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Abstract—This paper presents a new concept for measuring DC
and AC magnetic flux densities within a ferromagnetic material.
It is based on a measurement of the material’s magnetostriction,
which is its relative change in length due to the magnetic flux
density inside the material. This dimensional change is converted
to an electrical signal using a piezoelectric strain sensor. An addi-
tional sinusoidal AC excitation of the core material provides higher
sensitivity of the length measurement and overcomes the inherent
high-pass characteristic of the piezoelectric sensor. Therefore, flux
density signals from DC to the kilohertz range can be measured.
The concept’s feasibility is demonstrated with the design and
implementation of an isolated DC + AC current sensor with a
measurement range of =20 A and a bandwidth from DC to
20 MHz.

Index Terms—Current measurement, DC flux density, magnetic
field measurement, magnetic variable control, magnetomechanical
effects, magnetostriction, piezo film sensor.

I. INTRODUCTION

precise and high-bandwidth current measurement is a
mandatory requirement of many modern power electronic
converters and power distribution systems. It enables, for ex-
ample, the implementation of high-performance current control
loops and a safe shutdown in case the maximum allowed current
value is exceeded. Depending on the specific application and
the required performance of the sensor, the existing current
measurement concepts can be classified according to their key
operating principles. Fig. 1 gives an overview of the most
common current measurement methods utilized in power elec-
tronics. Their key features are presented in the following.

A. Nonisolated Current Measurement Concepts

If no galvanic isolation between the input current and the
sensing circuit is required, the current can be directly measured
with a shunt resistor [1]. To achieve a high bandwidth of several
tens of megahertz or more, special construction techniques for
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the shunt are required to reduce parasitic effects [2]. While
shunt-based current sensors are straightforward to implement,
achieve high bandwidths, and have a low component count, a
tradeoff between output signal to noise ratio and power losses
exists. Furthermore, as the shunt resistor is a passive element,
these losses are covered by the circuit under test, which results
in lower efficiency of the power conversion.

B. Isolated AC Measurement Concepts

When galvanic isolation between the current to be mea-
sured and the sensor is required, the measurement principle
is typically based on Ampére’s Law and Faraday’s Law of
induction, i.e., effects caused by the magnetic field of the
current, are exploited. There, Rogowski coils or AC current
transformers (CTs) are commonly used if only AC currents
need to be measured, e.g., in transmission systems [3], [4].
Typically, CTs consist of just two components: a transformer
and a burden resistor, as shown in Fig. 2(a). The transformer
provides galvanic isolation and reduces the input current to a
value that can be measured with low losses using the burden re-
sistor. As the transformer’s magnetizing inductance effectively
bypasses the burden resistor for low frequencies, CTs show
a high-pass characteristic with a lower cutoff frequency we;.
While simplicity is their main advantage, the transformer’s core
material introduces a nonlinearity due to a nonlinear increase
of the magnetizing current required for increasing excitation
and/or saturation. This can be a significant disadvantage, e.g.,
in the protection of power systems [5], [6].

Since Rogowski coils are wound around a nonmagnetic core,
they show a much better linearity than AC CTs. The coil can
be wound on a flexible material, and it can be opened, which
allows an easy installation around power conductors. However,
the mutual inductance between the primary conductor, carrying
the current to be measured, and the measurement winding is
much smaller compared with a CT. Consequently, the output
signal of the coil is much lower than that of a CT. Instead of a
burden resistor, an integrator circuit is used to amplify the signal
and to reconstruct the measured current’s shape. Inevitable
offset errors require the use of high-pass filters that limit the
lower frequency at which Rogowski coils can be operated with
sufficient precision [7].

C. Open-Loop DC + AC Current Measurement Concepts

If AC and DC components need to be captured, a magnetic
flux sensor is used to measure the flux density originating
from the measured current ., (t). As the bandwidth of these
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Fig. 2. Current transducer concepts. (a) CT, usable for AC currents only.
(b) Flux sensor is inserted in the magnetic path to measure the low-frequency
component of iy. Its output signal is added to the CT’s output voltage
that measures the high-frequency components. (c) Active low-frequency flux
compensation using an additional power amplifier that creates low-frequency
components in ¢g(¢) in order to reduce the core flux B(¢) close to zero for
frequencies below wct.

flux sensors is typically not sufficient for a high-performance
current sensor, they are combined with a CT as shown in
Fig. 2(b). The CT’s core is typically gapped in order to insert a
flux sensor, e.g., a Hall element, into its magnetic path.

Note that no fine-tuned frequency matching is required be-
tween the CT’s high-pass cutoff frequency wc¢ and the flux
sensor’s low-pass cutoff frequency. All frequency components
of the input current 4,, (¢), which are above w,, cause a current
flow in the burden resistor, which in turn creates a flux density
signal Bg ur(t) in the core. This cancels the core flux com-
ponents By, ir(t) caused by the high-frequency components
of iy (t). Consequently, only the low-frequency components
B rr(t) remain in the core and need to be measured by the
flux sensor [8]. Adding the output signals of the CT and the
flux sensor yields the sensor output vy, (t), which is proportional
t0 ip (1).

