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Abstract—In-circuit impedance and admittance
measurements are widely exploited in power electronics,
from control stability analysis to electromagnetic
interference modelling. In particular, the use of clamp-on
inductive probes allows non-intrusive measurements of
systems in real operating conditions. However, available
methods are limited to a single port and cannot evaluate
mutual impedances or admittances, hence they cannot
properly characterize multiport systems described by
impedance or admittance matrices. In this paper, a two-
port inductively coupled in-circuit measurement method is
proposed. Specifically, two inductive probes connected to
a vector network analyzer define two longitudinal ports
along the clamped wires of the system under test and
allow measurement of its two-by-two admittance matrix.
The proposed method is firstly verified with a set of known
passive loads, then applied to measure the unknown
admittance matrix of a single-phase motor drive system.
Experimental results prove the effectiveness of the
proposed method in providing accurate measurement of
admittance parameters, including mutual terms, both for
active and passive two-port devices. Additionally, such
two-port admittance matrix measurements are suitable for
the identification of the behavioral circuit model of a
system, in general for any number of ports.

Index Terms—In-circuit impedance measurement, In-
circuit admittance measurement, behavioral models,
motor drive system.

[. INTRODUCTION

MPEDANCE and admittance measurement methods are
fundamental for the experimental characterization of
components and systems frequency responses. In this respect,
in-circuit measurement methods enable impedance and
admittance characterizations in a wide frequency range while
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the system is in operation. In particular, in-circuit impedance
measurements are profitably used for many applications such
as power converter stability analysis, including cascaded
DC/DC converters [1], high-speed railways traction systems
[2], and double-fed induction generators [3], asynchronous
motor turnfault [4] and interfault [5] diagnosis, battery state-
of-charge estimation [6]-[8], and electromagnetic interference
(EMI) modeling. The latter include design [9]-[10] and
performance analysis [11]-[13] of EMI filters, and broadband
behavioral modeling of converters as EMI sources [14], [15].

Three families of in-circuit impedance measurements are
known, namely: voltage-current (V-I), capacitively coupled,
and inductively coupled [16]. The V-I approach is based on
measurements of voltage and current at the ports of the
equipment under test (EUT) [17]-[19]. The -capacitively
coupled approach involve capacitors to attenuate dc or low-
frequency functional signals while presenting a small
impedance for high-frequency test signals so that impedance
analyzers can perform in-circuit impedance measurements
[20], [21]. Both the V-I and capacitively coupled approaches
are intrusive, as they need electrical contact with the energized
EUT.

Conversely, the inductively coupled approach uses
inductive probes clamped on EUT cables, simplifying
measurement setups and reducing potential hazards [22]-[24].
Two categories of inductively coupled methods have been
developed: two-probe setup (TPS) [23]-[25] or single-probe
setup (SPS) [26], [27]. The measurement instrument is usually
a vector network analyzer (VNA) and additional elements may
be used to enhance signal-to-noise ratio [5]. TPS was
originally intended for power lines in-circuit impedance
measurement [28], and was successively extended [10], [29]-
[31]. SPS avoids the possible issues related to probe-to-probe
coupling, as only one probe is needed, thus reducing setup
complexity [13], [26]. SPS proved to be suitable for the
measurement of single physical or modal impedances in a
motor-drive system [13], [32], [33] and even time-varying
impedances [27]. To improve the sensitivity of the SPS, one
can clamp the probe on more than one turn of the EUT cable
[13]. Both TPS and SPS are limited to one port, that is, a
single impedance, and cannot measure mutual impedances.
Consequently, no one of the available setups can be used to
characterize multiport systems, which are properly described
by impedance or admittance matrices.

This paper proposes an inductively-coupled, in-circuit
admittance parameter measurement method, derived as a
multiport extension of the SPS. This is achieved by two
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probes, which define two separate longitudinal ports along the
clamped wires, thus allowing the determination of self and
mutual admittance elements. Moreover, the choice of
admittance instead of impedance brings two advantages: a)
straightforward identification of the behavioral circuit model
of the EUT [11], [34], and b) possible extension to any
number of ports using two probes only.

The paper is structured as follows: Section II formally
presents the proposed measurement setup, the underlying
mathematical formulation, and the calibration procedure. In
Section III, the method is implemented with specific
instrumentation working in the range 150 kHz — 30 MHz, and
accuracy is verified by a set of known passive loads. Section
IV applies the proposed method to measurement of the in-
circuit admittance matrix of a single-phase motor drive system
(MDS), including the de-embedding of the power-line
impedance, and the identification of a behavioral circuit
model. Lastly, final conclusions and remarks are reported in
Section V.

