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Abstract—This paper investigates the influence of active zero
vector pulsewidth modulation (AZPWM-1) and space vector
pulsewidth modulation (SVPWM) on the design of passive
common-mode (CM) attenuation methods to reduce CM current
and shaft voltage in inverter-fed V/f-controlled induction motor
drives. The passive CM attenuation methods examined here are
the CM choke, the CM electromagnetic interference (EMI) fil-
ter, and the CM transformer. The attenuation requirement of
AZPWM-1 and SVPWM is identified to design the passive CM
choke and EMI filter. Based on the attenuation requirement, the
design guidelines are revisited for SVPWM, and design rules are
proposed for AZPWM-1. However, the CM transformer is designed
based on the step change in magnitude of CM voltage of both
the pulsewidth modulations (PWMs). The limitations in design,
regarding switching frequency and component size for each case,
are also established. It is shown that to have a similar attenuation
in the considered two PWM cases, AZPWM-1 requires smaller
passive components compared to SVPWM. The proposed design
guidelines are substantiated with experimental results on a 1.1-kW
induction motor drive.

Index Terms—Active zero vector pulsewidth modulation
(AZPWM-1), common-mode choke, common-mode current
(CMC), common-mode filter, common-mode transformer (CMT),
induction motor (IM) drive, shaft voltage, size reduction, space
vector pulsewidth modulation (SVPWM).

I. INTRODUCTION

VARIABLE-FREQUENCY drives (VFDs), despite their
enormous advantages, suffer certain setbacks. Common-

mode (CM) issues are prevalent in VFDs, which are augmented
by the faster switching capabilities of active devices. These CM
components, in turn, cause distortions in the control signals and
instigate disturbances in the surrounding systems [1]. Such CM
components are the primary sources of shaft voltage, bearing
current, and insulation failures in VFDs, which render the sys-
tem unreliable and expensive [1]–[3]. The aforementioned CM
issues in pulsewidth modulation (PWM)-fed inverter drives are
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addressed through control algorithms, PWM techniques, and
active and passive methods.

An active method uses a precise combination of switches, in-
ductors, capacitors, and appropriate control techniques primarily
to reduce the size of hardware and to eliminate the common-
mode voltage (CMV) in a wide frequency range [4]–[9]. For
instance, a hybrid active filter [4], an active filter circuit with a
common-mode transformer (CMT) [5], [9], and circuits based
on current-controlled current-source techniques [6] have been
proposed to nullify the CMV at machine terminals. The design
of active methods is not only complex (attenuation and phase
requirement needs precise tuning over the frequency range), but
also strongly dependent on the rating of the drive. Also, active
switches introduce additional power loss, increase the control
complexity, and decrease reliability [6].

As the name suggests, passive attenuation methods use pas-
sive components, viz., inductors, capacitors, and resistors, which
are simple to design, economical, and reliable [10]. The preva-
lent passive CM attenuation methods are the three-phase CM
choke, the CM electromagnetic interference (EMI) filter, and the
CMT with a damping resistor on the secondary side. Passive EMI
filters with and without access to the neutral point of the machine
are proposed in [11] and [12] to attenuate all CMV effects, such
as shaft voltage, bearing current, and common-mode current
(CMC). An integrated LR filter is proposed to reduce both the
CM and differential-mode (DM) components [13]. To minimize
both the peak amplitude and root-mean-square (rms) values
of the CMC, a CMT with a secondary damping resistor is
proposed [14] and is revisited for a high-power-rating machine
with recurring bearing failure [15]. The modeling and design
methods of a three-phase CM choke have been proposed to
reduce the size of the CM choke for a given frequency range [16],
[17]. The influence of CM volt–seconds on the choke saturation
and the corresponding design guidelines are discussed in detail
[18]. Although passive methods are well researched in terms of
their applications, its size is yet to be optimized to increase the
performance with advanced PWM techniques.