. Overview of previously presented current measurement technologies utilized in power electronic systems.

A specially dimensioned CT is required for this concept
because the core material provides the magnetic path, which
concentrates the magnetic field to the flux sensor. Any non-
linearity of the core material will degrade the sensor’s perfor-
mance. Furthermore, open-loop sensors are typically sensitive
to gain variations of the flux sensor, e.g., due to production
tolerances or temperature dependences. These disadvantages
can be overcome by using a closed-loop sensor principle, as
shown in Fig. 2(c) and as explained in the following.

D. Closed-Loop DC + AC Current Measurement Concepts

In a closed-loop sensor, an amplifier circuit is added as shown
in Fig. 2(c). It is used to control the current ig(¢) through the
burden winding in such a way that the signal measured by
the flux sensor is ideally zero. Then, ig(t) is proportional to
the measured current 4., (¢) [9], [10]. The constant of propor-
tionality is defined by the turns ratio of the measurement and
burden windings.

With this configuration, frequency components i, mr ()
above the CT’s lower cutoff frequency w. would cause a
magnetic flux By, gr(t) in the core that is compensated by
the high-frequency current flowing in the burden winding and
through the burden resistor Rp. Due to the core material’s
high permeability, the resulting magnetizing flux density is
very small at these frequencies and ideally, no signal will be
measured by the flux sensor. On the other hand, any frequency
components iy, 1,r(t) that are below the CT’s lower cutoff fre-
quency w¢y would, in a first approximation, not induce a voltage
in the burden winding. However, they are captured by the flux
sensor and therefore, the amplifier will drive a compensating
current in the burden winding, allowing a measurement with a
bandwidth ranging from DC to several megahertz. As a result,
the total flux density in the transformer core is close to zero
over the whole frequency range of the sensor. Therefore, this
concept is sometimes referred to as zero-flux type sensor [11].

Note that the current used to compensate the low-frequency
flux is fed directly into the burden winding. Therefore, the
voltage vy, (t) across the burden resistor is directly proportional
to the measured current iy, (t). Unlike with open-loop sensors,
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no signal processing stage is required to add the separate low-
and high-frequency measurement signals.

Compared with an open-loop system, closed-loop sensors
are less susceptive to gain variation of the flux sensor because
the core flux density is close to zero at all times. Additionally,
they show a better linearity because the flux density in the core
is close to zero independently of the measured current. This
avoids the nonlinearity introduced by the core material in open-
loop systems. However, these advantages come at the cost of
an additional analog amplifier, which is required to drive the
compensation current.

As described in the earlier section and as shown in [11]
and [12], no precise matching between the frequency responses
of the CT and the flux sensor is required. To achieve a flat
frequency response in the closed-loop system, it is sufficient to
employ a flux sensor with an upper cutoff frequency well above
the CT’s lower cutoff frequency wet.

E. Flux Sensing Techniques

Clearly, the flux sensor is a key component for open- and
closed-loop isolated current sensors. Several flux sensing tech-
niques are used in industrial sensors; the most common com-
mercial sensors are based on the magnetoresistive effect, the
Hall effect, and the magnetooptical effect, or make use of the
magnetic saturation effects.

Magnetoresistive sensors are based on the phenomenon that
certain materials exhibit a change in electrical resistance in
the presence of a magnetic field [13]. While no transformer is
required to implement a current sensor based on the magnetore-
sistive effect, it is highly nonlinear and temperature dependent.
Therefore, active compensation using linear amplifiers and
complex trimming schemes are required [14].

Hall-effect-based sensors come in a number of varieties and
can be operated with or without a magnetic core. Versions
employing a core may use flux compensation windings to
improve linearity and bandwidth [1]. However, if a core is used,
a gap is required to insert the sensor into the magnetic path for
measuring the flux density within the core. This reduces the
magnetizing inductance of the CT formed by the compensation
winding, which compromises its lower cutoff frequency w, and
hence increases the required Hall effect sensor bandwidth.

Magnetooptical current sensors exploit the Faraday effect
and are usually applied in high-current applications [15]. The
glass fiber typically used as primary sensing element provides
inherent isolation up to several kilovolts or more. However,
optical equipment such as lasers, polarization filters, and lenses,
are required. Additionally, these sensors can be susceptible to
magnetic fields caused by conductors running near the line to
be measured.

Furthermore, there are several methods involving a saturable
magnetic material in order to measure a current. Sensors of this
kind, often called flux gates, are similar to regular CTs. How-
ever, they periodically saturate the transformer’s soft magnetic
core. As a consequence, different effects related to the trans-
former’s saturation can be evaluated by means of analog or digi-
tal signal processing in order to reconstruct the amplitude of the
DC flux inside the core [16], [17]. Typically, very high sensitiv-
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ities and linearities can be reached with these sensors [18]. Cur-
rent sensors based on flux gates can be operated in open-loop
or closed-loop systems and may require more than one mag-
netic core to improve accuracy and bandwidth and to reduce
disturbances caused by the periodic saturation of the core [17].

