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Abstract

Wide bandgap devices enable high power density power converters. Despite the advantages
of increased switching frequency, the passive components are still a major bottleneck towards
enabling high power density. Among the passive components in the converter, the passive EMI
filters are unavoidable to ensure compliance with conducted EMI standards. Active EMI filters
help reduce the volume of the passive components and have been around for three decades now.
Firstly, this work presents a summary of all the different active EMI filters based on the type of
noise-sensing, noise-processing, the type of active circuits used and the type of control methods.
This is followed by modeling, design and stability analysis of three different active EMI filters
for DM noise attenuation. The first active EMI filter is a conventional active EMI filter. The key
bottlenecks to improving performance of the conventional active EMI filter are identified while
still achieving volume reduction of passive components. Following this two novel active EMI
filters are presented that overcome the bottlenecks of conventional active EMI filter. The second
active EMI filter is based on a analog twin-circuit. This novel filter uses a twin-circuit which
enables the use of low-voltage surface-mount components for compensation. The third active EMI
filter uses zero-phase filtering implemented in an FPGA. While all the filters are demonstrated for

differential-mode noise, their use can be extended for common-mode noise attenuation.



Acknowledgment

I would like to thank my Advisor Dr.Fang Luo for the opportunity that he provided me
to pursue my Master’s and Doctoral degrees under his supervision. I am forever grateful to him
for his continuous support and advice during tough times both in my research and personal life.
He provided me with so many opportunities in terms of projects, mentoring other graduate stu-
dents, teaching experiences and much more to help me become a better person both personally and
professionally.

I would like to thank my committee members Dr. Roy McCann, Dr. Yue Zhao and Dr.
Yarui Peng for their support and suggestions to improve my work during my readiness assessment
and candidacy exam.

I would also like to thank Mr. Robert Saunders for providing me guidance and encourage-
ment when I was a Teaching Assistant. My sincere thanks to Ms. Connie Jo Howard, Ms. Sharon
Brasko, Ms. Tracey Long, Ms. Wendy Echeverria, and Ms. Sierra Mendoza for their help in
taking care of my graduate assistantship, travel, helping me organize my PhD exams, and all other
administrative requirements in a timely manner. I would like to thank Daniel M. Klein, Jarod A.
Medart, Kyle B. Cook, and Eric denBoer for supporting me with setting up software, and other
infrastructure for our lab. Also, I would like to thank Ms. Karin Alvarado, Ms. Beth Wilkins
Betham, and Ms. Jamie L. Stafford for their help with the POETS conferences, Young Scholars
program, and volunteering opportunities at local schools. I would also like to thank Dr. Chris
Farnell of NCREPT for helping us with equipment, and providing safety training.

My colleagues in the lab have been essential for my success. From helping with the test

setups, brainstorming, lending a helping hand whenever I need it, I could not have asked for a



better team to be a part of. I would like to think Amol Deshpande, Zhao Yuan, Yingzhuo Chen,
Hongwu Peng, Asif Imran Emon, Arvind Sathyanarayanan, and all undergraduate and graduate
students who worked with me in the past 6 years.

The research would not have been possible without financial support of Texas Instruments
and the National Science Foundation (NSF Award No. 1846917). I would like to thank Dr. Yong-
bin Chu, Dr. Saurav Bandyopadhyay, and Dr. Jeffrey Morroni of Texas Instruments for their advice
and support. Further, any opinions, findings, and conclusions or recommendations expressed in this
material are those of the author and do not necessarily reflect the views of the National Science
Foundation.

I would like to thank Dr. Mark Scott, my mentor during my Master’s degree, my friends
in CHPPE - Karun Potty, Will Perdikakis, the Yesplus (SKY) Club community at The Ohio State
University for helping me get through some of the most challenging times both personally, and in
my research. Finally, I would like to thank Rashmi Boga, Sudhir Katke, Dr. Jeyam Subbiah, and
the entire Art of Living community in Bentonville for their support, and keeping me involved in

the all the programs.



Dedication

Dedicated to my dad, mom and sister. Dad, I wish you were here to see me graduate.



Table of Contents

1

Introduction . . . . . . . . e

2 A Survey of Active EMI Filters for Conducted EMI Noise Reduction in Power Electronic

Converters . . . . . . . . . e e e e
2.1 Abstract . . ... L
22 Introduction . . . . . . . ...
2.3 Active EMI filter Topologies and Implementation . . . . . .. ... ... .....
2.3.1 Introduction and Basic Classificationof AEFs . . . . . . .. ... .. ...
2.3.2 Different noise sensing implementations for AEF . . . . . . ... ... ..
2.3.3 Different Noise Processing Circuits for AEF . . . . . . .. ... ... ...
2.3.4 Different noise-cancellation implementations . . . . . ... ... .....
2.4 Stability analysis and compensationof AEF . . . . ... ... ... ...
2.5 AEF Attenuation Comparison of Different Implementations . . . . . . . ... ...
2.5.1 Attenuation comparison of AEF in dc-dc converters and ac-dc converters
2.5.2 Attenuation comparison of AEF in Inverters . . . . . . ... ... ... ..
26 Powerlossin AEF . . . . . .. ..
2.7 Protectionfor AEF . . . . . . ...
2.8 Conclusion . . . . ... e
29 Bibliography . . . . . . .

Modeling and Design of Voltage Sensing based Differential Mode Active EMI Filters
for ac-dc Power Converters without PFC . . . . . . . ... ... .. ... .. ...
3.1 Abstract . . . . .. e
32 Introduction . . . . . . . . .. e e
3.3 DUT and Suitability of Active EMI Filter Topology . . . . . . ... ... .....
3.3.1 DUT and Baseline Passive EMI Filter . . . . . . ... ... ........
3.3.2  Active EMI filter Topology Selection for ac-dc converter DUT . . . . . . .
3.3.3 Insertion Loss of active EMI filter topology . . . . . .. .. ... .....
3.4 Modeling and Design of VSCC active EMIfilter . . . . . . .. ... .. ... ...
34.1 Modelofthe LISN . . . . .. ... .. .. .
3.4.2 Model of the Sensing Network . . . . . . ... ... ... .........
3.4.3 Operational Amplifier Circuit . . . . . . .. .. ... ... ... .....
3.4.4 Model of the Injection Network . . . . . .. ... ... ... ... .. ...
3.5 Modeling and Stability Analysis . . . . . . .. ... ... ... .. .
3.5.1 Feasibility of Conventional Compensation Scheme . . . .. ... ... ..
3.5.2 Compensation Scheme . . . ... ... ... ... ... ... ... ...
3.6 Small Signal Measurements . . . . . . . . .. ... Lo Lo
3.7 Experimental Setupand Results . . . . .. ... ... ... ... ...
3.7.1 Experimental TestSetup . . . . . . ... ... ... ... .. .. ...,
3.7.2 Experimental Results . . . . . .. ... ... ... ... .. ... ...,
3.8 Conclusion . . . . . . .
3.9 Bibliography . . . . . . .



4 Modeling and Analysis of a Differential-Mode Active EMI Filter with an Analog Twin-

CITCUIL . . . . L ot e et e e e e e e e e e e 73
4.1 Abstract . . . . . 73
4.2 Introduction . . . . . . . ... e e 73
4.3 Active EMI filter with twin circuit . . . . . . .. .. ..o 77
4.3.1 Topology selection of active EMIfilter . . . . . . .. ... ... .. .... 77
4.3.2 Feedforward voltage-sense current-cancellation active EMI filter . . . . . . 77

4.4 Modeling of the active EMI filter and twin circuit . . . . . . . .. ... ... ... 79
4.4.1 Operational Amplifier . . .. .. ... ... ... ... .. ... ... 84
442 HighPassFilter . . . . . . ... ... ... .o 86

443 Compensation . . . . . . . . . .t e e e e e e e 87
444 TwinCGircuit. . . . . . .. L e 89

4.4.5 Injection Network and Insertion Loss . . . . . .. .. ... ... ..... 92

4.5 Experimental Results . . . . . .. ... ... ... .. 94
4.5.1 Small Signal TestResults . . . . . . . .. ... ... .. L . 94
4.5.2 Experimental results with converter . . . . . . ... ... ... .. .... 96

4.5.3 Power Loss and Volume Reduction. . . . . . ... .. ... ... ..... 98

4.6 Conclusionand futurework . . . . . .. . ..o 99
477 Bibliography . . . . . . . .. e 100
5 Zero-Phase-Filtering based Digital Active EMI Filter . . . . ... ... ... ...... 103
5.1 Abstract . . . . . .o 103
5.2 Introduction . . . . . . . ... 103
5.3 Ideal Zero-phase Filtering based Digital Active EMI Filter . . . . . ... ... .. 107
5.3.1 Ideal zero-phase filtering . . . . . . . . .. ... ... ... ... 107

5.3.2 Implementation Methodology . . . . . . ... ... ... ......... 108

5.4 Real-time implementation of zero-phase filtering . . . . ... ... .. ... ... 109
5.4.1 Transients due to digital filtering in sections . . . . . . . .. ... .. ... 110

5.4.2 Application of zero-phase filtering to digital active EMI filter . . . . . . . . 111

5.5 FPGA implementation and Tuning of the ZPFAEF . . . . . . ... ... ... .. 115
5.5.1 FPGA implementation . . . . . . ... ... ... ... ... ..., 115

5.5.2 TuningProcedure . . . . . . . . . ... ... .. 116

5.6 Modeling and stability analysis . . . . . . . .. ... ... ... .. 117
5.6.1 Transfer Gain of FPGA implementation . . . . . .. .. ... ... .... 120

5.6.2 Loop Gain of zero-phase filtering based digital active EMI filter . . . . . . 120

5.7 Small signal and converter experimental test setup and results . . . . . . . ... .. 127
5.7.1 Small Signal Results . . . . . .. ... ... ... ... ... .. ... 127

5.8 Conclusion . . . . ... 129
5.9 Bibliography . . . . . .. 131
6 Conclusion and Future Work . . . . . . . .. .. Lo 133
6.1 Conclusion . . . . . . . . e 133
6.2 Future Work . . . . . . . .. 135

A List of published and submitted work . . . . . . ... ... .. oo 137



List of Figures

Fig. 2.1: Noise source (Is), noise source impedance (Zs) for DM noise, noise load
impedance (Zr) in an RCD (resistor capacitor diode) clamped flyback converter 7

Fig. 2.2: Active EMI Filter Topologies (a) feedforward voltage-sense voltage-cancellation
(b) feedforward current-sense current-cancellation (c) feedback voltage-sense
voltage-cancellation (d) feedback voltage-sense current-cancellation (e) feed-
back current-sense current-cancellation (f) feedback current-sense voltage-cancellation.
Zs is the noise source impedance, Z;, is the load impedance. Different passive
elements could be added in place of Zg and Z; to form different HEF (A -
represents the gain of the active circuit) . . . . . . .. .. ... ... .. 8

Fig. 2.3: Noise-sensing methodologies (a) second-order high pass filter for DM noise
voltage sensing on single-phase ac lines [22, 25] . For dc systems just the
capacitor or a single order high pass filter can be used [15, 17,23,26-32] (b) Y-
capacitors on both lines for CM noise voltage sensing in single-phase ac and dc
systems [14, 33-39] (c) Y-capacitors on all lines for CM noise voltage sensing
in three-phase systems [16, 32, 40—48] (d) first order high pass filter for sensing
on individual lines (line/neutral or Positive/Negative) for single-phase ac or
dc systems [21, 31, 41, 49-52] (e) current transformer for DM noise current
sensing in single-phase ac or dc systems [53-58] (f) current transformer for
CM noise current sensing in single-phase ac or dc systems [20, 24, 53, 59-65]
(g) current transformer for CM noise current sensing in three-phase systems
[16,19,66,67] . . . . . . . . e 10

Fig. 2.4: Different active circuits (a) only op-amp [14-16, 20, 21, 23, 29-34, 44, 46, 47,
50-52, 54, 59-61, 65, 68, 70-72, 76, 80] (b) op-amp + discrete device based
amplifier [27, 28, 36, 36, 38, 39, 53, 65, 74, 75, 81] (c) only discrete device
based circuit [17, 26, 82] (d) For inverters (i) High-voltage BJTs based active
circuit / 4 leg [48, 66, 78, 79, 83] (ii) Low-voltage BJTs based active circuit
[19, 4043, 67? ] (e) DSP/FPGA + op-amp active circuit where the converter
control is implemented in the same DSP/FPGA [31, 32, 40-44, 51] (f) negative
impedance converter based active circuit [77] . . . . . ... ..o 13

Fig. 2.5: Different noise-cancellation circuits (a) DM noise current cancellation in ac-dc
and dc-dc converters [22, 25, 26, 29, 49, 53-58, 68, 70] (b) CM noise current
cancellation in single-phase ac and dc lines [14, 21, 35, 37, 49, 54, 62, 72-75]
(c) CM noise current cancellation in three-phase lines [16, 19, 38, 39, 48, 65—
67, 85] (d) Line (/positive) and Neutral (/negative) noise current cancellation
in single-phase ac (/dc) lines [50-52, 84] (e) DM noise voltage cancellation in
ac-dc and dc-dc converters [27, 28, 76, 81] (f) CM noise voltage cancellation
in single-phase ac lines [34, 36, 71] (g) CM noise voltage cancellation in three-
phase ac lines [32, 40,42-46,78,79] . . . . . . . ... ... 15



Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

2.6:

2.7:

2.8:

2.9:

3.1:

3.2:

3.3:

3.4:

3.5:

3.6:

3.7:

3.8:

3.9:

3.10:

3.11:

3.12:

3.13:

3.14:

3.15:

Different compensation methods. The compensation circuit could be an RC
network across the lines (R, and C,) or could be part of active circuit impedance
(Zy,Zyp) or could be part of the injection stage (Z;,;). Either one of these com-
pensation methods could be used with noise current/voltage sensing or cancel-
lation . . . . . oL e

DM noise attenuation provided by active EMI filters for (a) ac-dc converters
and (b) dc-dcconverters . . . . . . . . ...

CM noise attenuation provided by active EMI filter for dc-dc and ac-dc con-
VEITEIS © . v v v v e vt e e e e e e e e e e e e e e e e

CM/Line noise attenuation provided by active EMI filters at (a) 150 kHz and
(b) 1 MHz forinverters . . . . . . . . . . . . .

Schematic of ac-dc converter without PFC and baseline passive filter . . . . . .
(a) DM noise Norton equivalent circuit (b) Measured Zg and Z; impedance

Feedback control based voltage-sense current-cancellation active EMI filter
topology . . .. e

Typical Measurement Setup of VNA for Impedance, Loop Gain and Transfer
Gain. . . . .. e

Noise Sensing Network . . . . . . . . . .. ... ... .. .. ...
Frequency response of the sensing network HPF3 model vs measurement . . .
Model of op-amp in the inverting configuration . . . . . . . . ... ... ...
Open loop gain of the op-amp measurement vs. model . . . . . .. ... ...
Block diagram of feedback voltage sense current cancellation active EMI filter
Configuration for loop gain measurement . . . . . . . ... .. ... .....
Possible compensation techniques for stability improvements . . . . . . . . . .
Schematic for experimental testing . . . . . . . . . ... ... ...
Frequency Response of HPF and Active Circuit measurement configuration . .
Frequency Response of HPF and Active Circuit . . . . . . .. ... ... ...

Configuration for measuring loopgain . . . . . . ... .. ... ... .....



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

3.16:

3.17:

3.18:

3.19:

3.20:

3.21:

3.22:

3.23:

3.24:

3.25:

4.1:

4.2:

4.3:

4.4.

4.5:

4.6:

4.7:

4.8:

4.9:

Comparison of loop gain model vs. measurement . . . . . . .. ... ..... 61

Impedance measurement configuration of Cpps1, Cpyz and Cj,; with active

EMIfilter . . . . . . . . . e 62
Comparison of measured impedance of Cpys1, Cpy2 and Cjy,j with active EMI

filter . . . . . . 63
Comparison of measured frequency response of filter with and without active

EMIfilter . . . . . . . . o 64
Comparison of measured transfer gain of filter with Lpys1, Cpay1, Cpyz and

Cinj with active EMIfilter . . . . . ... ... ... ... ... ........ 64
Schematic for experimental testing . . . . . . . . .. ... ... ... 65
Conducted Emissions Measurement Test Setup . . . . . . .. ... ... ... 65
Experimental results - Quasi peak detector . . . . . . .. .. ... ... ... 66
Comparison of Passive Components with and without active EMI filter . . . . 67

Volumetric Comparison of the Capacitance with and without active EMI filter . 67

Schematic of typical feedback control based voltage-sense current-cancellation
active EMIfilter . . . .. ... . ... ... 75

Schematic of proposed feedforward control based voltage-sense current-cancellation
active EMI filter with twin-circuit . . . . . .. . . ... ... ... ...... 78

Block diagram of proposed active EMI filter - twin circuit block diagram col-
lapsed into Gyng - . -« o o o 80

(a) Equivalent circuit of proposed active EMI filter with noise source repre-
sented by current source (b) noise source represented by voltage source . . . . 80

Block diagram of twin circuit - feedback voltage-sense current-cancellation

topology . . .o e e 82
Equivalent circuit of twin circuit with noise source represented by (a) voltage

source and (b) current SOUICe . . . . . . . . . . e e 82
Schematic of simplified model ofop-amp . . . . . .. ... ... ... .... 84

Frequency response of high pass filter for noise-sensing - model vs. measurement 85

Frequency response of high pass filter output with and without compensation . 87



Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

4.10:

4.11:

4.12:

4.13:

4.14:

4.15:

4.16:

4.17:

4.18:

5.1:

5.2:

5.3:

5.4:

5.5:

5.6:

5.7:

5.8:

5.9:

5.10:

5.11:

5.12:

5.13:

Frequency response of compensation stage and high pass filter - model vs.

MEASUTEMENt . . . . . o v v v v v et e e e e e e e e e e e e e e 88
Frequency domain measurement of Vy sy, - model vs. measurement . . . . . . 90
Frequency domain measurement of Vyy;; - model vs. measurement . . . . . . . 91
Insertion loss of analog twin active EMI filter - model vs. measurement . . . . 93

Measured insertion loss of Lpy = 33 uH only, passive components (Lpy =
33 uH and Cpy; = 47 nF) only and with analog twin (Lpy = 33 uH, Ciyy =

47 nF and active Circuit) . . . . . . . . . .. e 94
Small-signal time-domain measurements . . . . . . . . .. . ... ... ... 95
Small-signal frequency-domain measurements with EMI receiver . . . . . . . 95
Time-domain converter testresults . . . . . . .. ... ... L. 97
Converter test frequency-domain measurements with EMI receiver . . . . . . . 97
A typical digital active EMIfilter . . . . . ... ... ... ... ..., 104
A typical digital active EMIfilter . . . . . ... ... ... ... ..., 106
Flowchart for cycle-by-cycle implementation . . . . . . ... ... ...... 109
Simulationresults . . . . . . ... L 112
Flowchart for multiple cycle implementation . . . . . .. ... ... ..... 114

Proposed zero-phase filtering implementation in DSP/FPGA for digital AEF . 116

(a)Test setup for tuning (b) Methodology for tuning . . . . . ... ... ... 117
Experimental results with converter . . . . . . . ... ... ... ... ... 118
Block diagram of Zero-phase filtering based digital Active EMI filter . . . . . 118
Measurement setup for transfer gainof the FPGA . . . . . . . ... ... ... 119
Measured transfer gain of the FPGA implementation . . . . . ... ... ... 119

Measurement configuration of loop gain of the zero-phase filtering based dig-
ital active EMIfilter . . . . . ... .. ... oL oo 121

Simulation model for loop gain estimation . . . . . . . ... .. ... ..... 121



Fig. 5.14:
Fig. 5.15:

Fig. 5.16:

Fig. 5.17:

Fig. 5.18:

Fig. 5.19:
Fig. 5.20:

Fig. 5.21:

Fig. 5.22:

Fig. 5.23:

Fig. 5.24:

Fig. 5.25:

Fig. 5.26:

Fig. 6.1:

Comparison of loop-gain with and without R;,,; . . . . . ... ... ... ...
Comparison of loop-gain from measurement and circuit simulation . . . . . .