For a two-level inverter, the conventional topology is mod-
ified by adding a fourth leg to eliminate the CMV with refer-
ence to ground [19]. Many PWM methods such as active zero
state PWM (AZPWM-1, AZPWM-2, and AZPWM-3), remote
state PWM, and near state PWM have been proposed to mitigate
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Fig. 1. (a) TLVSI power circuit with passive CM attenuation methods for the 3-φ IM drive. (b) Simplified CM equivalent circuit for the 3-φ IM drive.

the CMV in VFDs by avoiding zero vectors [20], [21]. AZPWM-
1 has several advantages over other CMV reduction PWM
techniques such as full control of linear modulation index and
change in one switch state at a time [22]. However, performance
of AZPWM-1 is inferior to that of space vector pulsewidth
modulation (SVPWM) in terms of harmonic profile and voltage
reversal issues. The voltage reversal problems can be modified
by adjusting the zero vector time period and duty appropriately
[20]. Therefore, AZPWM-1 can be applied to a high inductive
motor [20]. The scalar implementation of AZPWM-1 and its
compatibility issues with a pure sine wave filter are detailed in
[22]. This PWM technique is successful in reducing the CM
issues in the vicinity of switching frequency (Fs). However,
the implementation does not guarantee the complete elimination
of CM issues [22], [23]. Therefore, the usage of conventional
passive methods (CM choke, CMT, and CM EMI filter) along
with reduced CMV PWMs (such as AZPWM-1) to completely
eliminate the end effects of CMV is inevitable. This calls for
a need to redesign the passive methods with advanced CMV
reduction PWM techniques such as AZPWM-1. The impact of
AZPWM-1 on CMC, core saturation, and resonant frequency
(Fres) is detailed in [23]. Here, Fs is varied freely with RL
load and a fixed capacitance (imitating the parasitic behavior)
to demonstrate the issues with advanced PWMs [23]. Such a
study has to be conducted, in general, for VFDs, and the design
guidelines for passive attenuation methods with AZPWM-1 have
to be systematically formulated.

The objective of this paper is to verify the attenuation re-
quirement of AZPWM-1 and propose the design guidelines for
passive attenuation methods (CM choke, CMT with a damping
resistor, and CM EMI filter) for a V/f-controlled induction motor
(IM) drive. This paper further compares the passive compo-
nent size and attenuation requirement for reducing CMC and
shaft voltage with SVPWM. These attenuation methods can be
extended to reduced CMV PWM methods with reduced peak
amplitude and number of step changed levels of CMV [26],
[27]. The effectiveness of envisaged passive methods for the
inverter-fed IM drive is verified experimentally.

II. CMV, CMC, AND SHAFT VOLTAGE FOR SVPWM AND

AZPWM-1 AND ITS ATTENUATION REQUIREMENTS

The power topology of a two-level voltage-source inverter
(TLVSI) with all the passive attenuation methods feeding a 3-φ
IM drive is shown in Fig. 1(a).

TABLE I
CMV CONTRIBUTIONS IN THE TLVSI

The CMV (vNo or vCM) of the TLVSI is given as

vNo = vCM =
vao + vbo + vco

3
(1)

where vao, vbo, and vco represent the pole voltages. Each pole
voltage of the TLVSI can attain two switching states at any
instant, and as a result, eight switching states are possible for
three legs. The CMVs for all eight switching states are listed in
Table I. It establishes that the CMV attains its maximum value for
seven and eight vectors. Based on this, AZPWM-1 is proposed
to minimize various CMV-related issues by avoiding seven and
eight vectors. It has been reported that the CMV of AZPWM-1
is reduced from Vdc/2 to Vdc/6 [20]–[22].

The magnitude difference between SVPWM and AZPWM-1
is derived to obtain worst-case operating conditions such as
modulation index (ma) and switching frequency (Fs). The
magnitude of CMV for SVPWM [18] is given as

|vCM|SVPWM = T0
|Vdc|
2

+ (Ts − T0)
|Vdc|
6

(2)

where T0 is the period for realizing states 7 and 8, and TS is the
total switching period. The CMV of AZPWM-1 and SVPWM
differs only during T0 [22]. Therefore, the magnitude of CMV
for AZPWM-1 is obtained by replacing Vdc/2 during T0 [20],
[22] with Vdc/6. As a result, we have

|vCM|AZPWM-1 = T0
|Vdc|
6

+ (Ts − T0)
|Vdc|
6

. (3)

The ratio of CMV magnitude between SVPWM and
AZPWM-1 is given as

|vCM|SVPWM

|vCM|AZPWM-1
= 1 +

2T0

Ts
. (4)

The difference in CMV magnitude between SVPWM and
AZPWM-1 from (4) helps in deciding the attenuation difference
between them. The difference in CMV magnitude is less when
T0/TS is less. This leads to minimum magnitude difference
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Fig. 2. FFT of CMV for SVPWM/AZPWM-1 (a) at 15 kHz (ma = 0.4), (b) at 15 kHz (ma = 1.0), (c) at 5 kHz (ma = 0.4), and (d) at 5 kHz (ma = 1.0)
obtained experimentally without any attenuation methods.