II. PROPOSED IN-CIRCUIT ADMITTANCE MATRIX
MEASUREMENT METHOD

A. Measurement Principle

Let us consider the setup depicted in Fig. 1, which consists
of a VNA, two inductive probes, and a 2-port EUT. The target
of the proposed method is to determine the 2x2 unknown
admittance matrix Yy of the EUT, from the knowledge of the
S-parameter matrix Sy of the whole setup measured by the
VNA, which relates the incident power waves a;, a» and
reflected power waves b, b,, according to

|:bl:|:|:Smll Sm12:||:al:| (1)
b, jnzZl Smi/ a,
—
To this end, Sm is firstly converted into the measured
admittance matrix Y, by

Y, =7, (1,-8,)(1,+S,) " =

11-8,,+8,, —det[S, ] 1 28,
Z,1+8,, +S , +det[S, ] Z, 1+8,, +S,, +det[s ]| )
1 28, 1 1+S,,-8,, —det[S, ]
CZ, 145, +5,, +det[S,] Z,1+5,, +5,, +det[S, ]

where det[.] denotes the matrix determinant, I, is the 2x2
identity matrix, and Zy = 50 Q is the standard S-parameter
reference impedance. For the port voltages and currents
defined in Fig. 1, the following relationships hold:

Probe 2

b,
Fig. 1. Principle schematic of the considered two-port setup.
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where Ti, T, are the transmission (also known as ABCD)
matrices representing the behavioral models of probes 1 and 2,
respectively, whose parameters satisfy

det[T,] =det[T,] =1 (6)
by virtue of reciprocity. By substituting vi, #; from (4) and v,
i from (5) in (3), and accounting for property (6), after tedious
yet simple algebraic calculus, the currents i, i can be
expressed as a function of voltages vyi, vy, as

b | Yir Yo || Va 7
= (7
L Yor Y [[Ve
(R —"
Yx
where the elements of the admittance matrix Y, are finally
expressed as a function of measured S-parameters and probes

transmission parameters by
_k +k,S,, +kk, det[S, 1+ kk,S,,,

4k, S, | +kk det[S, 14k, S, )
Y - _ kSS)nIZ
14 k,S,, ok, det[S, 1+ &, S, ,,
8
Y. —— k3Sm21 ®
214 kS,, +kok, det[S, 1+k,S,
_ k4 +k4k6Smll + k5k6 det[sn1]+kSSm22

214 k,S,,, +kk, det[S, 1+ kS,
The seven coefficients ki, k2, k3, ks, ks, ke, k7 in (8) are defined
as

- -4 +CZ, A +CZ,
1 B, -DZ, e B, -DZ, ’
I = 27,
< 5
(B,-D,Z,)(B, - D,Z,) ©)
P -4,+C,Z, _4,+C,Z,
‘" B -DZ,  ° B,-DZ,’
B +DZ, B,+D,Z,
-B +D,Z, -B,+D,Z,

The eight ABCD parameters representing the two probes
are not standard information in data-sheets, and their
determination would require ad-hoc characterization setups for
each probe. Following the same approach of the SPS [13],
[26], it is simpler and time saving to establish an overall
calibration procedure aimed at the direct experimental
determination of the seven coefficients (9), which are then
directly used in (8).
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B. Calibration Procedure

Preliminarily, it is worth observing that the fully coupled
equations (8) degenerate into separate equations if the two
ports are uncoupled, that is, if the two-port network is
composed of separate one-port admittances. Indeed, in such a
case Sui2 = Smi= 0, hence obviously Yyi2 = Y1 = 0 in (8).
Additionally, after basic algebra, self-admittances can be
expressed as

_ kl +k2Smll
Yo Su12=Swn=0 m "
Yo _ KRSy (1
x22 Sm21=Sm12=0 1 + k7Sn122

which noteworthily represent an alternative formulation of the
equations of the SPS [13], [26] at each separate port. Hence,
one can adapt the same SPS calibration procedure [13], carried
out twice. Namely, the calibration procedure is based on the
availability of three one-port reference loads, whose
admittances Y4, Y3, Yc are known. By connecting in turn these
loads to probe 1, the reflection S-parameters Si4, Siz, Sic,
respectively, are measured by the VNA at port 1. Then, by
enforcing (10), a linear system in the variables ki, k», ke is
obtained as

