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Design and Assessment of a New
Active CM Filtering Architecture for
PWM Inverter-Fed Motor Drive Systems

Kun Zhang

Abstract—The stepwise common-mode (CM) voltage at the out-
put of inverters causes electromagnetic interference (EMI) and
damage to motor bearings. This article proposed a new output
active CM filter (ACF) to compensate for the steep rising/falling
edges of CM voltage for EMI reduction and bearing protection. An
input ACF is also necessary to attenuate the CM noise injected
into the grid. Hence, a holistic assessment of input and output
ACFs for inverter-fed motor drive systems has been demonstrated.
The motor drive system satisfies the CM EMI standard with this
new active CM filtering architecture. Ferrite materials and winding
configurations of the CM transformer used in the output ACF have
been investigated. Moreover, the relationship between the input and
output ACFs has been discussed. This article aims to provide new
perspectives and implementation guidelines for the ACFs in motor
drive systems.

Index Terms—Active filter, bearing, common-mode (CM)
voltage, electromagnetic interference (EMI), motor drive.

1. INTRODUCTION

LECTRIC motors have been widely used in both house-

hold and industrial applications. Pulsewidth modulation
(PWM) inverters-fed motor drives offer higher efficiency and
better performance compared to traditional ones. However, the
common-mode (CM) voltage generated by PWM inverters is
stepwise; the high dv/dt causes CM current through parasitic
capacitances, raising concerns of electromagnetic interference
(EMI) [1].

A portion of the CM current will flow to the ground through
motor bearings. The CM current also generates magnetic flux
around the motor shaft and induces a shaft voltage [2], [3]. If
this shaft voltage exceeds the insulation of the lubricant film
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in bearings, a circulating current will flow through a loop of
“shaft-bearings-motor frame.” High bearing current will damage
bearings in the forms of fluting, frosting, pitting, spark tracks,
and welding [4], and finally lead to bearing failure. The miti-
gation methods for bearing failure can be classified into three
approaches [5]: first, reinforce the insulation of bearings by using
isolated bearings, such as ceramic bearings; second, bypass
the bearing with a low-impedance path, such as grounding
brushes/rings fabricated with conductive microfibers; third, re-
duce dv/dt by CM filters or cancellation techniques for paralleled
inverters [6].

CM filters are most widely used to reduce EMI and protect
bearings due to their low cost, robustness, and flexibility [7], [8],
[9], [10]. Passive RLC filters connected at the output of inverters
can effectively reduce dv/dt, but their high power loss and bulky
volume hinder the advance in power efficiency and density [5].

Active CM filters (ACF) are proposed for compactness by
using active filtering techniques. There are two types of ACFs,
current-compensation and voltage-compensation. The current-
compensation ACFs can achieve high attenuation and com-
pact size [11], [12], [13], especially for the voltage-sensing
and current-compensation ACFs, since they do not need trans-
formers in either sensing or compensation stage [12], [13].
However, they circulate the CM current while leaving the CM
voltage at motor terminals unchanged; only EMI noise flowing
into the grid is attenuated, but the bearings still suffer from
the original motor CM current. In such cases, an additional
dv/dt filter for bearing protection is required. As an advantage,
voltage-compensation ACFs alter the CM voltage profiles and,
thus, reduce CM noise and protect bearings simultaneously;
this makes voltage-compensation ACFs more suitable for motor
drive systems.

A feedforward voltage-compensation ACF for motor drives
is proposed in [14], and then continuous works have been
devoted to advancing this design. Piazza et al. [15] proposed
the use of an external power supply and a step-down turns
ratio so that low-voltage bipolar junction transistor (BJTs)
can be used in high-voltage applications. Darlington pairs
are used in the push—pull amplifier to reduce the loading
effect. The push—pull amplifier is of class B type, which
may have crossover distortion. Feedback voltage-compensation
ACFs have also been proposed as an alternative approach [16],
[17]; expensive high-voltage operational amplifiers are required
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for high-voltage motor drives. Furthermore, integrations of
feedforward and feedback ACFs have been proposed to pursue
better filtering performance [18], [19].

The prior art voltage-compensation ACFs are full-waveform-
compensation filters [14], [15], [16], [17], [18], [19]. They du-
plicate and then compensate for the entire CM voltage, including
both steep edges and high-amplitude plateaus. As a result, this
will give challenges to designers to find ways to handle large
amounts of power consumption, manage heat dissipation, and
increase power density. A high inductance is, thus, required to
reduce the operating current and power dissipation of the ACFs
[11]. In order to reduce power dissipation and inductance, this
article proposes a new edge-compensation ACF that compen-
sates for the rising/falling edges of CM voltage only. Both the
CM noise spectrum at the grid interface and the CM current
flowing through the motor are reduced.

