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Common-Mode Impedance of a Ferrite Toroid on a Cable Harness
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Abstract—Ferrite toroids (or clamps) are widely used to reduce common-mode (CM) currents in
power systems. The CM impedance of the ferrite depends on the frequency-dispersive permeability
and permittivity of the ferrite, the geometry of the system, and the location of the ferrite in it. An
analytical model was developed to predict the CM impedance of a wire harness above a return plane
with a ferrite on it. The model is based on transmission line theory for a cable, a ferrite, and a return
plane. The parameters of the model are calculated using a frequency-dependent quasistatic model for
a ferrite toroid. This model accurately predicts the CM impedance of a mock harness within 3dB up
to 1 GHz. The proposed model is also applied to a real power system consisting of an inverter and a
motor. Knowledge of the CM impedance of the system in the operating regime is critical to determining
the impact of the ferrite on CM currents. The CM impedance is determined using the dual current
clamp technique. The impact of the ferrite on the CM impedance and currents of the power inverter
system was predicted within 3 dB, demonstrating the usefulness of the modelling approach for analysis
of power systems.

1. INTRODUCTION

Ferrite toroids (or clamps) are used to reduce common-mode (CM) currents on cables and wire bundles
in power systems by increasing their CM impedance and providing loss over a certain frequency range.
A typical power system is shown in Figure 1. It consists of a source (a power inverter), a three-phase
power cable over a return plane (a metal chassis), and a load (a motor). The power inverter produces
CM current on the power cable, which can generate unwanted radiation. A ferrite toroid can be placed
on the power cable to reduce CM current.

The best choice for a ferrite component depends on many factors, including the CM impedance
of the system and the toroid. The impedance of a ferritre core, typically a toroidal structure made
of non-conducting magneto-dielectric ferrite material, depends on its permittivity and permeability, as
well as geometrical factors like the size and shape of the toroid, the geometry of the system the ferrite
is used in, and the position of the ferrite core within this system [1-13]. Determining the best toroid
through experimental “trial and error”, where multiple ferrite toroids are placed in a system to observe
the change in emissions, may be expensive and time-consuming, and often does not yield an optimal
solution, particularly when size and weight are a concern.

The objective of this work is to predict the effects of ferrite toroids on the CM impedance and
CM current of a power system when the ferrite is placed on the cable harness. Predicting these effects
requires a simple analytical or semi-analytical model of a ferrite toroid. Of particular interest is the
case where the harness runs above a return plane. A model for the ferrite and harness was built
using transmission line theory to account for wave propagation effects through the ferrite, and using
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a frequency-dependent quasistatic model of the ferrite toroid. Since power systems typically generate
problematic emissions at frequencies less than 1 GHz (usually up to a few hundreds of MHz), a working
bandwidth up to 1 GHz was targeted for the model. Methods were also developed to apply the model
within “real” power systems, where the harness CM impedance must be found when the system is
turned on and running.

Although there are several publications describing models of ferrite cores [1-5], the simple models
are applicable only at relatively low frequencies (less than a hundred MHz). More complex lumped
element models for ferrite cores may extend the frequency range [6-8]. In these published works,
however, no propagation effects in the extended structures are considered. The radiated electric field
from a system of a wire and a ferrite toroid suspended over the return plane is considered in [9] at
frequencies up to 1 GHz, but these results are not sufficient to retrieve the CM impedance of power
systems of interest. In [10], various techniques to damp electromagnetic interference (EMI) in power
systems are overviewed and classified. The frequency-dependent RLC parameters of toroidal and
axial inductors with wire windings were considered in [11]. This model was applied to the surface-
mounted components on printed circuit boards in [12,13]. The approach in [11-13] for toroids may be
modified and applied to a ferrite toroid on a wire, but only at low frequencies. This was done in [14],
where the frequency range was limited to about 200 MHz. No traveling-wave effects were taken into
account, however, which limited the applicable frequency range of the published models. In addition, no
connectors or supporting planes were considered either. None of the models in the literature fully account
for the CM current on the return structure, and there are no simple analytical models to quantify the
CM impedance of a power system with a ferrite core. Information about the CM impedance is required
to understand the impact of the ferrite.