In [19], a current sensor based on inverse magnetostric-
tion has been presented. Inverse magnetostriction describes
the change of permeability of ferromagnetic material when a
mechanical strain is applied. The authors use a ferromagnetic
core, which is strained by a piezoelectric actuator that causes a
change of its magnetic properties. This induces a voltage in a
pick-up coil wound around the core. No closed-loop compen-
sation is applied. Several gaps are cut into the core to reduce
hysteresis and to expand the dynamic range of the sensor.

In this paper, a new flux measurement concept based on
magnetostriction is proposed. Its feasibility is demonstrated
in the application of an isolated current measurement system
providing a wide bandwidth and a large measurement range.

In Section II, the operation principle and the theoretical back-
ground of the new technique are presented. In order to demon-
strate the concept’s feasibility, a prototype system capable of
measuring £20 A has been implemented. The design procedure
and the major component selection for the prototype system are
presented in Section III. Measurement results comparing it with
commercial current sensors are given in Section IV.

II. THEORY OF OPERATION

The proposed DC + AC current sensor is based on a closed-
loop compensated CT, as introduced in Section I-D. A novel
principle, based on magnetostriction, is used to measure the
core flux. Magnetostriction is the relative change in length of a
ferromagnetic material under the presence of a magnetic field.
It will be shown that this change in length of a magnetic core,
measured at its surface, allows the derivation of the sign and
magnitude of the magnetic flux density within the core.

Unlike current sensors based on other types of flux sensors
such as Hall elements, this system does not require any gap in
the magnetic path in order to insert the sensor. Therefore, the
core can be operated as a transformer with a high magnetizing
inductance, while at the same time, it is still possible to measure
and compensate the flux components below the transformer’s
cutoff frequency by measuring the magnetostriction on the
core’s surface.

A. Magnetostriction-Based Flux Sensing

Magnetostriction is the relative change in length Al/l of a
magnetic material when a magnetic flux density B is applied.
This change of length can be measured on the surface of the
core; hence, no gap is required to insert the sensor into the
magnetic path. This implies that cores without a gap, e.g.,
toroidal cores, can be used without any modification.

As described in [20] and [21], the relative change in length
Al/l caused by magnetostriction is, in a first approximation,
proportional to the square of the magnetic flux density B for
values much smaller than the saturation flux density Bs. The
link between flux density and the relative change in length
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is typically given as saturation magnetostriction Ag, which
describes the relative change in length reached at saturation flux
density, as shown in the following:

Al As
I B

~ R2

(B) =~ for B < Bs. (1)
The saturation magnetostriction Ag is a characteristic parame-
ter of a ferromagnetic material and can be either positive or
negative depending on the material. A value of approximately
+15 um m~! is typically found for grain-oriented electrical
steel [21]. The amorphous-iron-based alloy 2605SAI from
Hitachi Metals/Metglas, which is used in the prototype system
has a specified saturation magnetostriction of A\ =27 um m~1.

The magnetostrictive strain can be measured with an electro-
mechanical transducer, which converts the change in length
to an electrical signal. Possible electromechanical transducers
include strain gauges and piezoelectric sensors. A strain gauge
changes its electric resistance depending on the applied elon-
gation. The sensitivity of metallic foil strain gauges is typically
around 2 mV/um m~!. As strain gauges are powered by an
external supply voltage, elongations constant in time can be
captured. Piezoelectric transducers, on the other hand, feature
an inherent high-pass characteristic with a cutoff frequency of
typically 10...100 Hz. Consequently, only periodic elonga-
tion variations, caused by AC flux signals, can be measured
using piezoelectric sensors. Therefore, a special modulation
technique is required in order to use a piezoelectric sensor
for measuring DC flux densities. Advantageously, piezoelectric
sensors with sensitivities of approximately 20 mV/um m™1,
ten times higher than that of strain gauges, are available.

Due to the dependence on B2 in (1), a direct measurement
of the transformer core’s change in length Al/l results in a
nonlinear sensor output signal vs (¢). In addition, the sign of the
flux density and therefore the sign of the magnetization current
are not preserved. This implies that the flux density cannot be
driven to zero by a controller as the sign of the remaining core
flux density would be required.

The aforementioned drawbacks can be overcome by injecting
a sinusoidal voltage signal through an additional winding. This
concept will be presented in the following.

B. AC Excitation

An additional excitation winding, connected to a sinusoidal
voltage source vex(t), is added to the core to create an ad-
ditional sinusoidal component By (t) = Eex sin(wext) in the
core’s flux density (cf. Fig. 3). Note that a sufficient impedance
Zex is required in series with the voltage source wvex(t) to
prevent it from shorting the burden resistor Rp. Furthermore,
a second transformer core is required to prevent the low-
impedance burden from shorting the excitation voltage source.
This will be explained in more detail later.