Y, (1+kS,, ) =k +k,S,,

YB (1+k6SIB) = kl +k2513 (12)
Y. (1+k6SlC) =k +k,S,
which yields one unique solution in the form
Y (5 -1)8, S 4% (Y -Y)S. S, +1(Y,-Y,)S, S,

5.5, (00-1)+s,s ()5S, (-r)
(S, (L n)s,  (0)s,
88,0 1) 8,8, (1) 5,8, (1 1) 9

YB_YL)SIA+(X_YA)S|B+(YA_);)S1(J
k= (15)

S‘H&E< A B)+S'IBS‘1C( B )+S]CSVH()Z“ A)

Similarly, by connecting in turn the reference admittances
Y4, Ys, Yc to probe 2, the corresponding reflection S-
parameters S»4, S2p, S>c are measured by the VNA at port 2.
Hence, by enforcing (11) a linear system in the variables ka, ks,
k7 is obtained as

Y, (l+k7S2A) =k, +kS,,
Y, (1+k7S25,) =k, +kS,,
Yo (14K, 8,0 ) = ky + ks Sy
the unique solution of which is
_ YA (YB - Yc )S2BS2(7 + YB (Yc — YA )S2CS2A + Yc (YA B YB )S2ASZB
SZAS2B (YA - YB)+ SZBSZC (YB - Yc)"’ SZCSZA (Yc - YA )

(16)

4

a7
_ Y, (Y,-1.)S,,+Y,(Y.-Y,)S,, +Y.(¥Y,-Y,)S,. (18)
’ 814525 (YA _YB)+SZBS2C (YE _YC)+S2CS2A (YC _YA)
k7 _ (YB_YC)SZA"'(YC_YA)SM"'(YA_YB)Szc (19)
SZASZB (Y4 7Y8)+S23S2C (YH 7YC‘)+S2CS2A (Yc 7YA)
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The last coefficient k3 can be determined by connecting a
reference two-port network to the probes, whose known
admittance matrix is

YD :|:YD]] YD]2:| (20)
YDZI YDZZ
and measuring the full S-parameter matrix
SD :|:SD11 SD12:| (21)
SDZ] SD22

By enforcing data (20), (21) in the mutual admittances (8),
coefficient k3 is readily obtained as
1+ k,Sp,, +kk, det[S, 1+ k.S,

ky = S 2 Yo =
D21 (22)
l+k oSpi1 T keke, det[S 1+ k55,5,
S Yoo
D12

Note that the alternative expressions in (22) coincide for
reciprocal reference networks since Spi2 = Spa1, Ypi2 = Ypor.

lll.  EXPERIMENTAL VALIDATION

A. Experimental Setup

The first step for the validation of the proposed method is
selecting a couple of suitable probes. Commonly available
probes developed for completely different purposes (e.g. bulk
current injection (BCI) probes designed to inject radio
frequency interference, or monitor probes designed for current
measurement) can be used in the proposed application,
provided that the frequency range of interest for admittance
measurement is within the probe nominal specifications. In
particular, the experimental setup sketched in Fig. 1 is realized
by means of a Keysight ES061B VNA, connected to two
inductive probes by coaxial cables. Probe 1 is a BCI probe
FCC F-120-2 and probe 2 is a monitor probe Solar 9123-1N,
chosen for no other reasons than availability. To match the
secondary turns with the unchangeable primary turns inside
the probe, so to optimize measurement sensitivity [13], probe
1 and 2 are clamped on two turns and six turns of wire,
respectively (in this respect, probes with only one primary turn
would be more practical). Once probes are chosen, any
parameter and any deviation (e.g., versus frequency) is
accounted for by the calibration procedure in Sec. I11.B.

The VNA is set to measure 1601 points from 150 kHz to 30
MHz, with 100 Hz resolution bandwidth, and 8 dBm forward
power. A VNA short-open-load-thru calibration procedure is
preliminarily carried out to account for coaxial cables.

B. Probe Calibration

Each probe is firstly calibrated by one-port measurements
(Fig. 2(a)). The final two-port calibration measurement is
simply realized by connecting the probes secondary windings
as shown in Fig. 2(b), with the longitudinal insertion of a
reference load Yp, determining an admittance matrix (20)
where Ypi1 = Yp22 = Yp, Yp12 = Yp21 = —Yp. Note that the wire
turns around each probe are realized with a marked terminal in
order to visualize the probes mutual orientation and keep it
consistent during the experimental campaign. In principle, any
load values could be used for calibration according to Sec.
II.B. However, from a practical perspective, the required
reference admittances must ensure that the linear systems (12),
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Fig. 2. (a) One-port calibration setup with BCI probe, (b) two-port

calibration setup, and (c) admittance magnitude and phase of the
reference resistors.

