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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 du/dt 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

ua
_
o , DM| fm Switch-node ā low-frequency DM voltage 

component (fundamental motor operation).
ua

_
o , DM| fs Switch-node ā high-frequency DM voltage 

component (output DM EMI noise source).
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ui
_
o, CM| fm Switch-node i

_
∈{a

_
, b

_
, c

_
} low-frequency CM voltage 

component (third harmonic injection).
ui

_
o, CM| fs Switch-node i

_
∈{a

_
, b

_
, c

_
} high-frequency CM voltage 

component (output CM EMI noise source).
uao, DM| fs Inverter output terminal a high-frequency DM voltage.
uio, CM| fs Inverter output terminal i

_
∈{a

_
, b

_
, c

_
} high-frequency 

CM voltage.
upn- , DM| fs Inverter input DM EMI noise source.
upn- , CM| fs Inverter input CM EMI noise source.
upn , DM| fs Inverter input terminal DM EMI noise.
upn , CM| fs Inverter input terminal CM EMI noise.
ip- Inverter DC link switched current.
Ip Inverter input terminal p DC current.
Adm|dmf DM attenuation of the output DMF.
Acm|dmf CM attenuation of the output DMF.
Adm|c-fsf DM attenuation of the output c-FSF.
Acm|c-fsf CM attenuation of the output c-FSF.
Adm|d-fsf DM attenuation of the output d-FSF.
Acm|d-fsf CM attenuation of the output d-FSF.
Adm DM attenuation of the input filter.
Acm CM attenuation of the input filter.

I. IntroductIon

LOW-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 Upn = 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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towards higher rotational motor speeds n 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/dt > 30 kV/μs that 
wide-bandgap (WBG) devices exhibit [10]–[12], enables low 
switching losses, but simultaneously 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/dt. 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.

taBle I
sPecIfIcatIons of hIgh-sPeed drIve system. the nomInal oPeratIng condItIon 

Is hIghlIghted In Bold.

Motor speed n = 0 rpm ··· 280 krpm
Motor voltage Ûm = 0 ···40 V (Phase, PK)
Motor power P = 0 ···1000 W
Inverter output freq. f m = 0 ···5 kHz
Inverter input voltage Upn = 80 V
Inverter power P = 0 ···1100 W
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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).

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:

(i) DC link referenced output filter [24]–[30]. This is 
a passive output filter, which is capacitively connected/
referenced to the negative/positive DC rails p̄/n̄. 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. 

(ii) 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

            (1)

where M is the modulation index

m

pn

,                        (2)

and ωm = 2π fm is the motor angular velocity.
In order to facilitate the EMI analysis, the inverter switch 

node ā b̄ and c̄ voltages are simplified into equivalent voltage  
sources [38] as illustrated in Fig. 5. The switch-node ā voltage 
is analytically expressed as

M. ANTIVACHIS et al.: INPUT/OUTPUT EMI FILTER DESIGN FOR THREE-PHASE ULTRA-HIGH SPEED MOTOR DRIVE GAN INVERTER STAGE
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Fig. 2.  (a) Inverter featuring a simple DM output filter (DMF) and a two-stage input filter, (b) DM and (c) CM equivalent circuits.

Fig. 3.  (a) Inverter featuring a combined full sine-wave output filter (c-FSF), (b) DM and (c) CM equivalent circuits.

.         (3)

From now on, the analysis focuses on phase a, however can be 
easily extended to the remaining two phases. In particular,  the 
voltage component ua

_
o,DM| fm of (3) is the fundamental frequency 

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

                    (4)

The switch-node voltage components ui
_
o,CM| fm is the low-

(a)

(b) (c)

(a)

(b) (c)
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frequency CM voltage and is the by-product of the employed 
THM modulation strategy

                  (5)

Finally, the ua
_
o,DM| fs and ui

_
o,CM| fs are the DM and CM high-

frequency switch-node voltage components, respectively.  
Those voltage components are directly related to the PWM  
switching frequency fs and are the cause behind EMI emissions. 
There is no closed form expression for the high-frequency 
switch-node voltage components ua

