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Input/Output EMI Filter Design for Three-Phase
Ultra-High Speed Motor Drive GaN Inverter Stage

Michael ANTIVACHIS, Pascal Samuel NIKLAUS, Dominik BORTIS, and Johann Walter KOLAR

Abstract—Pairing wide-bandgap (WBG) inverters with high-
speed motors results in compact and efficient motor drives, but
requires special attention on electromagnetic interference (EMI)
aspects. This paper focuses on electromagnetic compatibility (EMC)
of high-speed motor drives, supplied by a DC source. In order to
protect the nearby equipment from the EMI noise of the WBG
inverter, a filter that complies with conducted EMI regulations is
placed at the inverter DC input-side. However, there is no clear
mandate requiring from inverters to comply with conducted EMI
regulations at the AC output-side, where only the motor is placed.
For this reason, there is no full consensus whether it is necessary
to use an output filter, and if so, what type of output filter would
be suitable, i.e., if differential-mode (DM), common-mode (CM)
or both DM/CM output filter would fit best. A full sine-wave
output filter (FSF) is proposed in this paper, that features both
DM and CM attenuation, and capacitors connected to the DC
link. Besides the several well established benefits of a FSF, such
as purely sinusoidal motor currents and the protection of the
motor against high duw/df originating from the fast switching of
the semiconductor devices, a FSF at the inverter output-side,
also reduces the CM EMI emissions at the inverter input-side.
Namely, since the inverter housing, the motor housing and the
interconnecting shielded cable are all grounded, CM emissions
generated at the inverter output-side are directly mapped to the
inverter input-side, i.e., there is an input-to-output CM noise
interrelation. A FSF reduces the output-side CM EMI emissions
and thus mitigates the input-to-output CM noise mutual influence.
Two types of FSF (c-FSF and d-FSF) are comparatively evaluated,
in terms of volume, losses and EMI performance. The theoretical
consideration are tested within the context of a high-speed 280
krpm, 1 kW motor drive, with 80 V DC supply. The experimental
results validate the good performance of the proposed filter
concept.

Index Terms—DC source, Electromagnetic compatibility, EMI
filter, high-speed, motor drive.

NOMENCLATURE

Uz, pvm SWitch-node @ low-frequency DM voltage

component (fundamental motor operation).
Switch-node @ high-frequency DM voltage
component (output DM EMI noise source).

Uz DM 5
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Uiy cmm  SWitch-node i€ {a, b, ¢} low-frequency CM voltage
component (third harmonic injection).

Uy omp  Switch-node i€ {a, b, ¢} high-frequency CM voltage
component (output CM EMI noise source).

Uy paiss  Inverter output terminal a high-frequency DM voltage.

U, cmx  Inverter output terminal i€ {a, b, c} high-frequency
CM voltage.

Uz pmjs  Inverter input DM EMI noise source.

Usz o Inverter input CM EMI noise source.

Uy, v Inverter input terminal DM EMI noise.

Uy, v Inverter input terminal CM EMI noise.

s Inverter DC link switched current.

1, Inverter input terminal p DC current.

Apypwe DM attenuation of the output DMF.

A CM attenuation of the output DMF.

Ay DM attenuation of the output c-FSF.
Auers  CM attenuation of the output c-FSF.
Ayaee DM attenuation of the output d-FSF.
Aoy CM attenuation of the output d-FSF.
Ay DM attenuation of the input filter.
A, CM attenuation of the input filter.

1. INTRODUCTION

OW-voltage, high-speed drive systems, supplied by

an isolated DC network, spread across a wide range of
com mercial applications [1], [2]. A P =1 kW, n = 280 krpm
compressor drive application is considered in this paper, which
is visualised in Fig. 1 and summarized in Table. I. The inverter
is connected to the high-speed motor through a shielded, four
conductor cable (three phases and protective earth (PE)). The
isolated DC network U, = 80 V, which constitutes the primary
energy source of the motor drive, simultaneously supplies
sensitive surrounding equipment, which must be protected
against EMI emissions originating from the switched inverter.
Therefore, an input filter complying with EMC regulations IEC
61800-3 [3] is mandatory.

In contrast to the DC input filter, it is not clear whether a
filter should be placed at the inverter AC output and if so
what kind of filter and how strong its attenuation should be.
A differential-mode output filter (DMF), as shown in Fig.
2(a), is necessary when a high-speed motor is employed.
High-speed motors are sensitive to poor current quality,
which causes high rotor losses [4]-[6]. Thus, a DMF which
allows for purely sinusoidal motor currents is required. Shifting
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Fig. 1. High-speed motor drive system supplied by an isolated DC source.
The motor can be either directly grounded (dashed yellow line applies) or only
grounded through the shielded cable (dashed yellow line is neglected).

TABLE I
SPECIFICATIONS OF HIGH-SPEED DRIVE SYSTEM. THE NOMINAL OPERATING CONDITION
Is HIGHLIGHTED IN BoLD.

Motor speed n = 0rpm - 280 krpm
Motor voltage Un =040V (Phase, PK)
Motor power P =0-1000W
Inverter output freq. fm=0-5kHz
Inverter input voltage Upn =80V
Inverter power P=0-1100W

towards higher rotational motor speeds 7 drastically decreases
the volume of the motor and the rotating mechanical parts.
Thereby, significantly higher motor power density is achieved
that outweighs the decrease in inverter performance, due to
the additional volume and losses originating from the DMF.
In other words, a DMF allows to shift/exchange volume/
losses from the motor towards the inverter, resulting in a better
motor drive system performance as a whole. Furthermore, a
DMF eliminates overvoltages at the motor terminals and wave
reflections problems when long interface cables connect the
inverter to the motor [7]-[9].

However, a DMF does not address the problem of common-
mode (CM) EMI emissions. The high du/d¢ > 30 kV/ps that
wide-bandgap (WBG) devices exhibit [10]-{12], enables low
switching losses, but simultancously electrically stresses the
motor insulation and results in bearing currents [13]-[18]. As a
result, high CM du/dt leads to premature motor failure. In order
to guarantee high motor reliability, the inverter output filter
must be supplemented by a CM output filter (CMF), which
mitigates high du/ds. Another advantage of a CMF is described
in literature: A CMF not only reduces the CM emissions at
the AC output-side of the inverter, but also reduces the CM
emissions at the DC input-side [19]-[23]. Namely, since the
inverter housing, the motor housing and the interconnecting
shielded cable are all grounded, CM emissions generated at the
inverter output-side are directly mapped to the inverter input-
side, i.e., there is an input-to-output CM noise interrelation.
A CMF largely prevents CM emissions towards the inverter
output and hence resolves the input-to-output CM noise
interrelation problem.

For all the above reasons, a full sine-wave output filter (FSF),
which features both DM and CM attenuation is recommended
for WBG inverters. Three main categories of FSFs have been
proposed in literature:

(1) DC link referenced output filter [24]-[30]. This is
a passive output filter, which is capacitively connected/
referenced to the negative/positive DC rails p/n. This type of
output filter is analysed in detail within this paper. In particular,
two DC link referenced output filter variants, the c-FSF of
Fig. 3 and the d-FSF of Fig. 4 are comparatively evaluated.

(i1) Passive CM noise cancellation output filter [31]-[34].
This type of filter offers similar performance to a DC link
referenced filter but with additional complexity, hence it is not
further considered in this work.

(iii) Active CM noise cancellation output filter [35], [36].
This type of filter effectively reduces CM EMI emissions, by
actively switching additional semiconductor devices. Thereby,
significant switching losses are generated that compromise
the inverter efficiency. For this reason, this output filter type is
avoided.