Comparison of loop gain with the active circuit ON (Loop Gain) and OFF (Try
OUL) . . o e e e e e

Schematic of simulation to simulate the effect of the stray capacitance in the
PCB on the loop gain measurement . . . . . . . ... ... ... .......

PCB layout showing the SMA connector location for loop gain measurement
ontheboard . . . ... .. ... L

Simulation of loop-gain to identify high-frequency effect . . . . . . . .. . ..
Schematic of test setup for small-signal tests . . . . . ... ... ... ....

Time-domain measurement results with signal-generator for multiple-cycle
mmplementation . . . . . . .. ... e e e e e e

Frequency-domain measurement results with signal-generator for multiple-
cycle implementation . . . . . . . . . ...l

Experimental testsetup . . . . . . . . . ...

CREE SiC half-bridge connected to PCB with Vj, ;, high pass filter and buffer
circuitry with SMA connections to the ADC to DACboard . . . . . ... ...

Time-domain measurement results with converter for multiple-cycle imple-
Mentation . . . . . . . ... e e e e e e

Frequency-domain measurement results with converter for multiple-cycle im-
plementation . . . . . . . ... e e e

Comparison of attenuation at 150 kHz of proposed active EMI filters against
state-of-art analog and digital active EMI filters for ac-dc applications . . . . .



List of Tables

TABLE 3.1: Comparison of active EMI filters in this work and literature for DM noise atten-
uation (FF - Feedforward, FB - Feedback, V - Voltage, C - Current, eg. VSCC
- Voltage Sense Current Cancellation, Multiple - combination of FFand FB . . 36

TABLE 3.2: Sensing Network Parameters . . . . . . . . .. .. .. ... ... ....... 46

TABLE 3.3: Component values in the passive filter and active EMI filter . . . . . . . .. .. 56



List of Publications

1. B. Narayanasamy and F. Luo, ”A Survey of Active EMI Filters for Conducted EMI Noise
Reduction in Power Electronic Converters,” in IEEE Transactions on Electromagnetic Com-
patibility, vol. 61, no. 6, pp. 2040-2049, Dec. 2019.
doi: 10.1109/TEMC.2019.2953055.

Chapter 2 is made up of this paper

2. B. Narayanasamy, F. Luo and Y. Chu, "Modeling and Stability Analysis of Voltage Sens-
ing based Differential Mode Active EMI Filters for AC-DC Power Converters,” 2018 IEEE
Symposium on Electromagnetic Compatibility, Signal Integrity and Power Integrity (EMC, SI
PI), Long Beach, CA, 2018, pp. 322-328. doi: 10.1109/EMCSI.2018.8495239
Chapter 3 is made up of this paper

3. B. Narayanasamy, H. Peng, Z. Yuan, A. I. Emon and F. Luo, "Modeling and Analysis of a
Differential Mode Active EMI Filter With an Analog Twin Circuit,” in /IEEE Transactions on
Electromagnetic Compatibility, doi: 10.1109/TEMC.2020.3006427.

Chapter 4 is made up of this paper

4. B. Narayanasamy, H. Peng, Z. Yuan and F. Luo, "Zero-Phase-Filtering based Digital Active
EMI Filter,” submitted for review IEEE Transactions on Power Electronics, Under review.
Chapter 5 is made up of this manuscript



1 Introduction

The world is progressing towards more and more electrification in many major sectors such
as automotive, aerospace, automation in homes, commercial and industrial facilities. Further, the
growth in the area of renewable energy is also accelerating at a rapid pace. And, the COVID-19
pandemic has, and will continue to change how people live, learn and work. With more and more
work, education and services shifting remote or online, the cloud infrastructure will continue to
see tremendous growth. Power electronics is at the heart of all these powering more devices than
ever in our lifetime. And, all of these activities demand high-density and high-efficiency power
conversion.

Wide bandgap semiconductors such as GaN and SiC devices are key enablers for a electri-
fied future. These devices enable high switching speeds (few ns to 10s of ns) and high switching
frequencies (100s of kHz to few MHz). In addition, the higher junction temperatures enable the re-
duction in cooling requirements. The combined effect of increased switching frequency and higher
junction temperature enable high power density power converters. However, one of the major bot-
tlenecks for high power density is the passive components in the converter. Passive components
are part of power processing circuitry, output and input harmonics and electromagnetic interfer-
ence (EMI) filters. Increasing switching frequency mostly guarantees reduction in passives used
for power processing and harmonic filter. However, this is not true in case of EMI filters.

In order to understand this, it is essential to look at the factors affecting the generation and
propagation of EMI. EMI in power electronic converters is a result of switching action of power

semiconductor devices. The generation of EMI not only depends on the switching frequency, but



also on the switching speed and the parasitics of the semiconductor devices, passive components
and layout that are part of the power electronic converter. The EMI could be classified into two
types based on the propagation path as conducted and radiated emissions. Conducted emissions
refers to the noise that propagates in the physical connections such as cables or PCB traces. And,
Radiated emissions refers to the noise propagating through the medium enclosing the power con-
verter (typically air). All power converters generate both forms of emissions. Depending on the
area of application, the converter needs to comply with noise limits put out by organizations such
as IEC, CISPR, FCC etc. For example, a desktop power adapter for domestic use is considered
an Information Technology Equipment (ITE) and therefore needs to comply with either CISPR-
22 Class B or FCC Class B standard. Most of the time, the converter by itself is not compliant
with the standard limits. In such cases, PCB layout changes or additional components such as
filters, shielding etc. are used to make the converter comply with the emissions part of the stan-
dard. Henceforth, the discussion will be limited to the filters used for mitigation of conducted
emissions in a power converter. For nearly a century, the filters have been exclusively built using
passive components. The parasitics of the passive components result in bulky passive EMI filters
and reduced performance at high frequencies (above a few MHz). In a typical power converter,
the passive EMI filter could occupy up to one-third of system volume and weight. Even in such
power converters, the passive EMI filters form the bottleneck for major improvements in power
density. This is because of two reasons. Firstly, advancements in passive components has not kept
up with the pace of developments in the semiconductor industry. And, higher switching frequency
and switching speeds may further increase the EMI filter requirements because the limits imposed
by standards remain the same.

Therefore, it is necessary to develop high density EMI filter solutions that are more suit-
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able for future power electronic converters. One such solution to reduce the volume of passive
component in an EMI filter is active EMI filtering. In an active EMI filter, the noise in a circuit
is sensed and injected into the circuit after flipping the phase by 180 degrees. Ideally, the injected
noise would completely cancel the noise generated by the converter. But, the parasitics of the
passive components in the noise-sensing and noise-cancellation stages, and the bandwidth of the
active components, limits the maximum attenuation. Depending upon the propagation path, the
conducted emissions could be further classified into common-mode (CM) and differential-mode
(DM) noise. CM noise refers to noise that flows on both lines and returns through the ground and
DM noise flows within the lines.

This work aims at overcoming the limitations of active EMI filters for DM noise mitigation
and improving the maximum possible attenuation in ac-dc applications. This dissertation consists
of 4 main parts. In Chapter 2, a review of all existing active EMI filters based on the type of
converter, type of noise-sensing, noise-cancellation, noise-processing circuits among other factors
such as power-loss, reliability and commercial products are summarized. In Chapter 3, design,
modeling and stability analysis of a conventional analog active EMI filters for a desktop power
adapter is presented. This exercise helps identify the limitations of conventional analog active
EMI filters. To overcome these limitations, two novel active EMI filters are proposed. They are
— analog twin based active EMI filter and zero-phase filtering based active EMI filter. The analog
twin based active EMI filter is presented in Chapter 4 and zero-phase filtering based digital active
EMI filter is presented in Chapter 5. Finally, the conclusion and future work are presented in

Chapter 6.



2 A Survey of Active EMI Filters for Conducted EMI Noise Reduction in Power

Electronic Converters

2.1 Abstract

Wide bandgap devices enable high power density power converters. Despite the advantages
of increased switching frequency, the passive components are still a major bottleneck towards
enabling high power density. Among the passive components in the converter, the passive EMI
filters are unavoidable to ensure compliance with conducted EMI standards. Active EMI filters
help reduce the volume of the passive components and have been around for three decades now.
The design and implementation of the active EMI filters depend upon the type of noise (common-
mode or differential-mode) and power converter (ac-dc, dc-dc or inverter). This paper presents a
comprehensive survey of different active EMI filters and their implementations for different power
converters presented in the literature. A comprehensive survey of noise-sensing, noise-processing,
and noise-cancellation circuits is presented. Also, a comparison of attenuation provided by the
active EMI filters for common-mode and differential-mode noise for different converters is carried
out. Further, other facets of active EMI filters such as the auxiliary power supply, power loss and
protection methods for the active EMI filter are also summarized. This paper is intended to be a

useful reference for power converter designers in both industry and academia.

2.2 Introduction

Power converters generate conducted and radiated emissions due to the switching action

of the power semiconductor devices. Conventionally, a second-order passive EMI filter is used to



mitigate the conducted EMI noise generated by the power converter. These passive filters tend to
be bulky and could occupy up to 30% of the system volume. Therefore, minimizing the passive
EMI filter volume has been a priority for power converter designers. By reducing the noise source,
the passive filter volume could be minimized. A summary of reducing the noise at the source
by employing different techniques such as circuit topologies (soft-switching), layout optimiza-
tion and modulation have been summarized in [1, 2]. Besides these, different passive techniques
could be employed to improve the attenuation provided by a given passive EMI filter. These tech-
niques involve modifying the propagation path impedance using small passive components [3],
proper design of the inductor to avoid saturation due to the common-mode (CM) volt-second and
differential-mode (DM) currents [4—6], parasitic cancellation [7] and mutual coupling elimination
[8].

Recently, emerging applications of Wide Bandgap (WBG) device based motor drives en-
able high efficiency and high power-density owing to superior switching speeds resulting in lower
switching losses than their Si counterparts [9, 10]. WBG devices have been used to demonstrate
high power density converters [11, 12]. But, passive filters are still one of the major bottlenecks to
increasing power density due to other adverse effects of higher switching speeds [13]. Active EMI
filters (AEF) show great promise in reducing the passive component volume in power converters.
There have been numerous works in the area of applying AEF for power converters in the past
three decades with volume reductions higher than 50% [14—-16]. The fundamental building blocks
of the AEF were identified and basic topology classification was carried out previously[17, 18].
In 2010, a summary of the classification of AEF was provided in [2]. The methodology of AEF
topology selection for a given source and load impedance was presented in [16]. The generaliza-
tion of the attenuation provided by the AEF and their corresponding impedance was studied in
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[19]. Along with the AEF, another passive component could be used to improve the overall atten-
uation and bandwidth. These are referred to as hybrid EMI filters (HEF). The generalization and
basic classification of HEF based on the equivalent circuits was presented in [20]. The generaliza-
tion approach proposed in [20] was experimentally verified in [21, 22] for ac-dc converters. All
these works discuss the generalized approach and classification of AEF and HEF. Besides these
works, there are a few commercially available AEF and HEF. For input side EMI reduction, HEF

for CM and DM noise mitigation (Picor® Quietpower®

series) are available from Vicor Corp [23]
and AEF for CM noise mitigation is available from Schaffner Inc [24] for dc-dc converters. A CM
AEEF is also available for ac-fed converters and inverters from EMcoretech Inc [74]. However, a
comprehensive survey and comparison of different implementations of AEF/HEF for CM and DM
noise mitigation in different power converters has not been performed yet.

Since the publication of [16, 19-21], there have been numerous other implementations in-
volving different active techniques to achieve passive volume reduction. It is therefore important
to revisit, compare and summarize these works in the literature to identify the best implementa-
tions. This work aims at summarizing the different implementations of these active techniques in
different power converters (dc-dc, ac-dc and inverters) for CM, DM and line (positive/negative or
line/neutral) noise. The passive volume reduction is proportional to the attenuation provided by
the AEF. Therefore, different implementations of the AEF are compared in terms of the attenua-
tion provided at frequencies of 150 kHz and 1 MHz for both CM and DM noise. Comparisons
are made to identify the benefits and drawbacks of different implementations. Other aspects such
as the types of noise-sensing networks, noise-cancellation networks, the implementation of the

AEFs, the power source for the AEF, the power loss associated with AEF, and other considerations

specific to different methodologies of implementation are also summarized.



The organization of the paper is as follows. Section II presents the various topologies of
AEF and HEF. Section III presents the different implementations (noise-sensing, active circuits,
and noise-cancellation methods) of the AEF for different power converters. Section IV presents
the summary of different stability analysis and compensation techniques. Section V presents a
comparison of the attenuation of AEF for different converters in literature. Section VI presents the
summary of different implementations of the power source and power loss for the AEF. Section
VII presents the different protection circuits for AEF. Section VIII presents the conclusion which
identifies the prominent works of AEF and areas that require future research to enable widespread

adoption of AEF.
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Fig. 2.1: Noise source (Is), noise source impedance (Zg) for DM noise, noise load impedance (Z;)
in an RCD (resistor capacitor diode) clamped flyback converter

2.3 Active EMI filter Topologies and Implementation

2.3.1 Introduction and Basic Classification of AEFs

A typical ac-dc converter is shown in Fig. 2.1. Ig denotes the noise source which is the
converter, Zg represents the noise source impedance and Z;, represents the load impedance which
is the LISN. There are 3 main parts of an AEF circuit. They are: noise-sensing circuit, noise-

processing active circuit and noise-injection circuit. Conventionally, the noise-processing active



Vinj

\/
Z (s Z, zm% LI]/S#)IS
Z }ngm] SCT I

(c)

(e)

Fig. 2.2: Active EMI Filter Topologies (a) feedforward voltage-sense voltage-cancellation (b)
feedforward current-sense current-cancellation (c) feedback voltage-sense voltage-cancellation (d)
feedback voltage-sense current-cancellation (e) feedback current-sense current-cancellation (f)
feedback current-sense voltage-cancellation. Zg is the noise source impedance, Z; is the load
impedance. Different passive elements could be added in place of Zg and Z;, to form different HEF
(A - represents the gain of the active circuit)

circuit involves an amplifier stage that is capable of driving the injection stage. But, there have
been other implementations of the AEF that use other components such as DSP (Digital Signal
Processor) or an FPGA (Field Programmable Gate Array) in addition to the amplifier. Therefore,
in this paper, this part of the circuit would be referred to as the noise-processing circuit. The AEF
may either use noise-current or noise-voltage sensing or cancellation. The combination of different
noise-sensing and noise-cancellation methodologies yields the conventional AEF as shown in Fig.

2.2. Further, depending upon whether the noise-sensing is done at the source or the load side, the



control scheme is either feedforward or feedback. The AEF by itself is a one-order filter. Owing
to the bandwidth limitation of sensing, processing and cancellation stages, the AEF is intended to
provide noise attenuation at frequencies from the start of EMI frequency range (150 kHz in case
of the CISPR (International Special Committee on Radio Interference standard) up to a few MHz.
In order to provide noise attenuation at higher frequency ranges, it is essential to have another
passive element. This passive element in combination with the AEF forms the hybrid EMI filter
(HEF). The higher the attenuation and bandwidth provided by the AEF, the smaller is the additional
passive component required to form the HEF. The selection of a particular AEF topology depends
upon the source and load impedance. The selection of the appropriate AEF and HEF topologies

for CM and DM noise reduction was discussed in detail in [16, 19, 20].

2.3.2 Different noise sensing implementations for AEF

Depending on whether CM, DM or line/neutral noise is sensed, different implementations
of noise-sensing have been demonstrated in the literature. Some of the most commonly used

implementations are shown in Fig. 2.3.

Noise Current Sensing Implementations

In [68], a Rogowski coil was used to sense the DM noise current at the output of a dc-dc
converter. In [53], a current transformer (CT) with high bandwidth was used for DM noise current
sensing in a dc-dc converter. In ac-dc converters for noise sensing, the CT is part of a high pass
filter to attenuate the fundamental frequency and its harmonics. In [54-58, 69], a CT is used as
part of a second-order high pass filter for DM noise current sensing in ac-dc converters. No work

has implemented current sensing using CT for DM noise reduction in inverters. The CM noise-
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Fig. 2.3: Noise-sensing methodologies (a) second-order high pass filter for DM noise voltage
sensing on single-phase ac lines [22, 25] . For dc systems just the capacitor or a single order high
pass filter can be used [15, 17, 23, 26-32] (b) Y-capacitors on both lines for CM noise voltage
sensing in single-phase ac and dc systems [14, 33-39] (c) Y-capacitors on all lines for CM noise
voltage sensing in three-phase systems [16, 32, 40-48] (d) first order high pass filter for sensing
on individual lines (line/neutral or Positive/Negative) for single-phase ac or dc systems [21, 31,
41, 49-52] (e) current transformer for DM noise current sensing in single-phase ac or dc systems
[53-58] (f) current transformer for CM noise current sensing in single-phase ac or dc systems
[20, 24, 53, 59-65] (g) current transformer for CM noise current sensing in three-phase systems
[16, 19, 66, 67]

sensing CT could be directly connected to the active circuit and does not require any high/low
pass filtering. However, there is one exception to this implementation. For output noise sensing
in inverters, the CT has to be implemented alongside a high pass filter to prevent the AEF from
compensating for low-frequency harmonics of fundamental frequency. In [20, 24, 53, 59-62], a
CT was used for CM noise current sensing in a dc-dc converter. In [70-75], a CT was used for
CM noise current sensing in an ac-dc converter. In [19, 66, 67], a CT was used to measure input
CM noise in an ac fed motor drive. In [63, 64] a CT was used for measuring input CM noise in a
full-bridge inverter. In [16], a CT was used for sensing output CM noise current in a dc fed motor

drive. In [65], a CT was used for sensing CM noise in a single-phase grid-tied inverter.
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Noise Voltage Sensing Implementations

DM noise voltage sensing requires only one capacitor that is rated for the operating voltage
of the converter. In dc-dc converters, this capacitor could be directly connected to the active circuit.
In ac-dc and dc-ac converters, the capacitor is part of a high pass filter network to attenuate the
fundamental frequency and its harmonics and other low frequency that may be present in the
source voltage. DM noise voltage sensing using capacitors was used in AEF for dc-dc converters
in [15, 17, 23, 26-32]. Noise voltage sensing using capacitors as part of a high pass filter network
is used in [22, 25]. For CM noise-sensing, capacitors are required on each of the lines with the
other end of all the capacitors connected together. In [14, 33-37], capacitors were used on line and
neutral for CM noise-sensing. In [38, 39], noise voltage sensing using capacitors was used for AEF
in the input side of a three-phase sparse matrix converter. Noise voltage sensing was realized using
a capacitor on all three-phase outputs in [40—45] for an ac-dc-ac converter (ac-fed motor drive) and
in [16, 32, 46—48] for dc-ac converters (dc-fed motor drive). Besides CM and DM noise sensing,
RC networks were used on each line to sense the individual line noise. This method was used in
[21, 49, 50] for ac-dc converters, in [51] for a de-dc converter, [52] for a grid-tied single-phase
full-bridge inverter and [31] for a single-phase ac-dc-ac inverter (arc welding inverter). Another
implementation used resistive voltage dividers along with high-voltage isolators to sense the CM

noise voltage in a three-phase inverter [41].