_
o,DM| fs (t) and ui

_
o,CM| fs (t) 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

,          (6)

where n = 1, 3, 5... is the harmonic order corresponding to the  
harmonic frequency f = nfs. This spectrum is calculated by  
assuming a rectangular voltage waveform, with an amplitude  
Upn/2, a 50% duty cycle and a repetition frequency equal to 
the switching frequency fs. It is noted that the switch-node CM 
voltage components ui

_
o,CM| fm and ui

_
o,CM| fs 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 cs, cc and cm, respectively. This capacitive  
representation is valid for frequencies ranging up to approx- 
imately 1 MHz [39]. In general, lower case notation, e.g., cs,  
is used for parasitic elements. The semiconductor devices’  
parasitic capacitance cs is low thanks to the small packaging  
of the employed GaN semiconductor devices. In contrast, the  
cable/motor parasitic capacitances cc + cm are significantly  
larger than cs, 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 
DMF behaves as a second order filter with a DM attenuation

  

,
                 

 (7)

where f is the harmonic frequency and fr,dm|dmf is the DM  
resonant frequency

.
                 (8)

Only a small residual high-frequency DM voltage uao,DM| fs 

appears at the inverter output terminal a with a spectrum

.                     (9)

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

(a)

(b) (c)
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However, a DMF does not address the problem of CM 
EMI emissions. High-frequency CM voltage (and du/dt) 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 
DMF is derived in Fig. 2(c). The cable  and motor parasitic 
capacitances can be lumped into a single capacitance cc + cm, 
for the sake of simplicity. The DMF does not attenuate CM 
voltage, i.e., it features a unity CM attenuation

.                                 (10)

Even though a second order CM filter is formed by the DMF 
inductors Lm/3 and the parasitic capacitances cc + cm, 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

.             (11)

Therefore, the switch-node CM voltage ui
_
o,CM| fs (and high 

du/dt) 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 cm + cc, 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 upn-,CM| fs  must be attenuated by the 
depicted two-stage input filter, such that the input terminal 
p/n voltage, upn,CM| fs lies within the required EMI limits. The 
spectrum of the input CM EMI noise source upn- ,CM| fs is 

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

     
(12)

The high-frequency switch-node CM voltage ui
_
o,CM| fs (6) 

is the origin of CM EMI emissions. The input CM EMI 
emissions upn-,CM| fs  are proportional to the sum of the parasitic 
capacitances cs + cc + cm (semiconductor devices, cable and 
motor) and inversely proportional to the input filter DC link 
CM capacitance Cpn, CM, 0. Depending on the length of the cable 
and/or the motor housing a different total parasitic capacitance 
cc + cm 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 
Cm/2 are directly connected to the positive/negative DC rails 
p̄/n̄. 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 Cm, Lm 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 

c
c

c

,                 (13)

where f r,dm|c-fsf is the DM resonant frequency

< c .             (14)

The DM resonant frequency fr,dm|c-fsf is selected such that 
the fundamental voltages/currents are sinusoidal and the high-

Fig. 5.  Equivalent circuit of a two-level voltage source inverter.
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frequency switch-node DM voltage component uā,DM| fs is 
effectively attenuated. The resulting DM voltage spectrum at 
the output terminal a is

.                   (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 Lm/3 and capacitors 3Cm. The c-FSF is 
equivalent to a second order filter with CM attenuation 

,                 (16)

where fr,CM|c-FSF is the CM resonant frequency

.               (17)

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

.                 (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., Adm|c-fsf( f ) =Acm|c-fsf( f ) and f r,dm|c-fsf = fr,cm|c-fsf.

Furthermore, a FSF achieves low CM EMI emissions at the 
input: The cable parasitic capacitance cc and the motor parasitic 
capacitance cm 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 upn- ,CM| fs is derived

pn,CM|fs io,CM|fs

.
            (19)

The CM EMI emissions at the input are proportional to the 
parasitic capacitance cs of the semiconductor devices. The  
overall input CM EMI emissions, in the case of a c-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 cs + cc + cm 
(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 
Lm,CM, 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 Lm ,DM. The d-FSF uses 
“discrete” dedicated components for the DM attenuation (Lm,DM, 
Cm,DM ) and the CM attenuation (Lm,CM, Cm,CM ). 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

d
d ,                    (20)

where  f r,dm|d-fsf is the DM resonant frequency

, d .            (21)

