This is the Pre-Published Version.
MMM/Intermag: Abstract Designation: AX-10 1

The following publication S. Zhang, M. Zhang and S. W. Or, "Bidirectional Current-Voltage Converter Based on Coil-Wound, Intermagnetically Biased, Heterostructured
Magnetoelectric Ring," in IEEE Transactions on Magnetics, vol. 52, no. 7, pp. 1-5, July 2016 is available at https://doi.org/10.1109/TMAG.2016.2523558
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We report theoretically and experimentally a passive bidirectional current-voltage (I-V) converter, capable of converting input
currents into output voltages, and conversely, input voltages into output currents, based on a multiphase heterostructured
magnetoelectric (ME) ring. The ME ring has a coil-wound, intermagnetically biased magnetostrictive—piezoelectric heterostructure in
which an axially polarized PZT piezoelectric ceramic ring is bonded between two circumferentially magnetized, intermagnetically
biased Terfenol-D short-fiber/NdFeB magnet/epoxy three-phase magnetostrictive composite rings. In I-V conversion, a current applied
to the coil induces a vortex magnetic field to the ME ring, resulting in an open-circuit voltage from the ME ring because of the direct
ME effect. In V-I conversion, a voltage applied to the ME ring produces a circumferential magnetic induction due to the converse ME
effect, leading to a short-circuit current from the coil. The converter exhibits simultaneously large 1-V and V-I conversion factors of
~0.3 V/A and ~0.2 mA/V in a broad non-resonance frequency range up to 80 kHz as well as enhanced conversion factors of ~7 and ~25

times at the resonance frequency of 122 kHz, respectively.

Index Terms—Bidirectional current-voltage (I-V) converter, magnetostrictive—piezoelectric heterostructure, magnetoelectric ring.

I. INTRODUCTION

URRENT-voltage (I-V) and voltage—current (V-I)

converters are fundamental devices or modules for

electrical and electronic circuits and systems to covert
input currents into output voltages and input voltages into
output currents, respectively [1]. Traditional -V and V-I
converters are best represented by operational amplifier-based
electronic converters. While featuring high designability and
wide applicability, these active-type electronic converters are
generally limited by unidirectional I-V or V-I conversion and
the need of external power supplies to sustain their operations.

The recent development of magnetoelectric (ME) materials
enables novel electromagnetic devices. In fact, ME materials
can generate an electric field or voltage when they are exposed
to an applied magnetic field on the basis of the direct ME
effect. Conversely, they can produce a magnetic induction
when they are driven by an electric field or voltage in the light
of the converse ME effect. Over the past decade, considerable
reports have been published using the direct ME effect to
realize power supply-free passive magnetic field and electric
current sensors as well as employing the converse ME effect
to actualize coil-free electromagnetic actuators [2]-[7].

By properly utilizing and combining the direct and converse
ME effects with the basic laws of electromagnetism (i.e.,
Ampére’s and Faraday’s laws) in a specifically designed
multiphase heterostructured ME ring, we have developed a
passive-type  bidirectional I-V  converter, featuring
simultaneously large I-V and V-I conversion factors of ~0.3
V/A and ~0.2 mA/V over a broad range of non-resonance
frequencies up to 80 kHz, besides showing much larger
conversion factors of ~7 and ~25 times at 122 kHz resonance,
respectively. These attractive features are underpinned by an
improved ability to conserve magnetic energy for conversion
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into electric energy via the channeling and completion of the
magnetic flux path in the ME ring in comparison with the
converters based on plate-shaped ME laminates [8].