The filters discussed previously are all connected at the output
of inverters; thus, they are called output filters. Since output
filters cannot attenuate the CM current leaked from inverters,
filters connected at the input of inverters are inevitable and are
called input filters.

This article proposed a holistic active CM filtering architec-
ture for motor drive systems, including the input ACF proposed
in [20] and the new output ACF. The input ACF is used to
attenuate CM noise injected into the grid. The output ACF is
primarily devoted to reducing dv/dt for bearing protection; it
also aids the input ACF to attenuate the CM noise. The CM
voltage at the input side is a small disturbance superimposed on
the line voltage; its high-frequency component is much lower
than the stepwise CM voltage at the output side. Therefore, the
input ACF has lower power consumption and smaller volume
than the proposed output ACF, which is used to reduce dv/dt
instead of eliminating CM voltage.

Section II presents the analysis and design procedures of
the proposed output ACF. In Section III, the CM performance
of the output ACF is evaluated. Ferrite materials and winding
configurations of the CM transformer (CMT) used in the output
ACF are investigated. A detailed comparison between input and
output ACFs have been given.

II. ANALYSIS AND DESIGN OF THE OUTPUT ACTIVE
CM FILTER

The proposed output ACF consists of three stages: reference
stage, buffer stage, and output compensation stage. It is shown
in Fig. 1.

A. Design of the Reference Stage

The CMT shown in Fig. 1 has one primary winding (L,4)
and three secondary windings (Ly, Ly, and Ly). An edge-
compensation voltage v, is applied to the primary winding and
then coupled to the secondary windings. Upon compensating
the inverter-side CM voltage Ve, iny bY Veom, the motor-side
CM voltage Ve, motor Will have a much smaller dv/dt. Fig. 2
shows four possible compensated waveforms. Fig. 2(a) shows
a smooth start but a sharp end at the plateau; Fig. 2(b) shows
a profile opposite to that in Fig. 2(a); Fig. 2(c) shows a profile
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Fig. 2. Four possible waveforms of edge compensation.

having both smooth start and end but a steep rise in the middle;
Fig. 2(d) shows a profile having a constant rising slope, which
is between the steepest and smoothest ones in Fig. 2(a)—(c).

The integral of dv ., motor/dt, illustrated by the shaded re-
gions, is the increment of vy, motor, as expressed in (1). In the
four cases, Ve, motor all rises from zero to V,,, during an interval
of (t; - typ). Hence, one can conclude 1 = So = S3 =S4

ty
S — / dUcm,motordt —V,. (1)
. dt
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Since the time intervals are the same, the peak values of
dV ¢, motor/dt in Fig. 2(a)—(c) are identical while that in Fig. 2(d)
is one-half of the previous ones. Without loss of generality,
more rising patterns exist, and the integrals of dv .;,,, motor/dt Will
remain the same. Based on knowledge of geometry, Fig. 2(d) has
the lowest amplitude of dv .y, motor/dt.

The CM current is the displacement current flowing through
the parasitic capacitor C), excited by v ¢y, motor- The waveforms
shown in Fig. 2(d) leads to the lowest peak CM current. Since
the damage to bearings is determined by the peak motor CM
current [21], [22], a sawtooth compensation voltage is optimal.

The sawtooth voltage is obtained with an RLC sensing circuit,
as shown in Fig. 1. The values of RLC components are designed
as follows.

1) Csen: Since the sensing capacitors C,,, are connected at
the output of the inverter, Cy.,, increases the total output
capacitance of switching devices and leads to more switch-
ing loss. Hence, a small value of Cs,,, is preferred. Cg.,, is
chosen to be 100 pF each. A further smaller value might
not be sufficient to dominate the effect of the parasitic
elements.

2) Rg.n: The equivalent circuit of the voltage reference gen-
erator is shown in Fig. 3, and the voltage reference v,y is
expressed as

APvcgen (t
LsencsenZT() + Rsencsen
d sen t
X L() + 'UCsen(t) - Vm (2)
dt
Uref (t) =V — UCsen(t)~ 3)

The circuit s a typical second-order system. The step response
under different damping factors is illustrated in Fig. 4(a). The
damping factor ( is expressed as

RSSTL
¢= 2

V LSE"L/Csen .