The spectrum of the DM voltage at the inverter output terminal 
a is

.                   (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

d

r,CM|d-FSF

r,CM|d-FSF .                 (23)

The CM resonant frequency f r,cM|d-fsf is

d
′ ′

,           (24)

where L'
m ,CM is the equivalent CM inductance

 ,             (25)

and C'
m ,CM is the equivalent CM capacitance

 .          (26)

The spectrum of the CM voltage (worst case approximation) at 

M. ANTIVACHIS et al.: INPUT/OUTPUT EMI FILTER DESIGN FOR THREE-PHASE ULTRA-HIGH SPEED MOTOR DRIVE GAN INVERTER STAGE
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the inverter output terminals is

                 (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 upn- ,CM| fs is 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/
dt) 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 Cpn,DM,0 and the CM Y2 
capacitors Cpn,CM,0. Each of the subsequent filter  stages k = 1, 
..., 2, is identical and includes a second order  DM filter (Lpn,DM,k, 
Cpn,DM,k) and a second order CM filter  (Lpn,CM,k, Cpn, CM,k).

Considering the DM part of the input filter, the input filter 
attenuates the equivalent input DM noise source upn- ,DM| fs , such 
that the input terminal p/n DM voltage upn,DM| fs  lies within the 
required EMI limits. The origin of the DM input EMI noise 
upn- ,DM| fs  is the switched DC link current ip̄ of the inverter, which 
in return generates voltage ripple across the DC link DM 
capacitor Cpn,DM,0. An upper bound of the input-side DM EMI 
noise source upn- ,DM| fs spectrum is

DM
.           (28)

The input DM EMI noise source upn- ,DM| fs is not affected by the 
output filter type (DMF or FSF) [41]. The DM attenuation of 
the input filter is

,            (29)

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

.             (30)

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

.                     (31)

Considering now the CM part of the input filter, the input 
filter attenuates the equivalent input CM noise source upn- ,CM| fs, 
such that the input terminal p/n CM voltage upn,CM| fs  lies within 
the required EMI limits. The input CM noise source upn- ,CM| fs  

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

,              (32)

where fr,CM is the CM resonant frequency of each input filter 
stage

.               (33)

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

.                    (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 r,dm|c-fsf of a c-FSF 
(14) should be amply spaced between the fundamental motor 
frequency fm and the switching frequency f s 

c ,                        (35) 

where af ≥ 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 r,dm|c-fsf < fmaf , 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 r,dm|c-fsf < fs /af 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 

.                       (36) 

Thereby, a lower bound for the switching frequency fs is 
calculated. It is noted that a high-speed motor drive, which 
features a high fundamental frequency e.g., fm = 5 kHz, also 
requires a high switching frequency e.g., fs ≥ a2

f fm = 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 Lm, each 
corresponding to one phase-leg. For a filter inductor Lm the 
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maximum inductor current ripple amplitude (single-side) ΔILm 
can be calculated as 

Lm .                                  (37) 

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

Lm

.                              (38) 

The maximum occurring voltage ripple amplitude (single-side) 
ΔUCm at the output filter capacitor Cm is 

Lm
Cm .(39)

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

Cm

.                          (40) 

The d-FSF comprises only one three-phase choke. The CM 
inductance of the choke Lm,CM is used for CM attenuation, 
while the leakage inductance of the choke Lm ,DM is used for 
DM attenuation [42], [43]. The d-FSF is designed, similarly 
to the c-FSF filter. The same DM resonant frequency f r,dm|d-fsf 
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  

Lm
.   (41) 

The d-FSF should not interfere with the third harmonic CM 
voltage ui

_
o,CM| fm (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 r,CM|d-fsf ≌ f r,dm|d-fsf (35). 
The inductance of the CM choke Lm,CM is typically two orders 
of magnitude larger than its DM leakage inductance Lm , DM 
[42], [43]. Therefore, a small CM capacitance Cm,CM must 
be selected in order to counterbalance  the high CM choke 
inductance value Lm,CM

.           (42) 