As described in Section I-D, flux density frequency com-
ponents sufficiently above the CT’s lower cutoff frequency
are compensated by the burden winding. Therefore, in a first
approximation, only flux density components below wrr, and
the excitation signal remain in the core, i.e.,

B(t) = BLp(t) + Bex sin(wext). )
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Fig. 3. Simplified block diagram of AC excitation and signal processing of the
magnetostriction-based flux sensor.
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Fig. 4. Resulting spectra with AC excitation of (a) the magnetic flux,
(b) the flux sensor’s output signal, (c) the bandpass-filtered signal, and (d) the
demodulated signal. The time-domain representation of an example signal is
shown next to each spectrum for illustration.

In Fig. 4(a), the resulting spectrum of the flux density B(t) is
shown. Based on (1) and (2), the spectrum of the strain sensor’s
output signal vg(t) can be calculated as follows:

vg(t) o< B2(t) = (BLF (t) + Bex sin(wext)) ’

~

2
= Bip(t) + == + 2BLp(t) Bex sin (wext)
AM Modulated Excitation
n2
+ —== sin(2wext). (3)

The resulting spectrum of the sensor’s output signal is il-
lustrated in Fig. 4(b). As shown in (3), the superposition of
a sinusoidal excitation flux density Bey(t) and the nonlin-
ear characteristic of magnetostriction introduce new frequency
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components in the sensor’s output signal. Thus, the spectrum
of the sensor’s signal vg(t) differs from the spectrum of the
core flux density in several aspects. A new component occurs
at twice the excitation frequency 2wex due to the squaring of
the excitation signal Bey(t). Furthermore, the low-frequency
signal’s amplitude is squared, and the bandwidth is doubled
to 2wrr. In addition, the DC value is increased by B2 /2.
The most important difference, however, is the fact that the
excitation frequency component is now amplitude modulated
by the original low-frequency spectrum of Byg(t). This means
that a double-sided copy of the spectrum of Brp(t) is now
centered around the excitation frequency weyx [cf. middle term
in (3) and Fig. 4(b)]. Note that this is in accordance with
measurements published in [22].

For this reason, the modulated signal, which is purely AC,
can easily be measured with a piezoelectric transducer, as long
as the transducer’s lower cutoff frequency is below weyx — Wi F.
In addition, based on Fig. 4(b), it can be noticed that the
excitation frequency wex has to be at least 3wr,r. Otherwise,
the signal centered around the excitation frequency wey would
overlap with the spectrum of B?p(¢), which would result in a
distortion of the original signal By p(t).

The amplitude-modulated excitation signal can be used to
measure the low-frequency signal Bpr(t). Hence, the desired
components centered around the excitation frequency wex have
to be isolated with a suitable bandpass filter (cf. Fig. 3). The
spectrum of the filtered output signal vgp(t) is shown in
Fig. 4(c).

In a further step, the bandpass-filtered signal vgp (¢), which
is ZBLF(t)BeX sin(wext), i.e., whose amplitude depends lin-
early on Bpp(t), can be demodulated by the multiplication
with sin(wext)/Bex. This yields the demodulator output vp (£)
containing the intended component By r(t), as well as a copy
centered around 2wy as shown in Fig. 4(d). With a subsequent
low-pass filter, this copy can be rejected.

This principle allows the sensing of positive and negative
magnetization currents without applying an additional offset
current. Furthermore, the amplitude B,y of the excitation signal
gives a degree of freedom, which allows to scale the mag-
netostriction signal amplitude independently of the magnitude
of Brr(t). Moreover, no DC signal has to be measured by
the magnetostriction sensor. This allows the usage of sensitive
piezoelectric transducers, which have an inherent high-pass
characteristic, and it eliminates problems with DC drifts and
offsets of amplifiers in the signal path. However, the AC exci-
tation flux in the core will induce a voltage in the burden and
measurement windings and will therefore disturb the measured
signal. Furthermore, the excitation source is essentially shorted
by the low impedance conduction path formed by the burden
winding and the burden resistor. This has to be compensated by
employing a second transformer as it will be explained in the
following section.

C. Compensation Transformer

The AC excitation signal introduced in the previous section
creates a sinusoidal flux in the transformer core. This flux
induces an excitation frequency voltage in the burden winding
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Fig. 5. Schematic representation of the current transducer comprising mea-
surement windings, burden windings, and excitation windings. These last ones
are used to inject the AC high-frequency signal and to perform the required
trimming in the magnetic core.

and the conductor carrying the measured current i,,(¢). As any
voltage induced in the burden winding will drive a current
through the burden resistor Rp, a corresponding distortion
of the output signal vy, (t) results. Additionally, the voltage
induced in the measurement winding (carrying i, (t)) will drive
a current in the circuit under test due to the circuit’s impedance
Zn. This is far from the ideal behavior of a current sensor
that should have as little influence on the circuit under test as
possible.

If these disturbances in i,,(¢), caused by the excitation
winding, cannot be tolerated, a second transformer T'» with the
same winding arrangement as T'; can be connected in series to
it. However, the polarity of the excitation winding is reversed
in Ty (cf. Fig. 5). Consequently, in the cores of T; and To,
the same AC excitation signal is impressed with the opposite
sign. Assuming identical properties of the two transformers,
this results in a cancelation of the voltages induced in the
measurement and burden windings. Similar approaches can be
found in flux gate current sensors, which are based on excited
CTs as well [9].

