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Absiract—In the power electronics equipment, passive EMI
filters occupy up to 30% of system’s volume and weight. In order
to reduce the size of passive EMI filter in the power electronics
system, active EMI filters (AEF) is introduced. With the AEF
approaches, the size of the passive component within the EMI
filter can be reduced by more than 50%. The higher attenuation
achieved by AEFs, the more size reduction can be obtained
through AEFs methodology. However, the performance of AEF
with feedback control is limited to around 24 dB attenuation in
the reported work. New methodology needs to be found to push
forward the performance. In this study, a novel digital active
EMI filter (DAEF) with the resonant controller, which provides
ultra high-gain at frequencies of interest, is demonstrated for
DM noise attenuation. The experimental test results show that
the proposed EMI filter has 45 dB more attenuation at 150 kHz
than the conventional passive EMI filter, which is also the highest
attenuation reported in the AEF literature.

Index Terms—Conducted emission, digital active EMI filter,
resonant controller, Field Programmable Gate Array (FPGA)

I. INTRODUCTION

In order to comply with certain conducted emission stan-
dard, the passive EMI filter is needed for the power elec-
tronics equipment [1}-[6]. In most of the power converter
with semiconductor switches [TH[11], the passive EMI filter
occupies up to 30% of system’s size [12]-[17]. Thus, AEF
could be utilized to reduce the size of passives [18]-[25].
There are different approaches for the classification of AEFs:
noise sensing methodology, noise cancellation circuits, and
active circuits. AEFs with feedback [26]-[258] and feedforward
[29], [30] have been evaluated in past works, which provides
an attenuation of 20 to 30 dB. By combining feedback and
feedforward implementation together [28], two-stage AEFs
have pushed the attenuation of AEFs to more than 40 dB.
However, two-stage AEFs adds to system complexity as well
as volume of passive component. Owning to the growth
of controller's computing speed, DAEFs [31}-[34] that use
DSP/FPGAs have been demonstrated. This paper proposes
a new implementation of single -stage AEF, which provides
higher attenuation than any previous works,

The voltage-sensing current-cancellation (VSCC) feedback
AEF with digital resonant controller is shown in Fig. 1aa. The
system comprises of the noise sensing circuit, the Analog-
to-Digital Converter (ADC), the DSP/FPGA, the Digital-to-
Analog Converter (DAC), the active circuit, the main passives,
and the compensation circuitry. The DSP/FPGA will not be
present in an analog-only implementation. The main limitation
to the performance of any AEF with feedback compensation
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is stability. The stability is mainly influenced by the phase
shift introduced by the noise-sensing stage [27] and the noise-
processing stage. Particularly, in converters 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 filier This limitation is applicable
to both analog and digital AEE In [35] showed how the
processing delay in digital AEF affects the attenuation. In [34],
it was shown that the previous switching cycle noise could be
used to compensate for noise in the next switching cycle to
avoid the delay. However, attenuation of only 24 dE could
be achieved in the process. This paper proposes an improved
digital active EMI filter that uses the resonant controller, which
achieves improved attenuation without increasing the volume
overhead from additional high-voliage components.

Proportional resonant (PR) controller [36], [37] has been
widely used in grid-connected inverters, which provides supe-
rior performance than conventional proportional-integral (PT)
controller in tracking fixed frequency signals. Ideally, the
resonant part of the PR controller provides infinite gain on
the frequency of interest, while provides no gain and phase
at other frequencies. Thus, the resonant controller will be
perfectly suitable for the VSCC DAEF application. However,
CISPR. 22 [38] class B conducted noise limits, which is
widely used in the residential environment, define EMI test
frequency range from 150 kHz to 30 MHz. If the resonant
controller is to be implemented in the DAEF system, the
resonant frequency should be set to be a few 100s of kHz,
while digital controller discretization frequency should be at
least a few 10s of MHz for fulfilling the speed requirement.
Thus, FPGA instead of DSP is to be used for the ultra-high
frequency control. The structure of the resonant controller is
shown in Fig. 1b, multiple resonant controllers are used in
parallel at different frequencies for canceling EMI noise on
different frequencies.