The above output filter design guidelines (38), (40)-(42) 
depend on the switching frequency fs. 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 fs, but does not explicitly define it. In order 
to select an appropriate switching frequency, a multi-objective 
optimization routine, with respect to inverter efficiency η and 
power density ρ, is employed [44], [45], which assesses the 
performance of several inverter designs. The optimization 
routine includes the inductive components (inductors Lm, three-
phase choke Lm,CM) [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 fs = 350 kHz is selected. This 
switching frequency is 70 times higher than the fundamental 
frequency of the motor fm = 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 fc = nfs, which is 
related to the worst case EMI noise, is identified. The order n 
of the critical frequency is 

.                            (43)

For the inverter system at hand, the switching frequency is fs = 
350 kHz, which exceeds 150 kHz, hence the critical frequency 
is fc = fs, i.e., 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 upn- ,CM| fs 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 fc is 

f

,
 

(44)

 

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

f

(45)
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taBle II
 desIgn summary for an outPut fsf. numerIc values are gIven for a system wIth the sPecIfIcatIons of taBle I

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

.            (46) 

The input filter design is summarized in Table III. 
A benchmark two-stage input filer design is selected in 

Table III. The input filter inductance (Lpn,DM,k, Lpn ,CM,k) and 
capacitance (Cpn ,DM,k, Cpn,CM,k) 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 Lpn,CM,k. The stray inductance 
of each winding is used as DM inductance Lpn,DM,k. The selected 
total input filter CM capacitance Cpn,CM = Cpn,CM,0 + Cpn,CM,1 + 
Cpn,CM,2 = 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 Cpn,CM,k. On the 
contrary, if a single-phase grid would supply the motor drive, 
then large CM currents would flow through the capacitors 
Cpn,CM,k, that would violate the 3.5 mA limit, mandated by [3]. 

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 Cpn,DM,0 and the 
CM capacitors Cpn,CM,0. 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 Lm (cf., Fig. 6(d.i)), 
which require a total volume of 12.7 cm3 . 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 Lm,CM (cf., 
Fig. 6(d.ii)), which requires a volume of 11.1 cm3, The leakage 
inductance of the three-phase choke is used as the d-FSF DM 
inductor Lm,DM (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 B̂s 
= 1 T, 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 
B̂s = 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 Adm|c-fsf measurement 
(13) is shown in Fig. 9(a), while the CM attenuation ACM|c-FSF 
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 outPut fsf (c-fsf or d-fsf). numerIc values are gIven for a system wIth 

the sPecIfIcatIons of taBle I. 

DM input filter CM input filter

Critical frequency (43) f c = nf s = 350 kHz , n = 1 (43) f c = nf s = 350 kHz , n = 1
Filter stages N = 2 N = 2
Min. attenuation (45) A DM = − 37.9dB (44) A CM = − 37.7dB
Max. resonant freq. (46) f r,DM = 117.7 kHz (46) f r,CM = 118 .1 kHz
Inductance L pn,DM,k = 0.15µH L pn,CM,k = 65 µH
Capacitance Cpn,DM,k = 17 µF Cpn,CM,k = 33 nF
Resonant freq. (30) f r,DM = 99.7 kHz (33) f r,CM = 108.7 kHz
Attenuation (29) A DM = − 43.9dB (32) A CM = − 40.6dB

f both the DM attenuation Adm|c-fsf and the CM attenuation Acm|c-

fsf match well with the theoretical approximation. However, 
for high frequencies f > 4 MHz the CM attenuation Acm|c-

fsf 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.e., 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 
Adm|d-fsf (20) is illustrated in Fig. 10(a). The theoretical 
approximation matches well the experimental measurement 
for low frequencies, but diverges for high frequencies f > 1 
MHz, due to parasitic effects. It is noted, that by shorting two 
out of the three windings of the CM choke in the measurement 
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Fig. 7.  Inverter hardware prototype with dimensions 99.6 mm × 80 mm × 
23.7 mm. A power density of 5.8 kW/dm3 (95 W/in3) is achieved.
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setup of Fig. 10(a), a leakage inductance of 1.5Lm,DM results. 
Therefore, this experimental setup does not correspond to the 
exact DM attenuation Adm|d-fsf, which would require a leakage 
inductance of exactly Lm,DM. However, the difference between 
the depicted DM attenuation measurement and the real DM 
attenuation is only -3dB. 