2.3.3 Different Noise Processing Circuits for AEF

Active circuits process the noise from the sensing circuit and provide the cancellation volt-

age/current. Noise-processing involves multiple functions such as compensation for ensuring sta-
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bility, amplification and others depending upon the control scheme. The active circuit should be
capable of providing the necessary gain depending on the control scheme and should be capable
of driving the noise injection stage without becoming unstable. In an AEF, instability may occur
at frequencies lower or higher than the EMI frequency range. Typically, the active circuits have
compensation networks to ensure stability. The different implementations of active circuits in lit-
erature are discussed based on the control scheme and the type of elements used in active circuits

for CM, DM, and L/N noise-cancellation.

Different Control Scheme Implementations

Feedforward and feedback control are two basic control schemes of the AEF. The feed-
forward control requires unity gain throughout the desired frequency range. Because of parasitics
of different elements in the circuit, the gain could easily overshoot or undershoot unity gain at
different frequencies. While the feedforward control method could easily ensure stability, its per-
formance is subjected to component tolerances. On the other hand, the feedback control requires
a high-gain feedback loop. While the feedback control method is immune to component value
variations, it could potentially become unstable at high or low frequencies. Therefore, it requires
suitable compensation to ensure stable operation.

In [15, 32, 68], the AEF with feedforward control was used in for DM noise-cancellation
in a dc-dc converter. In [34], AEF with feedforward control was used in AEF for CM noise-
cancellation in an ac-dc converter. Feedback control was used for DM noise-cancellation in [23,
29, 30, 76] for dc-dc converters and [22, 25, 55, 58, 69] for ac-dc converters. Feedback control
was used for CM noise-cancellation in [20, 59, 60, 62] for dc-dc converters and [14, 21, 24, 35—

37, 61, 71, 73-75, 77] for ac-dc converters. In [16, 32, 40-42, 44, 47, 48, 78-80], feedforward

12



control is used for output CM noise-cancellation for inverters. In [19, 38, 39, 63, 64, 66, 67] and
[44, 46, 65, 65], feedback control method was used for CM noise-cancellation on input and output
of inverters respectively. A combination of feedforward and feedback control was used for DM
noise-cancellation in [27, 28, 53, 81] for dc-dc converters and in [56] for ac-dc converters. In [57],

a comparison of feedforward & feedback with series and parallel feedback structures was carried

out.
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Fig. 2.4: Different active circuits (a) only op-amp [14-16, 20, 21, 23, 29-34, 44, 46, 47, 50—
52, 54, 59-61, 65, 68, 70-72, 76, 80] (b) op-amp + discrete device based amplifier [27, 28, 36, 36,
38, 39, 53, 65, 74, 75, 81] (c) only discrete device based circuit [17, 26, 82] (d) For inverters (i)
High-voltage BJTs based active circuit / 4th leg [48, 66, 78, 79, 83] (ii) Low-voltage BJTs based
active circuit [19, 4043, 67? ] (e) DSP/FPGA + op-amp active circuit where the converter control
is implemented in the same DSP/FPGA [31, 32, 40—44, 51] (f) negative impedance converter based
active circuit [77]
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Different Active Circuit Implementations

A summary of different active circuits used in literature is shown in Fig. 2.4. The first
implementation of AEF used only BJTs (bipolar junction transistors) as active circuits [17, 26, 82].
In most of the cases a single op-amp was used to drive the noise-injection stage or the active circuit
to set the gain and as well as to drive the noise injection for CM and DM noise-cancellation in dc-
dc, ac-dc and inverters [14-16, 20, 21, 23, 29-34, 44, 46, 47, 50-52, 54, 59-61, 65, 68, 70-72, 76,
80]. However, there are instances where it is economical to use discrete transistors only or along
with a low power high gain op-amp to set the gain for the active circuit. Such implementations
could be seen for DM noise-cancellation in [27, 28, 53, 81], for CM noise-cancellation [75] for
dc-dc converters and for DM noise-cancellation in [55, 58, 69] and for CM noise-cancellation in
[36, 36, 74] for ac-dc converters and for CM noise-cancellation in [38, 39, 65] for single-phase
inverters.

For three-phase inverters, different active circuits have been implemented. First implemen-
tation used high-voltage BJTs fed from the dc-link for CM noise reduction [66, 78]. In [19, 67],
the high-voltage BJTs were replaced with low-voltage BJTs. The transistors were connected to the
dc-link via a dc blocking capacitor and were used to reduce output CM noise [40—44]. In [63, 64],
used the CM noise current sensed to modulate the gate signals to achieve CM noise-cancellation.
Another prominent method was using a 4/ leg in the three-phase inverter. This method was used
in [79, 83] to reduce the CM noise in the circuit. Another implementation used BJTs rated for
Vpe/3 for CM noise reduction [48].

In [73], multiple op-amps were cascaded to obtain higher gain for the feedback implemen-

tation. In [51], the use of DSP along with high-speed ADC/DAC (analog to digital converter/digital
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to analog converter) was used as part of the active circuit. This is referred to as the digital AEF.
The digital AEF was extended to a three-phase inverter in [50] and grid-tied inverter in [52]. In
[84], the effect of delay between noise sensing and injection in a digital AEF was studied and
methodology for decoupling the sensing and injection stages was presented and demonstrated in a
single-phase arc welding inverter. In [31], an FPGA was used along with high-speed ADC/DAC to
implement a filter that uses the noise sensed from the previous switching cycle to compensate for
the current switching cycle. In [32], using noise from the previous cycle to inject into the current
cycle using wavelet transforms was proposed and demonstrated in a dc-dc boost converter and dc

fed z-source inverter.
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Fig. 2.5: Different noise-cancellation circuits (a) DM noise current cancellation in ac-dc and dc-dc
converters [22, 25, 26, 29, 49, 53-58, 68, 70] (b) CM noise current cancellation in single-phase
ac and dc lines [14, 21, 35, 37, 49, 54, 62, 72-75] (c) CM noise current cancellation in three-
phase lines [16, 19, 38, 39, 48, 65-67, 85] (d) Line (/positive) and Neutral (/negative) noise current
cancellation in single-phase ac (/dc) lines [50-52, 84] (e) DM noise voltage cancellation in ac-dc
and dc-dc converters [27, 28, 76, 81] (f) CM noise voltage cancellation in single-phase ac lines
[34, 36, 71] (g) CM noise voltage cancellation in three-phase ac lines [32, 40, 42-46, 78, 79]
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2.3.4 Different noise-cancellation implementations

Noise-cancellation techniques involve noise current and noise voltage cancellation. Some
of the cancellation techniques in the literature are shown in Fig. 2.5. In current cancellation,
the active circuit drives a voltage across an injection capacitor resulting in cancellation current
injected in the circuit. In voltage cancellation, the active circuit drives a voltage injection trans-
former that injects the cancellation voltage in the main circuit. The voltage cancellation is usually
not preferred for DM noise, since the voltage injection transformer can be bulky. Since current
cancellation requires only high-voltage capacitors, they are usually preferred. But, for CM noise-
cancellation, the maximum value of capacitance is limited by the leakage current. Therefore, the
maximum attenuation using current cancellation is limited. So, some implementations use noise
voltage cancellation for CM noise. The connection of capacitors and voltage injection transform-
ers for noise-cancellation is the same as that of noise current sensing. Another implementation of
DM noise mitigation is to use a low-voltage MOSFET in series in the line. This was demonstrated
in [23, 30] for dc-dc converters. The DM noise current cancellation using capacitors was demon-
strated in [26, 29, 49, 53, 68] for dc-dc converters and in [22, 25, 54-58, 70] for ac-dc converters.
The CM noise current cancellation using capacitors have been demonstrated for ac-dc converters
in [14, 21, 35, 37,49, 54, 62, 72-75]. For inverters, CM noise current cancellation using capacitors
have been demonstrated for ac-dc-ac, dc-ac and other inverters in [16, 19, 38, 39, 48, 65-67, 85].
Capacitors have been used for line and neutral noise current cancellation in [50-52, 84].

The DM noise voltage cancellation using voltage injectors was performed in [27, 28, 76, 81]
for dc-dc converters, for CM noise-cancellation in [34, 36, 71] for ac-dc converters. CM noise-

cancellation using voltage injectors for CM noise-cancellation was demonstrated in [32, 40, 42—
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46, 78, 79] for inverters. In [47], the voltage was injected into the chassis of the motor directly to

reduce the CM noise.

Z

Fig. 2.6: Different compensation methods. The compensation circuit could be an RC network
across the lines (R, and C,) or could be part of active circuit impedance (Zy,Zp) or could be part
of the injection stage (Z;,). Either one of these compensation methods could be used with noise
current/voltage sensing or cancellation

2.4 Stability analysis and compensation of AEF

The AEF is expected to have a bandwidth of at least 1 MHz. This is to ensure a substantial
reduction in the passive component volume. The AEF should be stable throughout the entire
frequency range. Low-frequency instability could occur due to resonance between the AEF and
the passive component that forms the hybrid filter [25, 34, 58]. In AEF that uses higher-order high
pass filters for noise-sensing, the low frequency instability is exacerbated. For high gain AEF,
even the first pole of the op-amp used in the active circuit could reduce the phase margin. High
frequency instability could occur due to different parasitic components and a second pole of the op-
amp present in the AEF [25, 58, 62]. Therefore, stability analysis is crucial for any AEF. Stability
analysis is essential to develop the design procedure and come up with a suitable compensation
technique for the AEF. Ideally, the compensation needs to be part of the active circuit. While some

of the compensation could be added to the op-amp feedback loop, some AEF require additional
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compensation that involves high-voltage or high-current elements. So, there is always a trade-off
between the stability of the AEF and the possible passive component volume reduction. Because
any new component introduced for compensation adds to the volume of the AEF. Various papers
have studied the stability analysis of different topologies of AEF and their implementation. Some
of the components used for compensation is shown in Fig. 2.6. All the components that are part
of the active circuit (Z¢,Z;, and Z;,;) are low voltage components and do not add to the bulk of
the volume. Any series injection impedance (Z;, ;) used for stability improvement adversely affects
the bandwidth and attenuation in case of current-cancellation and voltage-cancellation respectively.
Some works use external RC network for stability improvement. While this method does not affect
the performance or the bandwidth of the AEF, it adds to the overall passive volume because the C
has to be rated for line voltage.

In [17, 82], the stability analysis for DM noise-cancellation using feedback voltage-sense
current-cancellation topology for dc-dc converters was carried out. In [53], the stability analysis for
DM noise-cancellation using feedback + feedforward current-sense current-cancellation topology
for a dc-dc converter was performed. In [20, 59—62], stability analysis for CM noise-cancellation
for feedback current-sense current-cancellation topology. Stability analysis was conducted for DM
noise-cancellation in [54, 55, 58, 69, 70] for feedback, [56] for feedback + forward, feedforward
+ feedback and series feedback. In [38, 39], stability analysis for feedback voltage-sense current-
cancellation topology for input side CM noise-cancellation in an ac fed three-phase inverter was
performed. In [16], stability analysis for feedforward current-sense current-cancellation topology
for output side CM noise-cancellation in a dc fed motor drive was carried out. The stability analysis
for feedback voltage-sense voltage-cancellation topology for output side CM noise-cancellation in

ac fed three-phase motor drive was presented in [44]. The stability analysis for the digital AEF
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was presented in [50, 52]. The stability analysis for feedback current-sense current-cancellation

topology is presented for CM noise-cancellation in a single-phase grid-tied inverter in [65].
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Fig. 2.7: DM noise attenuation provided by active EMI filters for (a) ac-dc converters and (b) dc-dc

converters

2.5 AEF Attenuation Comparison of Different Implementations

Consider an LC passive filter whose corner frequency is decided by the noise at 150 kHz.

The capacitor in the passive filter is now replaced by a feedback control based voltage-sense

current-cancellation based AEF. The attenuation provided by the AEF depends on the gain of

19



2

th
=]

150 kKHz W 23]

< [23]
o n
1 MHz 21<¢ € [721 W24

4] ~[21]

[20] [33]

\Hfl o O 24
© 201 [72] (351 @62

[751 < [21] [34]

&

Attenuation (dB)
8 2

B [54] [36]
OE .
10 (591 - o a 33l
«9] [60] [ 1] 21] [33] 3? [ [74]
0

1990 1995 2000 ZUUJ BﬂrZU 10 20 15 2020 2025
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the active circuit. If the active circuit is set to a gain of 20 dB at 150 kHz, then the value of the
injection capacitor, Cj,; can be reduced by 10 times while still providing the same attenuation as
that of the original passive EMI filter at 150 kHz. Therefore, there is a direct relationship between
the attenuation provided and the passive volume reduction. However, there is additional overhead
from the components used for noise-sensing and active circuits. Most often, even with these addi-
tional components, the relationship between the attenuation and passive volume reduction remains
the same.

Therefore, the effectiveness of the filter in minimizing the passive volume could be under-
stood by comparing the attenuation provided by the active stage. Also, the same topology of the
AEF performs differently in different converters and for CM and DM noise mitigation. Further,
some topologies/implementations of AEF tend to fare well at frequencies lower than 100 kHz and
some at frequencies around 1 MHz. For standardization of the comparison, the attenuation of dif-
ferent implementations are made at frequencies of 150 kHz and 1 MHz. And comparisons are made
for DM AEF for dc-dc and ac-dc converters separately. This is because the high pass filter required

in the sensing stage for ac-dc converters limits the possible attenuation. But, AEF implementations
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for CM noise mitigation are similar for both ac-dc and dc-ac converters with the exception of dif-
ferent maximum values for Y-capacitance limited by the leakage current. For inverters (dc-ac and
ac-dc-ac), almost all of the works deal with CM noise or line/neutral noise mitigation. Therefore,

they are compared together to identify a methodology for maximum attenuation.

2.5.1 Attenuation comparison of AEF in dc-dc converters and ac-dc converters

The chart showing DM and CM noise attenuation for dc-dc and ac-dc converters across
different literature is shown in Fig. 2.7 and Fig. 2.8 respectively. For DM noise attenuation in dc-dc
converters, the highest attenuation reported in the literature is 70 dB at 150 kHz [23]. However, this
implementation uses a series MOSFET to provide attenuation to DM noise and therefore suffers
from 1% to up to 10% loss in efficiency depending on the input voltage levels of the converter.
If there is no attenuation required at 150 kHz, attenuation of the order of 40 dB and above is
possible [17, 26, 82] at | MHz. However, around 150 kHz, the highest attenuation reported is of the
order of 35 dB [27, 53, 81] which used a combination of feedforward and feedback topologies to
accomplish this. For ac-dc converters, the converters with and without PFC needs to be considered
for comparison. This is because, for converters without PFC (power factor correction), the input
current is spurious in nature and therefore requires special considerations [25]. For ac-dc converters
with PFC, the highest attenuation reported is 40 dB around 150 kHz. This implementation uses
a series of two feedback current-sense current-cancellation topology [57]. For converters without
PFC, the highest attenuation around 150 kHz is 16 dB using a feedback voltage-sense current-
cancellation topology [25]. Attenuation of about 30 dB reported in [21] is the highest attenuation
at 1 MHz for ac-dc converters with PFC. For CM noise mitigation, the highest attenuation of about

50 dB around 150 kHz was reported [23]. However, it is not clear how much of the attenuation
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is from the active stage itself. An attenuation of around 40 dB at 150 kHz was reported in [24]
. However, only small-signal tests were performed in this case. In [20, 21], an attenuation of
about 30 dB around 150 kHz was demonstrated for ac-dc converters. In [62], an attenuation of 24
dB around 150 kHz was demonstrated in a dc-dc converter using feedback current-sense current-
cancellation topology. At 1 MHz, many works including [14, 21, 71] have reported an attenuation

of around 30 dB for both ac-dc and dc-dc converters with different feedback topologies of AEF.
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2.5.2 Attenuation comparison of AEF in Inverters

The chart showing attenuation for CM and line noise for inverters across different litera-
ture is shown in Fig. 2.9. For inverters, it was proposed to use an additional phase leg (referred
to as 4" leg) in an inverter for CM noise reduction in [79]. The work observed the CM voltage
at the output of the inverter and reported a 40 dB reduction. But, there were no noise measure-
ments that were made in the system to verify if this CM voltage reduction translates to actual noise
reduction. Using low-voltage circuitry (capacitor to block the dc or fundamental frequency volt-
age), the highest attenuation for CM noise attenuation at the three-phase output is 30 dB around
150 kHz. This was demonstrated in [43, 45] using feedforward voltage-sense voltage-cancellation
topologies. At 1 MHz, the highest reported attenuation is 30 dB [66] using feedback current-sense
current-cancellation using high-voltage BJTs. Using low-voltage circuitry, [44] has demonstrated

attenuation of the order of 25 dB using feedback voltage-sense voltage-cancellation topology.

2.6 Power loss in AEF

The power source and power loss associated with the active circuit are important. Because
the additional components for the auxiliary power supply increases the associated power loss and
the cost involved in the implementation of the AEF. The losses in the AEF consists of three parts.
First is the constant power or standby power in the active circuit. Second is the power loss asso-
ciated with driving (output) the cancellation current or voltage in the active circuit. Third is the
power loss in the additional passive elements used for noise-sensing and compensation to improve
stability. Usually, the loss involved in the driving stage dominates when compared to the standby

power and passive losses. Further, higher the noise attenuation, the active circuit with higher driv-
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ing capability is required and therefore incurs higher power loss.

In ac-dc converters and dc-dc converters, it was demonstrated that either the source voltage
[53, 82] or output dc voltage [15] along with voltage regulators could be used for providing power
to the active circuit. In inverters, the DC link [48, 66, 78, 79, 83] or capacitive voltage divider on
the DC link [19, 67] could be used to power the active circuit. Besides these, most of the works
demonstrated the AEF using auxiliary power supplies that were external to the system and do not
quantify the power loss.