The waveforms of v,..; with different ¢ are shown in Fig. 4(b).
Vref does not decline with an ideal constant slope as the desired
waveform shown in Fig. 2(d); it has a long tail. Thus, the
reference compensation time 7' is defined as twice T599 in
which v,y drops to one-half of its peak value, i.e., Tor = 2T 509.
T'509 can be calculated by using the following equation:

1

Uref(T50%) = §Vm (5)

“
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Fig. 4.  Waveforms of a second-order system with different . (a) Step re-
sponses. (b) Voltage reference vy.s. (c) Zoomed waveforms of v,f.

However, (5) is a transcendental equation without a closed-
form solution. In order to facilitate the design, the second-order
RLC circuit is reduced to a first-order RC circuit, which has the
same waveforms, as shown in Fig. 2(b). Then, (2) is reduced
into the form of (6), and T’ is expressed as (7)

dvcsen(t
RsencsenCT() + sten(t) =V (6)
Tref =2In 2RsenCsen~ (7)

When T, is specified to fulfill the specifications of a system,
R,.,, can be derived as

Tref

Roen = 511 2Caon

®)
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It should be noted that (6) is an approximation of (2), and a
more accurate solution can be easily obtained by using simu-
lation software. Derived from (6), (8) offers a starting point to
fine-tune parameters on a simulator.

3) Lsen’ Lsen is introduced to regulate the response of an
RC circuit to approach the ideal sawtooth waveform. The
sawtooth profile holds only for the initial T5( ¢ because
a tail voltage will inevitably appear afterward. Although
the tail voltage makes the voltage transition smoother in
implementation, the worst case is considered in this design
phase.

As shown in Fig. 4(c), when damping factor ( is around 1.5,

the initial half of v, has the most ideally constant slope. Hence,
let ( = 1.5 and then L., can be derived.

B. Design of the Buffer Stage

The buffer stage should have a high input impedance and a
low output impedance. As shown in Fig. 1, a BIT-based class
AB amplifier is used as the buffer stage. 300 V, 150 MHz, NPN
KSC3503, and PNP KSA1381 are chosen for their high-voltage
and high-bandwidth properties. Bias resistors (Rp; and Ryz)
and diodes (D1 and D-) are used in the biasing circuit. Emitter
resistors (R.; and R.2) are used to avoid thermal runaway.

In prior art, the output stage has a coupled inductor only. A
high-value inductance is, thus, required to reduce the loading
effect. If the inductance is not sufficiently high, Darlington
pairs, which have a high current gain that results in a low
output impedance, will be used. However, the bandwidth is
compromised with Darlington pairs [23].

In the proposed design, the output stage consists of a resistor
R;, and a coupled inductor L.,,, which is the primary winding
of the CM transformer. The resistive component of the output
impedance of a conventional class AB amplifier is much smaller
than R, and the inductive component is negligible compared to
L.,,. Consequently, Darlington pairs are not necessary for the
proposed buffer stage. Hence, the proposed design has a simpler
structure, wider bandwidth, and lower cost.

C. Design of the Output Stage

In the class AB amplifier, the NPN and PNP transistors
conduct alternately, and the supply voltage is one-half of the
dc link voltage V.. Hence, the power dissipation of the output
ACF P is expressed as

‘PIUSS Tsw
where T, is the switching period of the inverter. Since the
direction of inductor current i;, changes during the operation
of the push—pull amplifier, |i |4 is the average of the absolute
value of iy,.

Given V. is predefined, a lower Pj,s can be obtained if iy,
is reduced. Since only L., is used in prior art, i;, can only be
reduced by using a high inductance, resulting in a bulky CM
transformer.

In the proposed output ACF, a resistor Ry, is introduced into
the output stage toreset i1, and, thus, reduce Pj,ss. The equivalent

1 (Tee1 1
[ el = SVadisle O
0
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Fig. 6. Waveforms of the output stage. (a) Waveforms excited by a single
pulse. (b) Waveforms during a switching cycle.

circuit of the proposed output stage is shown in Fig. 5(a).
The voltage across the coupled inductor v, is determined by
primary-side and secondary-side excitations, as expressed as

Vecom = Lcm% + Mdjlrtm
where M is the mutual inductance.

Veom 18 dominated by the primary side based on two reasons.
First, the high inductance of motor windings in the secondary
loop mitigates the CM current. Second, the inductance L., in
the proposed design is not very large to avoid bulkiness, which
makes the primary-side current dominate the secondary-side
current. Thus, Fig. 5(a) can be simplified as Fig. 5(b) to facilitate
the circuit design.

