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Abstract 

 

The rapid increase in direct current (dc) applications in recent years has 

urgently called for advanced materials and technologies for improved sensing of dc 

magnetic fields and electric currents. Magnetic field and electric current sensors based 

on the extrinsic magnetoelectric (ME) effect in magnetostrictive–piezoelectric 

heterostructures have formed an important research and development trend over the 

past decade due to their passive sensing and high sensitivity (>10 mV/Oe) nature in 

contrast to the active sensing and low sensitivity (5–40 µV/Oe) nature in traditional 

Hall sensors. Today, almost all of the reported ME sensors are “ac” ME sensors, and 

the greatest weakness is their inability to perform dc sensing because the extrinsic 

(“ac”) ME effect has to be underpinned by the coupled magneto-mechano-electric 

dynamics of the magnetostrictive and piezoelectric phases in the heterostructures and 

is weakened inherently by the decay of piezoelectric charges with time in the 

piezoelectric phase, especially for frequencies below 100 Hz. In this research, a novel 

class of “dc” ME sensors is proposed and realized into two different modes of 

operation, namely, current and voltage modes, based on specifically designed 

magnetic–conductive–piezoelectric heterostructures and piezoelectric–

magnetostrictive heterostructures, respectively. Original contributions reported in this 
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research are presented as follows: 

(1) The current-mode ME sensors are developed by driving an ac current of 

controlled amplitude and frequency into the conductive phase of the 

heterostructures upon an applied dc magnetic field to be measured 

with/without an external magnetic biasing by the magnetic phase in order to 

induce Lorentz forces for stressing the piezoelectric phase and producing an 

ac voltage response. Physical models for describing the working principles of 

the sensors are established to predict the dc magnetic field sensitivity 

(SI=dV/dH) under different driving currents (I) as well as the 

current-controlled dc magnetic field sensitivity (S=dSI/dI). Two characteristic 

designs are fabricated using NdFeB bars, Al strips, and 0.7Pb(Mg1/3Nb2/3)O3–

0.3PbTiO3 (PMN–PT) plate as the magnetic, conductive, and piezoelectric 

phases, respectively, and their performances are evaluated experimentally 

with good agreements with the model predictions. For the 1st design without 

an external magnetic biasing (denoted as the basic version), it can only sense 

dc magnetic fields and is preferably driven by low-amplitude and 

low-frequency ac currents to minimize the Joule heating-induced instability. 

SI and S are measured to be 12 mV/T (at I = 50 mA amplitude and 1 kHz 

frequency) and 0.23 V/T/A (at I =1 kHz frequency), respectively. For the 2nd 

design with an external magnetic biasing (denoted as the modified version), it 
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is capable of sensing both dc and ac magnetic fields of up to 15 kHz by 

operating at resonance to achieve much higher SI and S of 88 mV/T (at 50 mA 

amplitude) and 1.7 V/T/A, respectively. 

(2) For the voltage-mode ME sensors, they employ the relatively stable and 

easily configured ac voltage driving to mitigate the problem of Joule heating 

associated with the current-mode sensors. In fact, this ac voltage is aimed to 

induce a natural longitudinal resonance in the heterostructure under zero dc 

magnetic fields. With reference to this ac voltage-driven natural longitudinal 

resonance, an applied dc magnetic field to the heterostructure will result in a 

tuning effect in the magnetic field-dependent compliance and resonance 

characteristics governed by the negative-ΔE effect intrinsic in the 

magnetostrictive plate. Physical models are established to describe the 

working principles of the sensors and to predict the dc magnetic field 

sensitivity (SV=dV/dH) under different driving voltages (V) as well as the 

voltage-controlled dc magnetic field sensitivity (S=dSV/dV). Two 

characteristic designs are fabricated using Pb(Zr,Ti)O3 (PZT) plates and 

Tb0.3Dy0.7Fe1.92 (Terfenol-D) plates as the piezoelectric and magnetostrictive 

phases, respectively. Their performances are measured and compared with the 

model predictions with good agreements. The 1st design (denoted as the basic 

version) has a plate-type, transversely-transversely polarized PZT 
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piezoelectric transformer bonded on a plate-shaped, longitudinally 

magnetized Terfenol-D magnetostrictive substrate to exhibit an ac 

voltage-driven, dc magnetic field-tuned resonance dc ME effect characterized 

by a high, linear, and negative ac voltage-controlled dc magnetic field 

sensitivity of –0.63 mV/Oe/V at a low reference ac voltage of ≤2.5 V peak. 

The 2nd design (denoted as the modified version) has four thickness-polarized 

PZT piezoelectric plates bonded symmetrically on a length-magnetized 

Terfenol-D magnetostrictive plate to give an electrically parallel input and an 

electrically series output. An interestingly high, linear, and negative ac 

voltage-controlled dc magnetic field sensitivity of –1.3 mV/Oe/V is obtained 

in a broad range of dc magnetic field of 0–400 Oe by referencing an ac 

voltage of ≤5 V peak amplitude and 116 kHz frequency at the input of the 

heterostructure. 

