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Abstract

Due to the increasing use of fast switching semiconductors, emissions affected by the Adjustable Speed
Drives (ASDs) are entering the new frequency range of 2—150 kHz. Emissions at this new frequency
range are categorised into 2-9 and 9-150 kHz ranges among the standardization communities.
Consequently, designing new filters for theses frequency ranges is of the determined efforts by ASD
manufacturers. In this paper, essential factors impacting on the filter design in ASDs for 0-2 kHz and
the new frequency range of 2-9 kHz are investigated. Non-linear effects of DC link filter on low order
harmonic emissions of 0-2 kHz is investigated to understand how the existing filters can comply with
the emerging standard of 2—150 kHz. Moreover, a system model is presented to predict the effects of
cables and Electromagnetic Interference (EMI) filter parameters on resonances at the frequency range
of 2-9 kHz.

Introduction

Adjustable Speed Drives (ASDs) have attracted many applications [1]-[3] owing to the significant
advances in power electronics technology. According to the International Electrotechnical Commission
(IEC) and International Special Committee on Radio Interference (CISPR), ASD manufacturers should
comply with the requirements of the Electromagnetic Compatibility (EMC) for the frequency ranges of
0-2 kHz and 0.15-30 MHz [4]. Therefore, the grid-connected drives should not generate



harmonics/noise exceeding the applicable standard limits. Consequently, implementation of
Electromagnetic Interference (EMI) filters at the grid and converter sides of the drive is of great
importance.

Due to the high penetration of modern power electronic technologies with fast switching semiconductor
devices such as MOSFETs and IGBTs, harmonics are shifting from the low-frequency range of 0—2 kHz
to the new frequency range of 2—150 kHz, creating severe power quality problems [4]-[10].

Until now, there is not a precise regulation for the frequency range of 2—150 kHz. Fig. 1 shows the
existing harmonic standards developed by various international committees. As seen in Fig. 1, there is
a clear gap for the regulation of the 2—150 kHz frequency range [11]. Recently, standardization
communities are taking severe steps to define regulations for this new frequency range [12]-[15].
Accordingly, harmonic emissions at the frequency range of 2—150 kHz are known as supra-harmonics
among the communities. As a result, motor drive manufacturers are investigating for designing new
filters to cover this new frequency range of 2—150 kHz.
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Fig. 1: Harmonic and conducted emission frequency ranges classification.

There are serious challenges to the power electronic engineers to make the existing harmonics/EMI
filters compatible with the emerging frequency range of 2—150 kHz. Existing filters that are designed
for the 0-2 kHz and 150 kHz—30 MHz frequency ranges may generate resonances for the new frequency
range of 2—150 kHz. Besides, the parameters of EMI filter can adversely affect the resonances of the
system at 2—150 kHz, which is a critically important factor to design filters for this new frequency range.
Also, in practice, characteristics of materials such as permeability, permittivity and skin depth are highly
dependent on frequency [16]. As a result, the inductance value of the DC chokes is constant only at a
limited range of frequency. This behavior depends on the core permeability, which drops when the
frequency is increased, making the existing conventional DC chokes inappropriate to cover the 2—150
kHz frequency range.

Several studies have been carried out in the area of 2—-150 kHz frequency range. In [17], harmonic
emissions caused by the Active Front End (AFE) inverter at the frequency range of 2-9 kHz are
investigated, and the effect of different LCL filters on the emissions is analyzed. Reference [18]
investigates the supra-harmonics created by three different photovoltaic inverters through analysing the
Fourier series of voltages. Accordingly, it was concluded that several factors such as input DC voltage,
fundamental output AC voltage, output voltage waveform, output power and network impedance affect
the supra-harmonics caused by the inverters. Furthermore, reference [19] investigates the approaches to
improve the EMI performance of the system at the 9—150 kHz frequency range through Differential
Mode (DM) filter. In [20], a measurement approach for high-frequency harmonics up to 9 kHz has been
presented. In [21], the effect of modulation techniques on supra-harmonics is investigated. Accordingly,
Random Pulse-Position Modulation (RPPM) proved highly effective in reducing supra-harmonics. In
fact, utilizing RPPM in the two-level inverter almost eliminated the emissions related to the odd
multiples of the carrier frequency. Moreover, in [22], the impedance of the grid, which is a crucial factor
in power quality issues, has been estimated for the frequency range of 2—150 kHz.