Fig. 3. FFT of CMC SVPWM/AZPWM-1 (a) at 15 kHz (ma = 0.4), (b) at 15 kHz (ma = 1.0), (c) at 5 kHz (ma = 0.4), and (d) at 5 kHz (ma = 1.0) obtained
experimentally without any attenuation methods.

in the considered two PWMs. At high ma, T0/TS is less due
to the maximum voltage requirement at the motor terminals.
Therefore, high ma is the worst-case scenario for magnitude
difference between CMV of SVPWM and AZPWM-1.

The CM equivalent of a 3-φ IM drive with CMV (vCM) being
the source for shaft voltage and CMC (iCM) with parasitic capac-
itances is shown in Fig. 1(b), where Cwf, Cwr, and Crf represent
the capacitance between winding to frame, winding to rotor,
and rotor to frame, respectively. Also, LM and RM represent
the CM leakage inductance and resistance of the machine, re-
spectively.Cwf is the most predominant parasitic component and
contributes to most of the CMC [24]. The high-frequency vCM

excites the parasitic capacitances of the machine and generates
high-frequency CMC, which mainly flows through Cwf and
returns to the source based on the grounding scheme.

The expression of CMC is given as

ICM = VCM/ZA. (5)

The equivalent circuit [see Fig. 1(b)] is simplified as a capac-
itance divider, and the shaft voltage (Vsh) is given by (6). This
also substantiates the concept that Vsh is a replica of CMV

vsh = VCM ∗ Cwr

Cwr + Crf
. (6)

The frequency-domain CMV profiles [VNG of Fig. 1(a)]
for SVPWM and AZPWM-1 at different operating conditions

(ma = 0.4 and 1.0 at Fs = 5–15 kHz) of the V/f-controlled
IM drive are shown in Fig. 2(a)–(d). It is clear from the profiles
that the odd multiples of Fs are greatly reduced for AZPWM-1
at all tested operating conditions. The magnitude of CMV for
SVPWM and AZPWM-1 differs in time and frequency domains;
hence, the attenuation requirements will be different. The size of
passive attenuation methods mainly depends on the magnitude
of Fs multiples of CMC; hence, several multiples of Fs are
considered in this paper. The magnitude of CMC in the frequency
domain for SVPWM and AZPWM-1 is plotted against each
other for various operating conditions, as shown in Fig. 3(a)–(d).
Here, the CMC is measured by clamping the three-phase wires
using a current probe, as indicated in Fig. 1(a), and its frequency
spectrum is obtained using a digital storage oscilloscope. The
CM impedance of the machine is identical for both PWMs, so the
CMC will also have the same inference as the CMV. However,
the frequency at which the maximum CMC (see Fig. 3) occurs
is inconsistent to that of CMV in Fig. 2. This is due to huge
difference in the magnitude of CMV at Fs, 3Fs, and 5Fs at low
and high ma and nonlinear impedance of the machine [23]. It is
evident from Fig. 3 that the attenuation required for AZPWM-1
at several multiples of Fs is much lesser than SVPWM due to
the magnitude difference of FS components at all the measured
operating conditions. Though at different switching frequencies,
the magnitude of FS multiples of the CMV remains almost
the same (see Fig. 2), CMC components are increased due to
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Fig. 4. (a) CM impedance of the machine and choke measured by an LCR meter (linear scale). (b) CM equivalent circuit of the IM with a CM choke.

low impedance offered by the machine at those frequencies
[see Fig. 4(a)]. Therefore, the worst-case attenuation difference
between SVPWM and AZPWM-1 discussed in Section II is
noted for highma andFS , as evident from Fig. 3(b). This worst-
case attenuation difference is defined as “n,” which can also be
estimated from the frequency inputs of the predicted/simulated
CMV [29] and the CM impedance of the machine [14], [22],
[28] as per (5). In this paper, a 1.1-kW IM is tested, and the
worst-case attenuation difference at all operating conditions is
obtained as 2.13 ≈ 2 (depending upon the nearest available
choke value). The passive methods for both PWMs are designed
for this worst-case operating condition.