In [23], the AEF used a series MOSFET for DM noise attenuation. But, it suffered from a
1% to 10% loss in efficiency in dc-dc converters up to 600 W and the losses change with the input
voltage. In [14], the AEF resulted in a 1.4% reduction in efficiency when used in a 600 W SMPS
(switch mode power supply). In [43, 45] the power loss in AEF is studied in detail for application
in a motor drive. At 1.52 kW, the AEF had a loss of about 1.9% which reduced to 0.5% at 20 kW.
So, as the power level scaled up, the contribution of AEF towards the power losses reduces. In
[58], the power loss from the auxiliary power supply, the AEF circuit and leakage current increase
by the added capacitance were taken into account. It was found that the AEF saw a total power
loss of about 2.3 W which resulted in a decrease in 0.66% lowering of efficiency at full load in a
boost PFC at 350 W. At lower power levels the efficiency took a greater hit. In [36], a power loss of
288 mW was reported when AEF was used in a 2.2 kW current source inverter. This is negligible
compared to the inverter power level. However, the attenuation provide by the AEF is only 6 dB
around 150 kHz. In [74], a power loss of 310 mW was reported in a 200 W SMPS which is around

0.15% of the efficiency at full load for a 15 dB attenuation around 150 kHz.
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2.7 Protection for AEF

Depending on the topology of the AEF, either the sensing or injection stage may be con-
nected to the grid. The AEF should be resilient to the grid voltage transients or current transients
due to the operation of the converter. Some literature has demonstrated techniques using galvanic
isolation for both noise-sensing and cancellation. In a few other literature, additional components
for protection are added when using AEF topologies without galvanic isolation. A CM AEF that
has galvanic isolation from the grid using CT for current sensing and a transformer for voltage
injection for use in an SMPS was presented in [71]. Also, [36] presented a CM AEF topology
that does not use transformers for a resonance current inverter. This work uses capacitors for both
sensing and noise-cancellation and uses a varistor on the noise-sensing side and TVS diodes on
the noise injection side to implement the protection for the AEF. Another isolated topology that
utilizes current-cancellation was proposed in [74]. This work uses a CT for noise current sensing
and uses another transformer to inject voltage in the current injection branch. This way both the

input and output of the active circuit have galvanic isolation from the mains voltage.

2.8 Conclusion

There are numerous AEF implementations for conducted EMI mitigation in power elec-
tronic converters. Different implementations of the AEF topologies have been summarized based
on the noise-sensing, noise processing active circuits, the control methods, noise-injection and
stability studies for dc-dc, ac-dc converters, and inverters (dc-ac and ac-dc-ac). Different sens-
ing and cancellation methods have different advantages and disadvantages for implementation in

terms of volume reduction. Careful attention must be paid to the stability, which depends on the
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type of converter and the type of noise in order to select the appropriate AEF. Only then the at-
tenuation and possible volume reduction with AEF could be maximized. The key points in terms
of performance (attenuation), power loss and protection of AEF are as follows. Looking at the
performance comparison, it is more challenging to achieve high attenuation at lower frequencies
(around 150 kHz) using AEF than to design the filter for high attenuation at 1 MHz. For DM
noise-cancellation in ac-dc converters without PFC, [25] reported highest attenuation of 16 dB
around 150 kHz using feedback voltage-sense current-cancellation topology. For ac-dc converters
with PFC, [57] achieves an attenuation of 40 dB around 150 kHz with multiple feedback current-
sense current-cancellation topologies. For CM noise-cancellation, attenuation of around 24 dB was
achieved using feedback current-sense current-cancellation topology for dc-dc converters. For out-
put CM noise-cancellation in inverters, feedforward voltage-sense voltage-cancellation topologies
to achieve an attenuation of about 30 dB around 150 kHz was demonstrated in [43, 45].

However, majority of these implementations uses additional high-voltage passive elements
for compensation to ensure stability or rely on inductors either in the form of CTs for noise-
sensing or voltage transformers for noise-cancellation. Novel methods that could further enhance
the performance of the filter without the need for additional high-voltage capacitors for stability
improvements or injection transformers on power lines are required. These new topologies could
use all analog or hybrid analog and digital active circuits. Further, there only have been few
works that studied the auxiliary power supply, power loss and protection for the AEF to enable
widespread adoption. Further, a Figure of Merit (FoM) for implementation of AEF taking into
account the volume reduction of passive components at different power levels and for different

power converters is an important one that requires further research.
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3 Modeling and Design of Voltage Sensing based Differential Mode Active EMI Filters

for ac-dc Power Converters without PFC

3.1 Abstract

Passive EMI filters are bulky and are a major bottleneck to achieve high power density
particularly in the current Wide Bandgap devices era. Active EMI filters offer a solution to this
problem and help reduce the volume of the passive elements in EMI filters. This paper presents
the modeling and design of voltage sensing based active EMI filter for an ac-dc converter. The
major bottleneck that limits the performance of the filter is identified as the phase shift introduced
by the noise sensing stage which causes low-frequency instability. The trade-off between the
low-frequency stability and the high-frequency attenuation are discussed. The design guidelines
to choose the optimal gain of the active EMI filter and compensation to ensure the stability of
the active EMI filter is presented. The limitation of using conventional compensation methods is
identified and suitable compensation methods are selected. The model is verified by both small

signal and in-circuit experimental results.

3.2 Introduction

Power converters generate conducted and radiated EMI due to the switching action of the
power semiconductor devices. The passive EMI filter used to mitigate the noise is bulky and could
occupy up to 30% total system volume. Active EMI filters and Hybrid EMI filters (active + pas-
sive) have been shown to reduce the volume of the filters by up to 75% [1]. Different active EMI

filter topologies are possible based on noise sensing methods, noise cancellation methods and con-
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trol schemes. Various previous works including [3-10] have studied the selection and suitability of
active EMI filter topologies. Active EMI filters have been designed for separately for DM [9-15]
and CM noise attenuation [3, 17-31] or together [1, 7-8] for both CM and DM noise attenuation.
The factors for selection of a particular topology mainly depends on the noise source and load
impedance and how the active EMI filter maximizes the impedance mismatch between them [3,5-

71.

TABLE 3.1: Comparison of active EMI filters in this work and literature for DM noise attenuation
(FF - Feedforward, FB - Feedback, V - Voltage, C - Current, eg. VSCC - Voltage Sense Current
Cancellation, Multiple - combination of FF and FB

| Reference | Converter | Topology | Noise Sensor | Noise Injection \
[2] 30 W DC-DC FB VSVC Capacitors Transformer
[8] 600 W AC-DC with PFC | Multiple | Capacitors & CT | Transformer & Capacitors
[11] 230 W DC-DC FF CSCC Rogowski coil Capacitors
[12-14] 360 W AC-DC with PFC | Multiple CT Capacitors
[15] Small signal only FB CSCC CT Capacitors
[16] 230 W DC-DC Multiple Capacitor Transformer
This work | 30 W AC-DC w/o PFC | FB VSCC Capacitor Capacitor

After a particular topology is selected, the implementation could be carried out using dif-
ferent methods. Previously, noise current sensing was employed using Rogowski coil [11] and
current transformers [3,7-8, 11-13,18,20]. Noise voltage sensing was carried out using capacitive
voltage dividers by several authors [1-3, 13, 17, 21-23, 27-31]. Current-cancellation was imple-
mented using capacitors in [1, 3,9-12,14-15,17,24-26,27-32] and voltage cancellation was carried
out using voltage injecting transformers [2, 9, 15-16, 18-20]. Control schemes for the active EMI
filters reported previously by different authors include feed-forward control scheme [3,11,24,27-

30] and feedback control scheme [1-3, 9-10, 12, 14-16, 20, 25-26, 30-31]. A combination of both
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feed-forward and feedback schemes in [13, 16-17]. Active EMI filters and hybrid EMI filters were
applied to common mode and differential mode noise attenuation in dc-dc [2, 11, 17-18, 23-24]
and ac-dc [1, 8-10, 12-15, 19-20] converters and dc-ac [3, 21-22, 25-32]. The main metric for
application of active EMI filters is the passive volume reduction.

A summary of major works for DM noise attenuation in previous literature is presented
in Tab. 3.1. All the previous works either involve dc-dc converters or ac-dc converters with PFC
(power factor correction). Also, the original high voltage passive element (X-capacitor and induc-
tor) would be replaced with multiple high voltage/high current components. These components are
used for noise sensing, cancellation and compensation to improve stability. Nonetheless, overall
volume reduction of up to 50% was achieved [14]. The most commonly used topology for DM
noise cancellation is feedback control based current sense current cancellation [11-13] topology.
In this topology, a second order high pass filter including a Current Transformer (CT) is used for
noise current sensing. For a non-PFC converter, the CT required to sense the noise will be bulkier
than for a converter with PFC stage. This is because of the spurious nature of the rectifier input
current.

The contributions of this paper are as follows. Active EMI filter design methodology from
literature cannot be applied to ac-dc converters without PFC due to the spurious nature of the in-
put currents. Thus new design methodology for active EMI filter that uses less number of high
voltage/high current components need to be developed for non-PFC ac-dc converters. Firstly, this
paper presents the selection of the active EMI filter topology. Then, the individual sub-circuits
are modeled in detail. Based on this modeling, design procedure is presented in the form of a
flowchart. The design procedure involves deciding the loop gain and suitable compensation meth-

ods to optimize the volume reduction without the need for too many high voltage/high current
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components. The model and design procedure are verified using small signal as well as experi-
mental results in a power converter. The volume reduction of passive components using the active

EMI filter is summarized.

The organization of the paper is as follows. Section II involves the DUT, suitability of
selected topologies for DM noise attenuation and volume reduction is discussed. In section III the
modeling and design of individual sub-systems is laid out and models are developed and small
signal measurements of individual sub-circuits are carried out. In Section IV the modeling and
stability analysis of the active EMI filter is carried out. Section V presents the small signal mea-
surements of the insertion loss and the impedance with and without active EMI filter. Section VI
presents the description of the noise measurement setup and the experimental results with and with-
out the active EMI filter and provides comparison of the volume of active EMI filter components

with that of the passive filter. Section VII presents the conclusion of this work.
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3.3 DUT and Suitability of Active EMI Filter Topology

3.3.1 DUT and Baseline Passive EMI Filter

The schematic of a typical ac-dc converter without PFC (RCD clamped flyback converter)
with passive EMI filter is shown in Fig. 3.1. The ripple voltage across the dc-link Cpc is the noise
source voltage. The ripple voltage comprises of two components. The 120 Hz ripple (2 x f,)
and harmonics of the switching frequency, fs,,. This voltage divides between the cable connecting
the power adapter and the LISN when the diode bridge is conducting. For demonstration of the
active EMI filter, a 30 W commercial desktop power adapter from Meanwell [34] is chosen as the
DUT. In the DUT, the DM filter consists of a 120 uH leakage inductance of the CM choke and
an X-capacitor of 470 nF. The converter employs spread spectrum around 65 kHz of switching
frequency. The passive filter provides an attenuation of about 32 dB around 200 kHz and it ensures
the DM noise is below the standard throughout the entire frequency range. The active EMI filter
should be able to provide the same attenuation for while having lower volume than the original

passive components.
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3.3.2 Active EMI filter Topology Selection for ac-dc converter DUT

The Norton equivalent circuit representing the noise source (the converter) and the LISN is
shown in Fig. 3.2a. The current source represents the converter, and Zg and Z; denotes the noise
source and load impedance respectively. Zg represents the impedance of the DC link capacitor and
Z;, represents combination of the load and input cable. These impedance are shown in the Fig.
3.2b. In [3, 5-6] the insertion losses with different topologies of filters based on the gain of the
active stage, noise source and load impedance are identified. The active EMI filter could either
enhance the inductor (voltage cancellation topology) or capacitor (current cancellation topology).
Therefore, the possible topologies of hybrid EMI filters that can be used here are:

1. Feedforward voltage sense voltage cancellation (active Lpys) + Cpy
2. Feedback voltage sense voltage cancellation (active Lpys) + Cpy
3. Feedforward current sense current cancellation (active Cpys) + Lpy

4. Feedback current sense current cancellation (active Cpyy) + Lpy

Feed-forward vs. Feedback

In order to implement feed-forward active filter, the amplifier stage should have unity gain
for good noise attenuation. This is difficult to achieve especially because of the parasitics in the
sensing and voltage injection components. The feedback active EMI filter implementations require
high gain for better attenuation. While this poses risk for instability, compensation network using
relatively small passive components can be implemented to ensure stability. Therefore, feedback

topology is adopted here and options 1 and 3 are ruled out.
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Voltage sensing vs. current sensing

In current sensing based topology, the current sensor has to be rated for carrying the rated
current. In this case, the maximum value of input current is 1.8 A. The number of turns have
to be 1 turn on each line to cancel out the CM current [5]. Therefore, the total AT for primary
side of the CT is 3.6 AT. Also, the core should accommodate a single layer winding with suitable
number of turns that form the secondary of the transformer. Single layer of winding is essential to
reduce the parasitic capacitance and ensures high bandwidth of the active EMI filter. Considering
a turns ratio of 1:10 for the CT, the core ZW41610TC can be chosen. The volume of this CT
is approximately 2010 mm?>. This is comparable to that of the CM choke that is present in the
power adapter. Therefore, current sensing based topology does not help reducing the volume of
the EMI filter. Current-sensing based active EMI filter topologies are more suitable for PFC based
ac-dc or dc-dc converters. An ac-dc converter with PFC and 1.8 A input current would be rated for
approximately 150 W and therefore has large passive filters.

In comparison, voltage sensing requires only one high voltage safety rated capacitor (Cy)
connected across one of the lines to block the ac line voltage. This capacitor could be used along
with low voltage components will be used to formulate the high pass filter for noise sensing.

Therefore, voltage sensing based topology is adopted here and option 2 is ruled out.

Voltage cancellation vs. current-cancellation

Voltage cancellation requires a voltage injector (transformer). Similar to the current trans-
former, because of the nature of input current, voltage injectors will be bulky and will not result

in overall volume reduction. Therefore, current-cancellation methodology which requires a high
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voltage safety rated capacitor for current injection is adopted here. The schematic of the overall
implementation of this filter is shown in Fig. 3.3. Lpy, serves two purposes here, 1. It enhances the
impedance mis-match resulting in improved filter performance and 2. It prevents the active circuit
from being loaded by the dc link capacitor. Thus option 4, feedback control based voltage sense

current cancellation topology is selected as the topology of active EMI filter.
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Fig. 3.3: Feedback control based voltage-sense current-cancellation active EMI filter topology

3.3.3 Insertion Loss of active EMI filter topology

For the case without filter, the transfer admittance is given by

Is(s) Zs
GoL(s) = = 3.1
o) =06) T+ 7 G-b
The closed loop transfer admittance is given by,
GOL(S)
Ger(s) = 3.2
CL( ) 1+A(S)GOL(S)) ( )

42



The insertion gain is given by the ratio of IL with and without filter is given by

1 1
T 1+A()GoL(s)  1+LG(s)

IG(s) (3.3)

LG(s) should have sufficient gain and phase margin to maintain stability. As previously

mentioned, Zy is a DM inductance. At high frequencies, the Zy >> Zs. In this case,

1

Gor(s) =1 = LG(s) =~ A(s) and IG(s) = TTAG)

(3.4)

W
£l

Fig. 3.4: Typical Measurement Setup of VNA for Impedance, Loop Gain and Transfer Gain

3.4 Modeling and Design of VSCC active EMI filter

The modeling of the individual sub-circuits and design guidelines are discussed in this
section. This involves the selection of the values of Cyy, Co, Rs1, Rg2, Cinj, Rinj, oOp-amp, Zy and
Zp, such that the overall implementation is stable. The equations of the sub-circuit models are

implemented in MATLAB and compared to the experimental measurements. The measurements
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are carried out using Bode-100 Vector Network Analyzer. A typical measurement setup is shown
in Fig. 3.4. The following are the steps taken to ensure the validity of the models.

1. The results from MATLAB are compared to the experimental measurements in order to verify
the validity of the models of individual sub-systems, the loop gain of the filter and the small signal
insertion loss (Section III and Section IV).

2. The active EMI filter is tested in the circuit and the resulting noise attenuation is obtained by
comparing it to the noise without filter. The loop gain is obtained from the models is compared to

the experimental results to further verify the validity of the model (Section V and VI).

3.4.1 Model of the LISN

For DM noise, the equivalent impedance of the LISN and the power cable form the load
impedance. Since the power cable is less than 1 m long, its inductance and the stray capacitance
introduced is much less than the 100 Q equivalent impedance of the LISN up to a few MHz.
Therefore for simplicity, the impedance of the cable is ignored. Since the active EMI filter is
expected to operate at frequencies less than 1 MHz, ignoring the cable impedance does not affect

the modeling. The equivalent impedance of the LISN is given by (3.5).

7, — S2*LL
LT 2R+ 1/(sCL)2)

~ 100 Q (3.5)

3.4.2 Model of the Sensing Network

The converter is fed from an ac supply. Therefore, the noise sensing stage has to provide
attenuation of the order 80 dB at 60 Hz so that the 60 Hz ac voltage its harmonics, and the high

frequency currents due to rectifier are also sufficiently attenuated. Otherwise, any low frequency
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harmonic can easily saturate the output of the active circuit. The output of the high pass filter
should ideally be switching frequency and its harmonics in the desired EMI frequency range (150
kHz to few MHz). Therefore, the design of the sensing network requires careful consideration to
ensure that it:

1. has the desired performance throughout the entire frequency range and

2. it does not add too much to the volume of the filter
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Sccccccsccscccscccccsccas

Fig. 3.5: Noise Sensing Network

It is not possible to get around 80 dB attenuation at 60 Hz with a 1% order high pass filter.
Therefore a 2"¢ order high pass filter is used as the sensing network. The schematic of the high
pass filter along with the measurement configuration is shown in Fig. 3.5. The capacitor C;; needs
to be rated for the input voltage and needs to be safety rated (X1Y1 rated). The other components
Cs2, Rg1 and Ry are low voltage and low power components. The capacitor Cy; is a 50 V rated
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X7R surface mount capacitor. The transfer function of the filter is given by the equation 3.6.