In this paper, transmission line theory is used with a frequency-dependent quasistatic model of
the ferrite toroid to predict the effects of the toroids on the CM loop impedance and CM current of
a power system. The CM loop impedance (the term introduced and described in details in [15]) is an
impedance looking into a setup that consists of a set of source impedances, single-wire or multi-wire
transmission lines, and a set of load impedances. This impedance is not trivial to measure, since a ‘loop’
of an active system cannot always be broken to make this measurement. Additionally, the return path
is typically unknown or is embedded in the physical structure. The dual current probe method [15] is
one possible approach to non-invasively measure the CM impedance of the system. This method was
initially tested to predict the impact of ferrites on a system in [16]. The present paper extends the work
in [16] through development of a simple approximate analytical broadband model of the ferrite toroid
and through application of the model to analyze a real power inverter /motor system.

The structure of the paper is as follows. The analytic model of a harness with a ferrite toroid over
a metal chassis is developed in Section 2, and per-unit-length parameters for the toroid are derived.
Section 3 contains an experimental validation of the model in a simple laboratory setup. In Section 4,
methods are presented and tested for using the model within a real, active, power inverter system. The
conclusions are summarized in Section 5.

2. ANALYTICAL MODEL

The electrical behavior of a ferrite toroid depends not only on the constitutive parameters of the ferrite
material, but also on the geometry of the structure where it is employed. The structure used here is
shown in Figure 1. The multi-phase power cable is represented by a single wire, since CM currents see
this harness as a single conductor. The current return path is represented as a solid perfectly-conducting
plane, located underneath the cable. The test structure can thus be treated as a two-conductor
distributed transmission line system carrying a single propagating TEM wave. This approximation
is most appropriate when the cable or ferrite is electrically long. Higher-order modes may appear at
high frequencies, but they are not considered in this model. A simple test structure and the equivalent
model of this structure used for initial experiments are shown in Figure 2.

The input impedance seen by the source looking into the cable is needed to characterize the
system behavior. The characteristic impedance of a transmission line with a single propagating TEM
wave, Z = /(R + jwL)/(G + jwC), and the propagation constant, v = /(R + jwL) - (G + jwC), both
depend on the per-unit-length RLGC (resistance, inductance, conductance, and capacitance) parameters
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Figure 1. A power system with a power cable  Figure 2. Simplified structure of the system under

bundle using a ferrite core. test: (a) representation of the system as a conductor
over a return plane connecting a source and load, and
(b) an equivalent circuit for the structure.

for the line. For a lossless transmission line running through the air above a return plane, the RLGC
parameters [17] are
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where o, is the conductivity, ¢ the skin depth of the conductor, 7, the radius of the conductor, and
h the height of the conductor over the return plane.

Formulas to calculate the RLGC parameters of a cable suspended over a return plane with and
without a ferrite toroid are derived below. The ferrite structure is assumed to be concentric, which
is the most common practical case, since the ferrite toroid typically tightly embraces the cable for
better elimination of the possible surface currents by the magnetic properties of the ferrite. During
measurements, supporting styrofoam washers were used to assure the concentric position of the cable
and the toroids.

2.1. Calculation of Per-Unit-Length Inductance (L)
The per-unit-length inductance of an infinitely long transmission line is given by

- )
I-1 I-1

where B is the magnetic flux density created by CM current I along the wire, and the integral is
performed over an infinitesimally long loop between the wire and the return plane with area dS. ¢ is
the total flux through the loop, and [ is the overall length of the transmission line. Since the loop
consists of a conductor over a return plane, the electrical parameters can be found using image theory
(Figure 3). The return plane can be removed and replaced with a mirror image of the conductor.
The flux penetrating the area between the conductor and the return plane is calculated to obtain the
equivalent inductance per-unit-length. The flux is generated by both the CM current and its image.
The magnetic flux density is higher in the ferrite material than in air.

L
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Figure 3. Calculation of the inductance per unit length of the transmission line through the ferrite
toroid.
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Figure 4. Geometry associated with the ferrite over the return plane.

It is reasonable to assume that the inner radius of the toroid is much less than the height of the
cable above the return plane (r;, < h), as is shown in Figure 4. The maximum magnetic flux density
in the ferrite generated by the mirror current is given by

Ip
B = 6
mirror 27T(h T h— Tfer)’ ( )
where 7., is the outer radius of the ferrite. The maximum flux density in the ferrite produced by the
current on the cable is given by

e (7)
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where r;, is the inner radius of the ferrite. Since
1 I 1
H T Nl ’ 8)
2m(h+h —rper)  27mh 2MTin
the flux generated by the mirror current is negligible and can be ignored.