(3) Peripheral electronic circuits are designed, constructed, characterized for 

interfacing with the developed dc ME sensors to form portable dc 

magnetometers. They basically consist of a 8-bit segment LCD as the display 

module, an AD9850 direct digital synthesis (DDS) module as the driving 

voltage signal generator, and an ARM chip STM32 controlled signal process 

system as the signal detection, conversion, and analysis module, all powered 

by batteries. The dc magnetometer prototypes are evaluated and show great 
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promise for electrical condition monitoring applications. 

 

5 research outputs were produced during the 4 years of PhD study, including 

3 papers published/accepted by Journal of Applied Physics (JAP) as the 1st author, 1 

paper published by JAP as a co-author, and 1 paper presented and published in an 

international conference as the 1st author. This elucidates the originality, significance, 

and excellence of the present work. 
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� Permittivity of material F/m 
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� Permeability of material H/m 
�� Permeability of free space (= 4π × 10-7) H/m 

�� Effective relative permeability - 
� Density kg/m3 
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 Introduction Chapter 1

�

�

1.1 Development of DC Applications 

1.1.1 DC Versus AC 

Electricity flow could be either alternating current (ac), which reverses the 

directions of flow periodically, or direct current (dc), which keeps the directions of 

flow stable. Historically, in the late 1880s, there was a famous battle named “War of 

Currents” that each method of current fight to be the only standard of electricity 

applications[1-3]. The battle ended with the victory of ac electricity which 

dominated the economy of electricity in the following more than a hundred years. 

The main reason that dc current lost the war at that time was its technological 

inability of transformation between high voltage and low voltage, which restricted its 

possibility of long-distance transmission with a low cost, compared to ac current. 

Thus during the hundred years large areas of ac grids had been constructed to cover 

most of the world and hence the electrical equipment of the past mostly used ac 

electricity.  

However, the battle between ac and dc has not been completely over[4]. 
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Especially during the recent years, the emergence of electronic devices, which need 

dc supplies, such as mobile phones, computers, and televisions, illustrates the dc’s 

advantage of stability and convenience of storage. Moreover, as the technology 

advances, the development of devices such as mercury-arc valves, thyristors, and 

IGBTs[5, 6], which were unavailable at beginning of the war, enables the possibility 

of long-distance transmission for dc voltage by constructing the High-Voltage Direct 

Current (HVDC) systems. In fact, the construction of HVDC eliminates the largest 

deficiency of dc, that people start to be attracted more to its advantages over ac such 

as stability, lower power waste and heat generation, and superior compatibility with 

power storage techniques (battery and fuel cell)[7, 8]. Moreover, in view of the 

prospect of clean energy, dc grids are more suitable and more economical for 

supporting the connection between end users and energy sources. Thus dc electricity 

has a high potential to be widely applied in the near future[9]. 

 

1.1.2 Today’s DC Applications 

DC power was traditionally constrained in applications which needed only 

low-powered batteries, such as telephones, cameras and so on. However, with the 

rapid development of high voltage direct current transmission systems (detailed in 

the following section) that long-distance dc power transmission would not be the 
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constraints any more, people start to be attracted more attention to dc power for the 

advantages such as stability, precise controllability and compatibility to distribution 

power sources (Figure 1.1). More and more large equipment with dc power supply 

have been introduced into the commercial [10-12], including electrical cars, 

high-speed railways and cranes. Some of them will be illustrated in details in the 

following sections. 

 
Fig. 1.1 Some dc applications in recent days. 

 

1.1.2.1 High Voltage DC Transmission Systems 

High voltage dc electrical power transmission system is defined as an 

electrical power system using dc for the bulk transmission, in contrast to ac systems 

which are commonly in use now [3, 13]. Compared to traditional ac systems, HVDC 
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systems are advantageous for their lower economical cost. Because dc transmission 

does not suffer the “skin effect” as ac electricity does, the transmission cables could 

be much thinner than that for ac systems. And the transmission loss of HVDC is 

much lower than that of traditional ac grids for long-distance transmission. Moreover, 

HVDC allows electricity transmission between unsynchronized ac transmission 

systems, which means that HVDC could link power sources and end users with 

different phase angles and stabilize the network against disturbance from rapid 

power changes. This advantage is especially useful in connecting the power sources 

of clear energy such as solar cells and wind power, whose created energy is 

significantly unstable and discontinuous which are considered greatly harmful to 

traditional ac grids. 

HVDC systems have already been constructed commercially. The first 

HVDC line was commissioned on 1951 connecting Moscow and Kashira with the 

length of around 100 km and voltage of ±100 kV. Now the longest HVDC line is in 

China, linking Xiangjiaba Dam and Shanghai with 2071 km in length, ±800 kV in 

voltage, 6400 MW in power. Figure 1.2 lists the existing and proposed HVDC 

systems in Western Europe. More and more HVDC systems will be set up and put 

into use around the world in the future. 
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�

����� ��� Map of HVDC systems in western Europe. The red lines represent 
existing HVDC systems, the green lines represent systems on 
construction and the blue lines represent the proposed systems[14].�

�

1.1.2.2 DC Machines 

A dc motor (Figure 1.3) is an electrical motor that runs on direct current 

(dc) electricity, in contrast to common ac motor which uses ac electricity as power 

supply [15, 16].  

