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Magnetic material performance of transformers in common
mode active EMI filters for bearing current suppression

Abstract. This paper analyses the performance of two magnetic materials used in the active filters for Common Mode (CM) electromagnetic
interference (EMI) reduction in induction motor drives. In particular, active filters based on CM voltage compensation, very useful in bearing current
suppression, are considered. The magnetic material is exploited for the core of the common mode transformer (CMT) that it is a crucial part of such
devices because it performs the injection of the compensation voltage into the power connections between the inverter and the motor. The issues
regarding the choice of the CMT core magnetic material and the windings design are discussed. The problem of the magnetic saturation, related to
the desired high power/weight ratio is investigated. Furthermore, the power losses in the magnetic material under non-sinusoidal supply condition
are evaluated through a suitable measurement system. A comparison of two CMTs, realized with ferrite and with nanocrystalline material cores,
respectively, which are designed to perform the same filtering effect, is presented.

Streszczenie. W artykule przedstawiono analize wfasSciwosci dwoch materiatbw magnetycznych stosowanych w aktywnych filtrach EMI.
Przedstawiono zalecenia dotyczgce doboru materiatu (gtéwnie indukcji nasycenia) jak i konstrukcji dfawikéw i transformatoréw. Zmierzono takze
straty mocy w warunkach zasilania niesinusoidalnego. Poréwnano dwa materiaty — ferryty i materiaty nanokrystaliczne. (Wlasciwos$ci materiatow

magnetycznych stosowanych w aktywnych filtrach EMI)
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Introduction

It has been broadly recognized that the disturbance at
the output of the pulse width modulation (PWM) inverters,
due to the common mode (CM) voltage, dramatically affects
the reliability of the motor.

Motor bearings suffer for the CM inverter-induced
currents leading to a reduction of their lifetime; this problem
is particularly serious in induction motors often adopted for
their robustness [1]-[2]. Among the proposed solutions for
increasing the motor reliability, those based on the active
compensation of the CM voltage at the motor terminals are
particularly effective. Indeed, the CM active EMI filters
strongly reduce the CM voltage at the motor terminals so
the cause for arising of shaft voltage and bearing currents is
eliminated [3]-[5]. Moreover, the use of such a filter scheme
gives some benefits on the conducted EMI through the
supply line, as shown in [6].

In order to perform the active compensation of the CM
voltage, three fundamental steps are necessary: a) the CM
voltage detection; b) the transferring of the CM voltage by a
transistors amplifier to a common mode transformer (CMT);
c) the re-injection of the compensating voltage by the CMT
into the power line between the inverter and the motor.

The design of the CMT is a critical issue since, in power
applications, it represents the most bulky and costly part of
the whole active filter. It also must operate in the frequency
range defined by the CM voltage frequency spectrum,
managing the magnetic flux due to the drive CM
compensation current.

Several recent papers are dedicated to the behaviour of
soft magnetic material under non sinusoidal supply; both
ferrite and nanocrystalline materials are considered. In
particular in [7] the variation of the soft-ferrites permeability
and power losses with temperature is investigated, in [8]
new soft magnetic powdered iron composites are studied.

As for nanocrystalline, in [9] the dependence of the
losses on high frequency is analysed, [10] proposes a
model to describe the electromagnetic behaviour and [11]
performs an experimental characterization of losses.

Both ferrite and nanocrystalline are utilized in this paper
for the CMT core realization. A comparison in terms of size
reductions and material losses under non sinusoidal supply
conditions, with the same filtering performance, is done.
Experimental results are given.

Common Mode Active Filter
The CM active EMI filter considered in this paper is a feed-
forward voltage-sensing voltage-compensating device. A
detailed description of the filter design and experimental set
up is given in [4], whereas [5] contains a detailed model of
the filter formulated in the Laplace domain.

A schematic representation of the active filter within an
induction motor drive is shown in Fig. 1.
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Fig.1. Schematic representation of the CM EMI active filter within a
motor drive.