The contributions of this work are as follows. A novel digital
AEF that utilizes both VSCC topology and the resonant con-
troller is proposed, the stability design of the implementation is
demonstrated. The discretization and modeling of the resonant
controller based VSCC AFEF are demonstrated, and the design
methodology for proposed implementation is included. By
ufilizing the resonant controller in the FPGA control system,
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Fig. 1: Proposed digital active EMI filter with the resonant controller

the proposed AEF achieves an attenuation of 46 dB at around
150 kHz which is 25 dB higher than conventional single-stage
active EMI filter. This is the highest reported attenuation in
the literature using single-stage digital or analog AEF.

The organization of the work is as follows. Section 11
describes the topology which is used in the implementation.
Section IIT involves the theoretical modeling of proposed
WSCC with the resonant controller. Section 1V describes the
design case for the proposed concept and frequency domain
measurements using the VNA to verify the modeling. Section
V describes the experimental test setup and discusses the
small-signal and converter test resulis. Section V1 presents the
conclusion.

II. Active EMI FILTER TOPOLOGY

Different AEF topologies use either current or voltage sens-
ing and compensation. While for AEF topologies that utilize
current-sensing or voltage compensation, current transformers
(CTs) or voltage-injection transformers are needed. For DM
noise, CTs and voltage-injection transformers can be bulky
when the line current is high. Therefore, AEF topologies that
do not have transformers are preferred. The voltage-sense
current-cancellation topology requires high voltage capacitors
and other low voltage circuitry for noise sensing and can-
cellation. In summary, VSCC topology will maximize the
volume reduction for AEFs, which will be used in this pa-
per. Previously, feedback control based voliage-sense current-
cancellation topology was demonstraied in [27]. However, the
attenuation of only 12 dB at around 150 kHz is obtained.
This paper utilizes the resonant controller built in FPGA for
the feedback loop of VSCC AEF, which achieves 46 dB
attenuation at around 150 kHz and is the highest attenuation
in reported literature.

The V5CC AFF topology is shown in Fig. 1. And the
simplified version of V5CC topology is shown in Fig. 2a,
where the feedback loop is collapsed into a transfer function
Hje. Through Morton and Thevenin equivalent circuit transfor-
mation, the equivalent circuit can be obtained as Fig. 2b. Is

ib) Equivalent circuit of VSCC AEF topology
Fig. 2: VSCC AEF topology

is the noise source current and 75 represent equivalent noise
source current considering the current sharing between the
differential-mode noise source impedance ( Zg) and impedance
of DM inductor. The new equivalent noise source (J%) and
noise source impedance (Z7) is given by (1) and (2), respec-
tively. The AEF cancellation current and noise current on the
LISN are represented by 1z~ and gy, respectively. The noise
voltage on the LISN is represented by V7.

Zs
h=—""Ja 1)
ST Es+Zpu © (
Zs=2Z25+Zpm (2)

3856

Authorized licensed wuse imited oo SUNY AT STONY BROOK. Downloaded on June OF 2021 at 07:11:46 UTC from IEEE Xplore. Restnchons apply.



ITT. DESIGN AND MODELING OF THE ACTIVE EMI FILTER
WITH DIGITAL RESONANT CONTROLLER

According to Fig. 1 and Fig. 2b, the block diagram of VSCC
AFF system is shown in Fig. 3a. The equivalent teedforward
and feedback loop equivalent block diagram is shown in Fig.
3b, where G'pw (s) and &' gp(s) donate transfer function of
forward and backward loop. Sensing and FPGA processing are
collapsed into K. The open-loop current gain ey without
the DAEF (R;, is disconnected) is given by (3). And the
feedback loop transfer function is give by (4). Close-loop
current gain oz with active EMI filter is give by (5). The
insertion gain Grg, which is defined as the ratio of current
flowing through Zp ;s with and without active EMI filter,
can be derived as (6). The open loop gain is given by (7),
which will be used for defining stability margin.

Iy Z
sl g o
£+ Zymy

Iy g Isr

B

(a) System block diagram (Sensing and FPGA processing stage are
collapsed into Ry )
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(c) Sensing and FPGA processing stage block diagram
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The sensing and FPGA processing transfer function Ry,
is shown In Fig. 3c. Ty pp denotes the transfer function of
the high pass filter, T}, denotes the RF transformer transfer
function, G ape and G'pac denotes the transfer function of
ADC sampling stage, R, 7(2) denotes the transfer function
of digitized resonant controller, Gzny denotes the transfer
function of transformation betwesn continuous and discrete
domain. Within FPGA, resonant controllers are built in parallel
with each other, the transfer function of R, is given by
(8). The resonant controller provides high gain at frequencies
which match with noise source spectrum, and provide high
attenuation to the EMI noise at those frequencies. However, the
delay introduced by ADC/DAC and the phase introduced by
resonant controller will give rise the stability issue in feedback

loop.
iy =ity

Ry =Tupr - T, - Gapec - Gpac - Z Ry rp(z) (8)
Uy =1

Discretization methods of resonant controller and detailed
modeling of each component within ¥ SCC DAEF system will
be discussed in the next few sections, which will provide a
guideline of the detailed resonant controller modeling strategy.