The magnetic flux between the wire and the return plane was calculated over three regions as shown
in Figure 4: S1 is the area between the cable and the ferrite (u = po); S2 is the area inside the ferrite
(e = o - por_fer), and S3 is the area between the ferrite and the return plane (1 = p9). The magnetic
flux per-unit-length within each region is

Tin I
1 = / BdS ~ 2—::2dr, 9)
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Twire
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where 1)1, 19, and 13 are the per-unit-length magnetic flux in regions S1, S2, and S3, respectively, and
. is the relative permeability of the ferrite. Solving Eqs. (9)—(11), the total flux between the wire and

the return plane is
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and the per-unit-length inductance is
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2.2. Calculation of Per-Unit-Length Resistance (R)

The per-unit-length resistance of the transmission line with the ferrite toroid is due to the skin-effect in
the conductor and to the ohmic loss in the ferrite. The magnetic loss in the ferrite toroid is associated
with the imaginary part of permeability. By replacing u;_fer in Eq. (13) with wu;’_fer and wy,. . for
air, where w = 27 f is the angular frequency, and one can find the per-unit-length resistance associated

with the ferrite toroid as
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Since there is practically no magnetic loss in the air, the per-unit-length resistance due to the ferrite
toroid is then

w T
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These losses will dominate conductive losses over the frequencies where the ferrite is used.

2.3. Calculation of Per-Unit-Length Capacitance (C)

The electric field distribution between the wire and return plane is affected by the presence of the ferrite
toroid. Analytical calculation of the capacitance requires simplifying assumptions. For this purpose, the
electric field between the conductor and the ferrite, and the electric field within the ferrite are assumed
to be radially symmetric.

The cross-section of the cable and ferrite over the ground plane with the corresponding parts of
the capacitance are shown in Figure 5.

The per-unit-length capacitance between the conductor and the ferrite, C7, and the per-unit-length
capacitance between the inner and outer surface of the ferrite, Cs, can be calculated from the capacitance
of the coaxial structure as

2
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Figure 5. Cross-section of the cable and ferrite over the return plane.

where &), is the real part of permittivity of the ferrite. The per-unit-length capacitance between the
ferrite and the return plane, Cs, can be found from the formula for capacitance of a conductor over a

return plane
21 €0

cosh_l( h )
T fer

The total per-unit-length capacitance of the ferrite part is found from the three capacitors in series,

C3 = (18)
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2.4. Calculation of Per-Unit-Length Conductance (G)

The per-unit-length conductance of a ferrite toroid can be found from the capacitance associated with
the ferrite and the dielectric loss in the ferrite as [18]
E”
Gfer = WC2E_7‘ (20)
T
The RLGC parameters in Egs. (13), (15), (19), and (20) can be used to find the characteristic
impedance and propagation constant for the transmission line including the ferrite. In the next section,
this model of the ferrite toroid is validated along with a model of the test structure.

SMA
connector

SMA Ferrite
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Figure 6. Simplified test structure used to model a real power system.
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3. EXPERIMENTAL VALIDATION OF ANALYTICAL MODEL

To validate the approximate analytical model of the ferrite toroid, tests were performed on a simple
setup consisting of a brass tube over a return plane as shown in Figure 6. This test setup is analogous to
the system shown in Figure 2. Since the details of the test setup are known, the system impedance can
be calculated analytically. In the experiment, a Vector Network Analyzer (VNA) was used to measure
Z11 from the source side of the system, as indicated in Figure 6. Measurements of the input impedance
were made both with and without a ferrite placed on the brass tube. In many power systems, the
inverter and motor are covered by metal enclosures. In the test setup used here, the enclosure was
simulated using L-shaped brass stands, which support the brass tube at a chosen height above the
return plane, as is shown in Figure 6. The interface between the brass stand and brass tube creates
parasitic capacitances similar to the capacitances that would be seen in a real system with an enclosure.
The L-shaped stands are built to have a good electric contact with the return plane. In a real system,
the ferrite toroid will be placed around the whole bundle of cables. In the test setup, the ferrite is
placed on the brass tube simulating the CM component of current on the cables. The input impedance
of the setup calculated analytically will be compared to the measured impedance.

3.1. Test Structure Modeling

The test structure shown in Figures 2 and 6 includes an impedance related to the source, an impedance
of the load, a transmission line, and a set of parasitic capacitances between the transmission line and the
“enclosure” (the L-shaped brass stands). The source impedance is 50 2 and is associated with the VNA.
The brass tube over the return plane represents the transmission line. The brass tube was terminated
with the brass stand on the right using a 220 2 resistor. This termination impedance (220 §2) was chosen
to approximately match the characteristic impedance of the transmission line when no ferrite was placed
on the brass tube.

