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voltage pattern, the response of the
component is measured. This allows
to measure the linear response of
the component accurately even if
the eigenvalues of the admittance
matrix differ by several orders of
magnitude.
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Method and device for characterizing the linear

properties of an electrical component

Technical Field

The invention relates to a method and a
device for characterizing the linear properties of an
electrical multi-port component. It also relates to a
method for modeling an electrical system with at least

one component characterized in this manner.
Background

The linear properties of electrical
components with multiple ports are generally
characterized by one of the characteristics matrices,

e.g. the impedance or transmittance matrix. These
matrices can be measured using suitable circuitry.

In general, all elements of the
characteristics matrices are frequency dependent, and
therefore the measurements must be carried out for
different frequencies. |

It has been found that conventional methods
of measurement may provide poor results because limited
precigion of the measurement devices and electric noise,
in particular if different elements or eigenvalues of the
characteristics matrices strongly differ in magnitude. In
these cases, information may be lost. On the other hand,
the interactions between different electrical components
or subsystems in a system can only be described precisely
if the properties of the characteristics matrices are

well known.
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Summary of the invention

Hence, the problem to be solved by the
present invention is to provide an improved method and
device for characterizing the linear properties of an
electrical multi-port component. This problem is solved
by the method and device according to the independent
claims.

Accordingly, the method for characterizing a
component having n > 1 ports contains an “estimation
procedure” in which an estimated admittance matrix Y’ is
determined by applying voltages to the ports of the
component and measuring the response of the component.
The estimation procedure can e.g. consist of a
conventional measurement of the admittance matrix Y’ by
applying a voltage to one port, grounding all other
ports, measuring the current at each port, and repeating
this procedure for all ports.

The method further comprises a “measurement
procedure” in which several voltage patterns ujp are
applied to the port. The voltage patterns correspond to
the eigenvectors vy of the estimated admittance matrix
Y’, wherein “correspond” is to express that the pattern
ur is substantially (but not necessarily exactly)
parallel to the (normalized) eigenvector vy and its
corresponding eigenvalue Aj. For each applied voltage
pattern uy, the response of the component is measured.

As it has been found, applying voltage
patterns up corresponding to the eigenvectors of the
admittance matrix allows to obtain a more accurate
description of the component, even if the eigenvalues of
the admittance matrix differ substantially from each
other.

The response of the device is advantageously
measured by measuring, for each applied voltage pattern

uy, the current pattern ij at the ports.
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The device according to the invention is able
to carry out this type of measurement automatically on a
device having n > 1 ports.

In another aspect, the invention is directed
to a device that is able to automatically determine the
linear response of a component having n > 2 ports by
means of n voltage generators for generating a voltage
for each port, and n current sensors for sensing the
current at each port, either using conventional methods
or the method described here.

Note: Throughout this text, bold face upper
case letters, such as Y, are used to denote matrices,
bold face lower case letters, such as u or up, are used
to denote vectors, and non-bold letters, such as ﬂk, are
used to denote scalars or components of matrices or
vectors.

When talking about “linear properties” of the
component, this term is to be understood as encompassing
any property that is exactly or closé to linear as long
as the property fulfils the mathematical relations
outlined below with sufficient accuracy within the range

of currents and voltages of interest.

Short description of the figures

Further embodiments, advantageé and
applications of the invention are given in the dependent
claims as well as in the now following detailed
description with reference to the figures:

Fig. 1 is a schematic illustration of a
component to be characterized,

Fig. 2 is a block circuit diagram for a
measuring device for characterizing the component,

Fig. 3 is a first embodiment of a measuring
device, and

Fig. 4 is a second embodiment of a measuring

device.
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Detailed description

General measurement principle:

Fig. 1 shows a multi-port component 1 having
n > 1 ports p; through pp. When linear voltages uj
through up are applied to the ports pj; through pp,
currents i through i, will flow. The linear electrical
response of component 1 are characterized by its
admittance matrix Y or, equivalently, by its impedance

matrix. In admittance notation, applying the voltage

vector u = (uy ... up) of voltages at the ports pj
through p, generates a current vector i = (i ... ip) as
follows:

i = Y-u. (1)

The general principle of measurement
according to the present invention is based on an
estimation procedure and a measurement procedure. In the
estimation procedure, an estimated admittance matrix Y’
is determined, in the measurement procedure a more
accurate measurement is carried out.