A, Gain Selection for Resonant Controller

The selection of gain at different resonant frequencies is
dependant on the clock accuracy for pulse width modulation
(PWM), the accuracy of resonant controller itself within
FPGA, and the fundamental frequency of output current if the
neise source is an inverter. Assuming resonant frequency of
resonant controller is wy, and the frequency variation caused
by the PWM clock accuracy or calculation accuracy is Ay
(either positive or negative). The amplitude of the resonant
controller at w = wy + Aw; frequency is given by (9). The
lower limit of gain value selection is given by (10), where
dB,.q denotes the desired amplitude residue of the resonant
controller at w = wy + Awy frequency. The higher limit of
gain value is given by (11), which limits the bandwith of
resonant within wy; — 0.05w, to wy + 0.05w, to make sure that
the resonant controller will not create stability issues when
multiple resonant controllers are used in parallel.

Fig. 3: Block diagram of VSCC DAFEF system | Ry (w;i + Aw;)| = | Ky —| ©)
_Qﬁw,- + _i_wil;.w,
Isy Ze-Zing aE_,
G o e - 3 2
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B. modeling of The High Pass Filter

The converter that uses this filier could be fed from an
ac or dc supply. Either way, the noise-sensing stage has to
sufficiently attenuate any 60 Hz ac voltage and its harmonics,
and the high-frequency currents due to rectifier operation or
any other converters connected to the same node. Otherwise,
any low frequency harmonic can easily saturate the output of
the active circuits. Ideally, 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 30 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 high attenuvation 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 ',
needs to be rated for the input voltage and needs to be safety
rated (X1Y1 rated). The other components Cyo, R,y and R0
are low voliage and low power components. The capacitor o
is a4 50 V rated XTR surface mount capacitor. The transfer
function of the filter is given by (12) ~ (14). The output of
the high pass filter is buffered (op-amp configured as voltage
follower) and fed to ADC. 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.

-
5

24 ks + ko 0z
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C. modeling of the ADC and DAC Sampling System

According to [39], the RF transformer which is used in sam-
pling system for matching the impedance on termination, the
transfer function can be modelled as (13). The characteristic
of the RF transformer is simply a band pass filter, which has
the first corner frequency wy as around 20 kHz and the second
corner we as around 200 MHz.

{14)

1
(14+un/8)- (14 8/ws)
[40] presented the model of discrete sampling system,
transfer function of transformation between continuous and
discrete domain is given in (16), where T, represenis the
digitization step.

Tiga = (13)

{i_ e—.iT..

Gzon = T
A

For most of the off-shore ADC/DACS, there are clock
latency which is around 5 to 15 clock cycles. Thus, the model

(16)

of ADC and DAC are given in (17) and (18), where m and
n denote the bit width of ADC and DAC, Vaipe and Vipae
denote the range of ADC and DAC, n4pe and np e donate
the clock latency of ADC/DACs.

T
—n .
.~ Tanc

(17)

Gapc =
Vapco

¥oir e
2

IV. SYSTEM LEVEL MODELING OF THE CONFIGURATION
AND STABILITY ANALYSIS

(18)

Gpac =

In this section, the parameter of the AEF system will be
given or derived based on previous sections, and then the open
loop gain and close loop gain modeling and measurement will
be conducted.

The noise source is a DC-DC converter, the output filter
components’ parameters are: [ = TO0pH and C = 5uF.
The switch frequency of DC-DC converter is 50 kHz, and
it’s realizing 12 to 5 V conversion. The inductance value of
the DM inductor is L pyy = 131uH, and capacitance value of
the DM capacitor is Cry g = 4T0nF.