III. PASSIVE CM ATTENUATION METHODS FOR THE

TLVSI-FED IM DRIVE

In this section, the design guidelines of various passive CM
attenuation methods for TLVSI [see Fig. 1(a)], which include
CM choke, CM EMI filter, and CMT, are discussed.

A. CM Choke Design

The CM choke offers high impedance for the CMC of the
drive system. However, due to low parasitic capacitive (Cwf)
impedance of the machine (low output impedance of the choke),
almost entire CMV appears across it. This would result in the
existence of shaft voltage and bearing currents in the machine
[17], [18], [23].

The simplified CM lumped equivalent circuit of IM with-
out any attenuation method and with CM choke is shown in
Figs. 1(b) and 4(b), respectively. The resonant frequency of the
CM equivalent circuit with the CM choke is defined as

Fres =
1

2π
√
LC .Cwf

. (7)

The inductance of the CM choke (LC) is decided based on the
attenuation requirement and on the range of Fs components to
be attenuated.

It can be observed from Fig. 3(a)–(d) that the dominant CMC
components lie between Fs and 12Fs. To eliminate a minimum
of half the CMC components between Fs and 12Fs, Fres is fixed
between 3Fs and 5Fs for both the PWMs. Keeping Fres � Fs

will attenuate all the CMC components but demands a higher
value ofLC , whereasFres �Fs leads to nonelimination of PWM
frequency components. This is the first design choice to be made

while choosing Fres. For the same Fres, a machine with a lower
value of Cwf will require a larger value of LC and vice versa as
per (7). The range of Cwf for different motor ratings is given in
[25]

ICM(without choke) = VCM/(ZA) (8)

ICM(with choke) = VCM/(ZA + ZB) (9)

where ZA = RM + jωLM + 1/jωCwf is the CM impedance
of the machine, where Cwf ≈ 1.7 nF (measured for 1.1-kW
IM with an LCR meter [14], [25]) and ZB = RC + jωLC ≈
jωLC is the impedance of the CM choke. ZB1

and ZB2
are

the CM impedances of the choke for SVPWM and AZPWM-1,
respectively. For the worst-case scenario discussed in Section II,
the impedance requirements for both the PWMs are related as

ZB2
= ZB1

/n. (10)

Here, n = 2 for a 1.1-kW IM, as discussed in Section II.
If the inductive impedance is reduced by a factor of 2, then the
resonance frequency for AZPWM-1 can be found by substituting
LC/2 into (7). Therefore, the new resonance frequency for
AZPWM-1 is chosen as

FresAZPWM-1 = Fres/1.414. (11)

Based on the above discussion, Fres is fixed at 28 kHz for
SVPWM and 38 kHz for AZPWM-1 to eliminate the CM
components above 3Fs, for Fs = 15 kHz. As established from
(7), (10), and (11), the required filter inductances for SVPWM
and AZPWM-1 are about 20 and 10 mH, respectively. The
CM impedance characteristics of the machine along with the
three-phase CM choke for two different inductances measured
by the LCR meter are shown in Fig. 4(a). It is also evident from
Fig. 4(a) that the impedance doubles for every 1.41 times the
reduction of resonance frequency. The CM choke among the
passive methods is the least effective in attenuating the shaft
voltage [22].

B. CM EMI Filter Design

The passive EMI filter consists of a CM filter
(LC , CC , and RC) and a DM filter (LD, CD, and RD)
to reduce both CM and DM components, as shown in Fig. 1(a)
[12]. The use of the CM filter alone is not suitable for the TLVSI
due to huge circulating currents between the CM capacitors
and resistors [12], [31]. To keep the DM attenuation constant,
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Fig. 5. (a) CM equivalent circuit of the IM with a CM EMI filter. (b) CM impedance of the IM and CM EMI filter measured by the LCR meter (logarithmic scale).

a DM filter is added uniformly for both the PWMs. However,
in this paper, both CM and DM filters are considered while
designing the CM EMI filter, as shown in Fig. 5(a). The design
of LCM, CCM, and RCM is given as

LCM = LC + LD/3 (12)

CCM = (CC × CD)/(CC + CD) & RCM = RC +RD/3
(13)

δ =
RCM

2

√
LCM

CCM
. (14)

The CM filter consists of LCM, CCM, and RCM such that most
of the CMCs are attenuated by LCM (jωLCM >> 1/jωCCM),
and rest of them are bypassed by the filter capacitor (CCM) by
choosing CCM � Cwf. Thus, it can provide the complete solu-
tion for the reduction of conduction-mode EMI, shaft voltage,
and bearing current [12], [22].