The CM voltage detection system consists of three wye-
connected capacitors C and a capacitor Cy, necessary to
deliver to the amplifier input a suitable divided CM voltage,
vew/n, where n is the CM voltage partition ratio.

The ftransistor amplifier is realized by a push-pull
emitter-follower circuit with two couple of complementary
transistors in Darlington configuration with unitary voltage
gain.

The CMT is used to re-inject the common mode voltage
with opposite polarity in the three phase line between the
inverter and the motor, according to the feed-forward action.

The active filter is applied to an induction motor drive
formed of a PWM insulated gate bipolar transistor (IGBT)
voltage source inverter (VSI) and a 400V/50Hz three phase
induction motor. The inverter maximum current /pax is 26 A,
the switching frequency fs is 5 kHz and the induction motor
rated power Pp, is 0.75 kW.

Design of the CMT

The CMT is realized by four windings on a toroidal
magnetic core, the primary has Ny turns winding connected
to the push-pull output and the secondary is composed of
three N, turns windings series connected to the line
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between the inverter and the motor. In order to obtain a
correct operation, the following requirements have to be
complied: 1) saturation has to be avoided; 2) a unique layer
of turns around the magnetic core has to be set up; 3) a
turn ratio No/Ns=n as high as possible, consistently with the
toroidal core size, has to be chosen; 4) a magnetic core
material with a suitable bandwidth has to be chosen.

These requirements are explained in the next
subsections. Moreover a miniaturization of the whole
device, including the CMT, is desired in order to obtain a
high power/weight ratio.
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Fig. 2. Magnetization characteristics of the VITROPERM 500F, in
comparison with a typical Mn-Zn ferrite (upper) and frequency
response of VITROPERM permeability in comparison with a typical
Mn-Zn ferrite (lower).

A. Magnetic Material of the Core

The requirement to avoid saturation guarantees the good
transfer, without waveform deformation, of the
compensating CM voltage to the motor terminals. The
general requirements for magnetic materials used in AC
applications are satisfied by the typical properties of a soft
magnetic material, i. €., high permeability y and saturation
flux density Bs and low coercitivity H. and power losses P
[9], [10], [11]. Among magnetic materials with excellent soft
magnetic properties, there are the nanocrystalline, widely
used for high frequency applications. In Fig. 2 a comparison
between the magnetization characteristics of a
nanocrystalline material, the VITROPERM 500F, and of a
typical Mn-Zn ferrite is shown [13]. The very high values of
the magnetic permeability/section core ratio (A.) and Bs of
nanocrystalline materials allow very high inductance values
to be obtained with a reduced section of the core and
number of turns. This leads also to low copper losses and
small winding capacitance which gives improved high
frequency performance. Both ferrites and nanocrystalline
materials exhibit a nearly constant magnetic permeability in
the frequency range defined by the harmonic content of the
CM voltage (starting from the inverter switching frequency,
equal to 5 kHz in the case under study, up to the greatest
frequency of the CM voltage of about few hundreds kHz).
This property is shown in Fig.2. This property allows the

primary winding inductance to be assumed as a constant
when a periodical waveform supply is imposed in the
frequency range of interest [5].

B. Windings design

As for windings design, the first constraint is the
realization of a unique layer of turns around the magnetic
core, because the use of more layers leads to an incorrect
operation of the CMT, due to high frequency capacitive
coupling. A second design issue is to realize a ratio,
No/N;1=n, as high as possible, consistently with the toroidal
core size [4].

For given magnetic and geometrical characteristics of the
magnetic core, an increase of n corresponds to a decrease
of the turn number of the primary winding. This limits the
increase of n because a reduction of the primary turns
results in a decrease of the primary inductance which
implies a higher magnetizing current to be delivered by the
transistor amplifier.

Imposing a linear operation, it is possible to define the
primary and secondary inductance of the CMT, as
explained hereinafter.