The gain for resonant controller (K, ;) is selected based
on (%) ~ (11). For example, for an DC-DC converter which
switching frequency is 50kH =, and resonant controller at 150
kHz is to be designed for DAEE Assuming the 150 kHz noise
will have +=300H = variation. 30 dB amplitude residue (dB;.4)
at 150k H =z + 300H = is to be ensured. According to (10), the
lower limit of gain K; can be calculated as 1.9 - 10*. And
according to (11), the higher limit of K; can be calculated as
3. 10%. So the value of resonant controller gain K; should
satisfy 1.9-10% < K; < 3. 10

For the second order high pass filter, the components’ values
are: Coy = 4.7 nF, Caa =10 nF, By =33kt and R.p =
3.3 K. According to (12) ~ (14), two comer frequencies of
the high pass filter can be calculated as T00Hz and ThH =z
The attenuation of 60z signal is around 3548, which will
make sure that the line frequency voltage variation will not
saturate the ADC sampling.

The proposed concept is implemented using Intel Cyclone
IV FPGA in a Terasic DE2-115 demo board, and the operating
frequency is set to 100 MHz, so the discretization time step
is T, = 10ns. In the configuration, the ADC AD9254 [41]
has around 4 ns of propagation delay and 12 cycles of clock
latency. Since the ADC is using FPGA's clock output as ADC
clock in the design, the propagation delay can be ignored and
totally 13 cycles of clock latency exists in ADC sampling. The
same concept can be applied to DAC DACS672 [42] model.
In equation (17) and (18), the n 4~ and npac values can be
acquired as (19).

npac = 5 “9‘]

Based on (3) ~ (8), the loop gain of the proposed config-
uration of AEF without resonant controller can be expressed
as (20). The first round of loop gain and phase measurement

napc = 14,
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should be done by replacing resonant controller with unity
gain transfer function, which is described as (7). The loop
gain measured from the circuit under test as well as loop
gain calculated tfrom modeling is shown in Fig. 4. From
70 kHz to 20 MHz, the model matches pretty well with
the measurement, the discrepancy of low frequency and high
frequency gain/phase might be caused by the inaccuracy model
of the RF transformer.
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Fig. 4: Loop gain without resonant controller

Gain and phase of the loop gain without PR controller is of
great significance in determining where digital PR controller
can be implemented. The resonant controller will introduce
907 leadflag. In order to make sure that the entire loop gain
with the resonant controller implemented is stable, original
phase of the loop gain without PR controller should be within
+90°, otherwise phase compensation should be implement
together with the resonant controller. Remaining 25° phase
margin, 65 kHz to 950 kHz frequency range is available for
implementing resonant without any phase compensation.

Assuming the noise source is a converter/inverter operating
at 50 kHz switching frequency, then the noise source will
contain k;- 50k H z noise and its harmonics. CISPR 22 defined
the conducted emission limit from 150 kHz to 30 MHz, so
the resonant controller’s frequencies are selected as ¢ - 50k H =
where i ranges from 3 to 19. Gain selection for resonant
controller is done by using (10) and (11). After carefully
designing the resonant frequencies and gains, the loop gain
incorporating resonant controller is obtained in Fig. 5. As it
can be seen from the loop gain measurement, the phase margin
at highest frequency is exactly 25°, which matches very well
with previous analysis.

The insertion loss measurement result is shown in Fig. 6.
From the figure it can be seen that the insertion loss at 150
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Fig. 5: Loop gain with the resonant coniroller
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Fig. 6: Insertion loss measurement of DAEF implementation

kHz is enhanced by about 45 dB using the resonant controller.
The insertion loss is high at harmonics of 50 kHz (n = 3, 4,
el

V. EXPERIMENTAL RESULTS

The filter discussed in above is implemented in the experi-
ment. The proposed resonant controller is implemented in the
FPGA (Intel Cyclone IV FPGA in a Terasic DE2-115 demo
board along with Terasic ATWDA daughter card with sample
rate of 100 MHz). Apart from the filter, the noise is measured
at the LISN using an EMI receiver.

In the small signal measurement, a function generator along
with a buffer is used as the noise source, and D = 0.5 and D
= (.3 of noise source are implemented and test. The EMI
receiver measurement is shown in Fig. 8a and the attenuation
at 150 kHz with the active EMI filter is about 45 dB which
is the highest attenuation reporied in any active EMI filier
literature, both analog and digital active EMI filters. As for
D = 0.3 condition, harmonics of 50 kHz (n = 3, 4, ..., 19) is
attenuated down to noise floor as well.
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resonant controller along with the digital active EMI filter

-

to improve the attenuation by another 20 dB. Design and
modeling of the proposed DAEF are discussed, small-signal

experimental results as well as converter experimental results

"

have confirmed the validity of the proposed method.