The CM attenuation Acm|d-fsf (23) is plotted in Fig. 10(b), The 
depicted theoretical approximation assumes a constant CM 
inductance Lm,CM = 600 µH and CM capacitance Cm,CM = 18 nF 
(cf., Fig. 6(d.ii)), hence, in the cut-off region of the filter f > 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 f. This difference between the slope of 

the theoretical approximation and the measurement is caused 
by the non-linear, frequency dependent behaviour of the CM 
choke inductance Lm,CM( f ). In particular, the three-phase 
choke employs the nanocrystalline core material VAC 500F 
[51], whose imaginary magnetic permeability µ'' dominates 
for frequencies f > 20 kHz [53]. As a result, the CM inductor, 
exhibits a highly resistive, frequency dependent behaviour 
Lm,CM( f ) [54]. Hence, the measured CM attenuation profile 
ACM|d-FSF ( 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 fs = 
350 kHz, for which the d-FSF is designed, the measured CM 
attenuation ACM|d-FSF and the theoretical approximation match 
well. 

Finally, the input filter board attenuation is measured. In 
Fig. 11(a) the DM attenuation ADM (29) is measured. The DM 
attenuation ADM diverges from the theoretical approximation 
for frequencies f > 700 kHz, due to parasitic effects [52]. 
Furthermore, the measured DM attenuation ADM exhibits 
two pronounced resonances, a fact that is expected in a two-
stage filter (29). The CM attenuation ACM (32) is measured in 
Fig. 11(b). The depicted theoretical approximation assumes a 
constant CM inductance Lpn,CM,k = 73 µH and CM capacitance 
Cpn,CM,k = 35.2 nF (cf., Fig. 6(b)). Hence, in the cut-off region 
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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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of the two-stage filter f > 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 Lpn,CM,k. The CM inductor behaves 
resistively for frequencies f > 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 
ACM is evident for the switching frequency fs = 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 cc 

is measured (cf., Fig. 1). A shielded cable, featuring four 2.5 
mm2 conductors, is used. In particular, the three conductors 
correspond to the three phases a, b and c while the fourth 
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Fig. 11.  Input filter: (a) DM attenuation ADM(f) and (b) CM attenuation ACM(f). 
The measured attenuation is compared against a theoretical approximation 
assuming constant Lpn,DM,k = 0.3 µH, Cpn,DM,k = 17.6 µF, Lpn,CM,k = 73 µH and 
Cpn,CM,k = 35.2 nF, with respect to frequency f (cf., Fig. 6(b)).

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 f , 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 
cc 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 c'c = 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 cm is measured and is equal to cm = 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 cm = 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 EMI. 

It is difficult to measure the parasitic capacitance cs of the 
semiconductor devices. Low-voltage GaN devices feature very 
compact ceramic packaging, hence cs 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 
cs parasitic capacitance value. For this reason, a conservative 
estimate of the semiconductor devices’ parasitic capacitance of 
cs = 100 pF is assumed. 
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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 fm = 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 a 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 ADM|d-FSF of the d-FSF 
(cf., Fig. 10(a)), compared to the respective DM attenuation 
ADM|c-FSF 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 Lm,DM = 3 µH 
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. 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 m = 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 Lm, 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, c-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 cc value, which is linearly 
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dependent on the cable length (cf., Fig. 12). In particular, 
the long 10 m cable causes 84dB µV, opposed to 74dB µV 
caused by the short 1 m cable, at 350 kHz. Furthermore, the 
peaks of the EMI noise at f > 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 
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of the output-side cable configuration. In particular, the long 
10 m cable causes 54dB µV at 350 kHz, which is close to 
the 50dB µV 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 µV 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 f 
= 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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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: 

(i) 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/µs, which can damage the motor bearing/insulation. A 
FSF features CM attenuation, which mitigates high du/dt 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. 
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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: 

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

(ii) 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 cm3 
compared to the c-FSF 12.7 cm3 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

outPut 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 c-FSF f r,DM should be 

            (47) 

A resonant frequency that adheres to the above constraints 
lies within the design space illustrated in Fig. 20(a). For low 
switching frequencies f s ≤ a 2

f f m the inequality f r,DM,max < 
f r,DM,min holds, therefore there is no feasible filter design. As the 
switching frequency increases and exceeds the value fs ≥ a2

f 
f m, the inequality fr,DM,max ≥ fr,DM,min holds, 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., fr,DM = fs/af. 