As dc power is applied directly, dc motors are more convenient for systems 
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designation when batteries are used, such as in hybrid cars and electrical cars [17, 

18]. Moreover, since the highest torque at low speed is developed by the 

series-wound dc motor, some heavy equipment such as cranes, electric locomotives, 

and trams, will prefer adopting dc motors. dc motors also outperform ac motors on 

speed control in precision motion control applications [19, 20]. 

 

 
Fig. 1.3 Schematic construction of a dc motor. 

 

1.1.2.3 Railway Systems 

The dc power supply has been widely applied in railway systems. Besides 

locomotives for subways or trams due to their advantage of precise controllability 

and high torque mentioned in last section, the matched overhead systems are also 
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using dc power supply [21-23]. For example, 1500 V dc is in use by countries 

including Netherlands, Japan, Hong Kong (parts), Republic of Ireland, Australia 

(parts), India and so on. 

In the high-speed railway (HSR) systems, dc is preferred for auxiliary 

power supply system due to its advantage of stability and controllability which can 

ensure the safety of passengers. For instance, for the new generation of HSR train – 

CRH3 in China, which could reach a maximum speed of 350 km/h and has been 

already put into service on some main rail lines, 110V dc power is adopted as the 

auxiliary power supply system to sustain other electrical appliances including 

illumination systems and broadcast systems[24]. 

 

1.2 Condition Monitoring of DC Systems 

1.2.1 Condition Monitoring 

Condition monitoring, defined as the continuous evaluation of the health of 

plant or equipment by different kind of sensors throughout their service life, is 

important to discover the developing faults in advance before large loss occurs [25, 

26]. This process, shown in Figure 1.4, is also called incipient failure detection, 

which provides a safe operating environment in case of motor failures as well. As 

the electrical machines get increasingly complex, it is becoming more significant to 
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continuously assess the electrical conditions and provide adequate warning of 

imminent failures in advance. Moreover, with appropriate incipient failure detection, 

future preventive maintenance and repair work could be scheduled, which ensures 

minimum down time and optimum maintenance projection. For dc systems, 

condition monitoring and fault diagnosis scheme allow the operators with the 

necessary spare time before the machines break down, and thereby reducing outage 

times. Hence, effective condition monitoring of dc electrical systems is critical in 

improving reliability, safety and productivity.  

 

 
Fig. 1.4 Process of condition monitoring. 
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1.2.2 Existing Condition Monitoring Techniques 

As condition monitoring of electrical and mechanical devices has been 

developed for many years, several methods have evolved over time, the typical ones 

of which include thermal monitoring, torque monitoring, noise monitoring, vibration 

monitoring, noise monitoring and electrical monitoring. 

1.2.2.1 Thermal Monitoring 

The stator current faults always generate excessive heat, which could be 

accumulated as the severity of the fault until it reaches a destructive stage. Thus by 

measuring the local or bulk temperature of the electrical motors, namely thermal 

monitoring, abnormity of the machines could be discovered in advance [27-29]. 

 

 

Fig. 1.5 Example of thermal monitoring on the electrical motor. 
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1.2.2.2 Mechanical Monitoring 

(a) Torque Monitoring 

All types of motor faults produce the sidebands at special frequencies in the 

air gap torque. However, it is not possible to measure the air gap torque directly. The 

difference between the estimated torques from the model gives an indication of the 

existence of broken bars. From the input terminals, the instantaneous power includes 

charging and discharging energy in the windings. Therefore, the instantaneous power 

cannot represent the instantaneous torque. From the output terminals, the rotor, shaft, 

and mechanical load of a rotating machine constitute a torsional spring system that 

has its own natural frequency [30-32]. The attenuations of the components of air gap 

torque transmitted through the torsional spring system are different for different 

harmonic orders of torque components 
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Fig. 1.6 Schematic diagram of torque monitoring on the electrical motor. 

 

(b) Vibration Monitoring 

All electrical machines generate noise and vibration, and the analysis of the 

produced noise and vibration can be used to give information on the condition of the 

machine [33, 34]. Even very small amplitude of vibration of machine frame can 

produce high noise. Noise and vibration in electric machines are caused by forces 

which are of magnetic, mechanical and aerodynamic origin. The largest sources of 

vibration and noise in electric machines are the radial forces due to the air gap field 

[35]. Since the air gap flux density distribution is the product of the resultant m.m.f. 
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wave and total permanence wave, the resultant m.m.f. also contains the effect of 

possible rotor or stator asymmetries, and permanence wave depends on the variation 

of the air gap as well, the resulting magnetic forces and vibrations also depend on 

these asymmetries. Thus by analyzing the vibration signal of an electrical machine, it 

is possible to detect various types of faults and asymmetries 

 

 
Fig. 1.7 Example of vibration monitoring on the working condition of the 

electrical motor. 

1.2.2.2 Acoustic Monitoring 

Acoustic monitoring is done by measuring and analyzing the acoustic noise 

spectrum[36, 37]. Acoustic noise from air gap eccentricity in induction motors can 

be used for fault detection. However, the application of noise measurements in a 

plant is not practical because of the noisy background from other machines operating 

in the vicinity. This acoustic noise reduces the accuracy of fault detection using this 
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method. Ellison and Yang detected the air gap eccentricity using this method. They 

verified from a test carried out in an anechoic chamber that slot harmonics in the 

acoustic noise spectra from a small power induction motor were functions of static 

eccentricity. 

