopluding
professional: matrix converter and all control equipment (FPGAH PC)

e C3- power drive systems of rated voltage less thdfisShowninFig.l _
1000V, intended for use in second environment astd n_ COnverter and auxiliary equipment are placed ondeoo
intended for use in first environment: table 0.8m above conductive ground and 0.4m nexetbcal
e C4- power drive systems rated voltage equal tobova conductive plate during conducted emission measemésn

1000V, intended for use in second environment. Mea_s_ure_ments are carried out using line impedance
stabilization network (LISN) ESH2-Z5, and EMI arzdy

ESIB26 according to procedures stated in CISPR Hhd
CISPR 11 [4],[5]- Main objective of LISN is to sikbe

I1l. MEASUREMENT SETUP

TABLE |
LIMITS FOR MAINS TERMINAL DISTURBANCE VOLTAGE

Category C1 Category C2 power distribution network impedance to0n frequency
Frequency | Quasipeak| Average ?):ZE' Average range 150kHz to 30MHz, thus providing no effectiviing
band MHz dBuv dBuv dBuV dBuv power on 50Hz industrial frequency to matrix coneerand

66 56 feed high frequency disturbances, created by matniwerter,

015f<0,5 | decreases| decrease 79 66 into EMI analyzer.
logarithmic | logarithmic . .

56 46 Measurements are carried out in frequency rang&H50
0,5f<5 56 46 73 60 30MHz. LISN is placed 0.8m far from converter, athe
5=f<30 60 50 73 60 metallic structures are at least 0.8m far from devinder test-

TABLE Il matrix converter.
LIMITS FOR MAINS TERMINAL DISTURBANCE VOLTAGE
Category C3
Size of Frequency Quasi peak Average
system band MHz dBuVv dBuVv
100 90
0,15f<0,5 o 7o
<1004 0,55f<5 decreases decrease
5<f<30 At e
logarithmic logarithmic
70 60

The first environment is defined as environmentt tha
includes domestic premises. It also includes eistaiblents
directly connected without intermediate transforenir a low

voltage power supply network which supplies buidirused Fig.1. Conducted emission measurement setup aiel Btgctronic Equipment
for domestic purposes Testing Center semianechoic chamber.
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Converter and auxiliary equipment are placed ondeno shown in Fig.3. The harmonics of 65kHz shows tmathis
turntable 1m above conductive ground in a 3m diggtaaway test setup configuration, main emission sourceGBT gate
from measuring antenna during radiated emissiodriver who generates higiv/dt slopes.
measurements. Measurements are carried out usigg lo To verify this statement matrix converter was testgth
periodic antenna HL562 and analyzer ESIB26 in feeqy disconnected DSP and FPGA auxiliaries, thus progidio

range 30MHz-3GHz. input signal for IGBT gate drivers, so the EMI geated by
gate drivers are eliminated. Actually, in this dgofation DC-
IV. MEASUREMENT AND TROUBLESHOOTINGRESULTS DC converters for gate drivers are the only partrHdtrix

A Conducted emissons converter working, thereby EMI source.

Matrix converter conducted emission measurement® we
carried out under various operational conditionslétect the
worst condition- the largest emissions, and lothéesources ot
of disturbance and their characteristic:

e Load was varied from 0-3kW; .

e Matrix converter power stage was disconnected frorn sor e, VOGREUEIIEEE SR, - - - - - - -

mains network, maintaining IGBT driving and DSP, “ 7
FPGA operation; Il
e DSP and FPGA was disconnected maintaining IGBT  {
drivers DC-DC power supply operation. I
Disturbance voltage are measured on all three lared

EN 61800 Voltage on MainsQP C1

60 '---------

EN 61800 Voltage on MainsAV C1

20+

neutral, with connected and disconnected groundiagstated 1ol

in CISPR 16-1 and CISPR 11 standards. Measurements

carried out with quasi peak (QP) and average (A&fpctors. Tk aune dovo0k 500k 1w a0 v swow oM 10w 2om sow

Measurement results are produced in graphs, cangagquasi Frequency n iz

peak and average detector measurements and lim# for Fig.3. Conducted emissions, matrix converter disected from mains

guasi peak and average measurements. network (black- quasi peak detector, gray- avetsector measurements).
Load variation has no impact on conducted emission

performance. Measurement results are shown in RGRix The results are shown in Fig.4. Evidently emissibase

converter tested at 3kW load. decreased in range up to 1MHz and character ofsénis has

To identify EMI sources more closely, LISN waschanged. But in frequency range over 1,5- SMHz siofs
disconnected from mains network, thus avoidingulixinces level has increased do to load condition chang®@fDC
created in process of IGBT switching. converters which are used to drive IGBT's.