(16) involved in the calibration procedure are determined. This
is granted only if: 1) magnitudes are very different and span
(with four samples only) the magnitude range of interest for
measurement; 2) magnitude difference is maintained and well
controlled in the whole frequency range of interest. Resistors
easily cope with these requirements as their frequency
response is almost constant. Hence, four reference loads are
chosen as resistors of nominal values 1.1 Q, 50 Q, 1 kQ, 220
Q, whose admittances Y, Ys, Y¢, Yp, respectively (plotted in
Fig. 2(c)), are known by independent reflectometric
measurements carried out by an impedance analyzer, and
include the effect of parasitics (series inductance, parallel
capacitance). A flowchart summarizing the sequence of
operations comprised in the proposed calibration procedure is
reported in Fig. 3. The magnitude and phase of coefficients ki,
ka, ks, ka, ks, ke, k7 obtained from the calibration procedure are
plotted in Fig. 4.

C. Verification

In order to verify the proposed measurement method, two
passive test networks called symmetrical (SYM) and
asymmetrical (ASYM) have been constructed, whose circuit
can be seen in Fig. 5, along with a principle representation of
the whole setup. Each test network is a three-port network
with Ri =R, =75Q (SYM) or R =0 Q, R, = 125 Q (ASYM),
which is used as two-port network by terminating the third
port with a resistor (50 Q), an inductor (10 pH), or a capacitor
(47 nF). Test networks are enclosed in metallic boxes with
external SMA connectors, which enable direct VNA
connection to measure S-parameters. The latter can be
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determine k;, ks, k,, ks,
ke k; by eq. (13) - (15)
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Fig. 3. Flowchart representing the main steps of the proposed
calibration procedure.
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Fig. 5. Principle-representation of the experimental setup for

calibration and verification.

converted into admittances (2) to be used as reference values
for validation. As shown in Fig. 6, the connection of the test
networks to the probes needs two short pieces of twisted-wire
pair which have been separately characterized, in terms of
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Fig. 6. Experimental setup for verification of the proposed admittance
measurement method on passive test loads.

lumped capacitance and inductance, to allow for embedding
their contribution to the reference admittance values.

The set of Figures 7-12 shows the comparison between
reference values and admittance parameters obtained by the
proposed inductively coupled measurement method, in
magnitude and phase. Specifically, Fig. 7, Fig. 9 and Fig. 11,
refer to SYM with resistive, capacitive and inductive
termination, respectively. Fig. 8, Fig. 10 and Fig. 12 refer to
ASYM with resistive, capacitive and inductive termination,
respectively. Lastly, Table I reports the main error estimators,
namely maximum and average error, and standard deviation,
for the measurements corresponding to Figures 7 - 12.

The overall accuracy of the proposed measurement method
is very good over the frequency range of interest. The dynamic
range extends over six orders of magnitude from tens of
micro-siemens to some siemens. The variable frequency
response of phases is well captured in the six validation cases.

IV. IN-CIRCUIT ADMITTANCE PARAMETERS OF A SINGLE-
PHASE MOTOR DRIVE SYSTEM

In this Section, an application example of the use of the
proposed inductively coupled measurement method for EMI
analysis is discussed. In particular, the admittance matrix Yyps
of a single-phase MDS is involved in the equivalent
representation of the passive part of a Norton circuit model,
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Fig. 7. Comparison between reference (dashed lines) and measured
(solid lines) values of the coefficients of the admittance matrix of the

SYM test load with resistive termination.
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Fig. 8. Comparison between reference (dashed lines) and measured
(solid lines) values of the coefficients of the admittance matrix of the
ASYM test load with resistive termination.
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Fig. 12. Comparison between reference (dashed lines) and measured
(solid lines) values of the coefficients of the admittance matrix of the
ASYM test load with inductive termination.