First, the EMI emissions of the inverter, employing a FSF,
are theoretically analysed in Section II. Two FSF variants
(c-FSF and d-FSF), are comparatively evaluated in terms
of volume, losses and EMI performance. A compre-hensive
design algorithm for the input and output filter is given in
Section III. The experimental verification follows in Section
IV, within the context of a 1 kW, 280 krpm, high-speed motor
drive (cf., Table I). The results verify the good performance of
the proposed filter concept. Finally, conclusions are drawn in
Section V.

II. THEORETICAL ANALYSIS

The considered two-level voltage source inverter employs
a third harmonic injection modulation (THM) [37], in order
to optimally utilize the DC link voltage. The duty cycles
controlling the three phases are

d_ () = Msin(, 1) - é—sin@a) )

m

21 1

d, (t) = Msin(w,,t - 5 6—sin(3wm t), (1)
d_(1) = Msin(w, t + 231) - é—sin(Sa)mt)

where M is the modulation index

A

U, _qo. 2

, 2
%Upn V3 @

M =

and w,, = 2z f,, is the motor angular velocity.

In order to facilitate the EMI analysis, the inverter switch
node a b and c voltages are simplified into equivalent voltage
sources [38] as illustrated in Fig. 5. The switch-node a voltage
is analytically expressed as
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Fig. 2. (a) Inverter featuring a simple DM output filter (DMF) and a two-stage input filter, (b) DM and (¢) CM equivalent circuits.
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Fig. 3. (a) Inverter featuring a combined full sine-wave output filter (c-FSF), (b) DM and (c) CM equivalent circuits.
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From now on, the analysis focuses on phase a, however can be
easily extended to the remaining two phases. In particular, the
voltage component 14z, v i Of (3) is the fundamental frequency

DM voltage, which generates the useful fundamental motor
current/torque and depends on the modulation index

wl)- 4)

The switch-node voltage components g, ey 4, 1S the low-

U pm
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Fig. 4. (a) Inverter featuring a discrete full sine-wave output filter (d-FSF). (b) DM and (c) CM equivalent circuits.

frequency CM voltage and is the by-product of the employed
THM modulation strategy

ELsm(3w b). 3)

ui’o,cmym(t) = 12 m

Finally, the u;,p\ 4 and oy 4 are the DM and CM high-
frequency switch-node voltage components, respectively.
Those voltage components are directly related to the PWM
switching frequency f; and are the cause behind EMI emissions.
There is no closed form expression for the high-frequency
switch-node voltage components 4,y 5 (1) and g, ey 4 () due
to the complicated nature of the respective PWM waveforms.
It is more convenient to analyse these voltage components
in frequency domain. An upper bound of the high-frequency
switch-node voltage components’ spectrum is

2Upn
nm

[Usyona) ) = [ Ugna] () = (©)
where n =1, 3, 5... is the harmonic order corresponding to the
harmonic frequency f = nf,. This spectrum is calculated by
assuming a rectangular voltage waveform, with an amplitude
U,./2, a 50% duty cycle and a repetition frequency equal to
the switching frequency f;. It is noted that the switch-node CM
voltage components u4;;, oy s, and Uy, ey 4 are the same for all

three phases i€ {a, b, c}.

A. Drawbacks of Different-Mode Output Filter (DMF)

A simple DM output filter (DMF) is illustrated in Fig.
2(a). There, the semiconductor devices, cable and motor
parasitic impedances to protective earth, are represented

by the capacitors c,, ¢, and c,,, respectively. This capacitive
representation is valid for frequencies ranging up to approx-
imately 1 MHz [39]. In general, lower case notation, e.g., c,,
is used for parasitic elements. The semiconductor devices’
parasitic capacitance ¢, is low thanks to the small packaging
of the employed GaN semiconductor devices. In contrast, the
cable/motor parasitic capacitances ¢, + ¢, are significantly
larger than c,, due to the large physical dimensions of the cable
and the motor housing.

The DMF generates sinusoidal currents for the high-speed
motor. By employing the voltage source equivalent inverter
model of Fig. 5, and applying the superposition technique, the
DM equivalent circuit of the DMF is derived, in Fig. 2(b). The
DMEF behaves as a second order filter with a DM attenuation

2
fr.DM|DMF

Al)MH)MF(f) = 2 2 @)
f;‘DM\DMF _f

where f'is the harmonic frequency and f, . is the DM
resonant frequency

17
savic, ®

m ~'m

Ja <f1;DWDMF =

Only a small residual high-frequency DM voltage u,,py; 4
appears at the inverter output terminal a with a spectrum

Uao.DM_I/‘s(f) = AI)MH)MI«‘ : U&»,DMV’s' ©)
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Fig. 5. Equivalent circuit of a two-level voltage source inverter.

However, a DMF does not address the problem of CM
EMI emissions. High-frequency CM voltage (and du/dr) is
applied on the motor, which stresses its insulation and causes
bearing currents. By employing the voltage source inverter
model of Fig. 5, the CM equivalent circuit [20], [40] of the
DMEF is derived in Fig. 2(c). The cable and motor parasitic
capacitances can be lumped into a single capacitance ¢, + c,,
for the sake of simplicity. The DMF does not attenuate CM
voltage, i.e., it features a unity CM attenuation

A(:MH)MF (f) =1 (10)

Even though a second order CM filter is formed by the DMF
inductors L, /3 and the parasitic capacitances ¢, + c¢,,, the
filtering effect can be neglected, because the cut-off frequency
of this filter is in the range of several MHz, due to the small
value of the parasitic capacitances (—100 pF). The spectrum of
the CM voltage at the inverter output terminals is

Usomdl ) = Acypwr *Unome = Usoup (11
Therefore, the switch-node CM voltage uy, oy 4 (and high
du/dr) is directly applied to the cable/motor. This is a major
drawback for the DMF.

Furthermore, a DMF results in high EMI emissions at the DC
input-side. High du/dt is applied on the cable/motor parasitic
capacitances c,, + ¢, inducing unwanted CM currents. These
parasitic CM currents, form a return path through the DC input-
side, thereby causing input CM EMI emissions, as is highlighted
in Fig. 2(a). This interdependence between the input-side and
output-side CM EMI emissions can be quantified by considering
the CM equivalent circuit of Fig. 2(c). There, the equivalent
input CM EMI noise source 5, must be attenuated by the
depicted two-stage input filter, such that the input terminal
p/n voltage, u,, v 4 lies within the required EMI limits. The
spectrum of the input CM EMI noise source uy oy 4 1S

calculated based on the CM equivalent circuit of Fig. 2(c) as

c.+c +c A
s c m "U7 -‘
i0,CM
Cpn,CMD + Cs + cc + cm . &

{ U p’n,CMI/J (nf.) &

(6)
— Cs + c(: + Co 2Upn . (12)
Cpn,(j\’l,() + Cs + cc + Cm nm

The high-frequency switch-node CM voltage u;, cyy 1 (6)
is the origin of CM EMI emissions. The input CM EMI
emissions gy are proportional to the sum of the parasitic
capacitances ¢, + ¢, + ¢, (semiconductor devices, cable and
motor) and inversely proportional to the input filter DC link
CM capacitance C,, ¢\ o- Depending on the length of the cable
and/or the motor housing a different total parasitic capacitance
¢, + ¢, is formed. Consequently, the CM EMI noise at the
input-side depends on the mechanical installation of the motor
drive at the output-side, i.e., input-to-output CM noise mutual
influence. Given the numerous applications of motor drives
and the variety of end users, the interdependency of the input-
side CM emissions to the output mechanical installation is
unwanted. When only a DMF is employed, it is difficult to
predict the CM EMI emissions at the DC input-side and it is
equally challenging to design an appropriate input filter. For all
the above reasons, a pure DMF should be avoided.