130

120
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— = ==
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Fig.2. Conducted emissions, matrix converter loagle¥ (black- quasi peak Fia.4. Matri di df . k and di d
detector, gray- average detector measurements). ig.4. Matrix converter disconnected from mainsweek and disconnecte

from DSP and FPGA (black- quasi peak detector, -geaserage detector
) ) . Mmeasurements).
Measured disturbance amplitude has decreased cdlhsti

and character changed, showing harmonics of pulskhw B, Radiated emissons
modulation (PWM) 65kHz, but they are still too high
comply with C1 category device limits. These disaurces are
created by IGBT gate drivers and gate driver's posupplies,
also DSP and FPGA are part of emission source. lRemite

Matrix converter radiated emission measurementse wer
carried out in various configurations, to alloca®urce of
EMI. The same as in conducted emission measurenleats
variation had no effect on radiated disturbance.addeed
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radiated emissions are shown in Fig.5, matrix coeveare

To verify IGBT's switching influence on
disturbances, matrix converter was disconnecterh fneains
network, continuing operate IGBT gate drivers an8PD
FPGA, PC.

EN 61800 Electric Field
Strength 3m QP C3

EN 61800
Electric Field
Strength 3m QP
c2

EN 61800 Electric Field Strength 3m QP C1

200M 300M 400M500M 800M 1G 2G 3G

Frequency in H

30M 50M60M  80M 100M

Fig.5. Radiated emissions, matrix converter loa@iv (Peak detector
measurements).

Emissions are displayed in Fig.6. Emissions haveedesed
in frequency range of 50-100MHz.

operated under 3kW load.

radiated cable lengths is comparable with wave lengths eckdiy

these high frequency sources.

EN 61800 Electric Field
Strength 3m QP C3

o

EN 61800 Electric Field Strength 3m QP C1

30M 50M60M  80M 100M 200M 300M 400M500M 800M 1G 2G 3G

Freauencv in H

Fig.7. Radiated emissions DSP, FPGA and PC emitistirbances (Peak
detector measurements).

V. TROUBLESHOOTINGPROCEDURE TODEVELOP COMPLIANT

DEVICE
Upper stated measurement and troubleshooting method
evaluate matrix converter emissions, verifying its

compatibility to standards, and also these studiess useful

Further, IGBT gate driver's power supplies (DC-DGnformation on sources of disturbances. Howeveris inot

converters) were disconnected, disabling all thitviies on
matrix converter. In this configuration only cortrand
processing units were left on, so measured distwdsmwere
created by FPGA and DSP, PC.

EN 61800 Electric Field Strengt
3mQPC3

EN 61800 Electric Field Strength 3m QP C1

30M 50M60M  80M 100M 200M 300M 400M500M 800M 1G 2G 3G

Freauencv in H

Fig.6. Radiated emissions matrix converter discotetefrom mains network

(Peak detector measurements).

Results are displayed in Fig.7. Measured disturesitave
decreased in frequency range of 30MHz-150MHz. hgeaof

enough to decide what kind of filter elements arukere to
install, and how to change printed circuit board pafwer
module, and how to deal with variety of modules dnelir
interconnections.

Power drive systems are high power (100-10000W) and
EMC problems can be really hard to solve, espsciatien
the power supply cord, a key element in the problén
considered. That is usually a problem for the Higlguency
(HF), very high frequency (VHF) and ultra high foeomcy
(UHF) range. To find a theoretical model for a siolu is
usually difficult, if not possible. Special intetés devoted to:

1. common mode EMI can be radiated by that cable
(typically in the 30-1000MHz range);

2. differential and/or common mode noise conduatetthat
cable (9kHz-30MHz) to the LISN (Line Impedance
Stabilization Network).

In any way, it is usual, to spend a lot of addisibtime with
first prototype trying:

¢ to reduce EMI to comply regulations in speciali#dC

laboratory, during precompliance and troubleshaptin
measurements;

e evaluating the real need of included EMI components

reduce cost and/or size.

Those problems must be understood from a theotgiiéat

150MHz-1GHz nothing has changed, indicating radiateof view but some experimental analysis is impemtio be

electromagnetic disturbances created by signalgssicg and
computing units- including FPGA, DSP and PC. Thesis
contains high frequency clock sources and have

able to find a solution in a reasonable time schedu
The experimental analysis and further evaluationthaf

lomgatrix converter design can be afforded with thiofaing

interconnection cables acting like effective antsinhence instruments/accessories:
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¢ Radio frequency (RF) current probes to measure camm maxhold function of the analyzer. Specially
and differential mode currents in power supply candl consider the common mode currents, because they
other inter connection cables for the HF/VHF/UHF will be the culprit for radiated problems in that
range; frequency range 30MHz- 1GHz. If problem arises
¢ Radio frequency (RF) voltage probes to measuragek in some frequency range, memorize the trace and
on PCB terminals and directly on inputs and outmits visualize in the screen. Try to locate the culpith
integrated circuits in HF/VHF/UHF range; the near field probes. If found, try to change as

appropriated or add EMC components while
looking for the measure of the current probe in the
spectrum analyzer. You must compare the real time
measure with the saved trace before. The process