In the estimation procedure, the elements of
the estimated admittance matrix Y’ can e.g. be measured
directly using conventional methods. The diagonal
elements Y’;; can e.g. by measured by applying a voltage
uj to port p; and measure the current i; at the same port
while all other ports are short-circuited to zero volt,
i.e. Y’j; = ij/uj while uj = 0 for i # j. The other
elements Yiq of the matrix can be measured by applying a
voltage u; at port p; while setting all other ports to
zero volt and measuring the current ij at port p5, Y'jiqf =
ij/ui while uy = 0 for i # J.

Other conventional methods for measuring the
estimated impedance matrix Y’ in the estimation procedure

can be used as well.
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In general, the estimated admittance matrix

Y’ has n eigenvalues A ... Ap and n corresponding
(normalized) eigenvectors vy ... vp for which
Y Vi = ApvVi. (2)

Once the estimated admittance matrix is
known, its eigenvectors vy can be calculated.

In a measurement procedure following the
estimation procedure, several (in general n) voltage
patterns uir = (ujx ... upyx) are applied to ports pg
Pn of component 1. Each voltage pattern ujp corresponds to
one of the eigenvectors vy. For each applied voltage
pattern uy, a response of the component is measured, in
particular by measuring the induced current pattern ijg.

As mentioned above, voltage pattern ug
corresponds to (normalized) elgenvector vk (which is one
of the n normalized eigenvectors of the admittance
matrix), namely in the sense that the voltage pattern ug
is substantially parallel to the eigenvector vi
corresponding to eigenvalue Ayp. Theoretically, using uyg o
vk would be the best solution, but a device generating
the voltage patterns ujp will, in general, not be able to
generate voltage patterns matching the eigenvectors
exactly due to discretization errors. Methods for
handling devices with limited resolution for generating
the voltage patterns will be addressed below.

Once the measurement procedure is complete,
the voltage patterns uyp and the corresponding current
patterns ij fully characterize the linear response of
component i.

In general, the admittance matrix Y is
frequency dependent. For fully modeling the behavior of
component 1 in a network, the linear response of
component 1 should be known for an extended frequency

range, e.g. from 50 Hz to geveral MHz. For this reason,
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the estimation procedure is carried out at a plurality of
frequencies w; in the given range.

Advantageously, for each estimation
procedure, the eigenvalues Ap(®;) at the given frequency
@i are calculated. Then, the most critical frequencies
are determined, which are those frequencies where the
eigenvalues reach a local maximum or minimum or, in
particular, where the absolute ratio between the largest
and smallest elgenvalue has a maximum or exceeds a given
threshold. These critical frequencies are of particular

interest, either because they are indicative of a

. xesonance of component 1 oxr because they show that some

of the estimated eigenvalues may be of poor accuracy and
the described measurement procedure is required to
increase the accuracy.

It is principally possible to divide the
desired frequency range in a number of frequency windows
and to calculate the most critical frequencies in each
frequency window.

For each or at least some of the critical
frequencies, the measurement procedure described above is
carried out to refine the measurement. In addition or
alternatively thereto, the measurement procedure can be
carried out at other points within the frequency range of
interest.

The frequencies ®; where measurements are
carried out can be distributed linearly or
logarithmically over the range of frequencies of
interest. In an advantageous embodiment, though, the
density of measurement frequencies w; close to the
critical frequencies as mentioned above is larger than
the density of measurement frequencies w; in spectral
regions far away from the critical frequencies. This
allows to obtain a more reliable characterization of the

component.
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The measurement device:

A general measuring device 2 for carrying out
the invention is disclosed in Fig. 2. In a most general
case, measuring device 2 comprises n adjustable voltage
sources generating voltages @7 to ¢, which are fed to
the ports pq to pp through impedances Zi to Zp. The
voltages ¢ to ¢p all have equal frequency and known
phase relationship. The impedances Zj. through Z, may be
practically zero or, as described below, they may be
adjustable and potentially non-zero. A control unit 3 is
provided for automatically adjusting the voltage sources
and, where applicable, the impedances Z; to Zp.