The required damping for the second-order CM filter is
provided by RCM. A DM filter with a resonant frequency of
2.5 kHz is fixed uniformly for both the PWMs. The CM filter
design for SVPWM is given in [12]. The resonant frequency
of the CM filter is placed much higher than 3f (where f is
the fundamental output frequency) and much less than Fs, i.e.,
(3f � Frescmf � Fs). Therefore, Frescmf of the CM filter is given
as

Frescmf =
1

2π
√
LCM.CCM

. (15)

In the worst-case scenario, the impedance requirement of
AZPWM-1 is half that of SVPWM. The CM inductance (LC)
and capacitance (CC) for the worst-case attenuation are given
as

LCAZPWM-1 = LCSVPWM/n (16)

CCAZPWM-1 = CCSVPWM/n. (17)

The resonance frequency of the CM filter in the case of
AZPWM-1 can be chosen at least two times that of SVPWM.
Following are some of the guidelines for the CM EMI filter.

1) If Fs is less, then keeping Frescmf � Fs results in an
increased size of the passive components.

2) Design of the CM filter requires CC � Cwf to offer low
impedance to CMC. This is easier to achieve in machines
with a lower value of Cwf.

TheFres of the CM filter is fixed based on the above discussion
as 1.75 kHz for SVPWM and 3.6 kHz for AZPWM-1. The
damping factor (δ) is chosen as 0.08 for both the PWMs. In the
worst-case scenario, the impedance requirement of AZPWM-1
is reduced by two times to that of SVPWM.

In summary, the designed CM EMI filter components for
SVPWM and AZPWM-1 based on (12)–(17) are as follows:

LC = 27.3 mH, CC = 0.3μF, RC = 50Ω for SVPWM (18)

LC = 15.2 mH, CC = 0.15μF, RC = 50Ω for AZPWM-1.
(19)

To complete the design details of the EMI filter, the DM filter
components are given as follows [12]:

LD = 8 mH, CD = 0.5μF, RD = 14Ω, and FDM = 2.5 kHz.
(20)

The impedance characteristics of the designed filters for
SVPWM and AZPWM-1 are shown in Fig. 5(b). Here, Zcmf1

and Zcmf2 are the equivalent CM impedances for SVPWM and
AZPWM-1, respectively. It is evident from Fig. 5(b) that to
have the same attenuation for both SVPWM and AZPWM-1,
the Frescmf of AZPWM-1 is designed to be higher than that of the
SVPWM.

C. CMT Design

Similar to the CM choke, the CMT consists of an additional
fourth winding connected to a damping resistor RT [as shown
in Fig. 1(a)] to damp out CMC oscillations. The magnetizing
inductance LT and RT are designed to limit the rms and peak
values of the CMC. The CM equivalent of the CMT is shown in
[14]. It can be simplified as a series RC circuit when the roots
of denominator polynomial with the obtained transfer function
are tuned appropriately. The rms value of CMC (Irms) can be
estimated from the equivalent RC circuit if Cwf of the machine
is known [14]

Irms = E

√
3Cwf.FS

RT
(21)

RT =
3CwfE

2.FS

I2rms
. (22)

Here, E is the stepwise change in the CMV, i.e., Vdc/3 [14],
where Vdc is the dc-bus voltage of the inverter. The desired value
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Fig. 6. (a) CMV of the inverter with SVPWM and AZPWM-1 showing worst-case step change. (b) Flowchart for the design of choke and filter for SVPWM and
AZPWM-1. (c) Flowchart for the design of the CMT with a damping resistor.

of LT can be obtained as

LT = 4R2
T × Cwf. (23)

The higher value of Fs and E increases the value of LT . To
minimize the rms values of the CMC, the design should meet
the following constraint:

2

√
Ll

Cwf
< RT <

1

2

√
LT

Cwf
. (24)