ACENOWLEDGMENT

The authors would like to acknowledge the National Science
Foundation (NSF Award No. 1846917) for lending financial
support for this work.

[

[2]

[31

4

[31

[6]

7

(%]

[

(LY

[i1]

Fig. 8: Small signal test of proposed DAEF under different

noise source condition

CoONCLUSION

(2]

The performance of conventional digital active EMI filters

are limited by the delay introduced by the ADC/DAC. The

113]

best attenuation reported in the literature is 24 dB at 150 kHz.
This paper proposes a new method to combine proportional

3860

REFERENCES

B. Narayanasamy and F Luo, “A survey of active emi filkers for
conducted emi noise reduction in power electronic comverters” TEEE
Transactions on Elecrromagnetic Comparibility, 2019,

). Yao, 5. Wang, and H. Zhao, “Measurement techniques of common
made currents, voltages, and impedances in a flyback converter for
radiated emi diagnosis" IEEE Transactions on Electromagnetic Com-
patibiliry, vol, 61, no. 6, pp. 1997-2005, 2019,

H. Peng, Z. Yuan, X. Zhao, B. Narayanasamy, A. Deshpande, A. L
Emon, F Luo, and C. Chen, “Improved space vector modulation for
newtral-point balancing control in hybrid-switch-based i-type neutral-
point-clamped inverters with loss and common-mode voltage reduction,”
CPSS Transactions on Power Eleceronics and Applicarions, vol, 4, no, 4,
pp. 328-338, 2019,

1. Yao, 5. Wang, and Z. Luo, “Modeling and reduction of radisted emi
in non-isolated power converters in aulomotive applications,” in 2020
IEEE Applied Power Elecironics Conference and Exposition (APEC],
2020, pp. 385-392.

Z. Yuan, H. Peng, A. Deshpande, B. Narayanazamy, A. . Emon, F Luo,
and C. Chen, “Design and evaluation of laminated bushar for 3-level
t-type npc power electronics building block with enhanced dynamic
current sharing.” JEEE Journal of Emerging and Selecied Topics in
Power Elecironics, 2019,

J. Yao, Y. Li, 5. Wang, X. Huang, and X. Lyu, “Analysis and reduction
of rediated emd in high-frequency gan ic-based active clamp fyback
converters,” in 2020 IEEE Applied Power Electronics Confirence and
Exposition (APEC]), 2020, pp. 664671,

Z. Wang, Y. Wu, M. Mahmud, Z. Yuan, Y. Zhao, and H. A. Mantooth,
“Bushar design and optimization for voltage overshoot mitigation of a
silicon carbide high-power three-phase -tvpe inverter,” JEEE Transac-
tions ont Power Elecrronics, pp. 1-1, 2020,

B. Narayanasamy, FE Luo er al, “High density emi mitigation soho-
tion using active approaches,” in 20077 JEEE Internarional Symposium
on Electromagnetic Compatibilicy & SignaliPower Integrity (EMCST).
IEEE, 2017, pp. 813-E13.

). Yao, E Liu, ). Gong, and X. Zha, “Power recovery and cost reduc-
tion oriented oplimization of regenerative cells embedded in cascaded
multilevel converter,” in 2005 IEEE Energy Conversion Congress and
Exposition (ECCE), 2015, pp. 5117-5123.

Z. Wang, Y. Wu, M. H. Mahmud, Z. Zhao, ¥. Zhao, and H. A. Mantooth,
“Design and validation of a 250-kw all-silicon carbide high-density
three-level t-type inverter,” TEEE fournal of Emerging and Selecred
Topics in Power Elecironics, vol. 8, no. 1, pp. 5T8-588, 2020,

B. Marayanasamy, A, 5. Sathyanarayanan, A. Deshpande, and F Luo,
“Impact of cable and motor loads on wide bandgap device switching
and reflected wave phenomenon in motor drives,” in 2077 TEEE Applicd
Power Electronics Conference and Exposition (APEC).  IEEE, 2017,
PP- 931-937.