B. Combined Full Sine-Wave Output Filter (c-FSF)

In order to resolve the deficiencies of the simple DMF,
a FSF is recommended, that features both DM and CM
attenuation.The combined full sine-wave output filter (c-FSF),
visualized in Fig. 3(a), is first investigated. The c-FSF employs
three individual inductors and visually resembles the DMF of
Fig. 2(a). However, in contrast to a DMF, the filter capacitors
C,/2 are directly connected to the positive/negative DC rails
p/n. Thereby, CM emissions can return through the filter
capacitors to the DC link and the semiconductor devices,
which created the CM emissions in the first place. The same
physical components C,,, L, are utilized simultaneously for
DM and CM output filter attenuation, justifying the name
“combined” full sine-wave filter.

The c-FSF generates sinusoidal currents/voltages for the
high-speed motor. By employing the voltage souse inverter
model of Fig. 5, the DM equivalent circuit of the c-FSF is
derived in Fig. 3(b). The c-FSF is equivalent to a second order
filter with DM attenuation

2
](r.I)VI |c-FSF

Apy |c-FSF (f) = 2 P (13)

2
f;.DM [c-FSF —

where f' ... 1S the DM resonant frequency

1
Jo <fr.D1mc—FSF = m <[ (14)

The DM resonant frequency f; .. 1s selected such that
the fundamental voltages/currents are sinusoidal and the high-
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frequency switch-node DM voltage component u; pyy s 18
effectively attenuated. The resulting DM voltage spectrum at
the output terminal a is

U.m,DM]fé(f) =A DMIc—FSF UEQ,DMy:v (15)

The c-FSF resolves the CM EMI emissions problem: A
FSF eliminates du/dt at the output-side, thus protects the
motor bearing and windings from excessive electrical stress.
By employing the voltage souse inverter model of Fig. 5, the
¢c-FSF CM equivalent circuit is derived in Fig. 3(c). The CM
equivalent circuit is formed by the parallel connection of all
three filter inductors L,/3 and capacitors 3C,,. The c-FSF is
equivalent to a second order filter with CM attenuation

2

f;f !
A cyiersr () = ) Q| (16)

2
f;,(LMIC*FSF -
where f; oy rse 18 the CM resonant frequency

1

2m\/L C,

Accordingly, the spectrum of the CM voltage (worst case
approximation) at the inverter output terminals is

Ju <f;,CMI(:—FSF = <fs. 17)

Ij/io,CMst(f): A cyerse [ZT)‘CMV:;' (18)

In the case of the c-FSF, the attenuation and resonant frequency
of the DM and CM equivalent circuits are by definition equal,
i'e'7 ADM\C-FSF(f) :ACM|C-FSF(f) andfr,nM\c-FSF :j{r,CM\c-Fsr'

Furthermore, a FSF achieves low CM EMI emissions at the
input: The cable parasitic capacitance ¢, and the motor parasitic
capacitance c¢,, do not conduct unwanted CM currents, which
would close a loop through the DC input-side, thereby causing
CM EMI noise. The CM EMI emissions at the input-side,
can be quantified by considering the CM equivalent circuit of
Fig. 3(c). The spectrum of the equivalent input CM EMI noise
source Uz, oy 5 18 derived

c

[ Uos | () 2 ﬁ [ U s W

pn,CM.0

p 2U (19)

s pn

C

pncMo T € N

The CM EMI emissions at the input are proportional to the
parasitic capacitance ¢, of the semiconductor devices. The
overall input CM EMI emissions, in the case of a ¢-FSF, are
significantly lower compared to the case of a DMF (cf., Fig.
2), where the input CM EMI emissions are proportional to the
semiconductor/cable/motor parasitic capacitances ¢, + ¢, + ¢,,
(12). Thanks to the c-FSF, the input CM emissions do nearly
not depend on the mechanical installation at the output side
(cable, motor). For all the above reasons, a c-FSF presents

several advantages compared to a DMF counterpart, hence,
should be preferred.

C. Discrete Full Sine-Wave Output Filter (d-FSF)

A second FSF variant is now investigated. This output filter
is denoted as discrete full sine-wave output filter (d-FSF) and
is shown in Fig. 4(a). The d-FSF employs a three-phase choke
L, cv» in contrast to a c-FSF that employs three individual
inductors (cf., Fig. 3(a)). The leakage inductance of the choke
windings is used as DM inductance L,, p,y. The d-FSF uses
“discrete” dedicated components for the DM attenuation (L, py,
C.,.pm) and the CM attenuation (L., oy, Cyycm )- Thereby, the
DM and CM output filter parts are decoupled from each other
and can be designed independently.

The d-FSF generates sinusoidal motor currents/voltages. The
DM equivalent circuit is shown in Fig. 4(b). The d-FSF is
equivalent to a second order filter with DM attenuation

f:r.zDMId—FSF (20)

ADMId FSF(f) = >
I 2 2
fr,DM\d-FSF _f

where 4 is the DM resonant frequency

fm < fr,DM\d-FSF =

1
— </ 21
2’“ LIILDNI Cm.DM ( )

The spectrum of the DM voltage at the inverter output terminal
ais

A

Uau,DM[fs(f )= Apyiarse * [AJeR),DMVs- (22)

The d-FSF resolves the CM EMI emissions problem. The
CM equivalent circuit is shown in Fig. 4(c) and comprises a
second order filter with CM attenuation

2
Zf;,CM\d-FSF ~| (23)
f ,CM|d-FSF _f

The CM resonant frequency f, cyiq.sr 1S

A CMId-FSF (f)=

1

Ju<Jomgrsy = ———F—= </, (24)
ZTr LIII,CI\/I Cm,C,\’l
where L,m,CM is the equivalent CM inductance
. Lm DM Lmew>>Lopn
Lm,CM =L,cu+ 3 =" L,cw (25)
and C’m,CM is the equivalent CM capacitance
, C ., +3C Con>>Cocn
Coow = 302 " G (26)
m,CM m,DM

The spectrum of the CM voltage (worst case approximation) at
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the inverter output terminals is

Uooma(f) = Acyiarsr * Usoms 27
The CM EMI emissions at the input-side, can be quantified by
considering the CM equivalent circuit of Fig. 4(c). The spectrum
of the equivalent input CM EMI noise source iz ey 1 18 the
same as in the case of a ¢c-FSF (19). This is expected, since
both ¢c-FSF and d-FSF largely attenuate CM emissions (and du/
dr) towards the AC output-side.

D. Input Filter

An input filter with N = 2 stages is employed (cf., Fig.
2(a)) in order to ensure that the system complies with the IEC
61800-3 conducted EMI limits at the DC input-side [3]. The
DC link comprises the DM capacitor C,,py;o and the CM Y2
capacitors C,, o\ - Each of the subsequent filter stages k=1,
..., 2, 1s identical and includes a second order DM filter (L, pyryo
C,.omy) and a second order CM filter (L,, ey Con, ovind)-

Considering the DM part of the input filter, the input filter
attenuates the equivalent input DM noise source iz, pyy 4 » Such
that the input terminal p/n DM voltage u,,pyy . lies within the
required EMI limits. The origin of the DM input EMI noise
Uz pm s 18 the switched DC link current 7; of the inverter, which
in return generates voltage ripple across the DC link DM
capacitor C,, pyo- An upper bound of the input-side DM EMI
NOISe SOUrce Uz pyy x SPEctrum is

- _ 1 2’im
{U&"DMVS-‘(nfS) - n2mf, C[)l],D]V[,O nm @)

The input DM EMI noise source iz, pyy 4 is not affected by the
output filter type (DMF or FSF) [41]. The DM attenuation of
the input filter is

4
fr,nw
4 4 2,02 ’
fr.DM +f - 3f anM

ADM(f) = (29)

where f;,, is the DM resonant frequency of each input filter
stage

1

— </ 30
21T Lpn,DM.i Cp[l.DI\rLi ( )