Based on Fig. 5(b), iy, is described in (11). The excitation
source V. is a piecewise function. In the first interval (0 <
t < Tyep, where T, is the reference compensation time), vy
deceases to zero with a constant slope. In the second interval (¢
> Trep), Vief = 0. Waveforms of vyef, Veom, and ir, are shown in
Fig. 6(a)

(10)

dir(t)

Lcm
dt

+ RLiL(t) = Uref(t)
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{ AT (11)
vref,ll(t) =0
ir,1(0) =0 12
iL,II(O) = Z'L,I(Tmf).

When a large R, is used, iz, will decrease to zero before the
next pulse appears, as shown in Fig. 6(a). In such a case, |iz|4ve
in (9) can be calculated from a single pulse. On the contrary, if
R, is not sufficiently large to reset i, the profiles of i, in each
pulse are not the same. Hence, (12) is revised as (13) to calculate
iz, in an iterative way

{ iL,n,1(0) =irn-110(T — Trep)

. ) (13)
in,n1(0) =irn1(Trey)

where 7 'is the interval between two pulses and 7 = T,,/6 in this
illustration.

It should be noted that different modulation schemes have
different switching patterns, and 7 will also fluctuate in different
switching cycles when a specific modulation is in use. For the
sake of simplicity, 7= T,/6 is taken as an average of different
switching patterns in this illustration. When iy, is obtained from
(11) and (13), the power consumption of the ACF can be derived
according to (9).

Same as T'5p9 used in the reference stage design to exclude
the tail voltage effect, the slope of v ., is also calculated from
its first half waveform

dir (T 50%)
dt
Based on (11) and (14), the actual compensation time 7, can

be calculated as (15). It is a measure of the slope of CM voltage
after compensation

2Lcm In |:2 (Lcm + RLTref)
RL RLTref + 2Lcm

(14)

1
'Ucom(To,5O%) =Lem = §Vm

T, = (15)
Based on the abovementioned analysis, Pjoss and T, are
functions of 7', Ry, and L.,,, when V. and T's,, are predefined,
which can be expressed as
{ Bloss = f(TrefaRL7Lcm) (16)
To =g (Trefa RLa Lﬂm) .

It is challenging to obtain the solution of this multidimen-
sional optimization problem. Hence, the dimensionality reduc-
tion method is used to facilitate the design. The first step is to
investigate the impact of Ry, and L., on Pjoss and T, with a
fixed T'; alocal optimum will be found. In the second step, the
global optimum is identified by comparing the local optimums
calculated from different values of T'.;.

Fig. 7 shows the three-dimensional (3-D) curves of Py and
T, as a function of Ry, and L., respectively, at a fixed To. A
larger L., corresponds to a higher T, and, thus, smaller dv/dt,
but the resulting bulky inductor is a concern. A higher R, can
reduce Pj,ss, but T, will drop; the compensation performance
is, thus, compromised. Hence, finding appropriate Ry, and L.,
is of great importance.
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Fig.7. Three-dimensional curves (Vac = 300V, fs, = 10 kHz, Trep = 4 ps).
(a) Pioss as a function of L., and Ry,. (b) T, as a function of L.,, and Ry,.

By drawing different contours, the 3-D curves shown in Fig. 7
are flattened into 2-D curves and combined into one graph, as
shown in Fig. 8. The red line and the black line represent Pjogs
and T, respectively.

The ACF is used to reduce dv/dt and CM current i .., to protect
bearings. Bearings of different sizes and materials have different
immunity to i.,,. The switching frequency f,, also affects the
amplitude of i.,,. Thus, T, should be designed according to the
requirement of a specific application. For the cases in the early
design phase, i.,, can be calculated by using EMI prediction
methods. For the cases that a prototype is available, one can
measure i.,, and set a T, to reduce i.,, below a safety level.

Based on (9) and (11), Pioss is determined by Vac, fows Trefs
Rp, and L.,,; it does not directly depend on the power rating of
motor drive systems. Thus, the abovementioned design proce-
dure for determining filter parameters is applicable for systems
of different rated power.

The procedure of selecting the values of Ry, and L., is given
as follows.

Step 1: Select P4 and T, for a specific application.