 

Fig. 1.8 Example of acoustic monitoring on the working condition of the 
excavator. 

 

1.2.2.3 Electrical Monitoring 

Electrical monitoring refers to the real-time monitoring of stator current to 

detect various kinds of machine and inverter faults, including current Park’s vector, 

zero-sequence, current signature analysis and so on [38-40]. In most applications, the 

stator current of an induction motor is readily available since it is used to protect 

machines from destructive over-currents, ground current, etc. Therefore, current 

monitoring is a sensor-less detection method that can be implemented with less 
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hardware and higher efficiency [41, 42].  

 

 
Fig. 1.9 Example of electrical monitoring on building electricity systems. 

 

For dc systems, electrical monitoring would be the best solution among all, 

as dc machines have advantages of low heat and noise, and thus other methods may 

hardly work efficiently. One step further, in my research, non-built-in sensors, 

namely dc magnetic sensors, are designed for electrical condition monitoring, for the 

advantages of easy overhauling of sensors and their being immune from the affection 

of original circuits. 
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1.3 State-of-the-Art DC Magnetic Sensors 

It can be imagined that in the near future, dc power and dc supported 

devices will be applied in both daily life and industry. But as we know, electricity is 

usually a double-edged sword that can help us as well as harm us. The bright future 

for the dc system is only valid if we can effectively monitor and control it. So we 

need sensors to monitor the current and voltage in the dc system. Moreover, it’s 

better that the sensor will not interfere the work of the system, which means we can 

set up or change the sensor without turning off the power. So the best way is to 

measure the magnetic field generated by the dc current and then we can estimate the 

value of the current according to the Ampere’s Law. The existing technologies 

working on dc magnetic current detection are reviewed in the following [43-45]. 

 

	
������ Properties and applications of dc magnetic sensors. 

Sensors 
Range 
(mT) 

Resolution 
(nT) 

Bandwidth 
(Hz) 

Applications 

Fluxgate 10-4 - 0.5 0.1 dc - 2×103 
Geography, military uses, 
mine detection 

SQUID 10-9 - 0.1 10-4 dc - 5 Biomagnetism, brain imaging 

Hall effect 0.1 - 3×104 100 dc - 108 Automobile, smart phones. 
Magnetoresistive 10-3 - 5 10 dc - 107 Data reading 

1.3.1 Fluxgate Sensors 

A fluxgate senor is one kind of solid-state device for the measurement of 

both the magnitude and direction of the dc and quasi-dc magnetic field sensor during 
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the range of around 10-4 to 0.5 mT. Since invented in 1930s by Victor Vacquier at 

Gulf Research Laboratories, fluxgate sensors have been widely used in applications 

including mine detection, vehicle detection and target recognition [46-48].  

The typical configuration of a fluxgate sensor, shown in Figure 1.4, consists 

of a soft magnetic core wrapped by two coils of wire, an exciting coil and a pick-up 

coil. When an alternating current, typically 1-10 kHz, is applied through the exciting 

coil, a dynamic magnetic field is stimulated circulating around the magnetic core, 

which is strong enough to cause the flux in the soft magnetic core to saturate 

periodically from clockwise to counterclockwise. While the core is between 

saturation, the average permeability is much greater than that of the air, and while 

the core gets saturated, the permeability is equal to that of the air. If there is no 

magnetic field along the axis of the pick-up coil, no flux change will happen and 

hence no signals are induced. But when there is magnetic field component, each time 

permeability changes in the soft magnetic core from one saturation to another will 

cause the change of flux, which induces voltage signals according to the Faraday’s 

Law, as illustrated in Figure 1.5. For dc and quasi-dc magnetic field, the induced 

voltage in the pick-up coil is presented as:  

� � � ��
����������

��
� �����

������

��
������������������������������������������������������������������� 

where ���  is the dc or quasi-dc magnetic field to be measured, N is the number of 

turns on the pick-up coil, A is the cross-sectional area of the pick-up coil, �� is the 
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effective relative permeability of the core.  

Thus the stimulated voltage is proportional to the value of magnetic field to 

be measured, from which the dc magnetic field can be calculated.   

The main advantages of the fluxgate sensors include high resolution (~ 0.1 

nT) and low sensitivity to temperature. However, the core and coils structure 

increases the energy cost and difficulty of fabrication.[49] 

 

 

����������Typical configuration of a fluxgate sensor. [46]  
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��������� Working principle of fluxgate sensors. [46] 

 

 

 



 
 
 

            1. Introduction 
               

              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
�

ZHANG Long   19 

                 � �

1.3.2 Superconducting QUantum Interference Devices 

(SQUIDs) 

The SQUID, or exactly DC SQUID are nowadays the most sensitive of all 

magnetic field measurement instruments, which is the combination of two effects: 

quantization of magnetic flux and tunneling by a weak link (Josephson Effect) [50, 

51]. The typical DC SQUID sensor consists of two Josephson junctions in the two 

legs of loops, shown as Figure 1.6 (a). The quantization of magnetic flux refers to 

that the magnetic flux through a superconducting loop will be quantized in units of 

flux quantum �� � �
��
�� �������

���
��

�, where h is the Planck’s constant and 

e is the electron charge. According to Josephson Effect, superconducting current is 

able to flow through the insulation layer between two superconductors, which is 

named “Josephson junction”, but the presence of the magnetic field will change the 

magnitude of the critical current, below which the voltage remains zero at the 

Josephson junction. The maximum magnitude of critical current occurs when the 

flux value is equal to ���, and the minimum occurs when the flux values is 

�� � ������  Thus, when the magnetic flux �� throughout the superconductor 

loop changes steadily, the current-voltage characteristic oscillates back and forth 

between the maximum and minimum values [52], illustrated in Figure 1.6 (b) .  