The spectrum of the DM EMI noise at the inverter input
terminals p/n is

anM =

A

f]pn,DMV's(f) =Apy - Ul;LDMVS' (3D

Considering now the CM part of the input filter, the input
filter attenuates the equivalent input CM noise source s, ey g
such that the input terminal p/n CM voltage u,, c\; « lies within
the required EMI limits. The input CM noise source i, ey 4

depends on the employed output filter type. It is significantly
higher in the case of a DMF (12), compared to the case of a
FSF (19). The CM attenuation of the input filter is

4
fr,CM
4 4 202 |
fy,CM +f =3 f;,CM

A M (f) = (32)

where f,\1s the CM resonant frequency of each input filter
stage

fr,(;M = < f% (33)

21T

pn,CM.i CpnA,CMA,i

The spectrum of the CM EMI noise at the inverter input
terminals p/n is

A

ﬁpn,CML/s(f )= ACM : U;Tr.,cwfs- (34)
III. DESIGN GUIDELINES

A. Output Filter

The output filter should not interfere with the fundamental
motor currents/voltages. Based on this objective, the c-FSF is
first designed. The DM resonant frequency f, .- of a c-FSF
(14) should be amply spaced between the fundamental motor
frequency f;, and the switching frequency f

fot < foowers < fla, (35)

where a; = 7 is an empirical design parameter. A low resonant
frequency is related to strong DM filter attenuation and hence
good motor voltage quality. However, a very low resonant
frequency f, e <Jm@» leads to excessive output filter reactive
power. On the other hand, a high DM resonant frequency
yields smaller passive component values and accordingly
a more compact output filter. A very high DM resonant
frequency f, . </i/@; causes an excitation of the output filter
resonance and thus excessively large currents. Based on the
resonant frequency constraint of (35), the following inequality
must hold for the switching frequency

A

G

foa, <= > f = af, (36)

Thereby, a lower bound for the switching frequency f; is
calculated. It is noted that a high-speed motor drive, which
features a high fundamental frequency e.g., f,, = 5 kHz, also
requires a high switching frequency e.g., f. = a’;f,, = 245 kHz.
A comprehensive design algorithm for the output filter, tailored
to high-speed motor drives, is presented in Appendix A more
general design algorithm, also applicable to conventional low-
speed motor drives, is described in the following.

The c-FSF comprises three individual inductors L, each
corresponding to one phase-leg. For a filter inductor L,, the
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maximum inductor current ripple amplitude (single-side) A/,
can be calculated as

U
— pn
AI Lm — 8 L f . (37)

mJ s

Accordingly, in order to limit the current ripple to a maximum
value A, then the inductor L,, value should be

U

= 3SAL T (39)

m 8AImeS'

The maximum occurring voltage ripple amplitude (single-side)
AU, at the output filter capacitor C,, is

Al, © Upn _ o (fr,DMIc—FSF )2 U

pn.(3 9)

Ame: = =
" 8C, [ 64f’L c. 10 /.

Accordingly, in order to limit the voltage ripple to a maximum
value of AU, < 1V, which is safe for the motor operation,
the capacitance C,, values should be

Cm 2 $. 40
64 f°L. AUy, (40)

The d-FSF comprises only one three-phase choke. The CM
inductance of the choke L,  is used for CM attenuation,
while the leakage inductance of the choke L,  is used for
DM attenuation [42], [43]. The d-FSF is designed, similarly
to the c-FSF filter. The same DM resonant frequency f ;g
constraints of (35) and switching frequency constraint of (36)
apply for the d-FSF. Furthermore, the output filter DM inductor
constraint of (38) and DM capacitor constraint of (40) are
extended for the d-FSF

U

Upn C B pn
64f°L, AU .

> _ g
Loy = 8A Lo /. > Lopm . (4D

The d-FSF should not interfere with the third harmonic CM
voltage sz, ey s (5) of the THM modulation strategy (1). Based
on this objective, the CM resonant frequency is selected to be
similar to the DM resonant frequency f,cygrse L fromars: (35)-
The inductance of the CM choke L, , is typically two orders
of magnitude larger than its DM leakage inductance L, py
[42], [43]. Therefore, a small CM capacitance C,, oy must
be selected in order to counterbalance the high CM choke
inductance value L, ¢

Lm,CM = 1OO'Lm.DM: Cm.CM = Cn.DM/ 100, (42)

1

The above output filter design guidelines (38), (40)—(42)
depend on the switching frequency f.. The switching frequency
represents a crucial design trade-off. A high switching frequency
allows to reduce the volume of the passive filter components,
but at the same time increases the semiconductor switching
losses and accordingly requires a larger semiconductor

heatsink volume. The (36) only provides a lower bound for the
switching frequency f;, but does not explicitly define it. In order
to select an appropriate switching frequency, a multi-objective
optimization routine, with respect to inverter efficiency # and
power density p, is employed [44], [45], which assesses the
performance of several inverter designs. The optimization
routine includes the inductive components (inductors L, three-
phase choke L, ) [42], [46], [47], the ceramic filter capacitors,
the 200 V rated GaN semiconductor devices [48] and the
semiconductor heatsinks [49]. Based on the optimization
results, a switching frequency of £, = 350 kHz is selected. This
switching frequency is 70 times higher than the fundamental
frequency of the motor f,, = 5 kHz, a fact that enables a highly
dynamic motor control. A design guideline summary for the
c-FSF and d-FSF and the selected benchmark designs are given
in Table II.

B. Input Filter

A two-stage input filter is now designed. The conducted EMI
emissions are regulated in the frequency range of 150 kHz—
30 MHz. In this range, the critical frequency f. = nf;, which is
related to the worst case EMI noise, is identified. The order »
of the critical frequency is

- [ IS%HZ "

For the inverter system at hand, the switching frequency is f; =
350 kHz, which exceeds 150 kHz, hence the critical frequency
isf.=f,ie,n=1.

The input filter design algorithm, assumes an installed FSF
(c-FSF or d-FSF). As shown in (19), a FSF result in a low
equivalent CM noise source g, vz at the input. Thereafter,
an FSF reduces the input CM EMI emissions and allows for
a smaller input EMI filter. In this case, the minimum required
input filter CM attenuation (dB) at the critical frequency f; is

[ ﬁpiCMVé } (nfs) )
10°V2

(19) ZU
=’ 63 - 20log(— 1 — _— ), 4y
10 V2 pn.CM0 +c, nw

(43)

A(dB)= U, . — 10 — 6 — 20log(

imit

where Uy, = 79dB nV is the limit mandated at = 350 kHz by
the EMI regulations. Additionally 10dB pV are subtracted in
order to account for component tolerances and further 6dB pV
are subtracted in order to ensure that both 50 Q LISN branches
comply with the EMI regulations. Subsequently, the minimum
required DM filter attenuation (dB) at the critical frequency f. is
derived

[ [AJPTLD\W‘J () )
10°V2

1 ij 1
10°v2 nm 27f.C o

Ay (dB) =U, . — 10 - 20log(

imit

2 69 - 20log( )(45)
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TABLE II
DEsIGN SUMMARY FOR AN OuTpUT FSE. NUMERIC VALUES ARE GIVEN FOR A SYSTEM WITH THE SPECIFICATIONS OF TABLE |

Output c-FSF

Output d-FSF

Switching freq. (36) fs=350kHz, ar=7 (36) fs=350kHz, ar=7

DM resonant freq. (14)  fipwmlersr = 50kHz (21)  fipmlarsr = 50kHz

DM attenuation (13)  Apwmlersr(fs) = —33.5dB (20)  Apwmlarse(fs) = —33.5dB

CM resonant freq. (17) fr,CM‘c—FSF =50kHz (24) fr,CM|d—FSF = 50kHz

CM attenuation (16) A CM‘C—FSFUS) = —33.5dB (23) A CM|d—FSF(fs) = —33.5dB

Inductance (38) Lnm=5pH,Al;, =57A (41) Lupm =5 pH, Al oy =57A
(42) Lymem =0.5mH

Capacitance (40) Cn=2puF,AUc, =1V 41) Cupm=2 uF, AUc,p, =1V
(42) Cmem =20nF

The required minimum DM attenuation Ap,, is independent of
the installed output filter (DMF or FSF). Accordingly, the input
filter maximum allowed DM/CM resonant frequencies per
stage are

f;,DM :fs 4\/ Apy fr,CM :fs 4V Acy - (46)

The input filter design is summarized in Table I11.