For the device of Fig. 2 we have

0 =u + Z-i, (3)
where ¢ = (@7 ... ¢@p) are the voltages of the voltage
sources, u = (uy ... up) the input voltages at the ports,

and Z is a diagonal matrix with the diagonal elements Zj
to Zp.

Combining equations (1) and (3) gives the
following relationship between the input voltages and the

applied voltages:
u= (I + 2-¥Y) L1-0. (4)

where I is the n X n identity matrix.

As mentioned above, the applied voltages u
should correspond to the eigenvalues vk of the estimated
admittance matrix ¥’ . In general, however, it will not be
possible to match this condition exactly because the
voltage sources will not be able to generate any

arbitrary voltage values but only a discrete set of

values. If the number of voltage values that can be

generated is small, the impedances Z3 to Zp can be
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designed to be adjustable as well in order to obtain a
larger number of different input voltages u.
The input voltage vector ujp can be expressed

as a linear combination of the eigenvalues v, 1.e.

k]
we = D 04v; (5)
i=1
Combining equations (5), (1) and (2) yields
I
i= Z)\io{ivi . (5)
i=1

Hence, to maximize the influence of the k-th
eigenvalue on the input current vector i in proportion to
the other eigenvalues, the following error function must

be minimized

i Ao ¥ — (et ¥

(6)
@kaky

In other words, for each eigenvalue A, the
coefficients a1 ... ap must be found (among the set of
possible coefficients, which is a finite set due to the
discretization inherent to measuring device 2) for which
the term of equation (6) is smallest.

If measuring device 2 has adjustable voltage

sources and impedances as shown in Fig. 2, we have
a =k .. v t-@+z-¥yt o (7)

A measuring device for carrying out the above
method should, in general, comprise n voltage generators
that are programmable to apply the voltage pattern u to
the n ports of device 1. Further, it should comprise n

current sensors to measure the currents i. It should be
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adapted to apply at least n suitable voltage patterns to
the ports consecutively for measuring the linear response
of the component automatically. This is especially
advantageous for components 1 having more than two ports
because using this kind of automatic measurement on
components with n > 2 ports provides substantial gains in
speed and accuracy while reducing the costs.

Advantageously, the measuring device should
comprise a control unit for carrying out the measurement
using the estimation and measurement procedures outlined
above.

One possible embodiment of a measuring device
2 is shown in Fig. 3. In this device, a voltage generator
10 for generating an individual voltage ¢; of adjustable
amplitude and phase is provided for each input port. It
also comprises n current sensors 11, one for measuring
the current to/from each port. Control unit 3 is able to
set the applied input voltage directly by controlling the
voltage generators 10. If the number of voltageAvalues
that can be generated by each voltage generator is small,
an optimum voltage for a given eigenvector can be
calculated by minimizing the term of equation (6). For
each applied voltage'pattern, control unit 3 measures the
currents i through the ports by means of the current
sensors 11.

Another possible embodiment of a measuring
device is shown in Fig. 4. This device comprises a single
voltage source 4 only. The voltage ¢ from the voltage
source is fed to n voltage converters 5 controlled by
control unit 3, the voltage source and 4 and voltage
converters 5 being used instead of the voltage generators
10 of the previous embodiment. Each voltage converter 5
selectively connects one port to either the voltage ¢
directly, to the voltage ¢ through a damping circuitry 6,
to ground via an impedance 7, to ground directly, or
leaves the port open (infinite impedance). This measuring

circuit has the advantage that it requires a single
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voltage sgource only. Suiltable gettings of the wvoltage
converters for each value can be calculated form

equations (6) and (7).

Further processing of the results:

As mentioned above, the described measurement
procedure yields, for a given frequency, a set of voltage
patterns ujp and the corresponding current patterns iy,
which fully characterize the linear response of component
1 at the given frequency.