For example, let P),ss accounts for 1% of the total power of
the motor drive system. T, is selected to reduce the peak CM
current below a safe level for bearing protection. Since there is
currently no standard to regulate the CM current flowing through
the motor, the maximum allowable CM current is determined by
considering the motor specifications. As a case study, Pjoss =
10Wand T, =4 us.
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Fig. 8. Parameter design maps (Vqc = 300 V, fs,, = 10 kHz). (a) Tpef

=4.5 ps. (b) Tref = 5.5 ps. (¢) Trey varies from 4.1-9 ps.

Step 2: Sweep Ty from a value slightly higher than T',. Since
R, shares a portion of the compensation voltage, the reference
compensation time 7T,.s should be higher than the actual
compensation time T,.

For example, when T, = 4.5 pus, the blue dot (Lcp,, =
3557 puH, Ry, = 132 Q) fulfills the abovementioned require-
ments, as shown in Fig. 8(a). When T,y = 5.5 us, the blue dot
moves to another point (L., = 2402 uH, Ry, =221 (2), as shown
in Fig. 8(b). This illustrates that L, can be reduced by changing
T’y without increasing Pjogs.
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TABLE I
COMPONENTS USED IN THE PROPOSED OUTPUT ACF
Components Value/ Part No. Components Value/ Part No.

Cen 100pF x 3 0 KSC3503

Rsen 10 kQ 0 KSA1381

Lyen 1.42 mH R 470 Q
Ry1, Ry2 41 kQ Lew (T37) 2.81 mH
D,, D, 1N4148 L. (HF60) 2.29mH

Cper, Cpez 1 uF T37 core B64290L0674X037

Re1, Re> 10 Q HF60 core HF60T38X14X22

Step 3: Select optimal values of L., and Ry, based on the results
in Step 2.

Asshown in Fig. 8(c), the required L., reduces as the increase
of Ty and finally falls to a steady level. When T’y = 8 s, Lo,
finds its smallest value at 2046 pH. Hence, the optimal values
are L., = 2046 pH and Ry, = 348 . In the implementation,
values higher than 6 ps are all acceptable since the variation of
L, with T,y becomes insignificant.

Asshownin Fig. 8(a) and (b), the red contours closer to the ori-
gin of the coordinate axes get denser, implying that the attempt
to continuously reduce R with a given L., to pursue better
compensation performance will cause high power dissipation.
Thus, the proposed output stage consists of Ry, and L., instead
of an inductor L., only, as in prior art.

III. EXPERIMENTAL VERIFICATION AND DISCUSSION

In order to investigate the effect of different ferrite materials,
two CMTs have been fabricated with materials of T37 and HF60.
Material T37 has features of low loss factor and high initial
permeability (p; = 6500) [24]. Material HF60 has low initial
permeability (1; = 1600) but better high-frequency performance
[25]. As shown in Fig. 9(a), the CMTs have one primary winding
(La) and three secondary windings (Ly, Ly, and Lyy). L4 is
evenly distributed into three groups so that the coupling factors
with three secondary windings are identical.

The photos of the proposed output ACF, the input ACF
proposed in [20], and the motor drive system, which is a fan coil
unit, have been shown in Fig. 9(b), (c), and (d), respectively. The
equipment and connections for EMI measurement are shown in
Fig. 9(e). The dc link voltage of the motor drive is 306 V, and the
switching frequency is 16 kHz. The values and part numbers of
the components used in the output ACF are tabulated in Table I.

A. CM Voltage Compensation by the Output ACF

Fig. 10 shows experimental results of using the CMT fab-
ricated with ferrite material T37. The reference voltage v,.f
and compensation voltage v .., of the proposed output ACF
are shown in Fig. 10(a). The CM voltages at the inverter-side
Vem,inw, and the motor-side Vep, motor With the output ACF
are shown in Fig. 10(b). In order to compare with the passive
CM choke, the active circuit of the output ACF is removed;
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Fig. 9. Setup for CM performance evaluation. (a) CMTs fabricated with
ferrite materials of T37 and HF60. (b) Proposed output ACFE. (c¢) Input ACF
proposed in [20]. (d) Motor drive system. (e) Equipment and connections for
EMI measurement.

waveforms of CM voltage with the passive CM choke are shown
in Fig. 10(c).

The CMT of material HF60 has also been tested, and its
waveforms are shown in Fig. 11.

As shown in Figs. 10 and 11, the proposed output ACF has
increased the rise time of CM voltage from around 100 ns to
3 ps. Passive CM chokes can also slow down dv/dt, but their
performance is less significant, and resonance in vy, motor 18
observed.