SZ

"~ 2+45(1/(CRs1) +1/Cg1Ro + 1/(CeaR2)) +1/(Cs1CaRs1 Ry2)

Tapr(s) (3.6)

TABLE 3.2: Sensing Network Parameters

Noise Sensing | Cs; (pF) | Co (nF) | Ry & Ry (kQ)
HPF1 470 10 100
HPEF2 4700 10 10
HPF3 4700 33 33

The design of the filter not only affects the volume but also the design of the active circuit.
The same transfer function of the high pass filter can be implemented with different components.
The value of the Cy; occupies the highest volume among the 4 components. Therefore, the sensing
network design has to optimized to achieve lowest volume overall volume while maintaining the
required frequency response. Three possible designs as shown in Tab. 3.2 are discussed here.
While HPF1 with Cy; of 470 pF is desired, it requires 100 k€ high frequency surface mount
resistors with very low parallel capacitance. Any parallel capacitance from the resistor or the PCB
will affect the frequency response of the filter and in turn affect the performance and stability of
the filter. If R, and Ry, value and integration could be strictly controlled HPF1 becomes feasible.
Even for HPF2 implementation, special 10 k€ thin film high frequency resistors are used to ensure
the frequency response. Finally, HPF3 is the filter of choice which uses 3.3 k€ high frequency
resistors. While HPF2 could be realized, HPF3 is more suitable. The reason behind this will
discussed in the stability analysis section (Section IV). The frequency response of the model and
the experimental measurement is shown in Fig. 3.6.
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3.4.3 Operational Amplifier Circuit

The following are major considerations for the selection operational amplifier (op-amp) for
the filter to be implemented in inverting configuration. The conventional considerations for the
op-amp are should:

1. Have open loop gain equal to higher than the required gain of the active circuit in the operating
frequency range

2. Have gain bandwidth (GBW) greater than the required bandwidth of the active EMI filter

3. Be unity gain stable to ensure high frequency stability

In many previous works that utilize current cancellation topology [11-13], the active circuit
consists of two parts. The first part is a low power high bandwidth op-amp that is used to set the
gain at different frequencies for the active EMI filter. The second part consists of an amplifier
stage that is capable of supplying the high power current. This type of design is required in ac-dc
converters at a higher power level where the bare noise level is also high (around 140 dB at 150
kHz). This makes the stability analysis more complex since the frequency response and thermal
performance of both the stages need to be carefully designed in order to ensure stability. But, in
this work, the DUT is at a power level of 30 W and therefore the noise level is also low (around 80
dB at 150 kHz). Therefore a single op-amp could be utilized for the active circuit. But, there are
other special considerations that need to be taken into account because of the 2"¢ order high pass
filter.

The op-amp is configured in the inverting configuration with the output of the noise sensing
network connected to the inverting input. Z; and Z,, represent the two impedance in the inverting

amplifier circuit. There are two ways of implementing the gain setting that is required for the ac-
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tive circuit. Select Zy >> Ry, and select Z, to set the required gain of the active circuit. In case
of HPF1, where Ry is of the order of 100 kQ, Z; should be at least 1 M to effectively decouple
the output impedance of the high pass filter network. This causes another problem. Any input bias
current will flow through the Z; and add to the input offset voltage. This input offset voltage would
then be amplified at the output terminal of the op-amp. This reduces the effective output swing
and therefore will impact the performance of the filter. And at high temperatures, the bias current
combined with high Z, can cause complete saturation of the op-amp rendering it completely use-
less. The solution to this problem is two fold. First, instead of decoupling the output impedance
of the sensing network from the active circuit, set Zy to zero. Now, Z;, could be set depending on
the required gain of the active circuit. In order to ensure that the bias current does not cause any
large voltage offset at the output, a FET input is required. Compared to BJT input op-amps which
have bias current of the order of 10s of nA to 100s of nA, FET input op-amps have bias current of
the order of 10s of pA throughout the entire operating temperature range. Therefore, in addition
to conventional considerations, the op-amp for current cancellation in a ac-dc converter needs to
meet the following considerations.

4. Be capable of supplying the required cancellation current and handle the leakage current from

the 60 Hz line voltage

49



5. Low input bias current such that the op-amp does not saturate at high value of DC feedback

resistor Z;,

The open loop gain and the output impedance of the op-amp are available in the datasheet
[35]. The values from the datasheet are verified by measurements. The open-loop gain is measured
based on [36] and the output impedance of the op-amp is measured by configuring it at a known
value of closed loop gain [37]. The model of the op-amp could be derived based on the open-loop
gain and its output impedance. Following the same procedure, the op-amp OPA828 is modeled.
The open-loop gain is around 70 dB at 10 kHz and is capable of supplying up to 30 mA of current
and therefore does not require a dedicated current-amplifier circuit. The input bias current is of
the order of a 8 pA at room temperature and can be up to 400 pA at 85 °C. The active circuit is
designed such that the increase in input offset voltage due to the bias current is only 1 uV even
at 85 °C. This ensures that the the op-amp does not saturate. Also, because the op-amp of choice
has FET input, the input resistance (R; = 102 Q) and capacitance (C; = 6pF’) could be ignored.
In current-cancellation active EMI filter, the output impedance of is in series with C;;,;. Therefore,
it plays a significant role in the attenuation provided by the filter. It is represented by Z,. The
open-loop gain of the op-amp is represented in 4.13. The model vs. the measured open loop gain

is shown in Fig. 3.8.

G,
L+s/o)(1+s/an)

Gop—amp(s) = ( (3.7

where, G, is the open-loop gain at DC and ®; and @, represent the gain rollover frequencies.

G, =107;0; =2%5.3 rad/s; 0y = 2%70 Mrad /s
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The feedback factor of the op-amp in the inverting configuration with the high pass filter

and the load is given by the following equation.

) e
where,Zy; = Z;// (Rsz /) (sclsz + CLI / /1@)) (3.9)

The transfer function of the op-amp in the inverting configuration with the high pass filter

and the load is therefore given by the following equation.

Gop—amp(s) (Zb + (Zo//Zl)> 1
Zir+Zp+(Zo//ZL) 14 Gop—amp(s)B

Top—amp (S) = (3.10)

3.4.4 Model of the Injection Network

The injection network comprises of R;,; and Cj, ;. The original Cpy capacitor of the passive
filter is 470 nF. When active EMI filter is employed, the value of the injection capacitance could
be reduced. The transfer function of the injection network is given by 3.11. The selection R;;,; will

be discussed in the stability analysis section (Section IV).

Z,-nj(s) = Rinj +

3.11
SC,‘nj ( )
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Fig. 3.9: Block diagram of feedback voltage sense current cancellation active EMI filter
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3.5 Modeling and Stability Analysis

The signal flow graph of the VSCC active EMI filter is given in Fig. 3.9. In order to carry
out the stability analysis, the loop is disconnected at the sensing node and a small signal voltage
vys 1s applied. The high pass filter is in parallel to the LISN impedance and therefore does not
affect the loading of the op-amp even when disconnected for loop gain measurement. The voltage
across the parallel combination of Lpys and Z; denoted as v,,; . The loop gain is the ratio of v, to
vss. This can be obtained by the product of transfer function of the sensing network, the inverting

op-amp and the voltage divider at the output of the op-amp (Z;,; and Z; / / Zs).

_ Vour (S) o VHPF(S) Vour (S) VLISN(S)

LEO =370 = Vals) Vinls) Vou(®) (3.12)
From (5),(9) and (10),
V4 A
LG(5) = Tirr ) Top-ampls) 10 o (3.13)

Fig. 3.11: Possible compensation techniques for stability improvements
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3.5.1 Feasibility of Conventional Compensation Scheme

The gain of the op-amp is varied by changing Z; and Z,, to see the condition that the active
EMI filter will become stable. As specified earlier, Z¢ is set to zero. Now, Z;, has to be adjusted
in order to set the required gain. As mentioned in Section II, the gain of the active circuit is
going to determine the insertion loss of the active EMI filter. Instability arises both at low and
high frequency. Low frequency instability occurs due to the phase shift introduced by the noise
sensing network and the due to the roll-off in the gain of the op-amp due to the first pole. High
frequency instability occurs to due to other parasitics and 2nd pole in the open-loop gain of the
op-amp. For this topology of the active EMI filter, it is impossible to ensure stable condition in
low frequency (< 100 kHz) even for very low gains of 6 dB without any compensation. The
conventional compensation methods is to introduce a pole-zero pair at that frequency range to
improve the phase margin. This could be implemented by using an RC network (R, and C.1) in
parallel to Z; (connected across the line and neutral in the actual circuit) as shown in Fig. 3.11.
This would require a safety rated capacitor of the order of 100 nF along with a resistor. Now,
the original 470 nF Cpy capacitor needs to be replaced with a C,j, 4.7 nF C; and a 100 nF
Cc1. Therefore, this method would not be viable as it would not help achieve volume reduction.
Other method to use an LR network across the Lpy;. This would also require another magnetic

component and would also reduce the volumetric benefits of using the active EMI filter.

3.5.2 Compensation Scheme

The proposed compensation scheme realizes two functions:

1. Improves the low frequency stability and
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2. Reduces the gain at high frequencies thereby improving the high frequency stability as well

In order to improve the low frequency stability, R;,; is used. The R;,; in combination of
the Cj,; helps improve phase margin at low frequency. But, using high value of R;;; reduces the
attenuation of the active EMI filter. However, the noise at around 150 kHz decides the cut-off
frequency and therefore the Cpys required. So, the gain of the active circuit is set such that the
active EMI filter provides attenuation comparable to 470 nF from 150 kHz to a few 100 kHz.
Above this, R;,; dominates and reduces the effective attenuation of the filter. With the high pass
filter, there is nothing that limits the gain at frequencies above a few MHz. This will result in
high frequency instability of the active circuit. This helps limiting the gain of the active circuit at
high frequencies thus improving high frequency stability. In order to improve the high frequency
stability, a gain compensation capacitor C; is used across the feedback resistance to reduce the
gain of the active EMI filter at frequencies above 1 MHz. The flowchart for overall design of the

active EMI filter is shown in Fig. 3.12.

TABLE 3.3: Component values in the passive filter and active EMI filter

Component Value Ratings
Lpy 120 Leakage of CM choke
Cpmi 470 nF X2 and 275V

Cpm2/Cinj 68 nF X2and 275V
Cs1 4.7 nF X1Y1and 275V
Co 10 nF 50 VSMD

R &Ry 3.3kQ 1/8 W SMD
Zs - -
Zy Ry || C -
Ry, 100 kQ 1/8 W SMD
Ce 470 pF 16 VSMD
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Given parameters are Lpy (leakage of CM
Choke) & required DM attenuation at 150 kHz

Design 2™ order HPF using (6) to ensure 60
Hz and harmonics are sufficiently attenuated

Select op-amp satisfying the 5 criteria
laid out in III. C.

Set initial value of gain and Cj,

Use (13) to check the loop gain for
decrease value of gain of op-amp and
increase Cip

Increase
Ccz

Increase
Rln

If low frequency
unstable

If high frequency
unstable

Fig. 3.12: Schematic for experimental testing
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Fig. 3.13: Frequency Response of HPF and Active Circuit measurement configuration

3.6 Small Signal Measurements

The final component values used in the filter are listed in Table. 3.3. Firstly, the gain of the
active stage along with the high pass filter is measured. The schematic of the measurement is shown
in Fig. 3.13. The measurement result is shown in Fig. 3.14. The measurement and the model shows
good agreement up to a few MHz. Next, the Cj,; and R;,; are added to this circuit and the loop gain
is measured by disconnecting the HPF at the sensing node. The measured loop gain is shown in
Fig. ??. From the figure, it can be seen that the active EMI filter has about 28 degrees phase margin
around 40 kHz and around 80 kHz around 20 MHz. Thus both low frequency and high frequency
stability are ensured. The output impedance of the actively enhanced 68 nF capacitor is measured
using 1-port measurement of the VNA. This measurement vs. model is shown in Fig. 3.18. Then,
the CM choke whose leakage inductance serves as the Lpy, is connected and transfer gain of the

filter is measured. This measurement vs. model shown in Fig. 3.20. From the impedance and the
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Fig. 3.15: Configuration for measuring loop gain

transfer gain it can be observed that the 68 nF capacitor’s impedance is enhanced starting at 5 kHz.
This ensures that low frequency harmonics of the ac line frequency and other harmonics from the
operation of the rectifier do not saturate the active circuit. The impedance and the transfer gain
with the actively enhanced 68 nF is comparable to that of the original 470 nF capacitor up to a few
100 kHz. Above this frequency range, the effectiveness of the active circuit reduces because of the
reduction in gain due to the compensation capacitance Cy, and R;;,;. Since the noise at frequency
range around 150 kHz determines the values of the filter component required, this is sufficient to

ensure that the noise level is below the standard. This will be shown in the next section.
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Fig. 3.17: Impedance measurement configuration of Cpy1, Cpyz and Ciy,j with active EMI filter
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3.7 Experimental Setup and Results

3.7.1 Experimental Test Setup

The converter under consideration is a 30 W ac-dc converter. The test setup is done as
described in CISPR-16 standard and is shown in Fig. 3.22. The Line Impedance Stabilization
Network (LISN) pair used for EMI measurement is COM-Power LI-50A which is designed to carry
out measurements for CISPR-22 standard. The differential mode measurements are made using
power splitter ZSCJ-2-B+ from Mini-Circuits. The 3-dB bandwidth of the noise splitter covers the
conducted emissions frequency range of CISPR-22 standard. The noise measurements are carried
out using the Keysight N9038 MXE receiver. The resolution bandwidth, video bandwidth and the
dwell times of the EMI receiver are setup as specified in the standard. The 110 V, 60 Hz single
phase power supply from the wall outlet is fed to the power converter through the two LISNs.

The neutral is tied to the ground at the wall outlet. An external isolated power supply is used to
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Fig. 3.18: Comparison of measured impedance of Cpys1, Cpm2 and Cy,; with active EMI filter
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Instruments.
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Fig. 3.22: Conducted Emissions Measurement Test Setup

3.7.2 Experimental Results

The noise measurements with the Quasi-peak detector are carried out and the results are
shown in Fig. 3.23. From this it can be seen that with the active EMI filter, the attenuation is

16 dB using the same 68 nF capacitor around 150 kHz. Thus the performance of this filter is
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Fig. 3.23: Experimental results - Quasi peak detector

comparable to that of using 470 nF capacitor. The obtained attenuation from the filter is within
the expected range. This validates the model obtained earlier. The filter prototype is shown in Fig.
3.24 and the volumetric comparison is summarized in Fig. 3.25. Thus, with a 68 nF capacitor,
the equivalent attenuation would be approximately same as using a 470 nF capacitor. The volume
of the 470 nF capacitor is 3901 cu. mm. The volume of the 68 nF Cj,; capacitor 945 cu. mm.
The volume of the 4.7 nF high voltage sensing capacitor (Cy;) is about 180 cu. mm. Thus, using
this topology of active EMI filter, the volume of the X-capacitor has been reduced by about 67%.
The filter prototype is shown in Fig. 3.24 and the volumetric comparison is summarized in Fig.
3.25. For low power ac-dc converters, the proposed work achieves two important things. It uses
low voltage components for compensation and uses only one high voltage component for noise
sensing. Even with one additional high voltage component, a volume reduction of 67% is achieved

for the differential mode capacitor.

66



Fig. 3.24: Comparison of Passive Components with and without active EMI filter
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Fig. 3.25: Volumetric Comparison of the Capacitance with and without active EMI filter

3.8 Conclusion

The suitability of different active EMI filter topologies are discussed for the ac-dc converter
without PFC is discussed. Because of the spurious nature of the input currents with higher peak
values, current sensing or voltage cancellation topologies cannot be used for these converters.
The feedback control based voltage sense current cancellation topology uses only high voltage
capacitors for noise sensing and cancellation. The individual sub-circuits are modeled in detail.
Based on this modeling, design procedure is presented in the form of a flowchart. The design
procedure involves deciding the loop gain and suitable compensation methods to optimize the
volume reduction without the need for too many high voltage/high current components. Feasibility
of conventional compensation scheme was identified and a compensation scheme with better low
and high frequency stability that uses only low voltage components is proposed. Small signal
measurements are compared to the models in order to show the effectiveness of the models. The

filter is tested with power adapter with and the results are consistent with the model and small
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signal results.Active EMI filter helps reduce the value of the X-capacitor by about 10 times from

470 nF to 68 nF and the volume of the X-capacitor by 67%.
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4  Modeling and Analysis of a Differential-Mode Active EMI Filter with an Analog

Twin-circuit

4.1 Abstract

Conventional passive EMI filters are bulky and occupy up to 30% of converter volume
and weight. Active EMI filters are a key technology that enables the volume reduction of pas-
sive components in the EMI filter. The effectiveness of traditional active EMI filter for volume
reduction is limited by the additional overhead from the passive components for noise-sensing and
compensation to ensure stability. A novel active EMI filter is proposed and demonstrated for DM
noise attenuation. The filter consists of a twin-circuit made up of low voltage/current components
that mimic the high-power passive filter components in the main circuit. Unlike the conventional
active EMI filter, the proposed filter uses compensation networks which consists of low-voltage
surface-mount components only. The modeling of the entire circuit is carried out, and verified
with small-signal measurements. The filter is then tested in a converter and the experimental re-

sults are shown to be consistent with the model and the small-signal measurements.

4.2 Introduction

Power converters generate conducted EMI noise due to the switching action of the power
semiconductor devices. Conventionally, a second-order passive EMI filter is used for noise miti-
gation to ensure compliance with standards. With the advent of wide-bandgap devices such as SiC
and GaN, the power density of the power stages is ever increasing, as demonstrated in the literature

[1-3]. While the power density of the power stage increases, the high switching frequency and high
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switching speeds of the wide-bandgap devices require careful design of EMI filters to ensure the
high power density of the entire power converter. However, the passive components have not kept
up with the developments in the power semiconductors area. Therefore, passive EMI filters are a
significant bottleneck for power density and could occupy up to 30% of power converter volume
and weight.

Active EMI filters are a key technology that will enable high-density passive solutions
for the next generation of power converters. Typically, active EMI filters are implemented along
with another passive component. This is essential because of the limitation of the bandwidth of
the passive components and the active circuits used in the active EMI filter. Using active EMI
filters along with a passive component is referred to as hybrid EMI filters. Active and hybrid
EMI filters have been shown to reduce the volume of the passive components by over 50% [4—
6]. The active EMI filters provide attenuation up to a few MHz, and a smaller passive filter is
used to provide high-frequency attenuation. The active EMI filters can be classified based on
the methodology of control, noise-sensing, and noise-cancellation mechanisms [7-9]. Previously,
active EMI filters using feedforward[7], feedback[6, 10, 11] and a combination of both control
techniques [12] have been demonstrated. Also, active EMI filters utilizing a combination of voltage
or current sensing and cancellation have been demonstrated [4, 5, 13—15]. Active and hybrid EMI
filters have been applied to common-mode (CM) and differential-mode (DM) noise attenuation in
both dc-dc [5, 16], ac-dc [6, 10, 13] and dc-ac [7, 17] converters.

Among existing work, transformer-less current-cancellation topologies have been shown
to offer higher volume reductions than voltage-cancellation topologies that use a voltage injector.
Recently, a summary of different active EMI filters and their implementation of different power

converters was presented in [18]. In [18], the need for novel analog or digital active EMI filters
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Fig. 4.1: Schematic of typical feedback control based voltage-sense current-cancellation active
EMI filter

with improved performance (attenuation) while avoiding additional passive components for com-
pensation was identified. In order to get good attenuation with the feedforward topology, tight
control of tolerance of all the passive components is required. Moreover, for the most part, the
feedforward topology remains stable.