TABLE |
OVERVIEW OF MAXIMUM AND AVERAGE MEASUREMENT ERRORS
Max Magnitude Max Angle Error A_verage Average Angle Magnitude Phasg SFandard
Case Parameter Error [%] 4] Magnitude Error Error [°] Standard Deviation [°]
[%] Deviation [%]

Symmetrical Y 3.834 1.876 0.262 0.222 0.564 0.393
Resistive Y 4319 2.008 -0.851 0.114 3.467 0.381
Yo 10.83 8.350 -0.219 1.509 2.281 5.992

Asymmetrical Yu 3.786 3.753 0.376 0.581 0.696 1.448
Resistive Y 8.271 4.165 -0.501 0.938 3.931 1.785
Yo 9.960 10.05 -0.244 2.006 2.043 10.23

Symmetrical Y 5.180 1.838 0.061 0.206 0.299 0.185
gapacitive Y 6.903 1.953 -0.777 0.273 3.417 0.302
Yo 1591 15.07 0.898 1.787 15.94 9.377

Asymmetrical Y 47.01 37.18 -1.464 -0.059 50.98 21.13
Capacitive Y2 7.104 3.822 -0.708 0.797 3.926 1.409
Yo 46.50 36.44 -2.382 1.293 58.23 27.62

Symmetrical Y 6.728 3.766 0.594 0.479 1.674 1.085
Inductive Y 11.03 8.381 -0.696 0.190 3.184 0.197
Y 5.657 1.409 -0.268 1.487 1.925 5.896

S rical Yu 6.154 2915 0.827 0.435 1.783 0.574
Tetive Yar 5.447 3.073 -1.095 0.447 4734 0.913
Yo 10.96 8.234 -0.217 1.447 1.981 5.486

which, unitedly with suitable current sources Iyp and Iy,
describes the converter as a multiport EMI source in the
frequency domain [14], [15], as shown in Fig. 13. In this
respect, the proposed inductively coupled in-circuit
measurement method offers a straightforward solution to
obtain the passive part of such a behavioral model.

A. Experimental Setup

The experimental setup is shown in Fig. 14(a). Namely, the
EUT is an MDS which is comprised of a cabinet containing a
single-phase electronic converter (driving a three-phase
asynchronous motor, not shown), fed by a Line Impedance
Stabilization Network (LISN) through a cable with phase (P),

P ®

Fig. 13. Behavioral model of an electronic power converter in form of
two-port Norton circuit model.

N

[Yasns]
PE

Published version available, doi: 10.1109/TIE.2024.3357888.

neutral (N) and protective earth (PE) wires. The LISN is fed
by the building 50 Hz power outlet. The VNA is set to
measure 1601 points from 150 kHz to 30 MHz, with 100 Hz
resolution bandwidth, and 8 dBm forward power. The high
power level is selected in order to provide a measurement
signal much stronger than the EUT conducted emission
sources (Iyp and Iyy in Fig. 13) in the frequency range of
interest. Probes 1 and 2 are clamped just out of the cabinet on
two and six turns of wires P and N, respectively, as shown in
Fig. 14(b). This setup enables in-circuit measurement of
admittance parameters during the standard operation of the
MDS. In particular, the MDS is characterized with: a) power
line off, which is the only measurement which could be
performed with other measurement methods; b) power line on,
stand-by operation (converter on, but motor not driven); c)
power line on and converter driving the motor. In this last
condition, a number of different converter switching
frequencies has been tested in order to assess the impact of
this parameter on the converter admittance parameters.
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Fig. 14. (a) Experimental setup fE)r) the measurement of the inverter
output admittance matrix, (b) its principle schematic, and (c) reduced
setup for LISN and cable characterization.

A reduced setup shown in Fig. 14(c) is used to separately
measure the powerline (i.e., cable and LISN) admittance
parameters. In this setup, the MDS is disconnected, and its P
and N wires are shorted to PE (while the LISN is clearly not
fed by the power outlet).

B. In-Circuit
embedding

The proposed measurement method is performed in the two
setups shown in Fig. 14(b) and Fig. 14(c). As a result, two

Admittance  Measurement and de-

Published version available, doi: 10.1109/TIE.2024.3357888.

admittance matrices in the frequency range 150 kHz — 30
MHz were evaluated. It is worth recalling that these are
admittances seen at the two longitudinal ports created by
clamping the probes along P and N wires. For the test setup
reported in Fig. 14(b), the whole circuital loop (MDS, cable,
LISN) contributes to such admittances, hence, the measured
admittance matrix is hereby denoted as Yy, For the second
test setup, reported in Fig. 14(c), the admittance matrix
receives contributions from the cable and LISN only, and is
hereby called Yc.;.