In this paper, essential factors for making the existing low and high-frequency filters compatible with
the new frequency range of 2—9 kHz are investigated. Accordingly, the main focus is on coping with the



Common Mode (CM) currents in ASDs to comply with the emerging standards. Due to the considerable
impact of frequency dependent passive elements at this range, the ASD system is implemented in a
Multiphysics simulation platform, in which components are defined by frequency-dependent materials.
This paper is arranged as follows. In the following section, the effect of DC chokes’ frequency
dependency on low order harmonic emissions of 0-2 kHz is investigated. Then in the next section, a
system model is presented in which the CM impedance of the drive system is extracted to predict the
effects of cable and EMI filter on the resonances within the 2-9 kHz frequency range. This will be very
helpful for the designers to understand the resonances at this frequency range and avoid assigning the
switching frequency of the drives at these resonance frequencies. Finally, a conclusion is drawn by the

paper.

Effect of nonlinear effects of DC chokes on 0-2 kHz harmonics

Fig. 2 shows the configuration of an ASD analyzed in Multi-physics ANSYS-MATLAB platform. The
existing DC-link filters are designed to suppress low order harmonics of 0-2 kHz. Moreover, the EMI
filter at the AC side is to suppress the emissions related to the standard of 150 kHz to 30 MHz. As shown
in Fig. 2, a Line Impedance Stabilization Network (LISN) is also connected between the grid and EMI
filter to isolate the unwanted noises from the power source.
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Fig. 2: The implemented ASD system in multi-physics ANSYS—-MATLAB platform.

The voltage across the DC link (vpc) contains low order harmonics, which is explained as follows.
According to the DC link components of the drive system in Fig. 2, it is assumed that the grid’s
voltage for phase a of the system (v,) can be expressed as:

v, (£)=V,, sin(ot) (1

Where V, is the peak voltage of the grid and w = 2xnf. Moreover, according to Fig. 2, the Fourier series
of the voltages between different points of the DC link can be calculated as the following equations:

33V 1 2
=Nm - _£ - 2
Vog = (1+ 4cos(3a)t) 35cos(6a)t) j (2)
-3./3V 1 2
Vag o (1 4cos(3a)t) 35(:05(6a)t) J 3)



Where v,,, vie and vo, are the voltages across the points p—g, n—g and o—g of the DC link component
shown in Fig. 2, respectively. According to Fig. 2 and based on Kirchhoff’s Voltage Law (KVL),

Von =Vpo T Vo = (vpg —vog)+(vog Vg ) =Vyg ~Vng 4)

Thus, from (2)—(4), the DC link voltage can be extracted as follows:

Vo =@(1—;—5cos(6wt)—...j )

T

According to (5), the DC link voltage (v,:) contains AC terms. This voltage contains a first-order AC
term whose frequency is sixth times of the fundamental frequency, and therefore it takes place in the
frequency range of 0—2 kHz. Consequently, DC link filters (Lpc) are assigned to suppress the low order
harmonics created by the diode rectifier. However, these filters face challenges for compatibility with

the new range of 2-9 kHz.

In Fig. 3, the frequency behavior of three different types of DC chokes is depicted. Three kinds of
frequency-dependent magnetic cores have been simulated in ANSYS Maxwell software to extract
inductance of the cores over the frequency range of 0-9 kHz. According to Fig. 3 (a), the ideal DC choke
has a constant inductance value in the whole frequency range, but in practice, the inductance value drops
with an increase in frequency. Also, in a high-quality DC choke, it is expected that the inductance value
smoothly decreases. On the other hand, a low-quality DC choke is also analyzed where the inductance
value drops severely to around 50 % of its primary value.
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Fig. 3: Frequency behavior of three types of DC chokes (ideal, high quality and low quality). (a)
Inductance, (b) Impedance magnitude, (¢) impedance phase.

After assigning the frequency-dependent cores of Fig. 3 in ANSYS Maxwell, these simulated models
are linked to the drive system in ANSYS Simplorer to analyze the frequency-dependent model in the
time domain simulation. Accordingly, Fig. 4 shows the grid current of the drive system with the
aforementioned cores in the time domain. Moreover, the Fast Fourier Transforms (FFTs) of the grid
currents are depicted in Fig. 5. According to Fig. 5, when the DC choke is of low quality, the low-
frequency harmonics are substantially affected. Also, with the low-quality DC choke, increases of
around 0.7 A and 0.4 A in the 5™ and 7™ order harmonics current magnitudes can be seen, respectively.
This finding indicates that nonlinearity of DC choke is an essential factor to design the filters for 0-2
kHz range. Therefore, if the designer aims to make the low-frequency filter compatible with the 0-2
kHz standard, one should provide a high-quality core material, the permeability of which is relatively
constant at least up to 9 kHz.
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Fig. 4: Grid current of phase a with different types of DC chokes (the output power is 5.5 kW): (a) Linear
ideal chokes, (b) High quality non-linear DC chokes, (¢) Low quality non-linear DC chokes.
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Fig. 5: FFT of the grid current with different types of DC chokes: (a) Linear ideal chokes, (b) High
quality non-linear chokes, (¢) Low quality non-linear chokes.