Il. STRUCTURE AND WORKING PRINCIPLE

Fig. 1(a) shows the structure of proposed passive
bidirectional 1-V converter in the form of a coil-wound,
intermagnetically biased, magnetostrictive—piezoelectric (MS—
PE) heterostructured ME ring. The ME ring has a PZT
piezoelectric ceramic ring (PECR) with an axial polarization
(P) adhesively bonded between two Terfenol-D short-fiber/
NdFeB magnet/epoxy three-phase magnetostrictive composite
rings (MSCRs) with a circumferential magnetization (M) and
an internal magnetic biasing to form a ring-shaped,
intermagnetically biased MS-PE heterostructure. The whole
heterostructure is wound by an enameled copper wire of 0.2
mm diameter to give a wound coil of 50 turns (N) and the coil
port. The two electrodes of the PECR form the ME port. The
coil and ME ports function as the | input and V output ports
for I-V conversion in Fig. 1(b), respectively. They also serve
as the | output and V input ports for V-I conversion in Fig.
1(c). The PECR is a CeramTech P8 hard PZT with an inner
radius (R1) of 2.5 mm, an outer radius (Rz) of 5.25 mm, and a
thickness (tp) of 1 mm. The MSCRs are self-prepared with the
same dimensions as the PECR. The preparation of the MSCRs
has been reported elsewhere [9],[10]. The creation of the
MSCRs is primarily aimed to provide a circumferential
magnetization to channel and complete the vortex magnetic
fields or the circumferential magnetic induction associated
with both the ME effects and basic laws of electromagnetism
in the ME ring in order to minimize magnetic field leakages
and hence magnetic energy losses [9]. The MSCRs also enable
an internal magnetic biasing so that the external magnetic
biasing means as used in the plate-shaped ME laminate
converters and most other ME devices is not required [8].
Other benefits include reducing eddy-current losses, widening
operating frequency range, reducing mechanical brittleness,
etc. when compared with Terfenol-D and its devices [9].
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Fig. 1. (a) Structure of the proposed passive bidirectional 1-V converter based
on a coil-wound, intermagnetically biased, MS-PE heterostructured ME ring.
(b) 1=V conversion mode. (c) V-I conversion mode.

For 1-V conversion in Fig. 1(b), an ac current (l.-v) applied
to the coil port induces an ac vortex magnetic field in the
wound coil in accordance with Ampere’s law. This ac vortex
magnetic field causes the two MSCRs to produce radial and
circumferential motions based on the direct MS effect. Due to
mechanical coupling, the induced MS strains lead to stresses
in the central PECR, thereby producing an ac open-circuit
voltage (Vi-v) across the thickness of the PECR and also at the
ME port based on the direct PE effect. The product of the
direct MS and PE effects results in the direct ME effect which,
in combination with Ampeére’s law, gives rise to -V
conversion in the ME ring. The -V conversion factor («) can

be defined as
av

a=—". @)

d117V

For V-I conversion in Fig. 1(c), an ac voltage (Vv-i) applied
to the ME port induces radial and circumferential motions in
the PECR because of the converse PE effect. These motions,
owing to mechanical coupling, lead to stresses in the two outer
MSCRs, causing them to produce circumferential magnetic
induction as a result of the converse MS effect. This
circumferential magnetic induction gives rise to a short-circuit
current (lv—) in the wound coil on the basis of Faraday’s law
of electromagnetic induction. The product of the converse PE
and MS effects results in the converse ME effect which,
together with Faraday’s law, leads to V-I conversion in the
ME ring. The V-I conversion factor (B) is defined as

=t 2)

I1l. THEORETICAL ANALYSIS

For I-V conversion, ;v induces an ac vortex magnetic field
(Hy) in the wound coil by Ampere’s law as follows:

Hy = %II—Vi 3
where N is the number of turns of the wound coil and L is the
mean circumference of the ME ring. Assuming the radial (T;.)
and circumferential (T,) stresses are perfectly coupled at the
interfaces of the MSCRs and the PECR in the ME ring, the
following boundary conditions should be satisfied:

2Ty mtm + Trptp = 0 (4a)
2Tpmtm + Toptp = 0, (4b)

==z

where the subscripts m and p denote the MSCRs and PECR,
respectively, and t is the thickness. By substituting (3) and (4)
into the constitutive equations for MS and PE materials
[11],[12], the I-V conversion factor (@) is solved by weak-
form as [13]-[15]

_ dHg _dVI—V _ )
dI dHg
[NEM, NE ] ~w?My1+Ky1+jw{Kyg —w2M12+K12+jw{K12 N11 v
H-v 21 Vil-w2Myy +Kz 1+ jwlKzy _w2M22+K22+j“’<K22 NzI v
Cloy+[NEM,  NE [ W2Myq+Kq +jwlKy, —w2M12+K12+jw(K12] NPy
Lty Nl W2Ma1+Ko1+jwiKay  —w2Map+Kap+jwlKay NE}V[_V

where o is the angular frequency and ¢ is the coefficient
accounting for damping effect. Other parameters are described
in Table I. More details can be found in Ref. 16.
For V-I conversion, V,,_, results in an ac axial electric field
(E,) in the PECR as follows:
E,=—=Vy_i/ty. (6)
Substituting (6) and (4) into the MS and PE constitutive
equations [11],[12] and combining Faraday’s law, we have
IV_I = —jwNBgS [ Z i1, (7
where By is the circumferential magnetic induction, S is the
cross-section area of the MSCRs, and Z.,; is the internal
impedance of the wound coil. The V-I conversion factor ()
can be solved by weak-form as [13]-[15]

ﬁ _ dByg dIV_I _ wNS (8)
dvy_; dBg Zcoil(R2—R1)
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Cy-i=[NIL NZVI][_ 2 _ ] [ ]

WMy +Ky +joiKy  —0*Mp+Ky+jw(Ky|  INB
Other parameters are specified in Table | and also detailed in
Ref. 16.