B. CM EMI Spectrum

The CM noise spectra of the motor drive system with the two
CMTs (T37 and HF60) under different filtering conditions have
been measured, as shown in Fig. 12. The blue lines represent
the CM noise spectra without a filter; the red lines show results
with a passive CM choke; the yellow lines show results with the
proposed output ACF; the purple lines show results with both
output and input ACFs. In order to illustrate the insertion loss
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Fig. 10. Waveforms with the CMT fabricated with material T37. (a) vy
and v¢op, of the output ACF. (b) v, inw and vem, motor With the output ACFE.
(€) Vem,inw and Vem, motor With the passive CM choke by removing the active
circuit.

of the output ACF, the envelopes of the blue and yellow lines
are drawn by black lines. The difference between the solid black
line and the dashed black line represents the insertion loss of the
output ACF. The motor drive system satisfies the EMC standard
IEC 61800-3 [26] with the input and the output ACFs.

It can be seen that the input ACF is most effective in atten-
uating CM noise. The output ACF has a maximum of 14 dB
attenuation higher than the passive CM choke. By using the
output ACF, the noise is reduced to within the capacity of the
input ACF. Otherwise, the input ACF will saturate when only a
CM choke is used at the output side. This issue will be analyzed
in Section III-F.

The rise time of CM voltage is increased to 3 us with the
output ACF. A longer rise time can be achieved by increasing
T'cpand/or decreasing Ry, as analyzed in Section II-C. Then, the
output ACF will have better filtering performance, but higher
power dissipation will be expected.

C. CM Current Flowing Through the Motor

The waveforms of the CM current flowing through the motor
without a filter, with a passive CM choke, and with the output
ACF have been shown in Fig. 13. Although the input ACF has
good CM filtering performance, it can only attenuate the CM
noise injected into the grid, but not the CM current leaked from
the motor. Since the damage to bearings is determined by the
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Fig. 11.  Waveforms with the CMT fabricated with material HF60. (a) v.f
and v¢opm, of the output ACF. (b) vy, iny and Ve, motor With the output ACF.
(©) Vem,inw and Ve, motor With the passive CM choke by removing the active
circuit.

peak motor CM current, the peak-to-peak CM current /¢y, p-p
have been measured as follows.

The original /., ;,-, without a filter is 310 mA. 1., -, With
a passive CM choke (T37) is 100 mA, which is reduced by
67.7% [(310 mA-100 mA)/310 mA] from its original value.
By using the output ACF, I, ;-p is further reduced by 30%
[(100 mA-70 mA)/100 mA].

The ferrite material HF60 has a slightly better performance
than T37. I, ,-, With a passive CM choke (HF60) is 90 mA;
it is reduced by 70.97% compared to its original value. By
using the output ACF, I, ,-p is reduced to 65 mA, which is
a further reduction of 27.78%. A lower /., -, can be achieved
by increasing T'..; and/or decreasing Ry, at the cost of increased
power dissipation.

D. Investigation Into the Differences Between T37 and HF60

As introduced in the previous sections, the CMT fabricated
with ferrite material HF60 has slightly better performance than
that with T37. The most important difference is that the output
ACF will have a much smaller power dissipation Pj,ss by using
HF60 than T37, as shown in Fig. 14.

Pyoss Of the biasing circuit is 0.985 W; it is caused by a high dc
link voltage V4. and a small biasing current. According to (9),
P1oss of the output ACF is determined by |iz|ave. |iz|ave With the
T37 CMT is 33.5 mA, and it is 12.9 mA with the HF60 CMT.
There is a 2.6 times higher inductor current with T37 than with
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Fig. 12.  Peak CM noise spectra of the motor drive system under different

filtering conditions. (a) With ferrite material T37. (b) With ferrite material HF60.
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Fig. 13.  Waveforms of CM current flowing through the motor. (a) Without a
filter. (b) With ferrite material T37. (c) With ferrite material HF60.
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Fig. 14.
HF60.

Power dissipation of the output ACF with ferrite materials T37 and

HF60. Hence, the output ACF with T37 CMT has higher power
dissipation. BJTs consume the largest proportion of Pj,ss since
their voltage is equal to V4./2 deducted by a sawtooth edge-
compensation waveform, which has a significant rms value.

Contrary to the total power losses with the two types of cores,
the Pjogs Of the primary winding with HF60 is 2.76 times higher
than that with T37 (265 mW/96 mW = 2.76). The abovemen-
tioned experimental results will be investigated as follows.