Here, Ll is the sum of the leakage inductance of the machine
and the cable. Some of the design choices for limiting LT are
lower FS and machine with a lower value of Cwf. In the worst
case, the rate of change in CMV for AZPWM-1 is half that of
SVPWM, as depicted in Fig. 6(a). It occurs when time intervals
are smaller than the CMV transients. Therefore,E for AZPWM-
1 is half that of SVPWM, i.e., Vdc/6. To limit the rms value of
CMC to 13.0 mA for both the PWMs at Fs of 5 kHz, the values
of RT and LT are found using (22) and (23) and are shown as
follows:

SVPWM : LT = 27.89 mH, RT = 2.05 kΩ (25)

AZPWM-1 : LT = 10.41 mH, RT = 1.3 kΩ. (26)

Comparing the design of CMT in both the cases, it can be
observed that LT for AZPWM-1 is almost one-third of its value
from SVPWM. An alternate design option is to increase the Fs

of AZPWM-1 with the same LT as in SVPWM.
The design procedure for all three methods is shown in

Fig. 6(b) and (c). For designing the CM choke and the EMI filter,
it is necessary to determine the worst-case magnitude attenuation
difference between SVPWM and AZPWM-1 (n). The CM EMI
filter is chosen to attenuate all the PWM frequency components
from Fs. If the attenuation requirement is from 3Fs or 5Fs, then
the CM choke is a better choice, as the burden on hardware is
less. Compared to abovementioned methods, the design of the
CMT does not require any prediction/hardware procedure except
finding Cwf.

IV. RESULTS AND DISCUSSION

The experimental setup consists of 1.1-kW IM, 4-kVA in-
verter, and DSP-F28377S controller, as shown in Fig. 7(a). The
IM parameters and TLVSI operating conditions are presented in
Fig. 7(b), and the IM is modified to measure the shaft voltage, as
in [26]. The maximum linear ma for SVPWM and AZPWM-1
is 1.15 [22], [30]. To limit the size of passive components,Fs for
the CM choke and the EMI filter is fixed at 15 kHz, and for CMT,
it is fixed at 5 kHz. The experimentally obtained phase voltages
and currents of the TLVSI without and with passive attenuation
methods for both SVPWM and AZPWM-1 are shown in Fig. 8.
It can be seen in Fig. 8(a)–(f) that the phase profiles remain the
same without and with the CM choke and the CMT. However in
Fig. 8(g) and (h), due to an additional DM filter in the CM EMI
filter, both the phase voltage and the current are sinusoidal.

The design of the CM choke and the EMI filter is based on
frequency-domain profiles, and hence, experimentally obtained
fast Fourier transforms (FFTs) of the CMC without and with
passive attenuation methods are shown in Figs. 3 and 9. It can
be seen from Figs. 3(a), (b) and 9(a), (b) that the CM choke for
both the PWMs eliminates the Fs multiples above Fres (>3Fs).
With the CM EMI filter in Fig. 9(c) and (d), all Fs multiples are
attenuated.

The experimentally obtained time-domain profiles of the
CMC without and with the CM choke and the CM EMI filter
for both the PWMs are shown in Fig. 10. This shows that
with reduced hardware components, AZPWM-1 attenuates the
peak amplitude and the rms value of CMC similar to SVPWM.
Similarly, the experimentally obtained CMV and shaft voltage
of CMV without and with the CM choke and the CM EMI filter
for both the PWMs are shown in Fig. 11. The peak magnitude
and dv/dt of CMV and shaft voltages sees very less attenuation
with the CM choke, as shown in Fig. 11(b) and (e), whereas
with the CM EMI filter, both the peak magnitude and dv/dt of
CMV and shaft voltage attenuation is maximum, as shown in
Fig. 11(c) and (f).

The experimental results without and with CMT at Fs of
5 kHz are shown in Figs. 12 and 13, respectively. It is clear
from Fig. 13(a) and (b) that the desired rms value of the CMC at
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Fig. 7. (a) Experimental setup consisting of an inverter with a CM filter feeding an IM. (b) Experimental and IM parameters, operating conditions, and design
specifications.