). Yao, Y. Li, H. Zhao, and 5. Wang, “Design of cm inductor based on
cone loss for radiated emd reduction in power converters,” in 200 % [EEE
Appiied Power Elecironics Conference and Exposition (APEC), 2019,
pp. 26732680,

B. Narayanasamy, H. Jalanbo, and F. Luo, *Development of software to
design passive filters for emi suppression in sic doc fed motor drives,”
in 2045 IEEE 3rd Workshop on Wide Bandgap Power Devices and
Applicarions (WiPDA).  IEEE, 2015, pp. 230-235,

Authorized licensed use imited foc SUNY AT STONY BROOK. Downloaded on June OF 2021 at 07:11:46 UTC from IEEE Xplore. Restnchons apply.



[14]

[15]

[16]

[17]

(18]

119

120

[21]

[22]

[23]

[24]

(23]

[26]

127]

[28]

[29]

130]

131]

132]

1. Yao, Y. Li, H. Zhao, 5. Wang, . Wang, Y. Lu, and D, Fu, “Modeling
and reduction of radiated common mode current in flybeck converters,”
in 2008 IEEE Energy Comversion Congress and Exposition {ECCE],
2018, pp. 66136620

Z. Wang, Z. Zhao, M. Hammad Uddin, and Y. Zhao, “Cuorrent ripple
analysis and prediction for three-level t-type converters,” in 2078 JEEE
Energy Cowmversion Congress and Exposition (ECCE), 2018, pp. 7251-
T257.

A. 1. Emon, B, Marayanasamy, T. M. Evans, F. Luo, and H. A. Mantooth,
“Modaling and analysis of near-fizld radiated emission in wide handgap
power modules,” in 2009 Twernational Sympesium on Electromagnetic
Compasibiliry-EMC EUROPE.  TEEE, 2019, pp. 333-338,

B. Naravanasamy and F Luo, “Design and implementation of a novel
differential mode active emd filler with a twin circwl” in 2008 [EEE
Tntermational Symposium on Eleceromagnetic Comparibility, Signal &
Fower Integrity (EMC+ SIPT).  TEEE, 2019, pp. 241-246.

E Luo, B. MNarayanasamy, and A. Emon, “High power density emi
miligation in power electronics converters: Active and integrated so-
lutions,” in CIPS 2020: 1lth Inrernational Conference on Integrased
Power Elecironics Svstems, VDE, 2020, pp. 1-6&

B. Narayanasamy, A. 5. Sathyanarsyanan, F. Luo, and C. Chen, “Re-
flected wave phenomenon in sic motor drives: Consequences, bound-
aries, and mitigation,” [EEE Transactions on Power Eleceronics, 2020,
H. Peng, Z. Yuan, B. Narayanasamy, X. Zhao, A. Deshpande, and F. Luo,
“Comprehensive analysis of three-phase three-level t-type neutral-point-
clamped inverter with hybrid switch combination,” in 209 IEEE 1ith
Intermational Symposium on Power Electronics for Distributed Genera-
tion Systems (PEDG).  1EEE, 2019, pp. 816-821.

Z. Yuan, A, Deshpande, B. MNarayanasamy, H. Peng, A. 1. Emon,
R. Whitt, B. M. Mafis, F. Luo, and I). Huitink, *Design and evaluation
of a 150 kva sic mosfet based three level inpe phase-leg pebb for aircraft
motor driving application,” in 2009 JEEE Energy Conversion Congress
and Exposition (ECCE). [EEE. pp. 6569-6574.

8. Zhao, X. Zhao, Y. Wei, Y. Zhao, and H. A. Mantooth, “A review
on switching slew rate control for silicon carbide devices using active
gake drivers” JTEEE Jouwrnal of Emerging and Selected Topics in Power
Electronics, pp. 1-1, 2020.

Y. Chen, Z. Yuan, and F. Luo, “A model-based multi-chjective optimiza-
ticn for high efficiency and high power density motor drive inverters for
aircraft applications,” in NAECON 200 8-1EEE National Aerospace and
Electronics Conference.  1EEE, 2018, pp. 3641,

AL Deshpande, Y. Chen, B. Narayanasamy, Z Yuan, C. Chen, and F. Lwo,
“Dresign of a high efficiency, high specific-power three-level t-typa power
electronics building block for aircraft electric-propulsion drives,” TEEE
Joumnal of Emerging and Selected Topics in Fower Electronics, 3019,
). Yao, M. El-Sharkh, Y. Li. Z. Ma, 5. Wang, and Z. Luo, “Investigation
of radiaied emi in non-isolaled power converters with power cables in
automotive applications,” in 2009 JEEE Energy Conversion Congress
and Exposition (ECCE), 2019, pp. 69576964,