Since both CMTs (T37 and HF60) are tested with the same
circuit, the different inductor currents are caused by the dif-
ference in impedance of the CMTs. The equivalent circuits for
CM inductors have been analyzed in [27] and [28], as shown in
Fig. 15(a). The equivalent circuit of CM inductors is represented
by a frequency-dependent inductance L(f), equivalent core loss
resistance Rore(f), winding loss resistance R, (f), and winding
parasitic capacitance C,,. The small-signal impedance curves
of the CMTs are measured by impedance analyzer 4294A, as
shown in Fig. 15(b). 4294A can also measure the inductance
and ac resistance connected in series, as shown in Fig. 15(c).

Impedance analyzer 4294A displays the inductance and ac
resistance of measured impedance by separating the real and
imaginary parts. However, the measured ac resistance is not the
intrinsic core resistance of the CMT. In order to investigate this
issue, an external 100 pF capacitor is paralleled to the T37 CMT.
The L-R curve with the external capacitor is compared to the
original one, as shown in Fig. 16. It is reasonable to observe the
self-resonant frequency of impedance shifts to a lower frequency
due to increased winding capacitance, but the ac resistance also
changes with the additional capacitor. This validates that the ac
resistance measured by the impedance analyzer cannot be used
to model the R (f) and R, (f) in Fig. 15(a).

Since the CMTs fabricated with T37 and HF60 use the same
wire gauge and work under the same circuit, the winding loss
has a negligible effect on the difference of power dissipation.
Instead, the core loss leads to the noticeable difference in power
dissipation. In order to investigate the large-signal response of
the materials, the magnetic hysteresis loops of T37 and HF60
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Fig. 15. Impedance characteristics of CM inductors. (a) Equivalent circuit for
CM inductors. (b) Impedance curves. (c) Curves of inductance and ac resistance.

have been measured using the methods introduced in [29], as
shown in Fig. 17.

According to Fig. 17, the operation of both CMTs has not
entered the saturation region upon working with the output ACF.
HF60 has a much wider hysteresis loop than T37, implying that
HF60 has higher core loss and higher corresponding Riore(f).
This explains the HF60 CMT has a smaller inductor current. The
high-loss feature of HF60, in turn, leads to a lower overall power
dissipation of the output ACF. This is different from conventional
power inductors in that the low-loss characteristic is preferable.

E. Investigation Into Winding Configuration

Extensive works have been devoted to optimizing the winding
design of single-phase inductors and CM chokes. However, the
winding configuration of the CMT used in the output ACF
that has three conventional secondary windings and a primary
winding has not been investigated.

The CMTs tested in the previous sections use symmetrical
primary winding configuration. In this section, a new T37 CMT
in asymmetrical primary winding configuration has been made,
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Fig. 18. CMTs of different primary winding configurations.

as shown in Fig. 18, and tested with the same output ACF.
Compensation voltage v, CM current flowing through the
motor i.,,, and CM noise spectra of the motor drive system with
output ACFs in different winding configurations are shown in
Fig. 19.

In the asymmetrical CMT, the primary-to-secondary coupling
coefficient of one phase is different from the other two. The re-
sulting unbalanced leakage inductance will resonate with motor
winding capacitances. Hence, resonance appears in one of the
three sawtooth v.,.,, caused by the asymmetrical phase with
the variation of the duty cycle. The resulting i.,, has a higher
peak value (115 mA) than that in symmetrical configuration
(70 mA). The CM noise spectra are nearly the same in the low
frequency, but a resonant peak around 6 MHz is observed with
the asymmetrical CMT.
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figuration. (a) vyef and veom, of the output ACF in different switching cycles.
(b) CM current flowing through the motor. (¢) CM noise spectra of the motor
drive system with the output ACF in different winding configurations.

TABLE II
COMPARISON OF THE INPUT ACF AND THE OUTPUT ACF

Input ACF
* % Reduce CM noise into the grid

Output ACF

Objective * % Reduce /eppear to protect bearing
*  Reduce CM noise to aid the input ACF

Large-signal filter

Noise level Small-signal filter

Limiting factor | Saturation due to large v, swing Higher power dissipation for a lower dv/dt

Relatively low
- Determined by

Relatively high
- Determined by
« DC link voltage V.
« Compensation time 7,

Power
dissipation « Output voltage v, swing

* Peak CM current oy, peak

F. Discussion on the Relationship Between Input and Output
ACFs

A comparison of input and output ACFs has been shown in
Table II. The input ACF is used to attenuate the CM noise
injected into the grid. Since the input ACF cannot attenuate
the CM current flowing through the motor, it makes the output
ACF is primarily to reduce the motor CM current to protect
bearings. The reduction of motor CM current also contributes to
a lower CM noise spectrum, which gives aid to the input ACF.
Nevertheless, the input ACF is indispensable since it still needs
to attenuate the CM noise of the motor drive.