A benchmark two-stage input filer design is selected in
Table III. The input filter inductance (L, pv i Lpn.com i) and
capacitance (Cp, pmi Cpnom i) Values of the benchmark
design are selected such that the overall input filter volume is
minimized [50]. A toroidal choke with two windings is used for
the realization of the CM inductor L, ;.- The stray inductance
of each winding is used as DM inductance L, py;. The selected
total input filter CM capacitance C,,cn= Conomo T Conoms T
Conoma = 100 nF is very large. This large CM capacitance is
only allowed in the case of motor drives supplied by a DC
source (cf., Fig. 1). There, no low-frequency ground currents
flow through the input filter CM capacitors C,,, vy On the
contrary, if a single-phase grid would supply the motor drive,
then large CM currents would flow through the capacitors

C. oMo that would violate the 3.5 mA limit, mandated by [3].

pn.

IV. EXPERIMENTAL VALIDATION

In order to validate the proposed filter concepts, an inverter
prototype is assembled for a P = 1 kW, n = 280 krpm high-
speed motor drive, with the specifications of Table I. The
hardware prototype PCB assembly is presented in Fig. 6(a).
The experimental setup features a modular design, i.e., multiple
interchangeable boards are connected together. The input filter
board and the corresponding component values (measured) are
depicted in Fig. 6(b). The designed power board, employing
the latest generation of 200 V rated GaN semiconductor
devices, is depicted in Fig. 6(c). The power board also includes
the DC link, i.e., the input filter DM capacitor C,, o and the
CM capacitors C,, oy Placing these filter capacitors close to
the semiconductor devices minimizes the parasitic inductances
and therefore improves the EMI performance. The c-FSF and

d-FSF boards, as well as the component values (measured) are
illustrated in Fig. 6(d.i) and (d.ii), respectively. It is noted, that
the c-FSF board can be reconfigured as a simple DMF (cf., Fig.
2). A control board is vertically attached to the PCB assembly
and finally a custom heatsink, an active thermal management
system and a metallic housing are added. The assembled
hardware demonstrator is shown in Fig. 7. A grounded metallic
housing is mandatory for end user safety and is a common
practice in drive systems. Furthermore, the grounded housing
contributes to the parasitic capacitance formation, hence must
be used for meaningful EMI noise measurements.

The c-FSF uses three ELP inductors L,, (cf., Fig. 6(d.i)),
which require a total volume of 12.7 cm’ . The efficiency of
the whole inverter system with an installed c-FSF is 96.6%. In
comparison, the d-FSF uses one three-phase choke L, (cf.,
Fig. 6(d.ii)), which requires a volume of 11.1 cm’, The leakage
inductance of the three-phase choke is used as the d-FSF DM
inductor L, py (i.e. no dedicated DM inductors) [42], [43]. The
lower volume for the d-FSF is achieved thanks to the VAC 500
F nanocrystalline magnetic material [51], used for the toroidal
core. This material features a high saturation flux density of B,
= 1T, which allows for a compact realization of the three-phase
choke. In contrast, the c-FSF uses ELP cores, made of N87
ferrite material, which features a saturation flux density of only
B,=350 mT. This low saturation flux density, leads to a bulkier
realization of the c-FSF. The efficiency of the whole inverter
stage with an installed d-FSF is 96.1%. The high losses of the
d-FSF (+5 W compared to c-FSF) originate from the three-
phase CM choke windings. All the three-phase winding must
mechanically fit within the inner diameter of the CM choke.
Due to the limited available space, thinner wires must be used
which accordingly result in high conduction losses.

A. Filter Attenuation Measurements

The attenuation of the input/output filter boards is
experimentally measured, with a frequency response analyser,
as is illustrated in Fig. 8. The c-FSF board attenuation is first
measured. Namely, the DM attenuation 4,,,.., measurement
(13) is shown in Fig. 9(a), while the CM attenuation Ay s
measurement (16) is depicted in Fig. 9(b). For low frequencies
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TABLE III
DESIGN SUMMARY FOR AN INPUT FiLTER WiTH MINIMUM VOLUME AND ASSUMING AN INSTALLED OuTtpUT FSF (C-FSF 0R D-FSF). NUMERIC VALUES ARE GIVEN FOR A SYSTEM WITH
THE SPECIFICATIONS OF TABLE .

DM input filter CM input filter
Critical frequency (43) fe=nfs=350kHz,n=1 (43) f.=nfs=350kHz,n =1
Filter stages N =2 N =2
Min. attenuation (45) Apum= —37.9dB (44) Acvw= —37.7dB
Max. resonant freq. (46) fipm=117.7kHz (46) from =118 .1kHz
Inductance Lpnpmx = 0.15uH Loncmx = 65 uH
Capacitance Cpnpmk = 17 pF Cpncmk = 33nF
Resonant freq. (30) fipm =99.7kHz (33) frecm =108.7kHz
Attenuation (29) Apum = —43.9dB (32) Acv = —40.6dB

A parasitic capacitance of the semiconductor devices ¢, = 100 pF, is assumed.

91.6 mm

21.2 mm

(@

CM capacitors CM choke

DM capacitors

v

litz
wire

@12 mm

(b) 4 (d.ii)
N =2stages  k=[1,2] MOSFET EPC 2034 L, 5.0uH N87ELP 22/6/16 4 turns L, oy 0.6mH VAC500 R 30/20/10 8 turns
Coomx 35-2nF XTR Y2 ceramic f, 350kHz C. 2.0uF  X7R ceramic L, py 3-0puH  choke leakage inductance
L ewy 73uH VAC500 R 10/7/5 3 turns Choemo 39-6 nF XTR Y2 ceramic C.cu 18nF  X7R ceramic

Cpn.DM,k 17.6 uF X7R ceramic C}mwyO 19.8 uF X7R ceramic *can be reconfigured as DMF C,pu 2-0pF  X7R ceramic

L, pmy 03 uH  choke leakage inductance

Fig. 6. (a) Modular inverter hardware prototype. (b) Two-stage input filter followed by (c) power board. (d.i) c-FSF (cf.,, Fig. 3) and (d.ii) d-FSF (cf., Fig. 4). The
¢-FSF can be reconfigured into a DMF (cf., Fig. 2). The measured component values slightly differ from the theoretical values given in Table. II and 111, due to non-
idealities in the manufacturing.

control board Jboth the DM attenuation 4,,,,. . and the CM attenuation A4,

| - match well with the theoretical approximation. However,
for high frequencies /> 4 MHz the CM attenuation A4,
« of Fig. 9(b) diverges from the theoretical approximation.
In this frequency range, the CM performance of the c-FSF
is degrading due to parasitic effects, i.c., self-resonance of
the employed passive components and/or parasitic mutual
coupling between the passive components [52].

Subsequently, the d-FSF is measured. The DM attenuation
Apars (20) is illustrated in Fig. 10(a). The theoretical
approximation matches well the experimental measurement
for low frequencies, but diverges for high frequencies /> 1
Fig. 7. Inverter hardware prototype with dimensions 99.6 mm x 80 mm x MHz, due to parasitic effects. It is noted, that by shorting two
23.7 mm. A power density of 5.8 kW/dm® (95 W/in’) is achieved. out of the three windings of the CM choke in the measurement

metalic
housing
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Fig. 8. Measurement setup for a filter transfer function, featuring the Omicron
Labs Bode 100 frequency response analyser.
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Fig. 9. c-FSF: (a) DM attenuation Apy.rse( /) and (b) CM attenuation

Acwerse( /). The measured attenuation is compared against a theoretical
approximation assuming constant L,, = 5 pH and C,, = 2 pF, with respect to
frequency f(cf., Fig. 6(d.i)).

setup of Fig. 10(a), a leakage inductance of 1.5L,,,, results.
Therefore, this experimental setup does not correspond to the
exact DM attenuation 4,,,,., which would require a leakage
inductance of exactly L, ,,. However, the difference between
the depicted DM attenuation measurement and the real DM
attenuation is only —3dB.