Y. Chu, 5 Wang, and Q. Wang, “Modeling and stability analysis
of activehybrid common-mode EMI fillers for DC/DC  power
converters,” vol. 31, no. 9, pp. 62546263, [Online]. Available:
http: ffiesexplore. iese, orgfdocument/7 332787/

B. Narayanasamy, F. Luo, and ¥. Chu, “Modeling and stability analysis
of voltage sensing based differential mode active EMI filters for AC-DC
power comverters,” p 7.

E. Goswami, 5. Wang, E. Solodovnik, and K. Karimi, “Differential
mode  active EMI  filter design for a boost power factor
comection (PFC) ACYDC comverter,” pp. 1-1. [Online]. Available:
hitps:ffiesexplome. ieee ong/document B 36284 1/

8. Wang, Y. Y. Maillet, E Wang, D. Boroyevich, and R. Burgos,
“Investigation of hybrid EMI filters for common-mode EMI suppression
in a motor drive system,” vol. 25, no. 4, pp. 1034-1045.

B. Marayanasamy, H. Peng. Z. Yuan, A. L Emon, and F. Luo, “Modeling
and analysis of a differential mode active emi filter with an analog twin
circuit,” TEEE Transactions on Elecrromagnetic Compatibility, pp. 1-10,
2020.

Y. Zhang, K. Zhang, 1. Zhou, Y. Kang, and Y. Gao, “Digital active
common mode EMI suppression lechnique for swilching converters,”
in IECON 2007 - 33rd Annwal Conference af the IEEE Indusirial
Elecrromics Society, pp. 2073-2078,

D, Hamza and M. Ciu, “Digital active EMI control technique for switch
mode power converters.” vol. 55, no. 1, pp. 5188,

[33]

134]

[35]

136]

137]

[38]

139

1+0]

[411
[42]

3861

. Hamza, M. Pahlevaninezhad, and P. K. Jain, “Implementation of
a novel digital active EMI technique in a DSP-based DC #x2013;00C
digital controller used in electric vehicks (EV),” vol. 28, no. 7, pp. 3126
3137,

L Ji. W, Chen, and X. Yang, “Desipgn and precise modeling of a novel
digital active EMI filter.” in 2646 [EEE Applied Power Electronics
Conference and Exposition (APEC).  1EEE, pp. 3115-3120. [Online].
Available: hitpifieeex plore jeee. org/document' 74683049/

1. Ji, W. Chen, X. Yang, and J. Lu, “Delay and decoupling analysis of
a digital active EMI filter used in arc welding inverter,” vol. PP, no. 99,
pp. 1-1.

R. Teodorescu, F. Blaabjerg, M. Liserre, and P. C. Loh, “Proportional-
resonant controllers and filters for grid-connected voltage-source con-
verters,” TEE Proceedings-Electric Power Applications, vol. 153, no. 5,
pp. T50-T62, 2006,

A G. Yepes, E D. Freijedo, J. Doval-Gandoy, 0. Lopez, J. Malvar,
and P. Femandez-Comesana, “Effects of discretization methods on the
performance of resonant controllers,”” JTEEE Transactions on Power
Elecromics, vol, 25, no. 7, pp. 16921712, 2010,

I. E. Commission et al, “Industrial, scientific and medical {ism) radio-
frequency equipment-electromagnetic disturbance characteristics-limits
and methods of measurement,” CISPR 11, 2003.

TTi-6-KKEI, 1:] CORE WIRE Transformer, (0.004 - 300 MHz 542,
Mini-Circuits, 2017.

D. Hamza and M. Qiu. “Digital active emd control lechnique for
swilch mode power converters.” [EEE rransacions on electromagneric
commparibiiity, vol. 55, no. 1, pp. 81-88, 2012,

ADQIRS, 14-Biy, 150 MSPS, 1.8 V Analog-to-Digital Converter, Analog
Devicas, 2006,

DACSAT2, 14-Rit, 375 M3PS, Digital-to-Analog Converter, Texas Tn-
struments, 2017.

Authorized licensed use imited foc SUNY AT STONY BROOK. Downloaded on June OF 2021 at 07:11:46 UTC from IEEE Xplore. Restnchons apply.