Integrating the constitutive equation of an N turns
inductor, v(t)=Ldi(t)/dt in half a period of the CM voltage
T/2=1/2f;, in the worst case operation (i.e. square-wave
operation), the minimum turns number for the primary can
be obtained by the relation [4]:

VDCTS

) N> Jocls
2-2n-B,-m-§

where Vpc is the DC link voltage, S is the core section
and m is the number of cores. Therefore the choice of Ny
and Ny, for obtaining a maximum turns ratio n, is linked to
the following conditions: primary turns number according to
(1); minimum weight and dimensions of the core,
consistently with the set-up of one layer of turns on the
core. The CMT primary and secondary windings
inductances L; (i = 1, 2) are given by:

() L =mA,N’

where A, is the magnetic permeability/section core ratio.

It is important to note that the minimum primary turns
number must be compatible also with the rated current of
the complementary transistors of the push-pull output stage.

C. Comparison of different arrangements

Two CMTs have been designed and set up using
different magnetic materials for the core: a) N30 Mn-Zn
ferrite; b)VITROPERM 500F nanocrystalline material. The
magnetic and geometric characteristics of N30 ferrite and
VITROPERM 500F cores are reported in Table .

The design has been carried out so to achieve the same
performance in terms of common mode voltage
cancellation. Using both the materials, (1) can be fulfilled
with the number of primary turns N+=8 and N, turns number
is 40. The corresponding turns ratio No/N+=n is equal to 5.
On the other hand for the adopted N30 ferrite three cores
are necessary against only one for the VITROPERM 500 F.

Table |. Comparison of different magnetic cores characteristics

Parameter Symbol Ferrite N30 VITROPERM
Toroidal core size 100x65x15 mm 134.5x95x28.5 mm
Effective section S 267,2 mm? 274 mm?®
A value AL 4.+6.8uH,10KH 19+36.8uH, 10 kH
Saturathn flux Bs 045 T 12T
density
Resistivity p 0.5Q'm 0.115 Qm
Cores number m 3 1
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Fig. 3. The two realizations of the CMT: VITROPERM core on the
left; N30 ferrite core on the right.

In fig. 3 the two built CMTs corresponding to the two
studied configurations are shown.
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Fig. 4 Measured effect of the active filter on the CM voltage at the
motor terminals.

In Fig. 4 the measured CM voltages at motor terminals
using the two adopted materials for the core, superimposed
with the uncompensated CM voltage, are drawn. The figure
shows the effectiveness of the active compensation device.

The filtered CM voltage is practically the same using both
the transformers.

The use of a ferrite core implies an increase of the CMT
weight of about 27% and an increase of the CMT volume of
about 24%. As far as the cost is concerned, the two
described realizations are comparable.

A further comparison can be done with respect to the
power losses in the magnetic materials.

CMT core material losses

In a range of frequency up to 100 kHz, for a soft magnetic
material, the losses, Pma, due to an applied variable
magnetic field, can be separated into three main
contributions (hysteresis Py, eddy current P.. and excess
losses Pex) [9], [14], according to (3).

@) P

mat

P, +P 4P, =afB +b /2B +ef (B )

where B is the peak value of the flux density, f is the
frequency of the magnetic field, a, b and e are coefficients
dependent on the material and x is the Steinmetz
coefficient.

When the supply voltage is sinusoidal, if no saturation
occurs, the total power lost in the material is:

1 1M
4 P,..=—F;-I;-cos(p)=————E, -I; -cos
4) Puu Sk () N, 2h ()

where E; and I; are the peak value of the emf and of the
current at the primary winding respectively and ¢ is their
phase displacement angle. However E; is not directly
measurable because the measured voltage at the primary
contains a term due to joule losses of the winding, so the
emf measured at the secondary E, is used, according to the
second part of (4).

A scheme of the measurement system is shown in Fig.5.
Particular care must be paid in the evaluation of the
displacement angle ¢ since the absolute error in the

200

evaluation of P,,, is strongly dependent on ¢ that is near to
17/2. Such an absolute error can be expressed as:

aPmat

®) AP, = o

1
Ap=—"LE, I,-Ap
2}12

The approximation is due to the value of ¢ near to /2.
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Fig. 5. Scheme of the measurement system.