However, due to production and assembly tolerances preva-
lent in a real system, the two transformers will not be exactly
identical. This leads to an incomplete cancelation of the exci-
tation signal in both the burden winding and in the measured
conductor. Depending on the application of the sensor, the
remaining excitation frequency disturbance might still exceed
design specifications. If this is the case, it can be reduced further
by introducing an additional source v, (t) at the connection
point of the two excitation windings, which will create a cor-
responding trimming current 4, (¢) (cf. Fig. 5). The following
section will reveal that, with this additional source, the unde-
sired effects introduced by the nonidentical transformers can be
significantly reduced.

D. Trimming

As mentioned earlier, the voltage source vy, (t) in Fig. 5 can
be used to control i, (t). This current allows to trim the system
in such a way that undesired signals, introduced by slight
differences in the transformer properties, can be minimized.
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In order to analyze the resulting circuit, all other sources,
i.e., the compensation voltage and the source driving the input
current i, (t), are removed. This represents a current sensor
operating with zero input current and the equivalent circuit in
Fig. 5 results, where Z); models the impedance of the circuit
that provides the current in the measurement winding.

As the excitation signal vy (t) creates flux densities in the
cores that are sufficiently below the core material’s saturation
flux density, the transformers can be described by a system of
linear equations. This implies that an algebraic expression for
ir(t) can be found, which reduces the remaining current i (t)
in the burden resistor to zero. However, this expression is rather
complex as each of the two transformers T; and T is described
by three inductance values, three mutual inductance values, and
three winding resistances. Together with Zy; and Rg, a system
of 20 linear equations is obtained.

In order to avoid the measurement of these parameters, a
numerical optimization algorithm, based on grid search with
mesh refinement, is used to select the optimal amplitude and
the phase angle of 4, (¢). The algorithm is executed once at the
startup of the system with zero input current i, (¢). It starts
by selecting an amplitude and phase angle for the trimming
voltage v, (t), which is applied to the winding. The resulting
amplitude fB(wex) of the excitation frequency component in the
spectrum of the burden resistor current ip(t) is measured and
stored. Afterward, a new amplitude or phase angle is selected
and applied, and Ip (wex ) is measured. Once a full grid pattern,
covering the entire parameter space, has been sampled, the
point that achieved the lowest amplitude fB(wex) is selected.
The same procedure is then repeated with a finer grid, covering
a smaller subspace in the vicinity of the selected point. This
grid refinement is repeated until an amplitude and phase angle
are found, which result in a sufficiently low disturbance of
the burden resistor current i (). The parameters achieving the
lowest disturbance are then applied to the hardware and kept
constant during the operation of the current sensor.!

Note that this algorithm can only be executed while the
measured current i,,(t) is zero. Otherwise, any excitation fre-
quency component in i, (t) would be counteracted by i, (¢) as
the algorithm minimizes the excitation frequency component’s
amplitude in the output signal.

III. DESIGN PROCEDURE

To verify the proposed current measurement principle, a
prototype has been built. It is capable of measuring currents
up to 20 A with a bandwidth of DC to 20 MHz. This section
describes the main design steps and the components selected
for the prototype system. As described earlier, two magnetic
cores, showing a relatively high magnetostriction, are the key
components.

This optimization algorithm assumes that the problem is convex, i.e.,
that the measured amplitude fB(wex) of the excitation frequency component
is a convex function of the trimming voltage phase angle and amplitude.
Measurements taken on a prototype system indicate that this is the case
(cf. Fig. 13).
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TABLE 1
TESTED MAGNETIC MATERIALS
Type Material Bisat vs @ Bgat
Amorphous 2605SA1 1.56 T 94mV
Iron Powder MPP 160 = 0.3T 44mV
Ferrite C 0.38T 41mV
Ferrite N30 0.38T 29mV
Burden Winding
(RG178 coaxial cable)
Piezo Film
Sensor
Excitation Winding Two
Transformers

Guide Hole for
Measurement
Winding

Fig. 6. CTs used in the prototype system, showing the winding arrangement
and the piezo film sensor (magnetic shielding housing removed for demonstra-
tion purpose). Dimensions: 56 x 50 X 46 mm (2.2 x 1.97 x 1.81 in).

A. Transformer Core

The first step in designing the CT is selecting a core material
that has a sufficiently high saturation magnetostriction \g while
allowing the implementation of a wideband transformer. How-
ever, magnetostriction data are typically not available in the
data sheets of magnetic materials. Therefore, different materials
were tested, and the measurement results are summarized in
Table 1. To compare the candidates, a piezoelectric sensor
was attached to each sample. The cores were then magnetized
using a winding connected to an AC current source. Using an
oscilloscope, the amplitude of the sensor voltage at twice the
excitation frequency was measured. The obtained results were
then scaled to the sensor voltages expected at saturation flux
density using (1).