To retrieve the MDS admittance matrix Yps, the cable and
LISN contributions must be de-embedded from the whole
loop. With reference to variables depicted in Fig. 14(b), the
following relationships hold:

iyps = Yups Vps (23)

ic, =Ye Ve, (24)

i, =Y,,v, (25)

where ivps = [i1mps i2ups]”s Vups = [Vimps Vaups]', ic.c = [ircL
i2er)’, ver = [vier vaedl', i = [in i)', v = [va vel"

Considering the circuit in Fig. 14(b), it is possible to
appreciate that the following Kirchhoff laws hold:
i o=ic, =—ly (26)
Ve =Ver = Vups (27)
Combining (23)-(27) , it is easy to prove that the MDS
admittance matrix is obtained as

Y Y

_ -y -l
MDS — loop C-L

C. Motor Drive System Admittance Parameters

By means of the method proposed in Section II and of the
LISN and cables de-embedding procedure discussed in
Section IV.B, the admittance matrix Yups of the single-phase
converter depicted in Fig. 14(a) is obtained. The magnitude
and phase of the elements of Yups are reported in Fig. 15.
Specifically, the self-admittance measured from port 1 is
reported in Fig. 15(a), the mutual admittance is reported in
Fig. 15(b) (only one mutual parameter Yy = Y1» = Y21 is shown
as the resulting admittance matrix turns out to be reciprocal),
and the self-admittance measured from port 2 is reported in
Fig. 15(c).

The MDS admittance matrix has been measured in different
operating conditions, namely: powerline turned off, stand-by
(i.e., MDS turned on and motor stopped), and motor driven
with different switching frequencies (2 kHz, 5 kHz, 10 kHz
and 15 kHz) of the inverter inside the MDS. One can note that,
in all operating conditions, the self-admittances are very
similar, which is consistent with the symmetrical construction
usually found in single-phase converters and relative EMI
input filters. Additionally, the admittance parameters are
scarcely dependent on switching frequency, slightly change
between stand-by and motor-driven conditions and are very
different from the admittances measured with no power. This
is one of the main reasons of interest towards in-circuit
measures, as the latter could be directly measured by any other
methods, but would also be the least representative of the EUT
in real operating condition.

(28)
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Fig. 15. Comparison between admittance matrix elements Y11 (a), Ym (c), Y22 (c) in different operating conditions: power line off (black), stand-by
(red), and switching frequency equal to 2 kHz (green), 5 kHz (blue), 10 kHz (cyan), 15 kHz (magenta).

D. Motor Drive System Behavioral Circuit Model

As mentioned, the admittance matrix of a power converter
is involved in the equivalent representation of the passive part
of a Norton circuit model in the frequency domain [14], [15],
and can be directly obtained by means of the proposed
inductively coupled in-circuit measurement method.

Indeed, the voltage-controlled form (23), for a reciprocal
two port-network, inherently describe the circuit model in Fig.
16, which consists of three admittances

qu1 = YMDSII + YMDSM (29)
quz = YMDSZZ + YMDSM (30)
quM =—Yypsu (31)

It is worth nothing that this admittance-based modeling
procedure can be extended to an EUT with an arbitrary
number N of ports: first, the proposed measurement procedure
is repeated two ports at a time, until all the elements of the
NxN admittance matrix are found (indeed, when no probe is
clamped on a wire, that port along the wire is in short-circuit
condition). Second, a behavioral circuit model composed of
lumped admittances is constructed with the same rationale as
(29)-(31).

V. CONCLUSION

In this paper, a novel inductively coupled two-port in-circuit
admittance measurement method is proposed. The proposed

P
YegM

Yeql [] N
Yeq2

PE

Fig. 16. Topology of the admittance matrix behavioral model.
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method provides accurate measurement of 2X2 admittance
matrix, including mutual terms, whereas previous methods are
limited to the measurement of a single impedance.
Additionally, it can be used both on passive or energized EUT.
The proposed method requires a VNA and two clamp-on
inductive probes of any kind (e.g., BCI or monitor). The S-
parameters measured by the VNA are transformed into the
admittance parameters of the EUT by algebraic equations
involving seven coefficients, which are preliminary
determined by a simple calibration procedure exploiting four
reference resistors. This method has been experimentally
validated for a set of artificial passive networks, then applied
to the measurement of the admittance matrix of a real single-
phase MDS, in the frequency range 150 kHz — 30 MHz.
Additionally, a straightforward procedure to de-embed the
powerline contribution to the measured MDS admittance has
been presented. Unlike impedance parameters, the measured
admittance matrix naturally describes an equivalent behavioral
circuit model in frequency domain, which can be extended to
an arbitrary number of ports.
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