By substituting the geometric properties described in
Sections. 1l and Il and the material properties reported in
Refs. 17 and 18 into (5) and (8), the a and B spectra of the
converter can be calculated, respectively. It is noted that « and
S depend on the input I;_, and V;,_,, respectively. They can be

enhanced by simply increasing N.

TABLE I
BAsIC PARAMETERS FOR EQUATIONS [16]

Symbol Meaning Unit
M;; or Mj; Mass coefficient for I-V or V-I conversion kg
K;j or Kj; Elastic coefficient for 1-V or V-I conversion N/m

NEM Electromechanical coupling coefficient NIV

L=v for 1-V conversion
NEM Electromechanical coupling coefficient NV
Lv-1 for V—I conversion
Magnetomechanical coupling coefficient for
Nii L= V I-V conversion N/(A/m)
NM Magnetomechanical coupling coefficient for A
lV I V-1 conversion
Ci—y Polarization voltage coefficient CIv
Cy_; Magnetization current coefficient AT

IV. MEASUREMENTS

The magnitude (|Zin]) and phase (8) spectra of the input
electrical impedance (Zin) of the converter operating in 1-V
and V-I conversion modes and with the corresponding output
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port (i.e., the ME and coil ports) short- and open-circuited
were measured using an Agilent 4292A precision impedance
analyzer. The input—output characteristics (i.e., the I,_,-V;_,
and V,,_,—1I,_, responses) at different frequencies (f) were

evaluated, together with the a and B spectra, using an in-
house measurement system. The input signals to the converter
were generated as a sinusoidal voltage of constant amplitude
and at a prescribed frequency by an Agilent 33210A
waveform generator. They were then amplified by an AE
Techron TEC7572 supply amplifier configured in constant-
current and constant-voltage modes to give an ac current (I;,_y)
for I-V conversion and an ac voltage (V,,_;) for V-I conversion,

respectively. The output signals from the converter, which
were an ac voltage (V;_,) for 1-V conversion and an ac current
(I,_;) for V-1 conversion, were monitored using a Tektronix

DP0O2014 digital oscilloscope. A Tektronix P2221 voltage
probe was used to acquire both V;_, and V;,_;, while a Hioki
9273 current probe connected to a Hioki 3271 signal amplifier
was employed to quantify both I;_,, and I,_;.

V. RESULTS AND DISCUSSION

Fig. 2(a) shows the measured |Zin| and 6 spectra of the
converter operating in 1-V conversion mode and with the ME
port short- and open-circuited. The monotonic increase in |Zin|
and @ toward higher |Zis| values and 90°, respectively, with
increasing f indicates an inductive nature of the input of the
converter no matter the ME port is open- or short-circuited.
This, in turn, implies that the wound coil has the dominant
effect on the input behavior of the I-V conversion mode. Fig.
2(b) plots the measured |Zin| and O spectra of the converter
operating in V-I conversion mode and with the coil port short-
and open-circuited. The decrease in |Zin| and the presence of 6
at ~-90°, both for f below ~80 kHz and above ~160 kHz,
suggest a capacitive nature of the input of the converter
irrespective of the open- or short-circuit of the coil port.
Besides, a resonance effect is observed in the 80-160 kHz
range with the resonance peak at 122 kHz. The observations
elucidate that the ring-shaped, intermagnetically biased MS—
PE heterostructure, the PECR in particular, is playing the
dominant role in the input behavior of the V-I conversion
mode, and the observed resonance peak at 122 kHz represents
an electromechanical resonance of the heterostructure. It
should be noted that the magnetomechanical resonance, which
is expected to present in I-V conversion mode, is now
unobservable in Fig. 2(a) due to the small-signal (~1 mA)
driving of the wound coil by the impedance analyzer.