Table I shows that the laminated amorphous material
2605SA1 from Hitachi Metals/Metglas has more than twice
the signal amplitude compared with other materials. Hence,
it was selected as core material for the prototype’s CTs. With
this material, the smallest commercially available core is the
C-shaped AMCC-4 (cf. Fig. 6). To demonstrate the feasibility
of the concept, a relatively high cutoff frequency of w. =~
27 - 500 Hz was selected. A smaller core, if available, would
have been sufficient to implement the transformers with similar
bandwidth. Note that smaller CTs with a similar current rating
and bandwidth are commercially available, e.g., Pearson 8105-
03 [23].

Fig. 7 illustrates the arrangement of the individual windings
on the transformer core. For the burden winding, an RG178
coaxial cable was used in order to shield the burden winding
from external electric fields. Twenty turns are used for the bur-
den winding resulting in a lower cutoff frequency of w¢y = 27 -
530 Hz. Using more turns would lower w.;. However, it would
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Burden Winding

Excitation
Winding

Two Core Halves

Fig. 7. Winding arrangement of one of the transformers and the placement of

the piezo transducer.
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Piezo Film
Sensor

Measurement
Winding

TABLE 11
CT PARAMETERS

Parameter T1 T2
Core Material Hitachi Metals 2605SA1
Core Shape AMCC-4 (C-shaped)

Measurement Winding
Burden Winding
Lower CT Cut-off Frequency

1 Turn 0.75 mm? round Cu Wire
20 Turns RG178 Coaxial Cable
wet = 2530 Hz

Upper CT Cut-off Frequency 20 MHz
Burden Winding Resistance ~2Q
External Burden Resistor 0.3392
Excitation Winding 9 Turns 0.14 mm? Cu Wire
LMeasurement /PH 0.77 0.78
LBurden/”H 297 302.8
LExcitation /}JH 64.6 64.3
KMeasurement — Burden 0.855 - 0.92 0.858 - 0.914
kMeasurement—Excitation 0.83 - 0.92 0.849 - 0.927
Burden—Excitation 0.924 0.927

also potentially degrade the transformer’s high-frequency per-
formance due to the increased winding capacitance. With this
winding arrangement and a burden resistor of 0.33 €2, the
CT’s upper cutoff frequency was determined to be 20 MHz
using a network analyzer. The number of turns required for the
excitation winding is discussed in Section III-C. Table II lists
the measured properties of the two transformers, whereas kyy,
is the coupling factor between windings x and y, defined by

Ly
kxy === (4’)

v/ LxLy

Ly is the mutual inductance between windings x and y and
Ly is the self-inductance of winding x. An ideal transformer
has coupling factors of 1. The coupling factors related to the
measurement winding depend on the position of the measure-
ment winding within the transformer and its length. As long as
the winding arrangement is similar for both transformers, the
coupling factors are almost identical and, as a consequence, so
are the mutual inductances.

B. Piezo Film Sensor

As described in Section II-A, the piezoelectric strain sensor
with sensitivities about ten times higher than metallic foil strain
gauges are commercially available. An SDT1-028k piezoelec-
tric film sensor from Measurement Specialities was selected for
the prototype because the sensor element and the terminal wires

Wire Terminal Box

[ -

s

Flexible Sensor Element

Fig. 8. SDTI1-028k piezo film sensor where the sensor element, the terminal
box, and the signal wire are electrically shielded.

are electrically shielded. This reduces electrical interference to
the sensor output. Fig. 8 shows a picture of the sensor, which
is approximately 30 mm long and has a nominal sensitivity
of 15 mV/um m~!. Further information can be found in the
sensor’s data sheet [24].

As the sensor measures a mechanical strain, it is important to
isolate it from external mechanical influences such as vibrations
that might generate erroneous sensor signals. Therefore, a solid
magnetic core without a gap is preferable since it eliminates
mechanical vibrations that might arise from the contacting
core halves. Additionally, as the sensor itself is not shielded
against magnetic fields, care must be taken in order to avoid
the generation of erroneous sensor output signals due to stray
magnetic fields of the CT windings. In the prototype, the sensor
was placed inside a magnetic shielding housing to mitigate the
stray field sensitivity.

The sensor was adhered to one of the two transformer cores
using cyanoacrylate as recommended in the SDT7-028k’s data
sheet. In this case, the operating temperature range is limited
by the sensor to 0 °C-70 °C. Sensors with a wider temperature
range are available from the same vendor upon request.

C. Excitation and Trimming

The next step in the design procedure is the selection of
the excitation frequency wex. As explained in Section II-B, the
excitation frequency has to be at least three times the frequency
of the highest spectral component (wi,r) of the core flux density
Brr to be measured. As an approximation, wrr is assumed
ten times the CT’s cutoff frequency w¢¢. Therefore, an excita-
tion frequency wex = 27 - 16 kHz =~ 3 - 10 - w.¢ was selected.
Selecting higher excitation frequencies would not improve the
performance significantly but would increase the core losses in
the transformers and hence increase the power consumption of
the system.