The values up and iy for k=1 ... n can, in
principle, be converted into a more accurate estimate of
the admittance matrix Y or the corresponding impedance
matrix. However, if the smallest and largest eigenvalues
of admittance matrix Y differ by several orders of
magnitude, such a matrix is difficult to process
numerically with floating point calculations due to
rounding errors and limited accuracy of the numerical
algorithms. Hence, in an advantageous embodiment of the
present invention, the values up and iy are used directly
for further processing, without prior conversion to an
admittance or impedance matrix Y.

For example, the results of the measurement
procedure can e.g. be used for modeling the electrical
properties of the component 1 or of a network that
component 1 is part of. Such a model can e.g. be used to
analyze the stability of the network in general or its
response to given events in particular.

The method described here can be used for
characterizing a variety of components, such as
electrical motors, transformers, switches, transmission

lines, etc.
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7

component under test
measuring device
control unit

single voltage source
voltage converter
damping circuit

impedance

10 voltage generator

1l current sensor
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CLAIMS

1. A method for characterizing the linear
properties of an electrical component having n > 1 ports,
said method including .

an estimation procedure comprising the step
of determining an estimated admittance matrix Y’ of said
component by applying voltages to said ports and
measuring a response of said component,

said method further being characterized by a
measurement procedure comprising the step of applying
several voltage patterns ujp to the ports of said
component, each voltage pattern ujp corresponding to an
eigenvector vi of said estimated admittance matrix Y',
and determining, for each applied voltage pattern ug, a
response of'said component .

2. The method of claim 1 wherein said
measurement procedure comprises the step of measuring,
for each voltage pattern uyg applied to said ports, a
current pattern ijp at said ports.

3. The method of any of the preceding claims
wherein said admittance matrix Y’ has n eigenvectors and
wherein each voltage pattern ujp corresponds to a
different eigenvector.

4. The method of any of the preceding claims
wherein said voltage patterns up are generated by means
of a test device capable of applying a discrete set of
different voltage patterns to said ports, wherein each
voltage pattern uyg corresponds to that member of said set

that has the property that the term

i(/li“i)z - (ko P

(g0 P

is minimal, wherein
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po)
U = Zaivi
i=1

with coefficients «;.

5. The method of claim 4 wherein said test
device has n voltage generators generating n different
voltages @, which voltages are applied through n

selectable impedances Zi to said ports, wherein
o=k .. vy o@+z-v)t o

where o is a vector of the coefficients o to onp, Z is a
diagonal matrix with diagonal elements Zp and ¢ is a
vector with elements ¢ to ¢@g.

6. The method of any of the preceding claims
comprising the steps of

repeating said estimation procedure at a
plurality of frequencies over a frequency range of
interest and

carrying out said measurement procedure for
at least some of the frequencies.

7. The method of claim 6 wherein said
measurement procedure is carried out for frequencies
where an absolute ratio between maximum and a minimum
eigenvalue of said estimated admittance matrix ¥’ has a
local maximum or exceeds a given threshold.

8. The method of any of the claims 6 oxr 7
comprising the step of determining critical frequencies,
wherein a density of measurements close to said critical
frequencies is larger than a number of measurements away
from said critical frequencies.

9. A method for modeling an electrical system
with at least one component comprising the steps of

characterizing the component using the method
of any of the preceding claims by determining the applied

voltage patterns ujp and, for each voltage pattern ug
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applied to said ports, a current pattern ijp at said
ports, and

modeling said system using said voltage
patterns uyp and said current patterns iy without
calculating an admittance or impedance matrix of said
component.

10. A device for characterizing the linear
properties of an electrical component having n > 1 ports,
said device comprising

n voltage generators (10) for generating a
voltage for each port,

n current sensors (11) for sensing the
current at each port, and

a control unit (3) for automatically carrying
out the method of any of the preceding claims.

11. A device for characterizing the linear
properties of an electrical component, in particular of
claim 10, having n > 2 ports, said device comprising

n voltage generators (10) for generating a
voltage for each port,

n current sensors (11) for sensing the
current at each port, and

a control unit (3) for automatically
generating several voltage patterns (ujx) at said ports
and measuring the corresponding currents (ij) at said
ports and deriving the linear response of said component
therefrom.

12. The device of any of the claims 10 or 11
wherein said control unit (3) is adapted to apply at
least n different voltage patterns to said ports

consecutively.
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