Figs. 3(a) and 3(b) show the measured and calculated « and
B spectra for I-V and V-l conversions, respectively. The
measured a and S spectra were obtained by applying an ac
current of 35 mA peak to the coil port and an ac voltage of 18
V peak to the ME port at various f, respectively. The
calculated a and B spectra were based on (5) and (8),
respectively, using the geometric properties described in
Sections Il and I11 and the material properties reported in Refs.
17 and 18. In Fig. 3(a), the converter exhibits a very stable «
value of ~0.3 V/A in a broad non-resonance f range up to ~80
kHz. This a value is greatly enhanced by ~7 times at the
resonance f of 122 kHz. In Fig. 3(b), the converter, again,

demonstrates a stable g value of ~0.2 mA/V in the non-
resonance f range and a significant enhancement in 8 by ~25
times at the resonance f of 122 kHz. The measured and
calculated « and g values are in good agreement with less
than 10% error. It is interesting to note that the resonance a
and S occur at the same f at 122 kHz. This indicates that they
essentially originate from the mechanical resonance of the ME
ring [2]. From the theoretical analysis in Section Ill, the said
mechanical resonance can be described predominately by the
radial and circumferential motions in the ME ring.

Figs. 4(a) and 4(b) plot the measured and calculated input-
output characteristics of the converter at five different f of 1,
100, 110, 122 (resonance), and 130 kHz for |-V and V-I
conversions, respectively. It is clear that the I,_, —V,_y
responses for 1-V conversion and the V,,_,—I,,_, responses for

V-l conversion display excellent linear input—output
relationships at different f. Therefore, the converter is a linear
bidirectional 1-V conversion device for proportional
conversion between input | or V into output V or I.
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Fig. 2. Measured |Zi»| and & spectra of the converter operating in (a) 1-V and (b)
V-1 conversion modes and with the output port short- and open-circuited.
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Fig. 3. Measured (symbols) and calculated (lines) (a) a spectrum for 1-V
conversion and (b) B8 spectrum for V—I conversion.
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Fig. 4. Measured (symbols) and calculated (lines) input—output characteristics
at different f for (a) I-V and (b) V-I conversions.
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Fig. 5 shows the measured input and output waveforms for
I-V and V-I conversions at 1 and 122 (resonance) kHz. For I-
V conversion in Figs. 5(a) and 5(b), Vi-v (output V) at 122 kHz
resonance is ~7 times larger than that at 1 kHz under a given
li-v (input 1). The observation coincides with that in Fig. 3(a).
For V-I conversion in Figs. 5(c) and 5(d), lv— (output I) at 122
kHz resonance is ~25 times higher than that at 1 kHz under
the same Vv (input V). This also agrees with the observation
in Fig. 3(b). Moreover, Iy and V,_y in I-V conversion at 1
kHz in Fig. 5(a) as well as Vy_ and Iy in V-I conversion at 1
kHz in Fig. 5(c) are essentially in phase, indicating a resistive
nature between the input and output of the converter. At 122
kHz resonance, the existence of a 90° phase lead in Vv with
respect to I,y in 1=V conversion in Fig. 5(b) implies an
inductive nature, while the presence of a 90° phase lead in Iy
with respect to Vv in V=1 conversion in Fig. 5(d) suggests a
capacitive nature.

Jf=1kHz

t (ms)

Fig. 5. Measured input and output waveforms for |-V conversion at (a) 1 kHz
and (b) 122 kHz as well as V-I conversion at (c) 1 kHz and (d) 122 kHz.

VI. CONCLUSION

We have developed a passive bidirectional 1-V converter
based on a coil-wound, intermagnetically biased MS-PE
heterostructured ME ring and evaluated theoretically and
experimentally its 1-V and V-l conversion principles and
performance. The 1-V conversion has been described by the
product of the direct ME effect and the Ampére’s law, while
the V-I conversion has been ascribed to the product of the
converse ME effect and the Faraday’s law of electromagnetic
induction, both in the ME ring. The converter has showed
simultaneously large a and B values of ~0.3 V/A and ~0.2
mA/V over a broad non-resonance frequency range up to 80
kHz in addition to enhanced resonance a and B of ~7 and ~25
times at 122 kHz, respectively. Comparing to the traditional
operational amplifier-based (active), unidirectional electronic
I-V or V-l converters, our converter has demonstrated the
distinct advantages of passive operations without the support
of external power supplies as well as bidirectional 1-V and V-I
conversions. Comparing to the early reported plate-shaped ME
laminate converters, our converter has exhibited an improved
ability to minimize magnetic field leakages and hence
magnetic energy losses via the channeling and completion of
the magnetic flux path in the MSCRs of the ME ring.
Moreover, the MSCRs have enabled internal magnetic biasing

so that external magnetic biasing is not required. In addition,
the problems of eddy-current losses, limited operational
frequency range, mechanical brittleness, etc. intrinsic in
monolithic Terfenol-D-based devices have been improved.
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