The main advantage of SQUID is its ultrahigh sensitivity of nearly 10-4 nT 

and ability to detect a very small change of magnetic field. So it could be applied in 
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biomagnetism and brain imaging. However, due to the requirement of 

superconductor, heavy and expensive equipment is needed to achieve ultra-low 

temperature, which limits its wide application. 

 

 
����� ����� (a) Configuration of a typical DC SQUID sensor and (b) voltage 

oscillation with a period equal to one flux quantum Φ0. [43] 
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1.3.3 Hall-Effect Sensors 

Hall-effect sensors have become one of the most widely used sensors for 

magnetic field measurement nowadays. They work based on the Hall effect 

discovered by Edward Hall in 1879, describing that the charge carriers passing 

through a magnetic field will experience a Lorentz force and produce a steady state 

voltage, called Hall voltage, with direction perpendicular to that of the current flow 

and magnetic field [53, 54], as illustrated in Figure 1.7. The Hall voltage can be 

presented as: 

����� �
�����

�
� � ������������������������������������������������������������������������������������������������������������ 

where ����� is the Hall coefficient which is related to the material properties, � is 

the thickness of the material, I is the bias current passing through, B is the magnetic 

field to be measured, and � is the phase angle between the direction of the magnetic 

field and that perpendicular to material plate. 

The main materials used are semiconductors and typical bias current is dc 

current of 100 mA. This produces its major disadvantages of thermal noises and 

stability requirement for the current. The resolution is around 100 nT with flux 

density range from 0.1 to 3×104 mT. Meanwhile, due to its low cost and small 

dimensions, Hall-effect sensors have been widely used in commercial applications 

including automobile, smart phones and motors monitoring. 
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Fig. 1.13 Working principle of a Hall-effect sensor. 

 

1.3.4 Magnetoresistive Sensors 

A magnetoresistive sensor is based on the magnetoresistance effect, first 

reported by William Thomson in the middle of 19th century, describing the 

phenomenon that the resistivity of a ferromagnetic material will change when a 

magnetic field is applied to it [55, 56]. So the design is relatively simple, as 

illustrated in Figure 1.8, that a dc current is applied through the magnetoresistive 

material and the value of voltage on the material can indicate the magnitude of the 

magnetic field applied. However, commonly among current-biased devices, thermal 

sensitivity is always the major problem that complex circuits are needed to process 
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the thermal drift. Moreover, the resistivity change is not linearly related to magnetic 

field applied, illustrated in Figure 1.9, which also increase the cost of measurement. 

However, due to its high response speed and easy integration with electronic circuits, 

magnetoresistive sensor still have wide uses, especially in data reading [57]. 

 

 
��������� Schematic diagrams of a magnetoresistive sensor. 
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Fig. 1.15 Relationship between resistivity change and magnetic field bias. As 
magnetic field increased, the changes of resistivity vary rapidly at first 
but slow down when the field reaches its maximum value. 

 

1.3.5 Summary 

Overall, the advantages and disadvantages are concluded in the Table 1.2 as 

follows. Though they have already been applied into some areas successfully, 

obviously they can hardly meet the requirement for nowadays dc industrial 

applications which needs low-power, wide detection spread (i.e. dc to high 

frequency ac), environmental adaptability, and real time measurement. Hence, it’s 

necessary to develop a new kind of dc magnetic field sensor with industrial 

application and commercial value. 
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Table 1.2 Advantages and disadvantages of existing DC magnetic sensors. 
Sensors Advantages Disadvantages 

Fluxgate 

� Capability of measuring directions 
of magnetic field as well; 

� High resolution and low sensitivity 
to temperature. 

� Coil structure; 
� DC and low frequency 

measurement only. 

SQUID 
� Ultrahigh sensitivity and capability 

of detecting very tiny magnetic 
field. 

� Cumbersome equipment and 
expensive cost. 

Hall effect 

� Simple structure and easily 
fabrication of materials; 

� Possibility to design very small 
sensors. 

� Unavoidable Joule heating and 
thus complex peripheral circuits 
needed; 

� Reliance on input driven 
current. 

Magnetoresistive 
� High response speed � Nonlinear sensitivity; 

� Thermal drift; 
� Invasive measurement. 