Lumped element parasitic capacitors, Cp, between the brass tube and brass stands were added to
each end of the transmission line to model the parasitic capacitance between the enclosure and brass
tube. These capacitors are crucial to an accurate modeling of the high-frequency impedance of the
system. They are present at both the source and the load ends of the transmission line. Their values
are approximately the same due to the structure symmetry. The value of these capacitors can be derived
from the geometry decomposition of the structure around the brass stands, as is shown in Figure 7.
The parallel capacitors C’, C”, and C"” determine the value of C,, in Figure 2(b) as,

Cp — Cl + C// + C///7 (21)

where C’ is the capacitance between the brass tube and the brass stand. C” is the capacitance between
the outer shield of the connector and the brass stand, and C” is the capacitance between the inner
conductor of the connector and the brass stand.
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Figure 7. Calculation of capacitance between the brass tube (common-mode carrying conductor) and
the brass stand (‘“enclosure’).
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The capacitance C’ between the brass tube and the brass stand can be calculated as follows. While
the entire brass tube and brass stand contribute to this capacitance, the most important contributors
are the portions of the two structures which are closest to each other. The capacitance C’ was calculated
between a metal plate having the size of the brass stand and a cylindrical conductor with the same length
as the height of the brass stand. This capacitance can be approximately estimated by unfolding the
cylindrical brass tube into a sheet and then calculating the capacitance between the two perpendicular

sheets as [19
= 0 = ey (Elin) | K ) )
AW (kin) K (kout) )’

where ¢ is the permittivity of free space, and ki, kout, K'(+), and K(-) are given in [19].

The parameter C” is the capacitance between the end of the brass tube and the brass stand. This
capacitance can be calculated from the capacitance of two parallel plates as is shown in Figure 7:

gpA
C" ~ 07, (23)

where A is the area of the end-plate, and d is the distance between the connector and the brass stand.

The capacitance C"” is between the inner conductor and the brass stand over the area where the
conductor penetrates the stand, as shown in Figure 7. If fringing fields are neglected, this capacitance
can be found from the equation for capacitance of a coaxial structure:

2mweges

—
Tinner

In | ——
T'stand

where 7j,ner is the radius of the inner conductor of the connector; r44nq is the inner radius of the hole
in the brass stand; in this case, ¢, is the dielectric constant for the standard SMA connector dielectric
material (PTFE).

C" ~ (24)

3.2. Impedance of Test Structure without Ferrite

The characteristic impedance of the transmission line without ferrite is calculated using the per-unit-
length RLGC parameters. The input impedance at the source end can be calculated step by step
starting from the termination (2202 load) as illustrated in Figure 8. The impedance looking into the
load is given by

Rload
Rloadjwcp + 1
where Rjoqq is 220 Q2 for this setup, and C), is the capacitance between the brass tube and the brass

stand as calculated in the previous section. The input impedance looking into the transmission line
after the parasitic capacitance is

Zinput_load = (25)

Zinput_load + ZO tanh(ﬁyl)
ZO + Zinput_load tanh('yl) ’

Zinput_after_Cp = Zp (26)

1|r'J'.l:lput_af’ner_\('_“l:r Z'i:lput_lﬂad

Figure 8. Distinguishing input impedances of the structure.
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where Zy = 1/% is the characteristic impedance of region 1 in Figure 8; Ry, Lo, Gy and Cj can

be found as in Eqgs. (1)—(4); [ is the length of region 1. The impedance looking into the transmission
line from the source Zjypy: is

Zinput_after_Cp
Z; = 2
it Zinput_after_ijwcp + r ( 7)

The input impedance, Z11 = Zinput, Was calculated analytically and measured using a VNA. The
radius of the brass tube used in the experiment was 2.16 mm, and its total length was 30cm. The
distance between the lower points on the brass tube and the return plane was 2.3cm. The calculated
and measured amplitudes and phases of Z1; are shown in Figure 9. The measured input impedance and
the analytical results agree within less than about 2dB and 10 degrees up to 1 GHz.

%0 ! ! ) ! 40 ! ! ) )

Anrpiituce [dBONd

Figure 9. Magnitude (a) and phase (b) of the measured and estimated input impedance of the test
structure without a ferrite.