A further tradeoff exists between core losses and the ex-
citation flux density amplitude Bex. The signal amplitude of
the piezoelectric sensor, and hence the sensitivity of the mag-
netizing current measurement, increases with Bex. However,
the core losses of the transformers increase as well. A peak
excitation flux density of Eex ~ 45 mT was selected for the
prototype system. Note that this is well below the material’s
saturation flux density of 1.56 T.

Once the required excitation flux density is defined, the
excitation and trimming voltage amplifiers can be designed.
Operational amplifiers were used to implement the excitation
and trimming sources. The selected components are listed in
Table III. Note that the excitation winding’s number of turns
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TABLE II1
EXCITATION AND TRIMMING PARAMETERS

Number of Turns Nex 9
Excitation Amplifier TCA0372
Excitation Source Impedance — Zex 33 uH
Excitation Voltage Ve 10V

Excitation Current lex 350 mA
Trimming Amplifier TCA0372
Trimming Source Impedance Zir 390 & 100 uH
Trimming Voltage DVt 6V
Trimming Current %tr 50 mA

Compensation
Amplifier

DSP

Fig. 9. Analog and digital circuits of the prototype system utilized for sig-
nal processing. Miniaturization of the circuitry was not an implementation
target due to the prototyping nature of the system. Dimensions: 135 x
80 mm (5.3 x 3.1 in).

Nox can be used to select the voltage required by the excitation
voltage source, i.e.,

Vex > 2 - Bex “Ae - Nex - Wex. (5)

D. Signal Processing

A digital signal processor handles the signal generation,
filtering, demodulation, flux control, measurement routines,
and trimming. The analog and digital circuitry built for the
prototype system is shown in Fig. 9. The two filters shown in
Fig. 3 are implemented as digital filters. The bandpass is a tenth-
order Chebyshev Type 2 filter with a passband of 11-21 kHz
providing 50 dB attenuation for frequencies below 7 kHz and
above 33 kHz. The low pass is a fourth-order Chebyshev Type
2 filter with 1-dB attenuation at 10 kHz and 50 dB attenuation
above 32 kHz. A proportional-integral (PI) controller is used as
a flux controller.

IV. MEASUREMENT RESULTS
A. Magnetizing Current Measurement

To verify that the magnetostriction-based flux sensor is able
to measure the CT’s magnetizing current, the step response of
the uncompensated system has been measured. Fig. 10 shows
measurement results obtained from the specified prototype
system. Initially, the CT’s output signal if; follows the rising

4107

600

300 { I

=300V : -

Sensor Signal [HV]
(=)

-600

600 ! . . . . . . . .
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Fig. 10. Plot of the system’s response to an 8-A current step in open-loop
operation, i.e., with compensation turned off. Initially, the sensors output ig
tracks the current to be measured ¢;,. Due to the voltage drop across the
burden, the magnetizing current of the transformer increases; hence, the output
signal drops to almost zero. At the same time, the amplitude of the signal v
measured by the piezo sensor increases. After bandpass filtering (vgp ), only
the amplitude modulated excitation frequency signal remains. Demodulation
and low-pass filtering of vgp yields the magnetizing current 7.

current i,,. However, due to the CT’s high-pass characteristic
(wet = 530 Hz), iy decays towards zero, which implies that
a magnetizing current starts to flow. As a consequence, the
amplitude of the excitation frequency signal increases in the
piezo sensor’s output signal vg, as shown in the top plot. As ex-
pected, the sensor’s output signal contains further spectral com-
ponents, which are removed by the bandpass filter. Therefore,
an amplitude modulated, sinusoidal signal vgp with excitation
frequency remains after the bandpass filter. Demodulation and
rescaling of vpp yields the magnetizing current signal ¢,,.

B. Dynamic Performance

To verify the closed-loop performance of the prototype, it
has been compared with two commercially available clip-on
current probes which have bandwidths of 50 MHz (Ref 1) and
100 MHz (Ref 2), respectively and are designed to be used with
oscilloscopes. In Fig. 11, the response to a 17 A current step
is shown. Note that the current pulse is long enough that both,
the CT and the flux compensation circuit, are involved in the
current measurement. The output signal of the device under test
(DUT) matches the measurement of the two reference current
probes.
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Fig. 11. Response to a 17 A current step. In this test, both the flux measure-
ment concept and the CT are utilized. During the initial step, the CT is active,
whereas during the decaying current ramp, the flux sensor is providing the
information for the sensor’s output.
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Fig. 12. Amplitude response of the closed-loop system. The maximum devia-
tion occurs at 2 kHz and has a magnitude of 0.35 dB, which corresponds to an
error of 4.1%. This is the same order of magnitude, which is specified for the
current probes used as reference.