 

1.4 Magnetoelectric Sensing Technology 

1.4.1 AC Magnetoelectric Effect 

The magnetoelectric (ME) effect, or exactly ac ME effect, first proposed by 

Pierre Curie in 1894, refers to the phenomenon in a material that it will be dielectric 

polarized in an applied ac magnetic field or magnetized by an external ac electric 

field. However, it’s not until in 1926 when Peter Debye formally created the term 

“magnetoelectric” and in 1961 D.N. Astrov reported the first observation of the 

electric polarization induced by magnetic field in the antiferromagnetic single crystal 

– chromium oxide (Cr2O3) [58-64]. Moreover, the proposition of magnetoelectric 
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laminated composites with strong ME effect compared to previous materials in 2000 

attracted the attention [65-70] and stimulated the exponential increase of SCI papers 

in the last decade (Figure. 1.10).  

 

 

��������� Number of SCI journal publications since the year of 1970 by ISI Web 
of Science. 

 

According to the definition of ME effect, the performance of 

magnetoelectric materials can be evaluated by its electric field (�) response induced 

by magnetic field (�), known as ME field coefficient (��), expressed as: 

�� �
��

��
��������������������������������������������������������������������������������������������������������������������������������� 

For practical applications such as magnetic field or current detection, 

voltage (�) response induced by the applied magnetic field (�) may be more 
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appropriate. Hence, ME voltage coefficient (��) is also widely used, defined as: 

�� �
��

��
��������������������������������������������������������������������������������������������������������������������������������� 

 

1.4.2 AC Magnetoelectric Materials 

Magnetoelectric effect was first predicted and observed in single-phase 

materials. However, there are very few single-phase magnetoelectric materials and 

meanwhile the ME coefficient is very weak at room temperature with little practical 

value. However, the emergence of ME composites, which are easier to be fabricated 

and show much higher ME coefficient, points out a new and useful direction of 

research on magnetoelectric effect. Compared to magnetoelectric effect in 

single-phase materials which is “intrinsically” proposed from the fontal properties 

inside the material, the ME effect in the composites is called “extrinsic” ME effect, 

which is produced by the product effect with the combination of magnetostrictive 

effect in magnetostrictive materials and piezoelectric effect in piezoelectric materials. 

It can be described by the following equation: 

"Extrinsic" ��������� �
���������������

�����	��������
 

��������������������������������������������������
���������	�������

�����	��������
�
���������������

���������	������
��� 

������������������������������������������������������������ �����
��
��	
���������� � ���������	���������	 

The initial ideas of ME composites were mainly bulks composites based on 
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the technology of co-sintering or hot-pressing of ferrites and BaTiO3 (BTO) or Pb(Zr, 

Ti)O3 (PZT). Considerable effort has been made in mixing different types of 

ferroelectric oxides and magnetic oxides to explore ME bulk composites with better 

performance. Table 1.3 lists some of the published ones in journals. Although 

theoretically the bulk ME composites could exhibit larger ME coefficient, the 

experimental results are always around ten times or more than that of predicted [71]. 

The ME performance could be weakened due to: (1) atomic interfacial 

inter-diffusion and/or reaction between phases; (2) micro cracks by thermal 

expansion during high temperature sintering; (3) high leakage current and difficulty 

of electric polarization due to the conductive materials of magnetostrictive phase 

used. All these inherent deficiencies constrain the ME field coefficient and restrict 

practical application. 

 

Table 1.3 List of magnetoelectric bulk composites published in journals. 

Composition Synthesis Technique and 
Condition 

αE (mV/cm·Oe) 

0.6BaTiO3- 0.4Ni0.97Co0.03Mn0.1Fe1.9O4 Sintered at 1300 °C 80 @1 kHz[72] 
0.3 CuFe2O4 – 0.7 PbZr0.53Ti0.47O3 Sintered at 950 °C 421 @100 

kHz[73] 
Ni0.3Zn0.2Fe2O4 – 0.41 vol% PZT Hot Pressed at 1000 °C 45 @100 Hz[74] 
BaO-TiO2-CoO-FeO Solution Sintered in range of 

1000-1200 °C 
5.58 

@1070Hz[75] 
PZT-20wt% 
NiCo0.02Cu0.02Mn0.1Fe1.8O4 

Sintered at 1250 °C 115 @1 kHz[76] 

0.75BaTiO3-0.25CuFe2O4 Sintered at 1200°C 0.52 @DC[77] 
0.45 CuFe1.6Cr0.4O4-0.55 BaTiO3 Sintered at 1100 °C 0.0956 @DC[78] 
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Since 2000, laminated composites were proposed, which avoid the 

drawbacks of bulk composites and hence elevate the performance of ME materials to 

a new level. The laminated ME composites involve the combination of piezoelectric 

layers and magnetostrictive layers. With the variance of the directions of polarization 

or magnetization and the number of layers, there could be massive types of 

structures for laminate composites with different performance, seen in Figure 1.11. 

Moreover, the application of Pb(Mg1/3Nb2/3O3)-PbTiO3 (PMN-PT) single crystals 

with excellent piezoelectric performance and Tb0.3Dy0.7Fe1.92 (Terfenol-D) with giant 

magnetostriction increases the ME voltage coefficient to ~ 302 mV/Oe at low 

frequency and 3320 mV/Oe at resonance, more than 10 times compared to bulks [79], 

presenting the potential for practical application. The ME effect is further enhanced 

with the integration of types of amplifier for stress, ultrasonic waves or output 

voltages, including cymbal, ultrasonic horn and transformer [80-85]. 
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��������� Some common structures for magnetoelectric laminate composites with 
different directions of polarization (P) and magnetization (M). [63] 

 

1.4.3 AC Magnetoelectric Sensors 

AC magnetoelectric works based on the ac magnetoelectric effect. Highly 

sensitive magnetic field sensors can be obtained using ME composites with high ME 
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coefficients (αE or αV). The schematic diagrams of some magnetic field sensors 

published recently are shown in Figure 1.18. Viehland et al. in 2006 proposed a 

passive magnetic field sensor using a two-phase laminated composite with an L–T 

arrangement (i.e., a L–T sandwich) [86, 87]. A pair of permanent magnets was 

placed at the two ends of the sandwich to provide an optimal HBias to the sandwich. 