The selection of the DM resonant frequency f r,DM, does 
not explicitly define the filter inductor/capacitor values. The 
inductor value Lm and the capacitor value Cm are selected based 
on reactive power considerations. For a transmitted power per 
phase P = Ûm Î m/2 the reactive power consumption of the filter 
inductor Lm  is 

,
        (48)
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Fig. 19.  Effect of direct motor grounding on the input-side conducted EMI emissions. Output-side parasitic CM currents can directly flow to PE (instead of 
returning to the inverter DC link via the cable shield), and form a return path at the input-side. These parasitic currents partially flow through the LISN (grey path), 
thus increase the input-side conducted emissions. A two-stage input filter and a c-FSF are assumed. 

10 6

10 4

10 5

10 7

10 5

10 6

In
du

ct
an

ce
 

L
m

 (H
)

C
ap

ac
ita

nc
e 

C
m

 (F
)

100 600Switching freq. f s (kHz)100 600Switching freq. f s (kHz) 100 600Switching freq. f s (kHz) R
es

on
an

t F
re

q.
 

f r
,D

M
 (

kH
z)

10

100

af f m
2

design space

design space
design space

f r,DM,max = f s/af

L m,min

L m,max

Cm,max

Cm,min

infeasible feasibleinfeasible

selected design

selected design

selected design
feasible feasibleinfeasible

f r,DM,min = af f m

f m
af

aL aC

f m
af

aL aC

(a) (b) (c)

Fig. 20.  Output filter design constraints for af = 7. (a) DM resonant frequency f r,DM design constrains, (b) inductor Lm and (c) capacitor Cm design constraints. The 
selected benchmark design of Table II, which employs a switching frequency of fs = 350 kHz, is highlighted. 

while the reactive power consumption of the filter capacitor Cm is

.
      

(49)

The reactive power consumptions QL and QC both scale linearly 
with the fundamental frequency fm. Although the output filter 
reactive power is negligible for a fundamental frequency of fm 
= 50 Hz, it becomes significant for high-speed drive systems 
with fundamental frequencies up to fm = 5 kHz. The reactive 
power QL or QC should not exceed 30% of the active power 
P , i.e., ｛aL,aC｝ < 0.3. This limitation of the reactive power 
directly provides the maximum allowed inductance Lm,max and 
capacitance Cm,max values, given in (50) and (51), respectively. 
Furthermore, based on the selected DM resonant frequency 
fr,DM = fs/af the minimum allowable inductance Lm,min and 
capacitance Cm,min are also calculated 

 
       

(50) 

,

        

(51) 

where R = Ûm/Îm is the equivalent load resistance per phase. 
The feasible Lm and Cm design space is illustrated in Fig. 20(b) 

and (c), respectively. There, for low switching frequencies fs  < 
af/√

—aCaL  fm the inequality Lm,max < Lm,min holds, therefore there 
is no feasible inductor design. As the switching frequency 
increases and exceeds the value fs ≥ af/√

—aCaL  fm , the inequality 
Lm,max ≥ Lm,min holds, hence, feasible inductor designs exist. 
Similarly, only switching frequencies  fs ≥ af/√

—aCaL  fm allow 
for a feasible capacitor Cm design (cf., Fig. 20(c)). 

In general, the resonant frequency fr,DM constrains require 
a switching frequency fs ≥ a2

f fm (cf., Fig. 20(a)), while the 
inductor Lm constrains and/or the capacitor Cm constrains 
require a switching frequency fs ≥ af/√

—aCaL  fm. Since both 
switching frequency fs inequalities must be satisfied it is 
reasonable to simplify as 

.
          

(52)
 

The selection of the parameter af is crucial. Excessively high af 

values could over-constrain the filter design. Empirically, the 
parameter value af = 7 is suggested. 

In summary, a c-FSF is designed as follows: 
(i) A switching frequency fs ≥ a2

f fm = af/√
—aCaL  fm is selected. 

(ii) The maximum possible DM resonant frequency fr,DM 
= fs/af is selected, in order to achieve minimum output filter 
volume. 

(iii) The minimum possible inductance value Lm = Lm,min 

of (50), and the maximum capacitance value Cm = Cm,max 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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