Fig. 8. Experimentally obtained IM phase voltage and no-load current waveforms, without any attenuation methods for (a) SVPWM at 5 kHz and (b) AZPWM-1
at 5 kHz, with the CM choke for (c) SVPWM at 5 kHz and (d) AZPWM-1 at 5 kHz, with the CMT for (e) SVPWM at 5 kHz and (f) AZPWM-1 at 5 kHz, and with
the CM EMI filter for (g) SVPWM at 15 kHz and (h) AZPWM-1 at 15 kHz.

Fig. 9. Experimental obtained FFT of CMC for SVPWM and AZPWM-1 with the CM choke at (a) Fs = 15 kHz and ma = 0.4 and (b) Fs = 15 kHz and
ma = 1.0 and with the CM EMI filter at (c) Fs = 15 kHz and ma = 0.4 and (d) Fs = 15 kHz and ma=1.0.

Fig. 10. Experimentally obtained time-domain profile of the CMC for SVPWM at Fs = 15 kHz (a) without attenuation, (b) with the CM choke, (c) with the CM
EMI filter, and for AZPWM-1 at Fs = 15 kHz (d) without attenuation, (e) with the CM choke, and (f) with the CM EMI filter.
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Fig. 11. Experimentally obtained time domain profile of CMV and shaft voltage for SVPWM at Fs = 15 kHz (a) without attenuation, (b) with the CM choke,
and (c) with the CM EMI filter, and for AZPWM-1 at Fs = 15 kHz (d) without attenuation, (e) with the CM choke, and (f) with the CM EMI filter.

Fig. 12. Experimentally obtained time-domain profile of CMC for (a) SVPWM and (b) AZPWM-1, and CMV and shaft voltage for (c) SVPWM and
(d) AZPWM-1 without the attenuation method at Fs = 5 kHz and ma = 0.4.

Fig. 13. Experimentally obtained time domain profile of CMC for (a) SVPWM and (b) AZPWM-1, and CMV and shaft voltage for (c) SVPWM and
(d) AZPWM-1 with the CMT at Fs = 5 kHz and ma = 0.4.

Fig. 14. Experimentally obtained FFT of CMC for SVPWM and AZPWM-1 with CMT at Fs = 5 kHz and (a) ma = 0.4 and (b) ma = 1.0.

Fig. 15. Experimental results for comparison of peak and rms values of CMC and peak amplitude of shaft voltage without and with passive attenuation methods
for (a) SVPWM and AZPWM-1 at Fs = 15 kHz and ma = 1.0 and (b) SVPWM and AZPWM-1 at Fs = 5 kHz and ma = 0.4.
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ma = 0.4 is 13 mA. With 2.68 times reduced LT value,
AZPWM-1 with the CMT provides the same rms value as
designed. The peak values are comparable in all the cases. The
CMV and shaft voltage profiles are shown in Fig. 13(c) and (d).
The peak amplitude and dv/dt of the CMV and shaft voltage
sees very little attenuation, as shown in Fig. 13. The FFT of
the CMC without and with the CMT is shown in Figs. 3(c), (d)
and 14(a), (b), where the Fs multiples above Fres(>3FS) for
SVPWM and Fres(>7FS) for AZPWM are being attenuated.

Finally, the time-domain results without and with passive
CM attenuation methods are compared for both the PWMs
at ma = 0.4 and 1 and FS = 5 15 kHz. The peak and rms
values of CMC and peak amplitude of shaft voltage for different
passive attenuation methods are shown in Fig. 15. Compared to
SVPWM, it is seen that AZPWM-1 with two times lesser value
of LC and CC results in similar attenuation of CMC and shaft
voltage, whereas the CMT with 2.68 times lesser LT has similar
attenuation to CMC and shaft voltage. Therefore AZPWM-1
with lesser hardware can achieve equivalent CM performance
for the TLVSI-fed IM drive.

V. CONCLUSION

This paper presented the design of passive CM attenuation
methods for AZPWM-1 and compared their performance with
that of conventional SVPWM. These design guidelines were re-
alized based on the worst-case attenuation of CMC requirements
for SVPWM and AZPWM-1. The component size in the case
of AZPWM-1 was halved in comparison with that of SVPWM
for the same attenuation of the tested IM drive. The reduction
in CM inductances and capacitances resulted in reduced space,
size, and cost. The contributions of this paper were to bring out
the attenuation requirements for SVPWM and AZPWM-1 and
the design guidelines of each passive method for AZPWM-1.
Also, the limitations in terms of the increase in the size of passive
components were presented.
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