This HBias was capable of enhancing αV of the sandwich and hence the detection 

sensitivity of the sensor. The maximum αV of the sensor was evaluated as 55 mV/Oe. 

One year later, Or and Chan invented another type of passive magnetic field sensors 

based on a variety of epoxy-bonded-type three-phase laminated composites with 

different arrangements of the magnetization and polarization directions similar to the 

illustrations in Figure 1.17(a)�(g) [88]. Y. Shen et al designed ac magnetoelectric 

sensor based on Metglas and PZT fiber composites, for ac magnetic dipole localizing, 

illustrated in Figure 1.18 (a) [89]. Lam et al developed PMN-PT/Terfenol-D 

structured ac ME sensor by applying stress bias and achieved enhanced sensitivity of 

0.22 V/Oe at resonance, shown in Figure 1.18 (b) [90]. 
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Fig. 1.18 Schematic illustration of recent ac ME sensors. [89, 90] 

 

 

 

(a) 

(b) 
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1.4.4 DC Magnetoelectric Effect 

In fact till now most of the works are on ac magnetoelectric materials that 

the materials detect the ac magnetic field and send out an ac voltage response. There 

has just little research on dc magnetoelectric sensors are very few and only several 

publications could be found. Dong et al. conducted some research on the frequency 

and phase shift for magnetoelectric laminate composites composed of Terfenol-D 

and PZT [91]. However, more thorough research has not made yet. Leung et al. and 

Yanmin Jia et al. respectively designed new kinds of dc ME sensors based on 

Lorentz effect, and presented the sensitivity of dc magnetic field measurement of 23 

mV/T and 5.4 mV/T under exciting current of 100 mA at 1 kHz [92, 93]. Though the 

sensitivities are still disappointing, their coil-free structure and low reliance on the 

stability of input source really make sense to the future work.  

 

 
Fig. 1.19 Geometry and working principle of the dc ME sensor with a Cartesian 

coordinates [92]. 
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1.5 Objectives of Project 

As presented in Sections 1.1 and 1.2, with the trend of dc applications 

taking more important roles nowadays, the state-of-the-art dc magnetic field sensors 

still could not chase the rapid pace of development and meet the requirement for dc 

monitoring due to their instinctive deficiencies upon sensors design. As mentioned in 

Section 1.3, ac magnetic field sensors based on extrinsic ME effect in 

magnetostrictive/piezoelectric ME sensing provide novel and perfect solutions for ac 

magnetic field detecting and monitoring. Meanwhile, the ME effect shows also 

possibility on dc detection with solutions not only the materials themselves but also 

the principles of integrating different effects with their advantages to create more 

useful effect. 

Therefore, the aim of this study is to develop new dc magnetic field sensors 

for dc electrical monitoring applications based on magnetoelectric (ME) effects. To 

accomplish this research aim, the project objectives are set as follows: 

(1) Design and theoretical prediction of different styles of dc magnetic sensors 

for various dc application conditions based on magnetoelectric effects or 

principles. 

(2) Study of the fabrication, characterization and physical properties of the 

designed dc magnetoelectric sensors to evaluate their performance on dc 

magnetic field sensing. 
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(3) Comparison among designed and fabricated dc magnetic sensors to identify 

their advantages, disadvantages and application ranges. 

(4) Design and fabricate peripheral electronic circuits for interfacing with the 

developed dc ME sensors and form dc magnetometer prototype for 

electrical condition monitoring applications. 

 

1.6 Scope of Project 

In order to realize the purpose of development of the dc magnetoelectric 

sensors for dc electrical monitoring applications, the following work sequence is 

followed: 

(1) In Chapter 1, an introduction on the recent development of dc applications, 

state-of-the-art of the existing dc magnetic field sensors, development of ac 

& dc ME effect, materials and applications are provided, together with the 

objectives and scope of the project. 

(2) In Chapter 2, the current-driven mode dc magnetoelectric sensors based on 

the coupling of Lorentz Force and piezoelectric effect is conceptual 

designed and theoretically discussed. Besides, based on this idea, two 

versions of the specific dc magnetic field sensors are designed for different 

purposes of dc measuring only and both dc &ac measuring respectively, and 
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physical models of both sensors are constructed as well for theoretical 

predictions of their performance. 

(3) In Chapter 3, the two versions of sensors designed in Chapter 2 are 

fabricated with the coupling of Aluminum bars and PMN-PT plates, and 

evaluated on various properties including sensitivity, frequency bandwidth 

etc.  