While the feedback topology is resilient to component tolerances, it is subject to stability
issues at low (<150 kHz) and high (>30 MHz) frequencies. Instability at low frequency occurs
due to the phase shift introduced by the noise-sensing circuit. High-frequency instability stems
from the gain roll-off of the op-amp circuit, and other parasitics in the circuit. In order to ensure
stability, damping networks comprising of high-voltage/high-current components are added to the
circuit. These components add to the bulk and reduce the benefits of using active EMI filters. The
schematic of a typical feedback control based voltage-sense current-cancellation active EMI filter
is shown in Fig. 4.1. There are four main parts of the active EMI filter. They are: the noise-
sensing circuit, the active circuit (op-amp), the main passives and the compensation network. In
[11], attenuation of up to 34 dB around 150 kHz in an ac-dc converter with PFC. using feedback

current-sense current-cancellation topology active EMI filter was reported. However, in addition
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to the CT (Current Transformer) for noise-sensing, additional high-voltage capacitor (C¢) and
resistor (R¢) compensation network to ensure the stability of the active EMI filter. This additional
high-voltage compensation network prevents maximizing the volumetric benefit of using an active
EMI filter. It was shown in [10] that for an ac-dc converter without PFC, voltage-sense current-
cancellation active EMI filter offers the most volume reduction. While this method avoided any
current-transformers and additional high-voltage compensation network, an attenuation of only 12
dB was achieved around 150 kHz. The main bottleneck that limits the performance was identified
as the phase shift introduced by the noise-sensing second-order high-pass filter.

This work proposes a novel active EMI filter with a twin-circuit. The proposed active EMI
filter overcomes the stability issues facing a conventional feedback control based implementation.
The proposed topology does not require any high voltage/current components for compensation,
and instead only uses low-voltage surface mount components. Some of the preliminary results
in this paper were previously presented by the authors in [19]. The organization of the work is
as follows. Section II describes the proposed concept of the active EMI filter with a twin-circuit.
Section III involves the modeling, design, and frequency domain measurements using the VNA
to verify the modeling of individual sub-circuits and insertion loss of the entire filter as a whole.
Section IV describes the experimental test setup, and discusses the small-signal and experimental

results. Section V presents the conclusion.
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4.3 Active EMI filter with twin circuit

4.3.1 Topology selection of active EMI filter

The active EMI filter could use either noise current or noise voltage-sensing and cancel-
lation. Topologies that employ current-sensing and voltage-cancellation requires the use of CTs
for current-sensing and voltage-injection transformers for voltage-injection, respectively. For DM
noise, the CTs and voltage injection transformers can be bulky since they have to carry the line
current without getting saturated. Therefore, using these topologies would affect volume reduc-
tion benefits that come with the use of the active EMI filter. Therefore, it is more desirable to use
active EMI filter topologies that do not require the use of any additional magnetic components.
The voltage-sense current-cancellation topology uses only high voltage capacitors in combination
with low voltage active circuits for noise-sensing and cancellation. Therefore, using this topology
will help maximize the volume reduction and therefore, is used in this paper. Previously, feedback
control based voltage-sense current-cancellation topology was demonstrated in [10]. However, in
order to avoid using additional high-voltage components for compensation for stability improve-
ment, the attenuation of the active EMI filter was limited to 12 dB around 150 kHz. This work
proposes a topology that only uses low-voltage components for compensation but still implements
voltage-sense current-cancellation active EMI filter for DM noise cancellation while achieving 24

dB attenuation around 150 kHz.

4.3.2 Feedforward voltage-sense current-cancellation active EMI filter

The schematic of the overall implementation of the proposed active EMI filter for DM noise

attenuation is shown in Fig. 4.2. The converter is represented by the current source, Ig, and the
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Fig. 4.2: Schematic of proposed feedforward control based voltage-sense current-cancellation
active EMI filter with twin-circuit

noise source impedance Zg represents the impedance of the dc-link capacitor. The load impedance
Zy sy represents the equivalent impedance of the LISN for DM noise. The original passive EMI
filter consists of inductance, Lpys, and capacitor, Cpys. The proposed active EMI filter enhances the
impedance of Cpys. And, in combination with Lpyy, it forms the hybrid EMI filter. This Lpy; could
be a discrete inductor or leakage inductance of the CM choke. In the active EMI filter, the Cpyy is
referred to as the Cyy; since the noise current is injected through this capacitor. Noise-sensing is
carried out at the converter end, making this implementation a feedforward topology.

There are four parts of the proposed active EMI filter circuit. The first stage involves
the noise-sensing high pass filter. It consists of a second-order high pass filter that rejects any
line frequency and other harmonics and senses only the switching frequency and its harmonics.

The second stage is the compensation stage. The output of the high pass filter is buffered, and
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the compensation network is used to improve the gain and phase around 150 kHz (start of EMI
frequency range). The compensation network uses only low-voltage components and is key to
enhance the attenuation of the active EMI filter. The next stage is the twin circuit. The output of
the compensation network is fed to the twin circuit that comprises of the components that mirror
the main filter components. That is, corresponding to Lpys, Civy, and Zy sy in the main power
circuit; there are Lpyys;, Cinye, and Zpjsy; in the twin circuit. The twin-circuit consists of a feedback
control based voltage-sense current-cancellation topology active EMI filter. All the components in
the twin circuit are low-voltage and low-power components. The final stage is the noise injection
stage. This circuit buffers the injected noise in the twin circuit, Vjyy;, and injects into the main
circuit. Ideally, all the active circuitry and its components of the active circuit with the exception
of Lpy; and Cyyys could be integrated into a single IC. Even then, since these components do not
carry the line current or do not have to block the line voltage, they can be made from surface mount
components or much smaller in volume relative to passive components in the power circuit for all
cases. Moreover, the filter would be more beneficial at higher power levels. Further, in the entire
active EMI filter, there are only two high-voltage components — Cg; and Cyyy capacitors avoiding

the need for additional magnetic components or high-voltage capacitors.

4.4 Modeling of the active EMI filter and twin circuit

The block diagram of the entire active EMI filter circuit is shown in Fig. 4.3, and the
equivalent circuit is shown in Fig. 4.4a. Igg is the current through Zg, and Is4 represents the
current flowing through the filter. This cancellation current injected by the filter and the noise
current through the LISN is represented by Isc and Isz, respectively. Alternatively, the DM noise
source could be represented by the voltage source Vg given by (4.1) in series with an impedance,
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Fig. 4.3: Block diagrarﬂ of proposed active EMI filter - twin circuit block diagram collapsed into
Ging

Fig. 4.4: (a) Equivalent circuit of proposed active EMI filter with noise source represented by
current source (b) noise source represented by voltage source

as shown in Fig. 4.4b. Now, the sensed voltage, Vsgy 1s given by (4.2). Combining the impedance
of Lpy, Zpy, and noise-source impedance, Zg, simplifies the derivation of the open-loop current
gain. The new equivalent noise source (Ig) and noise source impedance (Zg) is given by (4.3) and
(4.4), respectively. Now, the open-loop current gain (Gor) without the active EMI filter is given

by (4.5).

Vs =I5 Zs 4.1
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Vsen = Vs —IsaZs = Zs(Is — Isa) 4.2)

Zs
IL=—" ] 4.3
ST Zs+Zpu S *3)
Zs=Zs+Zpu 4
I Z, Zs+7Z
GoL SL s s+ Z4pm 4.5)

- E C Ze+ZL Zs+Zpu+Zi

The noise source voltage Vsgy is sensed by the active EMI filter using a high pass filter.
The output of the high pass filter Vypr is then inputted to the compensation stage. The output of
the compensation stage is Vecoup 1s then used as the noise source Vg, to the twin circuit. Let Gyyy
be the ratio of the Vjy; to Vsgn. The injected cancellation current Igc is given by (4.6). Substituting

for Vsgy in (4.6), results in (4.7).

IsiZpisn +GingVs
ISC: L& NZ EN (46)
INJ
I 7 +G Vs — (Isp +150)Z
Iop — [SLZisN vy (Vs — (Ls, + Isc) Zs) 4.7

ZINg

The twin-circuit comprises of feedback control based voltage-sense current-cancellation

active EMI filter circuit. The detailed derivation of the topology used in the twin circuit is presented
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Fig. 4.5: Block diagram of twin circuit - feedback voltage-sense current-cancellation topology

(b)
Fig. 4.6: Equivalent circuit of twin circuit with noise source represented by (a) voltage source and
(b) current source

in [10] and general current-injection based active EMI filter topologies for DM noise are discussed
in detail [6, 11, 12]. So, only final equations are given here for the sake of brevity. The block
diagram of the twin-circuit is shown in Fig. 4.5. The circuit schematic and the equivalent circuit
of the twin circuit are shown in Fig. 4.6a, and Fig. 4.6b respectively. The noise voltage source in
the twin circuit is Vg;. The current through Lpyy; is Isz;, and the cancellation current is Igc; and the
current through Z; sy, is given by Is;;. The feedback gain of the active circuit is represented by
A j;. The feedforward current gain and the loop gain of the feedback loop is given in (4.8) and (4.9)

respectively.
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Isu _ G
Iy 1+GZ8(14+Ay)

ZINJt

(4.8)

Z
where G; = b1

Zpm: + Z1isnt

Vinge  Isie Zpisn
F= A, (4.9)
Vst I, Zpm:

Substituting (4.8) in (4.9), gives (4.10).

Ving _ Aj ZINJt
Vse L2 414 Ay Zpw

Gt Z1isne

(4.10)

The attenuation with the active EMI filter with the twin circuit is then given by (4.11).

Vinie Zpm
Gep=1— ! TuprIcomp @.11)
VS; ZINJt
A ZiNgt Zpm
Gor _ | B — Jt ! TuprTcomp (4.12)
L Zive 4 14 A Zpme Zing
Gy Z1isnt J

Substituting (4.10) in (4.11), yields (4.12). From (4.12), it can be seen that the attenuation
of the proposed filter is highest when the second term is unity. For this to occur, the following
conditions need to be satisfied:

1. The gain of the twin circuit which in turn determines the ratio of Vyyy; to Vs,
2. The degree to which there is a good match between Zyy; and Zjny:, Zpy and Zpyy;, and

3. TyprTcomp should be unity in the EMI frequency range.
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Further, the attenuation does not depend on the accurate match between Zy sy and Zjjsy;, which
makes the filter more robust to noise source impedance variations. The component selection, mod-
eling, and design of each sub-circuit and overall circuit design to achieve maximum attenuation

with the proposed active EMI filter are discussed next.

4.4.1 Operational Amplifier

The proposed active EMI filter uses op-amps in four parts of the circuit. Ideally, all four
op-amps could be integrated into one single IC. The first three op-amps are all small signal circuits
and do not need The open-loop gain and the output impedance of the op-amp are available in the
datasheet [20]. The values from the datasheet are verified by measurements using the VNA. The
open-loop gain is measured based on [21] and the output impedance of the op-amp is measured by
configuring it at a known value of closed-loop gain [22]. The simplified model of the op-amp is
shown in Fig. 4.7. The transfer function of the open-loop gain of the op-amp is given by 4.13. The
open-loop gain is around 65 dB at 100 Hz and is capable of supplying up to 75 mA of current. This
op-amp is over-designed to be used as the buffer for the noise-sensing and compensation stages.

However, for the simplicity of modeling, the same op-amp is used in all three stages.

Fig. 4.7: Schematic of simplified model of op-amp
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G,
l+s/o)(1+s/a)

Gamp = (

(4.13)

where, G, is the open-loop gain at DC, and @; and w, represent the gain rollover frequen-

cies. G, = 1780; w; = 2% 180 krad /s; w, = 2350 Mrad /s
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Fig. 4.8: Frequency response of high pass filter for noise-sensing -
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4.4.2 High Pass Filter

The converter that uses this filter could be fed from ac or dc supply. Either way, the noise-
sensing stage has to sufficiently attenuate any 60 Hz ac voltage its harmonics, and the high-
frequency currents due to rectifier operation or any other converters connected to the same node.
Otherwise, any low frequency harmonics can easily saturate the output of the active circuits. Ide-
ally, the output of the high pass filter should only include the switching frequency and its harmonics
in the desired EMI frequency range (150 kHz to few MHz). The design of the sensing network
requires careful consideration to ensure that it:

1. has the desired performance throughout the entire frequency range and
2. it does not add too much to the volume of the filter

It is not possible to get around 80 dB attenuation at 60 Hz with a 1*" order high pass filter.
Therefore a 2" order high pass filter is used as the sensing network. The capacitor Cy; needs to be
rated for the input voltage and needs to be safety rated (X1Y1 rated). The other components Cj,,
Ry1, and Ry, are low voltage and low power components. The capacitor Cs, is a 50 V rated X7R
surface mount capacitor. The transfer function of the filter is given by 4.14. The output of the high
pass filter is buffered (op-amp configured as voltage-follower) and fed to the compensation stage.
The selected op-amp is unity-gain stable with a gain-bandwidth of about 500 MHz. Therefore, the
output of the buffer could be assumed to be the same as that of the high pass filter. The transfer
function of the filter and the buffer is measured for Cy; = 4.7 nF', Cyp = 10 nF', Rg; = 3.3 kQ and
Ry = 3.3 kQ using the Bode-100 VNA. The comparison of model and measurement is shown in

Fig. 4.8.

86



§2

Thpr = (4.14)
2 1 1 1 1
§ +S(Cissl + CSIRSZ + CSZRSZ) + CSICSZRSIRSZ
20 L ] L L] L] L]
0F - e 4_:\
— -
=)
2
o 20 F .
= HPF output
:g = = =(Compensation Qutput
gn -40 .
L]
=
-60 .
—80 1l L ] Tl 1l
10° 10° 10* 10° 10° 107
Frequency (Hz)
200 { | 4 ] L] L] L]
HPF output
150 = = = Compensation Output| |
)
@
£ 100 !
=11}
@
)
2 S0F 1
o] 1
£
=w I
or _\*;
_50 1 i Il Tl 1l
10° 10° 10* 10° 10° 107

Frequency (Hz)
Fig. 4.9: Frequency response of high pass filter output with and without compensation

4.4.3 Compensation

The low-frequency compensation is a lead-lag compensator. As a whole, the proposed
analog-twin based active EMI filter is a feedforward implementation. Therefore, the attenuation
is maximum when the gain is unity with no phase shift. The high-pass filter that is used to sense
the noise reduces the gain and introduces phase-shift up to a few 100 kHz. In order to reduce
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this, a pole-zero pair (lead-lag compensator) is introduced after the high-pass filter. This transfer
function of the sensed noised with and without compensation is illustrated in Fig. 9. The lead-lag
compensator is chosen such to reduce the distortion in gain and phase in the EMI frequency range
without overshooting the gain above unity. The compensation stage consists of a non-inverting
amplifier with a gain of 2. Since the GBW of the op-amp is of the order of 500 MHz, the transfer
function of the op-amp can be assumed to be approximately given by (4.15). The output of this
circuit is fed to the compensation network. The compensation network consists of R.;, R:2, and

C.1 and is used to introduce a pole-zero pair (lead-lag compensation) around 150 kHz to improve
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the gain and the phase distortion introduced by the noise-sensing stage. The transfer function of
the compensation stage is determined by the non-inverting amplifier and the passive network. The
transfer function of the compensation network and the non-inverting amplifier is given by (4.16).
The transfer function of the filter and the buffer is measured for C.; = 47 nF, R,y = 120 Q and
R = 120 Q using the Bode-100 VNA. The comparison of model and measurement is shown in

Fig. 4.8, and the comparison of the sensing stage with and without compensation is shown in Fig.

4.9.

T, 1+% (4.15)
A= e e N :
1+ l+(lfjn{”R1)
ﬁ‘}'RcZ
Tcomp = (4.16)

Ty

R+ ﬁ +R
Besides this, all the op-amps require high-frequency compensation to avoid instability.
This is ensured by conventional lag compensation by using a small capacitor across the feedback

resistor to reduce the gain at frequencies higher than 30 MHz.

4.4.4 Twin Circuit

The twin-circuit comprises of feedback control based voltage-sense current-cancellation
active EMI filter circuit. The detailed derivation of the topology used in the twin circuit is presented
in [6, 10]. So, only final equations are given here for the sake of brevity. The block diagram of
the twin-circuit is shown in Fig. 4.5. The circuit schematic and the equivalent circuit of the twin
circuit are shown in Fig. 4.6a, and Fig. 4.6b respectively. The noise voltage source in the twin

circuit is Vs;. The current through Lpyy; is Isz;, and the cancellation current is Isc; and the current
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through Z;;sn; is given by Ig;. The feedback gain of the active circuit is represented by Aj;.
The feedforward current gain and the loop gain of the feedback loop is given in (4.8) and (4.9)
respectively.

The twin circuit comprises of feedback voltage-sense current-cancellation topology which
is designed based on [10] and only key details are provided here for the sake of brevity. The gain
of the inverting amplifier is set using C¢, Z¢, and Z;, to 24 dB in the frequency range of 150 kHz

to 1 MHz. The three main components of the twin circuit are Lpys;, Cinye, and Zpjsy; which are

90



50 L] il L 1] L ]
Model
= = =N easurement
)
-= 0
S
=]
<
-
=
=
g 50
= -5
z
_100 il L ' il il
10° 103 10* 10° 10° 107
Frequency (Hz)
200 L] il L | L] L ]
- 100 F
W
=5
=]
.
)]
=]
z 0 .
QL
W
=
=
-100 \ Model 7
= = =N easurement
_200 1l L ' il il
10° 103 10* 10° 10° 107

Frequency (Hz)
Fig. 4.12: Frequency domain measurement of V;y; - model vs. measurement

identical to the components Lpys, Ciny, and Zy sy in the main power circuit. The twin circuit is
configured in the feedback configuration. It operates to reduce the noise in Zsy;, which is a 100 Q
resistor. The gain of the amplifier circuit is directly related to the attenuation provided by the active
EMI filter. The high-frequency stability of the twin circuit is ensured by using lead-compensation
method (adding a capacitor across the feedback resistor) and using an injection resistor in series
with Cyyy;. The loop gain of the twin circuit is given by (4.17). The gain of the twin circuit is set to

ensure that the twin circuit is stable and the output of the op-amp in the twin circuit is not saturated
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by any low-frequency and its harmonics. The voltage V;NJt is then fed to a buffer in the injection

stage. The output of this buffer is fed to Cjy; in the main circuit. The voltages V;;sn: and Vyyj; are

measured using the VNA for Lpy;; = 33 uH, Ciyje = 47nF, and Zp sy = 100Q2. The comparison

of model and measurement is shown in Fig. 4.11, and Fig. 4.12 and show good agreement.