The CM attenuation 4.4, (23) is plotted in Fig. 10(b), The
depicted theoretical approximation assumes a constant CM
inductance L, -y = 600 uH and CM capacitance C,, ¢\, = 18 nF
(cf,, Fig. 6(d.ii)), hence, in the cut-off region of the filter /> 50
kHz the attenuation drops with a slope of ~40dB per frequency
decade f. However, this does not agree with the measured
attenuation profile which drops with a slope close to -30dB
per frequency decade /. This difference between the slope of

50
A theoretical
E ) | ~approximation
o
=
\:: 0
=
g
§ =50 measured
5
<
— 1 OO 1 1 1
104 105 100 107
Frequency (Hz)
(a) 1l
50 [ Cocm/2
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= //approximation * | = J )+
5 Lyew =LL
\;\‘ 0 measured 11‘ M u
B - 1
§ -501 350 kHz
£ -37.2dB
<
— 1 00 1 1 1
104 105 100 107
Frequency (Hz)
(b)

Fig. 10. d-FSF: (a) DM attenuation 4,,,..( /) and (b) CM attenuation Ay,
rse(f). The measured attenuation is compared against a theoretical approximation
assuming constant L,y = 3 nH, G, py =2 UE, L,y = 600 pH and C,, ¢, = 18
nF, with respect to frequency f(cf., Fig. 6(d.ii)).

the theoretical approximation and the measurement is caused
by the non-linear, frequency dependent behaviour of the CM
choke inductance L, cy( f). In particular, the three-phase
choke employs the nanocrystalline core material VAC 500F
[51], whose imaginary magnetic permeability x" dominates
for frequencies /> 20 kHz [53]. As a result, the CM inductor,
exhibits a highly resistive, frequency dependent behaviour
L, cm(f) [54]. Hence, the measured CM attenuation profile
Acvarse (f) (30dB per frequency decade) lies in between a
first order RC filter (-20dB per frequency decade) and an LC
filter (—40dB per frequency decade). It is noted, that the non-
linearity of the core material is taken into account in the design
process of the three-phase choke. Thus, for the frequency f; =
350 kHz, for which the d-FSF is designed, the measured CM
attenuation Ay rsr and the theoretical approximation match
well.

Finally, the input filter board attenuation is measured. In
Fig. 11(a) the DM attenuation A4y, (29) is measured. The DM
attenuation A, diverges from the theoretical approximation
for frequencies /> 700 kHz, due to parasitic effects [52].
Furthermore, the measured DM attenuation Ap), exhibits
two pronounced resonances, a fact that is expected in a two-
stage filter (29). The CM attenuation 4, (32) is measured in
Fig. 11(b). The depicted theoretical approximation assumes a
constant CM inductance L, ¢\, = 73 pH and CM capacitance
=35.2 nF (cf,, Fig. 6(b)). Hence, in the cut-off region

Cpn CMk
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Fig. 11. Input filter: (a) DM attenuation 4py,(f) and (b) CM attenuation Aqy(f).
The measured attenuation is compared against a theoretical approximation
assuming constant L, py i = 0.3 WH, C,, pvye = 17.6 WF, L, ovy = 73 uH and
Con.omx = 35.2 nF, with respect to frequency f(cf., Fig. 6(b)).

of the two-stage filter /> 150 kHz the attenuation drops with a
slope of =80dB per frequency decade f. However, this does not
agree with the measured attenuation profile which drops with
a slope close to —60dB per frequency decade f. As explained
before, this difference is expected, due to the highly non-linear,
resistive nature of the material VAC 500F [51], used for the
realization of the CM choke L, cix- The CM inductor behaves
resistively for frequencies /> 20 kHz, thus the CM resonance
of the filter is highly damped and the attenuation drops with a
slope close to ~60dB per frequency decade. However, a good
match between the measured and theoretical CM attenuation
Acy 1s evident for the switching frequency £, = 350 kHz, for
which the input filter is designed.

B. Parasitic CM Impedance Measurements

The different parasitic capacitances which conduct CM EMI
currents are measured with an impedance analyser. Firstly,
the motor-inverter interface cable CM parasitic capacitance c,
is measured (cf., Fig. 1). A shielded cable, featuring four 2.5
mm” conductors, is used. In particular, the three conductors
correspond to the three phases @, b and ¢ while the fourth

100 [ - T —
capacitor | transmission line |
g i
i 104 shielded Im !
o :
E |
§ 102 :
= shielded 10m !
1
100
104 105 100 107 108
Frequency (Hz)
° Z c,= 470 pF/m
;= 85nH/m

(b)

Fig. 12. (a) CM impedance measurement results for 1 m and 10 m shielded
cables. (b) Cable CM impedance measurement setup, using the Keysight
4294 A impedance analyser.

conductor is used exclusively for PE. In order to measure
the shielded cable CM impedance, one side of the cable is
connected to the impedance analyser, which measures its
impedance Z over frequency /', while the other side of the cable
is an open circuit as illustrated in Fig. 12(b). The impedance
measurement results for 1 m and 10 m shielded cables are
plotted Fig. 12(a). For low frequencies the capacitive behaviour
¢, of the cable is dominant, while for high frequencies (f">
2 MHz for the example case of the 10 m cable) the cables
behave as a transmission line (terminated with open circuit).
The impedance measurement results reveal that the total CM
capacitance is proportional to the length of the cable and hence
the normalized cable CM capacitance is ¢, = 470 pF/m. In
commercial motor drives, shielded cables have found wide
acceptance, while unshielded cables are typically not preferred.
The reason behind the popularity of the shielded cables is the
radiated EMI noise certification [55], [56]. Namely, the shield
of a shielded cable allows for a good PE connection between
the inverter and the motor and mitigates the radiated EMI
emissions.

Subsequently, the CM parasitic capacitance of the motor/
compressor c¢,, is measured and is equal to ¢,, = 850 pF.
The 1 kW 280 krpm electric compressor [57] is shown in
Fig. 13(b), while the impedance measurement is depicted in
Fig. 13(a). A resistive load substitutes the electric compressor
during the EMI measurements, for practical reasons. The
CM parasitic capacitance of the resistive load is ¢,, = 650 pF,
while the impedance measurement is illustrated in Fig. 13(a).
The CM impedance of the resistive load is very similar to the
respective motor CM parasitic impedance, therefore both loads
behave similarly in terms of EML

It is difficult to measure the parasitic capacitance ¢, of the
semiconductor devices. Low-voltage GaN devices feature very
compact ceramic packaging, hence ¢, is very small. In this
case, other factors, such as the PCB layout, the placement of
the passive components and the housing, signicantly affect the
¢, parasitic capacitance value. For this reason, a conservative
estimate of the semiconductor devices’ parasitic capacitance of
¢, =100 pF is assumed.
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Fig. 13. (a) CM impedance measurement results and (b) 280 krpm electric
compressor [57]. The Keysight 4294A impedance analyser is used.