Effects of cables and EMI filter parameters on 2-9 kHz harmonic

According to Fig. 2, phase voltages of the inverter outputs (, v and w) with respect to DC link midpoint
(o) are defined as vi, where i = u, v, and w. These voltages can be calculated through (6):

8
8

v, ()=V,-M cos(w,t+6,)

J(m M)xs1n([m+n] )xcos(ma)t+n[a)t+¢9])] (6)

m=1 n=—co

Where M = modulation index, m,n = carrier, baseband index variable, @, @, = angular frequency of carrier waveform,

B

i=a,bec 3 3
Also, the CM voltage (vcu) generated by PWM at the inverter terminal can be derived as (7):

fundamental voltage, J, (x) =Bessel function of order » and argument x =m— 5 M ,0_,,.=0,—— 2z 2w

vaa +vbo +vw

vCM(t) = 3 (7

Finally, from (6) and (7), the harmonious AC terms of the CM voltage (vcan) can be by extracted through
(8):



CM,,(t)_4VdLZZ[ J, (m= M)><s1n([m+n] )><(1+2cosn—)><cos(ma)t+na)t)] 3

m=1 n=—co
n#0

According to (8), the CM voltage contains harmonics around the multiplicands of the switching
frequency (mw.+nw,). As aresult, due to the advances in fast switching semiconductor devices, modern
drive systems are exposed to the CM voltage with harmonics in the frequency range of 2—150 kHz. In
this section, the effect of EMI filter parameters on CM model loops of the system is investigated.
Moreover, to understand the effect of cables on the CM impedance, first, the cable model is excluded
from the system and then it is included.

Without considering the cable between inverter and AC motor

Fig. 6 shows the equivalent circuit of the CM paths for the three-phase drive system modelled through
paralleling the CM current routes. In this model, each component of the system namely EMI filter, DC
link filter, DC link capacitors and AC motor are modelled by considering the parasitic couplings between
elements. Accordingly, the resonances in the system due to the CM current can be predicted through the
presented model. According to Fig. 6, there are two noise sources in the system, which can affect the
harmonics at the 2—-9 kHz range. These noise sources can be modelled by voltage sources, which Ve
gr and Veyrr are created due to the Pulse Width Modulation (PWM) of the inverter and operation of
the grid-side rectifier, respectively. For the resonance analysis, the corresponding CM impedances at
these voltage sources are extracted as Zrpyr and Zrrr, respectively. The LISN network in Fig. 6 is
modeled based on IEC TC77A, WG1 committee to standardize the impedance characteristics at the grid
point in the 2-9 kHz frequency range [8]. It is to be noted that the high-frequency model of the AC
motor is developed based on the experimental measurements using the Bode 100 Vector Network
Analyzer. Table I depicts the specifications of the extracted parameters for the presented model in
Fig. 6.

Zrar Zrar AC Motor
: 3Cpm
DC-link Filter 1 : :
“““““““““ . Vowmr  Cables _"_ :
0.5L,. dc: A+ : L. /3Ro/3 :
: Tl :

T T

Fig. 6: Equivalent singie-phase CM impedance of the system by considering cable parasitic effect.

Table I: Specifications of the drive system

Parameters Value
Lac, Cyc 0.92 mH, 1000 uF
L, Comy Com, Rsm, Rpm 9.4 mH,4.5 pF, 1100 pF, 9.5 Q, 12.7
kQ
Le, Re, Coc 300 uH, 222 mQ, 20.2 nF
Switching frequency 5 kHz

To survey the effect of cables on the resonances, first, the cables model depicted in Fig. 6 is neglected.
Afterwards, to investigate the effect of EMI filter on the system resonances, the parameters of the EMI
filter are changed and then Zr.xr and Zr.;r are measured using the model presented in Fig. 6. In Fig. 7,
the measured parameters of Zr.yr and Zr..r with the aforementioned changes are shown. According to