Furthermore, the prototype’s amplitude response is shown in
Fig. 12. A sinusoidal current source was used to create a test
signal of varying frequency. Fig. 12 shows the ratio between
the signal amplitudes measured by the DUT and Ref 1. A
positive deviation of ~ 0.2 dB exists around 500 Hz, which
is where the compensation performed by the flux sensor, and
the PI controller ends and the CT takes over. This is in good
accordance with a simulated frequency response of the system
as shown. Another deviation from the ideal value of 0 dB
occurs around ~ 2 kHz. This deviation could be the result of
an unknown nonlinearity and/or analog signal coupling that
disturbs the system. A detailed analysis is relatively extensive
and out of the scope of the paper, which is focused on the
analysis and verification of a new flux density measurement
principle. However, the deviation’s magnitude is less than
0.35 dB, which corresponds to an error of 4.1%. This is
comparable to the accuracy values of the reference probes.

C. Excitation Voltage Trimming

As described in Section II-D, a trimming scheme is used to
minimize the disturbance on the sensor’s output signal caused
by small differences of the transformer cores and the excitation
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Fig. 13. Excitation frequency disturbance in the output signal vm (¢) as func-
tion of trimming voltage with zero input current ¢, applied. The bend in the
plot, for relative amplitudes > 0.6 and phase angles > —100°, results from an
unstable amplifier that was not designed for operation in this region.

S

5]

g

o

(]

E o

k| S Ref2 S

&)710.....:....:.,..- \" ................... L

R

L R I IT I I Y I PP foe )

20 16 <12 -8 4 0 4 8§ 12 16 20
DC Current [A]

Fig. 14. Comparison of relative measurement errors with two commercial
current probes, which have bandwidths in excess of 50 MHz and are designed
for the use with oscilloscopes.

signal. A measurement from the prototype showing the mea-
sured excitation frequency component on the output signal as
a function of trimming current phase and amplitude is given in
Fig. 13. In the prototype, the trimming source is implemented
as a voltage source with a defined series impedance. Note that
there is a single minimum point where the excitation frequency
component is reduced to a value that is well below the sensor’s
full scale output of 20 A. This point is found and selected
by the algorithm described in Section II-D, which achieved a
remaining distortion of the output signal corresponding to a
measured current of < 4.5 mA, i.e., < 0.023% of full scale.

D. DC Precision

Additionally, Fig. 14 shows the relative measurement errors
of the three current probes for DC currents from —20 to 20 A
at room temperature. A Yokogawa WT3000 precision power
analyzer, with a maximum error of £2 mA over the full
range, was used as reference. The same data were used to
derive the linearity properties of all three probes. Least squares
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Fig. 15. Deviation of the measurement from its best linear fit for different DC
values and current probes from two different manufacturers. The nominal DC
ranges are 130 A for Ref I and 20 A for Ref 2.

TABLE IV
LINEARITY MEASUREMENT RESULTS

Probe Best-Fit INL  Gain Error Offset
Ref 1 145 mA —0.74 % —2mA
Ref 2 279 mA —3.77% —138 mA
DUT 126 mA —0.41 % —68 mA

regression was used to determine the best-fit line for each
probe. Fig. 15 shows the difference between the measured
current and the best-fit lines of the probes. The best-fit integral
nonlinearity (INL), defined as the maximum deviation between
the measured value and the best-fit line, is given in Table I'V.

V. CONCLUSION

This paper has presented a magnetic flux sensing principle
based on the measurement of the ferromagnetic material’s
magnetostrictive strain. In order to detect these length changes,
a piezoelectric transducer was attached to the surface of a
magnetic core. Unlike other flux sensing techniques, no gap
is required in the material. In addition, an AC flux signal was
injected through an additional winding in order to shift the
sensor’s output voltage spectrum to higher frequencies, thus
enabling the utilization of the piezoelectric sensor.

In order to demonstrate the technique and to prove its feasi-
bility, a DC + AC current sensor has been implemented. Based
on a closed-loop design comprising a piezoelectric sensor and
the appropriate analog and digital circuitry, the accurate mea-
surement of currents up to 20 A from DC to 20 MHz is
achieved. For DC, an INL error of less than 126 mA (0.63% full
scale) is shown. These performance figures are comparable to
commercial clip-on current probes for oscilloscopes, although
the prototype system was not optimized for small size. The
overall volume of the CTs and the signal processing PCB is
~ 290 cm® which is comparable to Ref I’s volume of 224 cm?.

The presented principle is not limited to current sensing
since it can potentially be applied in a wider range of ap-
plications where a DC or low-frequency magnetic flux has
to be detected in a ferromagnetic material. Since there is no
necessity for an air gap in the magnetic core, this technique
provides a noninvasive type of flux measurement. This could
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be beneficial, for example, in isolated DC-DC converters. As
described in [25], these converters may require some form
of transformer core flux measurement in order to prevent a
saturation of the core. The technique described in this paper can
be used to accomplish this. As the transformer is already excited
by the DC-DC converter, no additional excitation winding
is needed. Therefore, only a piezoelectric sensor measuring
the core’s magnetostriction and analog amplifiers are required.
This implies that, unlike other techniques, no modifications
of the converter’s circuit topology and of the transformer are
required. In particular, no additional components carrying the
transformer current are needed, which might result in lower
losses as compared to other techniques.
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