C. Conducted EMI Measurements

In a first step, the motor voltage quality is assessed. To this
end, the test setup of Fig. 14 is employed, where the EMI
emissions at the inverter output-side are measured. There,
high output emissions are related to a poor motor voltage
quality. Note that, the load current flows through the three-
phase LISN, which is designed for 50 Hz operation. Therefore,
a low fundamental frequency of f,, = 50 Hz must be used by
the inverter stage, during the EMI measurements. The output-
side EMI emissions, i.e., the sum of DM and CM emissions
for phase-leg a, are shown in Fig. 15. No results are shown
for the DMF, because the high CM EMI emissions in this
case (11), would saturate/damage the LISN. For both c-FSF
and d-FSF, the residual EMI emissions at the inverter output
terminals @ are in the range of 1 V. This voltage value does
not electrically stress the motor and ensures a safe operation
[22], [58]. However, the c-FSF achieves lower overall EMI
emissions spectrum compared to the d-FSF, especially for
higher frequencies. The worse d-FSF performance is partially
explained by the inferior DM attenuation Apyy rse Of the d-FSF
(cf., Fig. 10(a)), compared to the respective DM attenuation
Apperse of the c-FSF (cf., Fig. 9(a)).

However, the d-FSF suffers from an additional EMI
performance problem, that is not captured by the attenuation
measurements of Fig. 10. The DM inductance L,y = 3 pH
is realized as the leakage inductance of the three-phase choke.
By definition the high-frequency DM current ripple that flows
through the leakage inductance, generates a DM magnetic
fringing-filed that closes a path through the air around the
choke [59]. This DM magnetic fringing field couples additional
EMI noise to the surroundings of the choke, depending on the
mechanical placement of the inverter components, and hence
compromises the overall performance of the d-FSF. In contrast,
the c-FSF does not suffer from this DM magnetic fringing filed
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Fig. 14. Measurement setup for the EMI emissions at the inverter AC output-
side. A three-phase LISN (Rohde & Schwarz ENV432) is placed between the
inverter and the load, and an EMI test receiver (Rohde & Schwarz ESCI7)
processes the LISN output a. No filter is installed at the input of the inverter
and the negative DC rail n is shorted with PE.
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Fig. 15. Conducted EMI noise measurement results at the AC output-side,
corresponding to the measurement setup of Fig. 14. The inverter transmits the
full power and uses a fundamental frequency of f,, = 50 Hz. The conducted
EMI noise is measured with an IEC 61800-3 quasi-peak (QP) detector and 4
kHz step size.

problem. The ELP cores employed for the realization of the
filter inductors L,,, enclose the windings and accordingly keep
all the magnetic flux inside the core material.

In a second step, the inverter EMI emissions at the DC input-
side are experimentally measured. To this end, the test setup of
Fig. 16 is employed, while the input-side EMI measurement
results are shown in Fig. 17. The results are presented for
all analysed output filters (i.e., DMF, ¢-FSF or d-FSF),
and for different shielded cable lengths (i.e., 1 m or 10 m).
Furthermore, the load is grounded only through the shielded
cable, i.e., the dashed line of Fig. 16 can be neglected.

The simple DMF (considered for comparison purposes only)
exhibits the worst performance. In this case, the motor drive
fails to comply with the EMI regulations, due to excessive
EMI noise across the whole frequency spectrum. The reason
behind the low performance of the DMF, is its lack of CM
attenuation (10). Excessive CM du/dt is applied to the shielded
cable/motor, thus high parasitic CM current flow through the
cable/motor parasitic capacitances, towards PE. These parasitic
currents form a return path from the DC input-side, thereby
resulting in high CM EMI emissions at the input (cf., Fig. 2(a)).
Furthermore, the severity of the input EMI emissions depends
on the cable parasitic capacitance c, value, which is linearly
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Fig. 16. Measurement setup for the EMI emissions at the inverter DC input-
side. A two-phase LISN (Rohde & Schwarz ENV432) is placed between
the inverter and the DC power supply, and an EMI test receiver (Rohde &
Schwarz ESCI7) processes the LISN output p. The load can be either directly
grounded (dashed yellow line applies) or only grounded through the shielded
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Fig. 17. Conducted EMI noise measurement results at the DC input-side for
(a) 1 m shielded cable and (b) 10 m shielded cable. The results correspond to
the measurement setup of Fig. 16 and the load is grounded only through the
shielded cable. The inverter transmits the full power and uses a fundamental
frequency of f,, = 50 Hz. The conducted EMI noise is measured with an IEC
61800-3 quasi-peak (QP) detector and 4 kHz step size.

dependent on the cable length (cf., Fig. 12). In particular,
the long 10 m cable causes 84dB pnV, opposed to 74dB uV
caused by the short 1 m cable, at 350 kHz. Furthermore, the
peaks of the EMI noise at /> 1 MHz frequency range clearly
correlate with the local minima of the corresponding cable
impedances of Fig. 12. Besides high du/dt stress on the motor,
a DMF results in an unwanted input-to-output CM noise
mutual influence. Hence, the DMF should be avoided in WBG
inverters.

The c-FSF achieves the best EMI performance and
complies with EMI regulations at the input-side, regardless

of the output-side cable configuration. In particular, the long
10 m cable causes 54dB pV at 350 kHz, which is close to
the 50dB pV caused by the short 1 m cable. Besides a good
motor voltage quality, the input EMI measurements highlight a
second advantage of the c-FSF. The input-side EMI emissions
are significantly lower and less dependent on the cable
configuration, compared to a DMF. For this reasons, the c-FSF
is an excellent choice for WBG inverters.

The d-FSF achieves an intermediate perfor-mance, i.e.,
worse performance than the c-FSF, but significantly better
performance than the simple DMF. In particular, the c-FSF
and d-FSF performances are similar at 350 kHz, for both the
long 10 m and the short 1m cables. However, as the frequency
increases ( f>1 MHz) the d-FSF performance is degrading,
resulting in roughly 10dB pV additional input EMI noise
compared to the c-FSF. As a result, the d-FSF complies with
the EMI regulations only for the short 1 m cable, but fails to
comply with the EMI regulations for the long 10 m cable (at /°
=4 MHz). The main reason behind the worse performance of
the d-FSF at high frequencies is the DM fringing flux of the
three-phase choke. As discussed before, this DM fringing flux
couples unwanted EMI noise to components in the vicinity
of the choke, thereby increasing the overall EMI emissions.
Purposely placed shielding around the choke, helps to reduce
the unwanted DM fringing field but does not completely
eliminate the problem. The alternative three-phase choke
realisation of [60], [61], with two coaxially placed toroidal
cores, can reduce the DM magnetic fringing field, at the
expense of added complexity. In summary, the DM fringing
field is a significant drawback of the d-FSF and is especially
critical for power dense systems where the thee-phase choke
must be tightly packed in the inverter PCB assembly. For
this reason, a c-FSF, which retains the DM flux inside the
employed ELP cores, is a better option.

Finally, the effect of the load grounding technique on
the input-side EMI noise profile is examined [19]. Instead
of grounding the load only through the shielded cable, an
alternative option, where the load is directly grounded (cf.,
Fig. 16 dashed yellow line applies) is investigated. The EMI
measurement results corresponding to the different output filter
variants are shown in Fig. 18, for a 10 m cable. It is evident
that directly grounding the load increases the EMI emissions
at 350 kHz, for all output filter options. By directly grounding
the load, output-side parasitic CM currents can directly flow
to PE (via the PE connection and not only through parasitic
capacitances), instead of returning to the inverter DC link via
the cable shield. As highlighted in Fig. 19 these parasitic CM
currents form a return path at the input-side and partially flow
through the LISN. As a result, additional CM EMI emissions
are measured at the input side. The end user of the drive system
should be conscious that directly grounding the motor increases
the EMI noise profile at the input-side, espically in the case of
long motor cables. Ideally, the inverter should be integrated
in the same housing as the motor [62], [63]. Thereby, the
interconnecting cable is eliminated, resulting in an even better
EMI performance for the drive system.
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Fig. 18. Conducted EMI noise measurement results at the DC input-side for a
10 m shielded cable. The measurements of Fig. 17(b) are repeated, but the load
is directly grounded. The comparative increase in the EMI noise at 350 kHz is

highlighted in the figure.