The magnetic induction can be obtained on the basis of
E,. Finally, the coefficients a, b, e and x can be obtained by
measuring P, for several values of f and applying a best
fitting algorithm on (3). If the e coefficient is negligible, (3)
can be rewritten as:

(6) P, =Py + P,, = afB* +bf > B?

For an arbitrary alternate supply waveforms, the losses
can be obtained as:

2
(7) Pnar(sq) =" Py + Py

where a is given by the ratio of the average value of the
rectified waveform and the average value of the rectified
value of its fundamental harmonic, and 8 is the ratio of the
root mean square of the supply waveform and the root
mean square value of its fundamental harmonic [14]-[15].
For a square wave a=1.23 and 8=1.11.

The adopted measuring system is composed of a signal
generator HP8648B, a power amplifier PRANA AP32DR180
and a digital oscilloscope Agilent MSO6104A.

The signal generator is connected to the power amplifier
so to obtain the desired value of the current amplitude at
the CMT primary winding in operating condition; the
required current is measured by a current probe Agilent
1147A and the emf voltage at the secondary is obtained by
a high voltage differential probe Agilent N2772A [10], [11].

The displacement angle between E; and /; is given by the
oscilloscope, as a delay.

The losses have been firstly evaluated through (4) in
sinusoidal supply condition for both ferrite and
nanocrystalline materials.

The current amplitudes, giving the magnetic induction
corresponding to the operating conditions of the CMT at a
frequency of 5 kHz (equal to the carrier frequency of the
inverter) and its harmonics, have been used. These values
(peak to peak) are /1=1.03A with a supply voltage V;=116 V
using the ferrite core, /,=0.8 A with a supply voltage V=106
V using the VITROPERM core.

Several measurements of P, at different values of f,
have been performed to find the coefficients of (3). In the
considered study the best fitting algorithm gives e = 0, so
(6) can be used. Then the obtained values of Py and P
have been weighted as in (7) and the total lost power in the
square wave case, that corresponds to the worst case, is
obtained.
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Fig. 6. Hysteresis loop for the ferrite core under operating
conditions and in saturation.
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Fig. 7. Hysteresis loop for the VITROPERM under operating
conditions and near to saturation.

Figs. 6 and 7 show the hysteresis cycle for the ferrite and
for the nanocrystalline material, respectively. Both figures
are superimposed with the hysteresis cycles which
correspond to the beginning of saturation.

It should be noted that both materials are in the linear
zone of operation.

Losses values obtained with sinusoidal and square wave
waveforms are reported in Table Il

It should be observed that the value of the power losses
in the CMT does not depend on the motor rating current.
Therefore the greater is the motor size the smaller will be
the influence of these losses on the whole electrical drive
efficiency.

Table Il. CMT core material losses

Supply Material IE(\);/?I Hys[taic]ms % ch;f.([jil)V] %
Sinus Ferrite N30 2.83 1.86 64 0.96 36
" VITROPERM. 346 1.90 55 1.56 45
Square Ferrite N30 3.95 2.76 70 1.18 30
VITROPERM 4.74 2.81 59 1.92 41

Conclusions

In this paper the issues related to the appropriate
design of the common mode transformer in CM EMI active
filters for electrical drives are analysed. The attention has
been focused on the performance of the magnetic material
of the CMT core and on the evaluation of its power losses.

Two realizations of the CMT with a ferrite and a
nanocrystalline core, respectively, are compared, both
giving the same active filter performance. The cost of both
transformers are comparable.

Using the nanocrystalline core, the power losses have
the same order of magnitude of those observed with the
ferrite core despite the higher resistivity exhibited by the
ferrite. On the other hand, with the ferrite core, the CMT
weight and volume are increased. Therefore the
nanocrystalline core-based solution allows a more compact
construction and a favourable power/weight ratio.
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