3.3. Test Structure Impedance Including Ferrite Toroid

The next step was to develop and verify a model of the system including a ferrite toroid. The input
impedance was calculated using the model shown in Figure 10. The characteristic impedance of the
portion of the transmission line containing the ferrite toroid (Region 2 in Figure 10) was found using
its RLGC parameters as derived in Section 2.

The impedance looking from the ferrite toward the load is

0 Zinput_load + Zo tanh(’yll)
ZO + Zinput_load tanh(’Yh) ’
where Zj is the characteristic impedance of Region 1; « is the complex propagation constant in Region 1;

Ry, Ly, Gy and Cj are obtained from Egs. (1)—(4); [; is the length of Region 1. The impedance looking
into the ferrite toward the load is

(28)

Zinput_after_ferrite =

Zinput_after_ferrite + Zferrite tanh (FYfeTZQ)
Zferrite + Zinput_after_ferrite tanh(’YfeTZQ) ’

Zinput_before_ferrite = Zferrite (29)

where Zjeprite is the characteristic impedance of Region 2, Iy the length of the ferrite, and v, the
complex propagation constant in ferrite. Zge e is given by

A I gfer jWLfe’r
. pu— —_— 9 30
Jerrite v Gfe’r jwcfer ( )

where L¢er, Rfer, Cer, Ger can be calculated from Egs. (13), (15), (19), and (20). The impedance
looking into the transmission line from the source end is given by
Zinput_before_ferrite + ZO tanh(7l3)
ZO + Zinput_before_ferrite tanh(ﬂz&) ’

Zinput_after_Cp = Zp (31)
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where [3 is the length of Region 3. The overall input impedance, Z;,pu¢, is then

Zinput_after_.Cp_f ’ (32)
Zinput_after_Cp_f]wcp +1
where Zinput_after_cp_y is the input impedance looking into the transmission line after the parasitic
capacitance.

The model was tested with a ferrite toroid placed at different locations on the brass tube. The
inner radius of the ferrite toroid was 1.2 cm; its outer radius was 1.8 cm; its length was 1.3cm. The
permeability and permittivity of the ferrite material of the toroid are shown in Figure 11. The height
of the brass tube above the return plane was 2.3 cm in initial tests. The input impedance was measured
and calculated analytically, and the results were compared.

The magnitude and phase of the measured and calculated input impedances are shown in Figure 12
when the ferrite was next to the source (enclosure). The measured and estimated input impedances
when the ferrite was placed in the middle of the tube between the two brass plates are shown in Figure
13. Figure 14 shows the measured and estimated input impedance when the height of the cable (the
distance between the lower line of the brass tube and the return plane) was doubled to 7.7 cm and the

Zinput =

Zinput_before ferrite

mput after_ferrite
Zmput after Cp_f
2"i.n]:tul: \ input_load

Regmﬂ Regm Regmﬂ SMA
connector

VNA

Port _L - v w v @
S0 TL3 TL2 i
=157 Zferrite 2.—1:5 70

Cp=1.46pF Cp=1.46pF R=220Q

Figure 10. Calculation of input impedance with ferrite on transmission line.
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Figure 11. Measured permeability (a) and permittivity (b) of the ferrite toroid.
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Figure 12. Magnitude (a) and phase (b) of the measured and estimated input impedance of the test
structure when the ferrite was placed close to the source.

ferrite was placed next to the source. The measured and calculated impedances match within 2-3 dB
up to 1 GHz in all cases.

Ferrite toroids of different sizes and of different compositions were also tested. The dimensions (in
mm) of the tested ferrites are indicated in Table 1. Previous tests were performed using ferrite toroid
“d”, whose material characteristics are given in Figure 11. Ferrite toroid “e” was made of a different
material than ferrites a-d. This ferrite had a center frequency of approximately 80 MHz. Measured
and simulated impedances matched within 2-3dB up to 1 GHz. Analysis of the results using Feature
Selective Validation (FSV) [20,21], showed that all of the simulated impedances were “good” (max
Global Difference Measure = 0.37) to “excellent” (min Global Difference Measure = 0.09).

Table 1. Ferrite toroids under test (all dimensions are in mm).