B ZL//Zs
A =T G 125) 4 7
where,
. Gopfamp (Zb + (ZO//Z1)> 1

Tia =
Zir+Zy+(Zo//Z1) 14 Gop—ampP

| Zsr 21/ /(Zsr+Zp)
p= (fo+Zb) (Zz//(fo+Zb)+Za>

Z1 =Zinyt + Zrisne /| Zome

4.4.5 Injection Network and Insertion Loss

(4.17)

The Vjny; voltage from the twin circuit is buffered and injected in the main circuit using

Ciny. A series resistor Ryyy is added to damp the resonance between Lpy, and Cpyy, similar to

the twin-circuit. The model vs. measurement of insertion loss of the proposed analog-twin based

active EMI filter is shown in Fig. 4.13. The measurement shows good agreement to the model

up to a few MHz. The comparison of insertion loss with the inductor Lpys (33 uH) , passive

components Lpys (33 wH) and Cpys (47 nF) only, the same passive components, Lpys (33 uH) and
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Ciny (47 nF), when used with the analog-twin based active EMI filter , is shown in fig. 4.14. In
order to see the additional attenuation by the active EMI filter, the value of Cpys and Cyy; is kept
the same. When compared to the passive components only, the active EMI filter provides 24 dB
at 150 kHz with the bandwidth of 1 MHz. However, along with Lpy,, the bandwith of the overall

hybrid filter encompasses the entire conducted EMI frequency range of CISPR-22 standard (150

kHz to 30 MHz).
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4.5 Experimental Results

4.5.1 Small Signal Test Results

For carrying out the small-signal tests, the function generator is used as the noise source.
Since the output of the function generator has a 50 Q output impedance, the function generator is
used with an op-amp configured as a voltage-follower. In addition, a 30 (F capacitor in series to

the output of the voltage-follower to represent the capacitive noise source impedance in the actual
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converter. The output through the capacitor is then connected to the active EMI filter, and tests are
carried out under two cases. One with the Lpy; and Cpys and another with the Lpy, and the proposed
active EMI filter. The active EMI filter uses Cjy; same as that of Cpys. The noise is measured at the
LISN with a DM noise splitter (Mini-circuits ZSCJ-2-2+). The output of the DM noise splitter is
connected to the Keysight MXE EMI receiver. The time-domain waveforms at different stages of
the proposed active EMI filter are measured using TPP1000 1 GHz passive probes and a Tektronix
MSO-56 Oscilloscope and shown in Fig. 4.15. The noise voltage (Vsource) 1S sensed using the high
pass filter (Vypr) is distorted due to the non-linear phase shift introduced by the high pass filter.
The output of the compensation network has lower distortion and corresponds well to Vsgce. The
injection signal( Vyyy) does not have any high frequency or low-frequency ringing confirming that
the filter is stable. The frequency-domain measurements from the EMI receiver are shown in Fig.
4.16. With the proposed active EMI filter, there is about 24 dB attenuation around 150 kHz and

the bandwidth of 1 MHz corresponds to the frequency domain measurements using the VNA.

4.5.2 Experimental results with converter

The measurement setup is the same as that of the small-signal test results. The filter is
connected to a buck-converter with a switching frequency of 50 kHz and 75% duty cycle. The
measurements are carried out under the same two cases, as previously mentioned in the small-
signal tests. The time-domain measurements and are shown in Fig. 4.17 and the EMI receiver
measurements are shown in Fig. 4.18, respectively. From Fig. 4.17 the distortion introduced
by the high pass filter has been corrected by the compensation network. The injection stage has
no high-frequency or low-frequency ringing, ensuring that the filter is stable. From Fig. 4.18,

the attenuation at 150 kHz is around 24 dB, which is consistent with the small-signal results and
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VNA measurement. There is some attenuation up to 1 MHz, which is also consistent with the

measurements using the VNA.

4.5.3 Power Loss and Volume Reduction

The demonstration of the proposed filter includes three op-amps. For simplicity of model-
ing all the four op-amps were chosen to be same model. Also, as mentioned earlier, all of these
op-amps could be integrated into a single op-amp. Therefore, the bias power of only one op-amp
is considered for calculation of power loss. All the losses in the op-amp are calculated using 5 V
bias power. The quiescent power loss in the op-amp is about 50 mW corresponding to quiescent
current of about 10 mA. There are losses in the injection op-amp due to the leakage current in the
injection capacitors. For dc systems, this loss is negligible. For ac 110 V 60 Hz supply, the leakage
current is about 2 mA (for 47 nF Cjyy) which translates to about 10 mW in losses in the op-amp.
Besides these losses, there is loss due to injected current. From Fig. 18, the majority of the in-
jected noise current is only up to 500 kHz. So higher harmonics can be neglected. At 150 kHz,
the noise reduces from 66 dBu'V to 42 dBu'V. These corresponds to 39.9 mA and 2.5 mA of cur-
rent measured at the LISN at 150 kHz. Therefore, the losses in the injection op-amp is about 188
mW. Similarly, corresponding to noise injected up to harmonics of 500 kHz, the total power loss
due to injection current is about 725 mW. Thus, the total power loss (quiescent + leakage current
+ injection current) is 785 mW. Majority of the losses comes from due to the noise cancellation
current. At 30 W power level, the losses are about 2.5%. However, for the same attenuation, same
amount of cancellation-current is injected in the circuit at any power level. For example, consider
the case where the analog-twin based active EMI filter is used in 300 W converter. To arrive at

worst case estimates, the bias voltage for the amplifiers is assumed to 15 V instead of 5 V. Then
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the power losses in incurred in the injection circuit will be 2.175 W which corresponds to about
0.7%. Therefore, the percentage of losses incurred in the active EMI filter for the same attenuation
reduces as the power level increases. Further, corresponding to a reduction of capacitance (X2,
275 Vac rated) from 470 nF (3790 cu. mm.) to 47 nF (1215 cu. mm.), the volume reduction of

required capacitor is about 68%.

4.6 Conclusion and future work

A novel feedforward control based voltage-sense current-cancellation topology with a twin-
circuit that uses only high-voltage capacitors for noise-sensing and cancellation is proposed. The
topology uses only low-voltage surface mount components for compensation to improve attenu-
ation and ensure the stability of the active EMI filter. The twin-circuit consists of components
that are identical to that of the main circuit. The individual sub-circuits are modeled in detail to
arrive at the overall system model and insertion loss. The small-signal measurements are carried
out using the VNA at the sub-circuit level, and system level, and the insertion loss of the proposed
filter is compared to the passive filter. The model is in good agreement with the measurement up
to a few MHz. The small-signal test results and experimental test results show an attenuation of 24
dB at 150 kHz using a 47 nF capacitor, and a bandwidth of 1 MHz. This would enable replacing a
470 nF capacitor with a 47 nF one using the proposed active EMI filter resulting in a 68% smaller

capacitor.
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5  Zero-Phase-Filtering based Digital Active EMI Filter

5.1 Abstract

Zero-phase filtering is a methodology of achieving filtering without any phase distortion.
This methodology is applied to digital active EMI filters to enhance the attenuation at frequencies
from 100 kHz to 1 MHz. The methodology for implementing this in an FPGA and the tuning
procedure are presented. The novel filter is then demonstrated in a feed-forward voltage-sense
voltage-cancellation active EMI filter for differential mode noise attenuation. Tests are carried out
with small signal source and as well in a power converter. The test results show that the proposed
filter can have up to 46 dB attenuation in the frequency range of 100 kHz to 500 kHz which is 22

dB higher compared to conventional digital active EMI filter.

5.2 Introduction

Power converters generate conducted EMI noise due to the switching action of the power
semiconductor devices. Conventionally, a second order passive EMI filter is used to mitigate this
noise. These passive filters tend be bulky and could occupy up to 30% of the system volume.
Active EMI filters (AEF) could be used to reduce the volume of the passive components. The
AEF provides attenuation up to a few MHz and a smaller passive filter is used to provide high
frequency attenuation. The AEF along with the passive filters is referred to as hybrid EMI filters
(HEFs). The HEFs have been shown to reduce the volume of the passive components by over
50% [1, 2]. The AEFs can be classified based on the methodology of control, the active circuits,

noise sensing and noise cancellation mechanisms [3-5]. Previously, AEFs using feed-forward[5],
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feedback[6—8] and a combination of both control techniques [8] have been demonstrated. Also,
AEFs utilizing different voltage or current sensing and cancellation have been demonstrated [1,
2, 9-11]. All these implementations use analog ICs along with passive components for the active
circuits. Recently, digital AEFs [12—15] that use DSP/FPGAs in addition to the analog circuitry
have been demonstrated.

Main Passives

Noise |
Compensation Sensing Active Circuit :
- —

3L

c. LL ¢,
H

DSP/
FPGA

ZLISN

[ ——

Fig. 5.1: A typical digital active EMI filter

A typical implementation of a digital active EMI filter is shown in Fig. 5.1. It comprises
of the noise sensing high pass filter (HPF), the DSP/FPGA, the active circuit, the main passives
and the compensation circuitry. The DSP/FPGA will not be present in an analog only implemen-
tation. The main limitations to the performance of any AEF is the stability. The stability is mainly
influenced by the phase shift introduced by the noise sensing stage [7]. Particularly, in convert-
ers with ac voltage, a second order high pass filter is required to separate the sensed noise from
the fundamental voltage or current signal. This results in reduced attenuation of the AEF and
additional compensation network. Some compensation networks require high voltage capacitors
thus reducing the volumetric benefits of using an active EMI filter. This limitation is applicable to

both analog and digital AEF. In [16] showed how the processing delay in digital AEF affects the
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attenuation. In [15], it was shown the noise from the previous switching cycle could be used to
compensate noise in the next switching cycle to avoid the delay. However, an attenuation of only
24 dB could be achieved in the process.

A second order passive filter used for noise sensing introduces non-linear magnitude and
phase distortion in the filtered signal. If the high pass filter could have linear phase response, then
it could be compensated with ease in the DSP/FPGA thus resulting in zero-phase filter. This would
boost the performance of the active EMI filter as well. However, this would require higher order
passive filter with non-realizable passive component values. Other method is to use time reversed
filtering [17, 18]. In this method, in addition to the passive filter, another set of digital filters are
used in the DSP/FPGA to obtain linear phase filtering. But, this method introduces a minimum
delay to carry out the time-reversed digital filtering in DSP/FPGA. Linear-phase filters for signal
processing was first proposed in [17] for eliminating phase distortion in recursive filters. However,
this method could be used offline and for signals of finite length only. This method was improved in
[19] for offline filtering of infinitely long signals by considering one section of the signal at a time.
This is referred to as block processing technique. Later, [18, 20] extended the block processing
technique to carry out linear-phase filtering in real-time. Improvements to the method have been
proposed to achieve reduced delay and distortion [21-23]. This methodology has been applied for
applications ranging from robotics [24, 25] to motor-control [26].

For active EMI filters, by using the noise information from the previous cycles and syn-
chronizing with the current cycle of data, zero-phase filtering could be obtained. This would boost
the attenuation of the active EMI filter theoretically by up to 60 dB which is 35 dB higher than
conventional digital active EMI filters. The contribution of this paper is as follows. This paper

proposes a novel digital AEF that completely nullifies the phase shifts introduced at harmonics of
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the sensed noise signal. This enables the digital AEF to have very high attenuation without the
need for any additional compensation networks. The proposed AEF achieves an attenuation of 46
dB around 150 kHz which is 25 dB higher than conventional active EMI filter. This is the highest
reported attenuation in the literature using a first order digital or analog AEF.

The organization of the paper is as follows. The concept of zero-phase filtering is discussed
in Section II. Application of the zero-phase filtering to active EMI filters and its implementation in
FPGA is discussed in Section III. The methodology of tuning the zero-phase filter and small signal
tests are discussed in Section I'V. The experimental test setup and results are discussed in Section
V. The conclusion is presented in Section V1.

Frequency Response of High Pass Filter
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Fig. 5.2: A typical digital active EMI filter
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5.3 Ideal Zero-phase Filtering based Digital Active EMI Filter

5.3.1 Ideal zero-phase filtering

Let X(z), Y1(z) and H(z) be the input, output and the filter transfer function respectively.
The output, Y (z) is given by (5.1). This is conventional filtering where Y] (z) has non-linear phase

distortion introduced by the filtering action.

Y1(z) = X(z) H(z) (5.1

If the filter is applied to Y;(z) in the opposite direction, the output Y>(z) is given by 5.2.

Now, if Y»(z) is time-reversed again, the resulting output Y (z) is given by (5.3).

Y2(z) =Y1(z" ) H(z) (5.2)

Y(2)=Ya(z ") (5.3)

Y(2) =Vi(2) H(z™") =X(z) H(z) H(z™") (5.4)

Y(e/?) =X (/) |H(e/)? (5.5)

The final output given in (5.5) is only affected by the magnitude of the filter applied but has no
phase distortion. The gain-phase plot of a passive high pass filter and ideal zero-phase filtered

HPF (ZPF HPF) is shown in Fig. 5.2. The conventional high pass filter has phase shift at frequen-
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cies where it provides attenuation. But, the zero-phase filter completely nullifies the phase shift
introduced by the high pass filter. If this technique could be used in a digital active EMI filter,
there will be no-phase distortion introduced by the noise sensing stage resulting in a much higher
attenuation than conventional analog or digital active EMI filter. One possible realization of the

real-time implementation of zero-phase filtering is as follows.

5.3.2 Implementation Methodology

In this case, the noise sensed from one switching cycle is used to compensate the noise 2
cycles in the future. The flowchart of the implementation is shown in Fig. 5.5 and the correspond-
ing time domain signals are shown in Fig. ??. The implementation of the zero-phase filtering is as
follows:

1. Save one switching cycle of noise sensed using the passive high pass filter.

2. The stored signal is time reversed.

3. The digital filter is then applied to the time-reversed signal.

4. Save the filtered signal.

5. Time reverse the save data and synchronize noise injection with the next switching cycle.

The flowchart of the zero-phase filter is shown in Fig. 5.6. The time domain waveforms
shown in the Fig. 5.6 assume a delay of one cycle for processing which results in a two cycle delay
from sensing to injection. This delay could vary depending on the hardware implementation.

The above implementation assumes that only the harmonics of the switching frequency
are present in the source voltage. However, this is not true in many systems in which multiple
converters operating at different switching frequencies may be connected to the same node in the

system. In zero-phase filtering, digital filtering is carried out section by section of the sensed
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noise signal. When filtering by sections, any transients are introduced. These transients result in
distortion and reduce the attenuation of the filter. The methodology to avoid these transients and
ensure high attenuation with the digital active EMI filter is discussed next.
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Fig. 5.3: Flowchart for cycle-by-cycle implementation

5.4 Real-time implementation of zero-phase filtering

The repetitive nature of the EMI noise is used for the real-time implementation of zero-
phase filtering based digital active EMI filter. A passive high pass filter is firstly used to separate
the harmonics of the switching frequency in the EMI frequency range from the line frequency and
other low frequency harmonics. The sensed noise signal has non-linear phase distortion introduced
by the high pass filter. Next, a section of this sensed noise is stored for time-reversal and digital
filtering. Let L denote the length of the section of the stored signal for time reversal and digital

filtering. And, f;,, denotes the switching frequency and 7}, (1/f;,,) denotes the time period. Ideally,
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L would be equal to T, where noise from one switching cycle stored and used for zero-phase
filtering. But, such an implementation is not possible because of the transients introduced by
digital filtering. Therefore, L would have to be integer multiple of 7). The effect of transients on

the performance of zero-phase filtering and selection of an appropriate L is discussed as follows.

5.4.1 Transients due to digital filtering in sections

In zero-phase filtering, the sensed noise signal is divided into sections of length L and
time reversed for digital filtering. When filtering is carried out in sections, transients occur during
filtering of each section. These transients distort the filtered signal and affect the performance of
the active EMI filter. Therefore this needs to be avoided. Previously, different overlap save and
overlap add based techniques were introduced in [18, 23] for reducing the distortion of the zero-
phase filtered signal. In this work, the overlap save technique is used to avoid transients. The
overlap save technique uses section length that is long enough for the transients to die out. Ideally,
infinite section length is required for the transient to die out. In order to realize the real-time
implementation, the section length cannot be infinitely long. Also, the larger is the section length,
larger is the delay introduced between the noise sensing and noise cancellation. Therefore, section
length needs to be decided based on the trade-off between the distortion of the signal at the output
of the digital filter and the delay. The effect of transients on signal distortion and the methodology
for selecting the section length is discussed next.

The effects of transients is illustrated using an example. Consider two signals: signal-1 first
a 40 kHz square wave signal with 50% duty cycle and signal-2 is made up of a 15 kHz sinusoidal
signal and 40 kHz square wave signal with 50% duty cycle. The 15 kHz signal represents an

external signal that could be present on the grid and the 40 kHz signal represents the EMI noise.
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The choice of 15 kHz is arbitrary and used for illustration only. The high pass filter transfer
function considered for illustration is given in5.6 with @w; = @, = 20 kHz. The filter is applied
to both the signals under two different section lengths. The effects of transients on these signals

under two different section lengths are considered for discussion below.

s2

Tupr(s) = o) (st o) (5.6)

Casel: L =T,

The signals are divided into sections of length equal to 25 ws which is one time period of
40 kHz signal. The time-domain waveforms and FFT of the filtered signal are shown in Fig. The
FFT of filtered signal-1 is as expected while the FFT of filtered signal-2 contains even harmonics
which are a result of the transients from filtering.

Case 2: L = nxT, When one time period of the 40 kHz.

5.4.2 Application of zero-phase filtering to digital active EMI filter

The noise sensing comprises of a passive first order or second order high pass filter (HPF).
This blocks the low frequency power and line transients on the main power line from saturating
the following active circuit. But, the phase shift introduced by the HPF reduces the attenuation

provided by the AEF.

However, this methodology is suitable only when the power source is free from any other

noise with the exception of switching frequency and its harmonics. Because, when one switching
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Fig. 5.4: Simulation results

cycle of noise data is saved, a fraction of other frequency components (which are not harmonics
of fi,) are present. When digital filter is applied to this noise data, transients occur during each

cycle. These transients results in undesired frequency components which affects the performance
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of the filter. The frequency of these components depend upon the switching frequency f;,, and the
frequency of the noise f,yise and occur at m * fs,, + froise Where m =1, 2, ... ;n. Therefore, the
cycle-by-cycle implementation could be carried out only when the power source is free from other
frequency components.

This phenomenon is illustrated using simulation in MATLAB. A signal of length 1 ms that
consists of two components is considered here. This signal will be referred to as original signal.
The two components of this signal are: a 40 kHz square pulse representing the noise source from a
power converter and a 15 kHz sinusoidal component representing the noise on the grid. A second
order high pass filter with transfer function shown in Fig. 5.2 is implemented using the filter
command in MATLAB. The high pass filter is applied to the full length of the original signal. This
filtering corresponds to the passive high pass filter. This filtered signal is then split into sections
corresponding to a length 25 us (one period of 40 kHz). Then each section is time reversed
and filtered individually using the same high pass filter. In real implementation, this sectioning
and filtering would be carried out in the DSP or FPGA. The time reversed filtering will nullify
the phase shift introduced by the first filtering action. Finally, each section of the signal is time
reversed again to obtain the ZPF out put signal. The ZPF out put is subtracted from the original
signal to get the dif ference signal. The subtraction represents the filtering action and dif ference
signal represents the final filtered signal. The time domain waveforms of all the signals are shown
in Fig. 5.4a. From the Fig. 5.4a, the discontinuities due to the transients could be observed in
both the ZPF output and the dif ference signal. These transients cause the output of the ZPF
to include undesired harmonics such as 25 kHz, 55 kHz, 65 kHz, 80 kHz etc which could be
observed from the FFT in Fig. In real systems with either ac or dc source, the power supply will

have other frequency components from other converters connected to the same source or from the
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same converter itself. Therefore, the cycle-by-cycle implementation is not suitable for most of the

systems.
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Fig. 5.5: Flowchart for multiple cycle implementation

Multiple cycle implementation

To ensure that the transients do not affect the performance of the filter, the length of the
section of signal input to the digital filter should be longer than the impulse response of the digital
filter [18, 23]. That is, the length of the signal for filtering should be longer than the length of the
transients. This would result in impractical length of signals for real time filtering implementations.
Previously, different implementations using overlap-add or overlap save methods [18] have been
demonstrated to enable real time implementation of zero-phase filtering. In this work here, the
overlap-save methods is used to implement the digital active EMI filter. Instead of sensing cycle-

by-cycle, multiple-cycles are used. The implementation is as follows:
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1. Save multiple switching cycle of noise data sensed using the passive high pass filter.