¢ Near field probes to find culprits in the design;
e Spectrum analyzer;
e Scope with 50ohms input and 300-1000MHz bandwidth;

» EMC components (e.g. kits) for the evaluation. will be finished when measured current will be
When used in a good way, it will be possible: small enough to comply with limits defined in EMC

e to fix EMC radiated and conducted problems; standards (for radiated emissions on cables with

« to find the source of a problem in the cables; length comparable to radiated wave lengths- good

<30uA, better<gA).
Repeat step 6 for the 9kHz-30MHz rangéilg
for the conducted problems (common mode and

e to evaluate the need of a component (a ferrite, §TEP 7
capacitor, a snubber, etc); '

e to compare different values or configurations of a differential mode). Here, the input filter will ige
component/section and key element.

e to analyze in more details the matrix converter EMImportant:the input filter is usually designed for frequency
behavior with different load and supply voltage range 150kHz to 30MHz but, it must be optimized
conditions, not limited only by quasi stationary for HF/VHF to reduce radiated problems in
condition. frequency range up to 1GHz -3GHz.

Usually, in one or two iterations, the design canrbade
compatible with regulations and some of the EMC key
components (capacitors, ferrites, chokes, etc) dcobk

The stepwise procedure to analyze the design sscdlby:
STEP 1.- Design a first prototype from your expecie
application notes and engineering reports. _
STEP 2.- Locate the usual EMI culprits [6]-[7]. [gs to removed if they are npt really needed._ L
avoid them (e.g. layout, technology, etc) anq A secondary benefit of troubleshooting procesdigcation
include EMC components to be able to evaluate’ future designs.
their need (e.g. snubbers, decoupling capacitors in
DC bus-GND path, etc). . o . .
STEP 3.- Design PCB including headers for all thHdCE ~ The main objective of this study was to obtain dataut
components to be evaluated: input filtermatrix converter emitted electromagnetic disturleandn
components, X Capacitor(s), Y Capacitor(s), fesrite frequency range of 150kHz-1GHz from point of vieieC
etc. Do not forget to include headers for the powe#1800-3 EMC standard and to locate the sources of
devices (surely they will be damaged in some of thendesirable emissions using measurement techngjated in
tests). EMC standards to verify power electronics EMC perfance.
STEP 4.- Optional: if you are troubleshooting arisémg In low frequency range 150kHz-30MHz conducted erorss
design, it will be useful to know the results oéth were measured. Matrix converter emitted disturbanaee
certification or EMC laboratory, to identify the load independent. The main source is IGBT comnutati
frequencies where the problems arises. process that is responsible for 130dBuV high disioces
STEP 5.- Optional: you can start the analysis withe Pprohibiting to connect matrix converter to mainstwugk,
prototype WITHOUT any EMC component. You following the EMC directive. Disturbances are atseated by
will add them as needed in next steps. IGBT gate drivers and DC-DC converters that areviged for
STEP 6.- Using the current probes in diffémntand IGBT gate drivers power supply. Thereby generated
common modes, visualize the frequency responghsturbances are high enough to fail C1 limit line.
for currents in the 30MHz-1GHz range applying Radiated emissions were measured in frequency range
probes to all input and out put cables of matri)SOMHz—leHz: As like as during conduqted measuresent
converter including power cables, communicatiotoad of matrix converter has no considerable impaot
and control cables. Measure the response with tiggnitted disturbances. IGBT commutation, IGBT gateeds
power supply switched OFF to identify yourand their power supplies emissions are in rang80diHz-
background noise if measurements are not carriddOMHz and high enough to fail to comply with Cénits.
out in shielded room. Also switch OFF differentBut the highest emission levels are emitted fromtrd and
modules (power module, signal processingrocessing units connected to matrix converterange of
modules, low Vo|tage DC power 5upp|y modu|es;|.50MHZ-1GHZ. Radiated emissions are hlgh enough to
etc.) to locate the source of emissions. Use tH&rohibit connecting matrix converter to distributigrid.

VI. CONCLUSIONS
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To lower conducted emissions it is necessary tQrags
sources of disturbance. The easiest way to aclii@seapply
filter at matrix converter input, which is designkdsing on
input common and differential mode currents. Theosd
choice is to damp the noise sources separately égnsof
using separate filters for DC-DC converters, inseeéGBT
gate control pulse rise and fall times and use dagngircuits
to deal with IGBT commutation process created bgipots,
what is the next step in matrix converter developimend
further issue of research.

The second objective was to describe alternativihadeto
verify matrix converter electromagnetic compatiili
troubleshoot and develop matrix converter desigmailow
cost equipment available in almost
laboratory.
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