Fig. 7, with the decrease in the inductance value of the CM choke (L.») to about 60% of its normal value,
the resonant frequency shifts from 1.8 kHz to around 2.2 kHz. Moreover, with a decrease in the
capacitance value of the CM filter’s capacitance (Cy4c) to about 40% of its nominal value, the resonant
frequency increases to around 2.8 kHz. Also, it can be seen that with the drop in the capacitance value
of Cyc, the magnitude of Zr.qr at the resonance frequency is substantially decreased, making the system
more susceptible to the CM current at this frequency. On the other hand, the magnitude of Zr..r is almost
unaffected over the wide frequency range even though the resonance is increased with the lower values
of Cyucand Lcn. In all these cases, the overall magnitude of Zryr is much higher than of the Zr;r,
indicating that Zr.;r is more critical in the CM current analysis at 2-9 kHz range.
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Fig. 7: Modelled CM impedance of the system with different EMI filter parameters (normal case,

decreasing Ly to 60% of L., and decreasing C,.4c to 40% of Cy.4c); without considering the cable (a) Zr-
ar (b) Zr.Lr.

In order to validate the functionality of the extracted CM impedance, time-domain simulations of the
studied three-phase motor drive system in Fig. 2 is carried out by MATLAB Simulink. Subsequently,
Fig. 8 shows the time-domain waveforms of the grid current i,..i¢ (see Fig. 2). Moreover, Fig. 9 shows
the harmonic spectrums of iy 45, Which is generated due to the operation of the PWM inverter and
rectifier. By comparing Figs. 7 and 9, it can be noted that the extracted Zr.xr and Zr.;r can accurately
predict the resonance frequencies of the system with different parameters. According to Figs. 9, the
harmonic at 5 kHz, which is created due to the switching frequency, has also been increased with a
decrease in the values of L., and Cy4c. This is completely aligned with the results related to the modelled
system in Fig. 7, in which with a decrease in the values of L, and Cy4c, the CM impedances around the
resonance frequencies of the model decreased. These findings are essential steps to predict the level of
CM current and the effect of system parameters on the CM current. Consequently, different constraints

in the ASD systems such as switching frequency, filter parameters, and cable effects should be
considered for the proper filter design.
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Fig. 8: Time domain ground current ig.gis for the real system platform; without considering cables. (a)
Normal case, (b) decreasing Ly to 60% of Lem, (¢) decreasing C,.4c to 40% of Cyac.
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Considering the cable between inverter and AC motor

To investigate the effect of cables, now the equivalent model of a general cable seen in Fig. 6 is
considered in the system model. The parameters of the cable’s high-frequency model can be seen in
Table I. Furthermore, Fig. 10 shows the effect of cables on the modelled CM impedances of the system.
According to Fig. 10 (a), cables can significantly reduce the magnitude of Zr.nr, making the system
more susceptible to resonances. In contrast, cables have no effects on Zr.;ras can be seen in Fig. 10 (b).
Moreover, in Fig. 11, a comparison between the FFT of i.g.s with and without the implementation of
cables is depicted. According to Figs. 10 and 11, the behavior of i, With respect to cables is aligned
with Zr;r where the effect of cables on i,.qs is negligible. Moreover, Fig. 12 shows the extracted
modelled CM impedances of Zr.xr and Zr..rwith different parameters of the EMI filter by considering

cables in the system. By comparing Figs. 7 and 12, it can be noted that cables substantially decrease the
magnitude of Zr.xr and subsequently increasing the CM current in the system.
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Fig. 10: Cable effects on the modelled CM impedance (a) Zr-ur (b) Zr.1r.
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Conclusion

In this paper, essential factors to design filters for the frequency ranges of 0—2 kHz and 2-9 kHz have
been investigated. It is demonstrated that for the frequency range of 0—2 kHz standard, the quality of
DC choke can substantially affect the low order harmonics. In fact, with a low-quality inductor whose
inductance value harshly decreases with frequency, not only the 5" and 7 order harmonics of the grid
currents are increased, but also the emissions above 2 kHz can be affected. To analyze the parasitic
behavior of the system at 2-9 kHz frequency range, equivalent CM impedance of the system is modelled.
The results verify that the presented model can accurately predict the frequency and magnitude of
resonances in the system. The presented model reveals that the EMI filter’s parameters can affect the
resonance frequencies in the CM loop. Moreover, it is demonstrated that cables significantly reduce the
CM impedance at the PWM inverter side, making the system more susceptible to resonances. These
findings are significantly important to design filters at the frequency ranges of 0-2 and 2—-9 kHz because
the designer can have a perception of resonance frequencies to determine parameters of the system such
as switching frequency.
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