V. CONCLUSIONS

High-speed motors are gaining ground compared to conventional
low-speed counterparts, thanks to their low volume/weight.
Simultaneously, WBG semiconductor devices enable efficient
and compact inverter solutions. These recent developments in
motor and semiconductor technology allow for significantly
better motor drive performance, but pose electromagnetic
interference (EMI) concerns. Electromagnetic compatibility
(EMC) in high-speed motor drives, supplied by an isolated DC
source, is analysed in this paper (cf., Fig. 1). A filter that complies
with conducted EMI regulations is typically required at the
inverter DC input-side, in order to protect the nearby equipment
from EMI noise. There is however no clear mandate requiring
from inverters to comply with conducted EMI regulations at the
AC output-side, where only the motor is placed. The optimal
input/output filter solutions, for a 1 kW inverter prototype (cf.,
Fig. 7), driving a 280 krpm electric compressor (cf., Fig. 13(b)),
are explored in this paper.

A full sine-wave output filter (FSF) is proposed, which features
differential-mode and common-mode (DM/CM) attenuation. A
FSF presents three key advantages:

(1) Sinusoidal motor currents. High-speed motors are
sensitive to poor stator current quality, which induces high
rotor losses. A FSF output filter guarantees sinusoidal motor
currents, thanks to its DM attenuation.

(ii) High motor reliability. The fast switching transitions of
the latest WBG semiconductor devices generate high CM du/dt >
30 kV/us, which can damage the motor bearing/insulation. A
FSF features CM attenuation, which mitigates high du/d¢ and
protects the motor. The experimental results of Fig. 15 verify
the good motor voltage quality, when a FSF is installed.

(iii) Low input-side CM EMI emissions. Since the inverter
housing, the motor housing and the interconnecting shielded
cable are all grounded, CM emissions generated at the inverter
output-side are directly mapped to the inverter input-side (i.e.,
input-to-output CM noise mutual influence). This problem is
amplified in the case of WBG inverters, where high switching
frequencies are employed. A FSF uses capacitors which are
connected to the DC link. Thereby, CM emissions can return
through these capacitors to the DC link and the semiconductor
devices, which created the CM emissions in the first place.

A FSF reduces CM emissions at the inverter output, hence
simultaneously mitigates the input-side CM emissions. The
experimental results of Fig. 17 reveal a significant reduction
of the CM EMI emissions at the input-side, when a FSF is
installed at the output-side.

Two implementation variants of a FSF are comparatively
evaluated, in terms of volume losses and EMI performance:

(1) c-FSF of Fig. 3. This filter variant employs three
individual inductors (ELP core type), each corresponding to a
phase-leg.

(i1) d-FSF of Fig. 4. This filter variant utilizes a single
three-phase toroidal CM choke. The stray inductance of the
phase windings is used as DM inductance. For the application
at hand, the d-FSF benefits from a lower volume 11.1 cm’
compared to the ¢c-FSF 12.7 ¢cm’ but generates 5 W of
additional losses. Subsequent EMI measurements (cf., Figs.
15 and 17) reveal that the c-FSF exhibits significantly better
EMI performance compared to the d-FSF. The main drawback
of a d-FSF is the DM fringing magnetic field, which is caused
by the leakage inductance of the three-phase choke. This
fringing field results in an unwanted magnetic coupling in the
vicinity of the choke, which in return causes high overall EMI
emissions. In contrast, the c-FSF retains the magnetic flux
inside the employed ELP cores and hence is a better solution.

APPENDIX
Ourtput FILTER DESIGN FOR HIGH-SPEED DRIVES

The output filter passive components are subject to strict
design constrains when used in high-speed drive systems. The
design constrains are derived for the c-FSF of Fig. 3, but can
be easily extended for the d-FSF of Fig. 4. Based on (35), the
DM resonant frequency of the ¢-FSF £, should be

1
Jo®% < foow = < L

P 2oL, C,  fon

A resonant frequency that adheres to the above constraints
lies within the design space illustrated in Fig. 20(a). For low
switching frequencies f, < a’ f,, the inequality SeoMmax <
Jommin holds, therefore there is no feasible filter design. As the
switching frequency increases and exceeds the value f, = a7
> the inequality £ oy ma = fipmmin Dolds, hence feasible filter
designs exist. For the current analysis an output filter with
minimum volume is desired, therefore the highest possible DM
resonant frequency within the available range (47) is selected,
i.e., fiom = f/ax.

The selection of the DM resonant frequency f,p,,, does
not explicitly define the filter inductor/capacitor values. The
inductor value L, and the capacitor value C,, are selected based
on reactive power considerations. For a transmitted power per
phase P = U, I,/2 the reactive power consumption of the filter
inductor L, is

47

2 . A

_ oL, _ Q. _Jjo,L.1,
Q -_— = a _— - /\7,
L 2 L

P U

m

(48)
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Fig. 20. Output filter design constraints for a; = 7. (a) DM resonant frequency f; \, design constrains, (b) inductor L, and (c) capacitor C,, design constraints. The
selected benchmark design of Table II, which employs a switching frequency of f; = 350 kHz, is highlighted.

while the reactive power consumption of the filter capacitor C,, is

m “m _m

Q. = %a ac = P = ii (49)

m

The reactive power consumptions O, and Q. both scale linearly
with the fundamental frequency f;,. Although the output filter
reactive power is negligible for a fundamental frequency of £,
= 50 Hz, it becomes significant for high-speed drive systems
with fundamental frequencies up to f;, = 5 kHz. The reactive
power O, or O should not exceed 30% of the active power
P, ie.,{a;a.} <0.3. This limitation of the reactive power
directly provides the maximum allowed inductance L, ,,, and
capacitance C,, ... values, given in (50) and (51), respectively.

‘m,max

Furthermore, based on the selected DM resonant frequency

fiom = fi/a; the minimum allowable inductance L, ,;, and
capacitance C,, ., are also calculated
2
a;w R a, R
1 — f m s L s L 50
C 2 2 m D) ’ (50)
m,max erI)VI ws aC L_,E!
"nunin e
1 a’w a
_ T m C
= sC, = R (51)
Lm,max wr,l_),\’l a)s aL R T:"“’_/
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where R = U, /I, is the equivalent load resistance per phase.
The feasible L,, and C,, design space is illustrated in Fig. 20(b)

and (c), respectively. There, for low switching frequencies f; <
aNaca, J the inequality L, ... < L, i, holds, therefore there
is no feasible inductor design. As the switching frequency
increases and exceeds the value f; = a/Naca, [ » the inequality
Loy = Limin holds, hence, feasible inductor designs exist.
Similarly, only switching frequencies /. = a/Naca, f, allow
for a feasible capacitor C,, design (cf., Fig. 20(c)).

In general, the resonant frequency f;y constrains require
a switching frequency £, = a3 f, (cf., Fig. 20(a)), while the
inductor L, constrains and/or the capacitor C,, constrains
require a switching frequency £ = a/Naca, f,. Since both
switching frequency f; inequalities must be satisfied it is
reasonable to simplify as

'm,min

aQ 1
. fm = af-fr.u —ag=a; = o (52)
i

V ac a4y,

The selection of the parameter a; is crucial. Excessively high a;
values could over-constrain the filter design. Empirically, the
parameter value a,= 7 is suggested.

In summary, a c-FSF is designed as follows:

(i) A switching frequency £, = @’f, = a/Naca, f, is selected.

(i1) The maximum possible DM resonant frequency f; py
= fJ/a;is selected, in order to achieve minimum output filter
volume.

(iii) The minimum possible inductance value L,, = L, .,
of (50), and the maximum capacitance value C,, = C,, .., of
(51) are selected. These passive component values yields the
smallest output filter volume, since inductors are typically
bulkier compared to capacitors.
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