The input ACF is connected at the grid interface where the
high-amplitude line-frequency voltage contains small noise. The
line-frequency component can be easily excluded by the CM
sensing circuit, which makes the input ACF act as a small-signal
filter. On the contrary, the output ACF is connected at the output
of the inverter, where the CM voltage has high amplitude and
steep rising/falling edges. Thus, the output ACF is a large-signal
filter.

The output characteristics of the input ACF have been an-
alyzed in [20]; its output voltage v, is equal to the product
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Fig.20.  Flowchart of designing the proposed active CM filtering architecture.

of the sensed CM voltage and a high gain. The amplifier will
saturate when v, swing is higher than the supply voltage. There
are several ways to alleviate this issue: a) increase the supply
voltage; b) increase the Y-capacitance; c¢) decrease the voltage
gain. This issue can be solved by reducing the CM current with
the output ACF. By contrast, the input ACF saturates when only
a CM choke is used at the output side.

The limiting factor of the output ACF is power dissipation.
Higher power will be consumed to achieve a lower dv/dt. More-
over, the increment of power dissipation with the reduction of
dv/dt is nonlinear; a much higher increment of power consump-
tion is required to further reduce dv/dt.

Differences in noise levels leads to differences in power
dissipation. The power dissipation of the input ACF is 1.5 W,
which is much lower than that of the output ACF. Since class
A amplifier is used in the input ACF, the quiescent current
should be higher than the peak CM current. The output ACF
reduces the CM current, and thus, v, swing and quiescent
current of the input ACF can be reduced, leading to lower
power consumption. The power dissipation of the output ACF is
mainly determined by dc link voltage V. and compensation time
T,. Hence, the output ACF will have lower power dissipation
in low-voltage motor drive systems; a longer 7, corresponds
to a lower dv/dt and CM current at the cost of higher power
consumption.

The flowchart of designing the proposed active CM filtering
architecture is shown in Fig. 20. The first step is to design the
output ACF with a selected compensation time 7', to reduce the
CM current, as analyzed in Section II-C. T, will be increased
until the peak CM current is reduced to a safe level. The safe level
depends on manufacturers and varies from bearing to bearing.

The next step is to evaluate the CM spectrum of the motor
drive system with the output ACF, then calculate the required
further attenuation for the input ACF to satisfy EMC standards.
The design procedures of the input ACF can be found in [20]. If
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the required attenuation exceeds the capacity of the input ACF,
T, of the output ACF will be increased to aid the input ACF.
The design philosophy is to use the respective advantages of
the input and output ACFs to protect bearings and satisfy EMC
standards with low power dissipation and small volume.

IV. CONCLUSION

A new output edge-compensation ACF that compensates for
rising/falling edges of CM voltage has been proposed to protect
bearings and reduce CM noise. This article is not intended
to completely suppress CM noise by the output ACF only
regardless of power dissipation; instead, it proposes a holistic
CM filtering architecture that utilizes the respective advantages
of input and output ACFs to reduce the power dissipation and
physical volume. Characteristics and design considerations of
the ACFs for motor drives are summarized as follows.

1) The input ACF is a small-signal filter, while the output
ACFis alarge-signal one. The input ACF can achieve high
attenuation with lower power consumption and smaller
volume. The output ACF can reduce dv/dt at motor termi-
nals and protect bearings while the input ACF cannot.

2) The power dissipation of the output ACF mainly depends
on Vy. and T,. V4. determines the magnitude of CM
voltage, and T, regulates the compensation effect. The
increment of power dissipation is much higher than that of
T,.High power loss will result in requiring bulky heatsinks
and, thus decreasing overall power density. Hence, dv/dt is
reduced but not eliminated with the proposed output ACF.

3) Ferrite materials significantly affect the power consump-
tion of the output ACF. The high-loss ferrite material HF60
has a higher large-signal ac resistance, which reduces the
current and power dissipation of the output ACF.

4) The primary winding of the CMT used in the output
ACEF should have a symmetrical configuration to achieve
identical coupling with secondary windings.
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