©@eo0o

Ferritea  Ferriteb  Ferrite ¢ Ferrite d Ferrite e

r=135 - =86 r =103 r =12 r =127

r =254 r =195 r =159  r =18 r =256
[=29 [=219 [=219 [=13 =397

4. APPLICATION TO A REAL POWER SYSTEM

To apply the ferrite model to a real system requires knowledge of the CM loop impedance of the system.
This CM loop impedance, as described in [15], is not trivial to measure. It is often associated with
a harness consisting of many conductors, largely depends on parasitics that are unknown and change
when the system is active, and also because for an active system a “loop” cannot be broken to make
the CM impedance measurement. In this work, the CM loop impedance was measured using the dual
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Figure 15. Power system measurement setup.

current probe (DCP) techniques described in [15] and [16]. In this technique, CM energy is injected
into the system by one current probe and the resulting CM current is measured by another current
probe using a VNA. The CM loop impedance can be found from the amount of injected current. The
frequency response of the current probes is de-embedded through a comparatively simple calibration
procedure using a special calibration fixture as described in [15, 16].

The ferrite model was tested with a real active power inverter /motor system with emissions up to
about 100 MHz. Although the proposed ferrite model agrees well with measurement up to 1 GHz on a
mock harness, application to the real system was performed only up to 100 MHz due to the limitations
of DCP technique. To predict an influence of a ferrite, the CM circuit of the system was simplified as a
CM voltage source in series with a CM loop impedance. Assuming that the ferrite is electrically small
below 100 MHz, the CM impedance at the ferrite location can be found as a sum of the original system
loop impedance and the analytically calculated ferrite impedance. The CM currents after adding a

ferrite is then
ZCM_loop,measured (33)

ICM,estimated = ICM,measu’redZ 7 )
CM _loop,measured + ferrite,analytical
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impedance with an added ferrite. with an added ferrite.

where 1o measured a0d Zc M toop,measured are the measured CM current and CM loop impedance of the
ferrite, respectively, and Zfeyrite anaiytical is the analytically estimated impedance of the ferrite.

The tested power system consists of a motor drive generating 230 V RMS signals, a harness, and
a 20 hp motor as shown in Figure 15. A broadband ferrite was placed on the harness as shown in the
figure. The CM loop impedance and CM current was measured with and without a ferrite using a VNA.
For emissions measurements, the VNA was replaced with a spectrum analyser. The current clamps were
placed around all three phase cables.

The measured and predicted CM loop impedances and CM currents with and without a ferrite are
shown in Figures 16 and 17. The CM loop impedance and CM current with the ferrite were predicted
based on measurements without the ferrite. The proposed model predicted the CM impedance or CM
current with the ferrite within 3dB up to 100 MHz, validating the usefulness of both the ferrite model
and the system characterization technique for predicting the impact of ferrites in real power systems.
Though the frequency range in this practical example was up to 100 MHz, the proposed model can be
applied to the higher frequencies up to 1 GHz.

5. CONCLUSIONS

A comparatively simple analytical model was proposed for a ferrite toroid on a cable above a return
plane. This model uses a transmission line description of the cable, ferrite, and return plane, and uses a
frequency-dependent, quasistatic approximation of the ferrite to determine transmission line parameters.
The proposed model allows prediction of the CM input impedance of a cable with a ferrite toroid on
it. Because the model is relatively simple, it provides the possibility of analytically optimizing ferrite
characteristics to mitigate unwanted emissions. Efficient variation of ferrite material parameters, toroid
and cable geometry, and their placement with respect to the source and to the return plane can be
done. Experimental validation of the model showed that the CM impedance of a transmission line with
the ferrite could be approximated within 3dB up to 1 GHz.

The proposed model was further applied to predict the impact of a ferrite on the CM impedance
and CM currents of a power system consisting of a power inverter and motor. Measurement of the
CM impedance of the system without the ferrite was critical for predicting the impact of the ferrite
on the CM current in the active inverter system. This CM loop impedance was determined using the
dual current probe approach. Using this impedance as a starting point, the impact of the ferrite on the
CM impedance and current was predicted within 3dB up to 100 MHz (the practical limit of the current
clamps and calibration technique). This result demonstrates that the proposed techniques can be useful
for applications to power systems.

One possible limitation of the model is that it assumes only TEM propagation through the ferrite
above a return plane. If there are not many structures around the power cable, the CM current return
path is typically a return plane and, if the return plane is close and frequencies are sufficiently low, the
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TEM approximation should be valid. If the CM current does not return through a plane, however, the
RLGC model calculated here may not apply. At sufficiently high frequencies, the TEM assumption also
breaks down. For the geometry under consideration, the TEM approximation is valid up to 1 GHz. The
limiting frequency, however, depends on the geometry of the structure.
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