2. The stored signal is time reversed.

3. The digital filter is then applied to the time-reversed signal.

4. Save the last cycle of digital filtered data that is free from transients.

5. Time reverse the saved data and synchronize noise injection with the next switching
cycle.

In multiple-cycle implementation, selecting the number of cycles is a crucial step. Firstly,
the transients are characteristic of the digital filter. Ideally, signal of infinite length is required to
negate the effect of the transients. But, depending upon the magnitude of the allowable distortion
of the ZPF out put, a finite section length is sufficient. The procedure to obtain the section length
is as follows. A spectrum of the expected level of noise on the power supply is taken. For example,
in an ac power source, the grid harmonics from the standard along with the conducted EMI levels

from the CISPR-22 standard could be taken. These are plotted together in Fig.

5.5 FPGA implementation and Tuning of the ZPF AEF

5.5.1 FPGA implementation

The implementation of the zero-phase filtering is shown in Fig. 5.6. The high pass filter
output is fed to the ADC. The time reversal is carried out using a last-in first-out (LIFO) register.
One switching cycle of noise is stored and time reversed in the LIFO. The digital filter whose
transfer function is same as that of the analog passive filter is implemented as transfer function in
Verilog. Another LIFO is used for the time reversal that follows the digital filter. Finally, a first-in

first-out (FIFO) register is used to implement the delay to synchronize the noise injection with that
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of the next switching cycle. The process is continuously repeated. The PO035 AD/DA daughter
card from Terasic that comprises of ADC AD9254 from Analog Devices and DAC DAC5672 from
Texas Instruments. The sample rate of ADC and DAC are set at 100 MSPS. The Altera DE2-
115 demo board with Cyclone IV EP4CE115 FPGA is used to implement the zero-phase filter.
While the AD and DA operate at 100 MHz, the computation inside the FPGA is carried out only
at 10 MHz to ensure that the multiple-cycle implementation with 10 cycles can be implemented.
Therefore, at frequencies above 1 MHz, the sample sizes are insufficient to prevent aliasing which
may in turn result in instability or signal distortion. In order to avoid these, a zero-phase low-pass

filter with corner frequency of 2 MHz is added.

| Main Clock : 100 MHz DSP/FPGA 1
) Lime Reversal Dele w.and.syn
2 Time Reversal - — . Time Reversal. Delav and Svag I
| | J& H : : P | | IE : . s : : _E _'_
| | ADC | | Order : TT007 ) ¢ | Order Order |} (o iz b 7T ., ' bAC
§ S di| gpr pE | aanm P nmim PR |
| LPF Y M i wwcxw iy WY o o m W
| ) i i I i |
| ' O P2 s O 555‘ IR P) |
H CpIv. ' H enply. I 2mpry.
I LIFO Register LIFO Register FIFO Register |
I 10+1 cycle of data I cycle of data 1 cycle of data |

Fig. 5.6: Proposed zero-phase filtering implementation in DSP/FPGA for digital AEF

5.5.2 Tuning Procedure

The circuit used for tuning the digital AEF is shown in Fig. 5.7a and the methodology for
tuning is shown in Fig. 5.7b. There are 3 parameters that needs to be tuned. They are the gain, the
processing delay and the pole locations. The procedure for tuning is as follows:

Step 1: Disconnect the HPF from the circuit. Set the pole location of digital filter to O Hz.
Apply a small signal ac source to ADC input and verify unity gain at the DAC output. Adjust gain
if necessary. Step 2: With the pole location of digital filters at 0 Hz, apply small signal square

wave source to ADC input. Measure ADC input and DAC output and calculate delay. This is the
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Fig. 5.7: (a)Test setup for tuning (b) Methodology for tuning

delay introduced due to the processing of the zero-phase implementation. Set this delay in FIFO
to synchronize the input and the output. Step 3: Connect the high pass filter back in the circuit.
Apply small signal square waveform to the input of the high pass filter. Tune the pole locations so

that there is no distortion between the input and the output of the DAC.

5.6 Modeling and stability analysis

This section discusses the Modeling and Stability analysis of the proposed zero-phase fil-
tering based digital active EMI filter with multiple-cycle implementation. The filter is implemented
in a feedforward voltage-sense voltage-cancellation topology. While the feedforward implementa-
tion is inherently more stable, still the stability needs to be ensured in the entire frequency range.

The schematic of the test setup is shown in Fig. 5.8 and the block diagram of the implementation
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Fig. 5.9: Block diagram of Zero -phase filtering based digital Active EMI filter

is shown in Fig. 5.9. From Fig. 5.8, the voltage injector is implemented using a nano-crystalline
core based inductor. The voltage injector consists of primary and secondary with 4 turns each
implemented on VAC w453 core. Noise sensing is carried out using a second order high pass filter
is fed to the AD/DA circuit. There are buffers present both at input and the output stages of the
FPGA for impedance matching. Also, in order to prevent the voltage injector from saturating due
to any dc offset voltages that might be present at the DA buffer, a series capacitance Cj,; is added.
In order to carry out the stability analysis, firstly the transfer gain of the zero-phase filtering im-
plementation in the FPGA is measured. This is then followed by the loop-gain measurement and

equivalent circuit development.
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5.6.1 Transfer Gain of FPGA implementation

The zero-phase filtering implementation in the FPGA is carried out as explained in section
5.5.1. This ensures that the sytem does not become unstable at high freqeuencies. Measurement of
the transfer gain is carried out using the Keysight E5061B Vector Network Analyzer and Keysight
41800A 500 MHz probe. The measurement setup is shown in Fig. 5.10. The small-signal exci-
tation from the VNA is applied to the input of the buffer which has a matching 50 Q impedance.
The response is measured at the output buffer is measured using the RF probe. This is done to
avoid loading the output buffer which might affect the measurement. Further, the RF probe has
very low capacitance (2 pF) and therefore ensures good high-frequency measurement. Also, the
phase measurement is going to jump between -180 degrees and +180 degrees in the measurement
due to the 10 cycle delay that is introduced in the FPGA. The mesurement is shown in Fig. 5.11.
It can be seen that at low frequencies (< 150 kHz), the transfer function is similar to that of the
high pass filter and at high frequencies (> 2 MHz), the gain reduces due to the low-pass filter. As
mentioned previously, the computation in the FPGA is carried out at 10 MHz. This causes aliasing

at 5 MHz and its multiples and is the reason there are resonances at 5 MHz and its harmonics.

5.6.2 Loop Gain of zero-phase filtering based digital active EMI filter

In order to measure the loop-gain of the filter, the loop is broken at a point such that the
impedance seen by any part of the circuit is not affected. The loop is broken after the high pass
filter at the input of the buffer. The high input impedance of the buffer ensures that the impedance
seen by other parts of the circuit remain largely unchanged. The measurement setup is shown in

Fig. 5.12 and uses the same equipment as the FPGA transfer gain measurement. The measured
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Fig. 5.13: Simulation model for loop gain estimation

loop-gain is the blue curve shown in Fig. 3.16. It can be seen that around 4 kHz, the gain margin is
low. This is due to some resonance in the circuit. While this is occurring below the EMI frequency
range (< 150 kHz), it can still make the entire system unstable. In order to understand the source
of the resonance, an equivalent circuit simulation representing the measurement configuration is
setup in LTSpice. The simulation schematic is shown in Fig. 5.13. The simulation is mainly used
to identify the source of resonance and not to accurately match the loop-gain from the experiment.
Further, the voltage injector is modeled as T-network with a constant inductance value with the

leakage inductance measured separately using the impedance analyzer. This is not accurate be-
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Fig. 5.14: Comparison of loop-gain with and without R;,,
cause the inductor uses a nano-crystalline core and whose permeability changes with frequency.
But, since the resonance that needs to be identified is happening at a few kHz, the assumption for
the simulation is valid one up to few 10s of kHz. All the other components are also modeled for
simulation. It is seen that the resonance at 4 kHz is due to the resonance between the injection
capacitor (Cj, ), and combination of LISN inductance (Lz;sy) and the voltage injector mutual in-
ductance (L;,;). This can be resolved by using a injection resistor (R;,;) in series with the voltage
injector and the injection capacitor. This helps reduce Q of the resonance and improves the gain
margin by 16 dB. This ensures that the filter is stable through out the entire frequency range. The

match between simulation and experimental measurement of the loop-gain after addition of R;;; is
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shown in Fig. 5.15.
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Fig. 5.15: Comparison of loop-gain from measurement and circuit simulation

While the

Previous discussion and the experimental measurement of loop gain dealt with frequencies
only up to 30 MHz. While the FPGA has a low-pass filter with corner frequency at 2 MHz, the
overall implementation of the filter could become unstable at frequencies above 30 MHz. There-
fore, is essential to measure the loop gain at least till 500 MHz. While, the frequency of 500
MHz is limited by the active probe used for measurement, it still encompasses the bandwidth of
the FPGA clock frequency (100 MHz), the bandwidth of the op-amps used in the buffer circuit
(230 MHz). This way high-frequency instability due to any component could be identified. The

measured loop-gain up to 500 MHz is plotted in red in Fig. 5.16. Throughout the entire frequency
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range, the filter seems to be stable. However, the gain margin at 400 MHz is only about 15 dB.
This may cause the filter to become unstable when operating with the converter. Therefore, the
source of this needs to be identified. The power to the FPGA and buffers is turned off, and the loop
gain is measured. This is plotted in blue in Fig. 5.16. From the figure, the loop gains match each
other above 10 MHz. This means some stray impedance that is not part of the converter nor the
FPGA or buffer circuit is causing this.

In order to identify the reason behind this, an equivalent circuit schematic of the mea-
surement setup with the power to the FPGA and the buffers turned-off is made in LTspice. The
schematic is shown in Fig. 5.17. The excitation port of the VNA with the 50 Q is modeled along
with the impedance of the active probe connected to port 2 which measures the response. The high

pass filter and the dc link capacitor are still present in the measurement, and therefore are included
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Fig. 5.17: Schematic of simulation to simulate the effect of the stray capacitance in the PCB on
the loop gain measurement

Fig. 5.18: PCB layout showing the SMA connector location for loop gain measurement on the
board
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Fig. 5.19: Simulation of loop-gain to identify high-frequency effect

in the schematic. The snapshot of the PCB containing the two SMA ports used for loop-gain mea-
surement are shown in Fig. 5.18. The header connecting the two ports is shorted during normal

operation and is removed during loop-gain measurement. The stray capacitance between the two
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SMA ports is assumed to be 1 pF. The simulated result is shown in Fig. 5.19. The simulation result
is identical to the measurement in Fig. 5.17. Thus the high-frequency measurement is just due to

the stray capacitance on the PCB between the measurement ports and does not affect the stability

of the filter.
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. 5.20: Schematic of test setup for small-signal tests
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Fig. 5.21: Time-domain measurement results with signal-generator for multiple-cycle implemen-
tation
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5.7 Small signal and converter experimental test setup and results

5.7.1 Small Signal Results

The ZPF AEF is demonstrated using a feed-forward voltage-sense voltage-cancellation
topology for differential mode noise attenuation. A 100 kHz square wave signal is used as a noise
source. The schemtaic of the test setup for small-signal tests is shown in Fig. 5.20. The tests
are carried out under 2 conditions. First, the noise is measured without any filter. Then, the ZPF
in FPGA is connected between the high pass filter and the voltage injector. The time-domain
measurement is shown in Fig. 5.21. It can be seen that the output of the zero-phase filter has
no distortions and closely follows the noise source. This reflects on the frequency domain noise
measurements carried out in the EMI receiver. This is whon in Fig.5.22. With ZPF AEF, the
attenuation is 49 dB, 46 dB and 44 dB at 100 kHz, 300 kHz and 500 kHz respectively.

The ZPF AEF is then tested in the converter. The schematic of the test setup is shown in
Fig. 3.22 and the test setup is shown in Fig. 5.23 and 5.24. The power converter comprises of

a CREE SiC half bridge configured as a buck converter switching at 40 kHz. The top device is
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Fig. 5.24: CREE SiC ﬁalf-bridge connected to PCB with Vj,;, high pass filter and buffer circuitry
with SMA connections to the ADC to DAC board

switched and the bottom device is kept off. The gate signal is fed from the same FPGA in which the
ZPF AEF is implemented. This enables synchronizing the gate signal and the ADC/DAC board.
The dc link for the converter, voltage injector, second order high pass filter and the buffers are
implemented in a PCB and is connected to the SiC half bridge. Because the input of ADC and
DAC are limited to 1.2 V, it is necessary to reduce any high frequency ringing that can have high
magnitude. The noise measured with and without ZPF based AEF and is shown in Fig. 5.26. The
attenuation at 120 kHz is 42 dB which is very close to attenuation from the small signal tests. The

differential mode noise attenuation at 300 kHz and 500 kHz is 36 dB and 31 dB. This is limited by
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the noise floor and the actual attenuation is higher.
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1

5.8 Conclusion

Zero-phase filtering (ZPF) is a method to implement filtering without any phase distortion.
This methodology was applied in a digital active EMI filter (AEF) to compensate the phase distor-

tion introduced by the noise sensing passive high pass filter. The architecture for implementation
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in the FPGA was presented. The modeling of the entire system with the filter is carried out and
steps to improve the gain margin is presented. The ZPF based digital AEF is demonstrated using
a simple feed-forward voltage-sense voltage-cancellation filter for differential mode noise atten-
uation. The small signal test results test results show up to 43 to 59 dB attenuation from 100 to
500 kHz. Converter test results show attenuation of 42 dB attenuation around 120 kHz. This is the
highest attenuation reported with a single order filter around 150 kHz with analog or digital active
EMI filters. This idea could be extended to any type of active EMI filter for both common mode

and differential mode noise attenuation.
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6 Conclusion and Future Work

6.1 Conclusion

From the literature review in Chapter 2, there are numerous AEF implementations for con-
ducted EMI mitigation in power electronic converters. Different implementations of the AEF
topologies have been summarized based on the noise-sensing, noise processing active circuits, the
control methods, noise-injection and stability studies for dc-dc, ac-dc converters, and inverters
(dc-ac and ac-dc-ac). Different sensing and cancellation methods have different advantages and
disadvantages for implementation in terms of volume reduction. Careful attention must be paid
to the stability, which depends on the type of converter and the type of noise in order to select
the appropriate AEF. Only then the attenuation and possible volume reduction with AEF could
be maximized. The key points in terms of performance (attenuation), power loss and protection
of AEF are as follows. Looking at the performance comparison, it is more challenging to achieve
high attenuation at lower frequencies (around 150 kHz) using AEF than to design the filter for high
attenuation at 1 MHz. Further, majority of these implementations uses additional high-voltage pas-
sive elements for compensation to ensure stability or rely on inductors either in the form of CTs
for noise-sensing or voltage transformers for noise-cancellation. Novel methods that could further
enhance the performance of the filter without the need for additional high-voltage capacitors for
stability improvements or injection transformers on power lines are required. The state-of-art im-
plementation of active EMI filter for DM noise implementation has an attenuation of 34 dB at 150
kHz using feedback current-sense current-cancellation active EMI filter. This additional overhead

as a result of the current-transformer and additional high-voltage capacitor for stability improve-

133



ment reduces the volumetric benefits of using an active EMI filter. Three different approaches that

do not use additional magnetics or high-voltage components is presented in Chapters 3 to 5 in this

dissertation.
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Fig. 6.1: Comparison of attenuation at 150 kHz of proposed active EMI filters against state-of-art
analog and digital active EMI filters for ac-dc applications

In a conventional active EMI filter presented in Chapter 3, the non-linearity in the noise-
sensing circuit and the active circuit introduce phase shift and result in instability. To ensure sta-
bility, either the gain of the active circuit has to be lowered or additional high-voltage components
will have to be used. These additional passive components reduces the overall volumetric benefits
of using an active EMI filter. A conventional active EMI filter is developed for an RCD clamped
Flyback converter and could only achieve 16 dB attenuation around 150 kHz. Next, an analog-twin
based active EMI filter which enables using low-voltage components for compensation is proposed
and discussed in Chapter 4. This requires good matching between components in the high-voltage
and low-voltage circuit for high attenuation. With this implementation, an attenuation of 22 dB
was achieved around 150 kHz. While this is definitely an improvement over conventional active
EMI filtering, it does not significantly improve the attenuation. Finally, a zero-phase filtering based
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digital active EMI filter that overcomes the limitations of both conventional and analog-twin based
active EMI filter is proposed. The proposed method completely nullifies the phase shift introduced
by the sensing stage, and therefore enables attenuation of the order of 45 dB without the need
for additional high-voltage components for compensation. This is the highest reported attenuation
in the literature for any analog or digital active EMI filter. A comparison of attenuation of the
proposed filters against the state-of-art is shown in Fig. 6.1. It can be seen that the digital active
EMI filter with zero-phase filtering has 15 dB higher attenuation than any implementation without
the need for any additional magnetics or high-voltage components. Further, modeling stability
analysis, design example, and experimental verification is carried out for all three types of active

EMI filters.

6.2 Future Work

Based on the literature review, the need for new topologies or implementations with high
attenuation was identified and demonstrated. However, the experimental results were limited to a
particular type of converter (constant duty cycle) or by the availability of the AD/DA and FPGA
hardware. The following needs to be carried out as part of the future work to further research in
this area:

1. Extend conventional active EMI filter to inverters. In particular, the motor drives for
aerospace applications where cost premium is acceptable provided there is weight saving.

2. For analog twin based active EMI filter, extend to more converters and study the vari-
ability of attenuation with component tolerances, temperature, and grid-impedance variations.

3. For the digital active EMI filter, implement in current-cancellation topologies while us-
ing feedback control method. With the feedback control method, the filter could be easily adopted
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to inverters with ease.

4. For all topologies of active EMI filter, the auxiliary power supply, power loss and pro-
tection need to be studied.

5. Further, a Figure of Merit (FoM) for implementation of active EMI filters taking into
account the volume reduction of passive components at different power levels and for different

power converters is an important one that requires further research.
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