(4) In Chapter 4, another dc magnetoelectric sensors of voltage-driven mode 

based on dc magnetic field tuning effect on magnetostrictive materials, is 

conceptual designed and theoretically discussed. Besides, upon this idea, 

two versions of dc magnetoelectric sensors are also designed based on ME 

coupling between piezoelectric materials and magnetostrictive materials, 

and physical models of the two sensors are developed for theoretical 

predictions as well. 

(5) In Chapter 5, the two versions of designed sensors in Chapter 4 are 

fabricated with the coupling of PZT plates and Terfenol-D alloys, and 

evaluated on various properties including frequency response, sensitivity, 

etc. 

(6) In Chapter 6, the total four designed dc magnetoelectric sensors discussed 

in previous chapters are concluded and compared. The voltage-driven 

sensors are determined as better solutions for portable dc magnetoelectric 
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magnetometer and peripheral circuits to provide driven voltage supply and 

process received tuned voltage response are also designed and fabricated. 

The entire portable dc magnetometer is fabricated, packaged and evaluated 

with datasheet provided in this chapter as well. 

(7) In Chapter 7, conclusions and suggestions for future work are given. 
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 Theoretical Design of Current Chapter 2

-Mode DC Magnetoelectric Sensors 

�

�

2.1 Introduction 

As mentioned in Chapter 1, to design the dc magnetic field sensor, ac 

excitation is necessary to induce the dynamic voltage output from piezoelectric 

phase. Choice of dynamic exciting method could be either current driven or voltage 

driven. In Chapters 2 and 3, a novel type of current-driven dc magnetic field sensor 

is designed, fabricated and evaluated. 

In this chapter, both static and dynamic models of current-mode dc 

magnetic field sensors based on Lorentz effect are presented. The basic working 

principle of this design is to couple the Lorentz force induced from interaction 

between dc magnetic field to be measured and dynamic exciting current, to the 

piezoelectric phase of the sensor and create magnetic-field-dependent output voltage 

based on piezoelectric effect. Two versions of sensors are developed with one basic 

version measuring dc magnetic field only and the other modified version measuring 

both dc & ac magnetic field. 
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2.2 Conceptual Design and Design Requirements 

The idea to design a new method to measure dc magnetic field comes from 

the basic principle of magnetoelectric composites to create compounded 

magnetoelectric effect by coupling the magnetostrictive effect and piezoelectric 

effect through product effect. This kind of magnetoelectric effect could also be 

applied on dc magnetic field detection as the output will also be linked to the 

magnitude of dc magnetic field. However, in this method, coils with dynamic current 

flow passing through are necessary to provide dynamic magnetic field bias, as 

illustrated in Figure 2.1, which is of low efficiency and may cause Joule heating.  

 

 
Fig. 2.1 Illustration coil-structured dc ME sensor. 

 

One solution to avoid the mentioned problems is to find another 

magneto-mechanical effect that could convert dynamic current or magnetic 

excitation in reaction with the dc magnetic field to be measured into dynamic force 

intermediary to drive the piezoelectric phase and induce output voltage response. 

Lorentz effect is one hopeful choice.  

As illustrated in Figure 2.2, abiding with the right-hand rules, the Lorentz 

� � �
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force could be expressed as: 

� � ����������������������������������������������������������������������������������������������������������������������������������� 

where � and � are vectors representing magnetic flux density and current flowing 

through the magnetic field, and � is the length of wire in the magnetic field. Thus 

by applying the dynamic current flow �, dynamic Lorentz force � tuned by applied 

magnetic field is induced and could be applied to drive the piezoelectric materials 

with considering the coupling direction to respond with output voltage carrying 

information of magnetic field. By analyzing the output voltage, the applied magnetic 

field applied to the wire with current could be calculated. 

 

 
Fig. 2.2 Schematic illustration of Lorentz force effect. 

 

As shown in Figure 2.3, the induced Lorentz force is applied to a piece of 

piezoelectric plate, which produces stress and strain in the piezoelectric material. 

According to the piezoelectric effect, voltage response would be induced along the 

polarizing direction, which is easily detectable and could be used to calculate the 

applied magnetic field therefore. It is noted that the working principle of 
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piezoelectric materials place a restriction that they could be only driven by dynamic 

force. Therefore in order to detect dc magnetic field, ac current is essential. 

 

 
Fig. 2.3 Conceptual design of dc magnetic field sensing. 

 

To enable the design of the proposed current-driven dc magnetoelectric 

sensors, the following design requirements are required: 

(1) It should be driven by dynamic current to induce voltage response with 

reference to the applied magnetic field; 

(2) It should be sensitive to magnetic field and 1 mV/T at low driven current. 

(3) It should be able to measure dc and quasi-dc magnetic field, and better ac 

magnetic field within frequency bandwidth of 0~10 kHz as well; 
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(4) It should present linear output response to applied magnetic field; 

(5) It should be compact in size, preferably within 30 × 20 × 5 mm3.  

2.3 Basic Version of Current-Mode Sensor 

2.3.1 Structure and Working Principle 

The orthogonal coupling refers to the Lorentz force and piezoelectric 

polarization being coupled at orthogonal directions that the direction of Lorentz 

force is designed at longitudinal while that of piezoelectric polarization at thickness, 

as shown in Figure 2.4. The motivation of this design is to keep the conductor of 

current as far as possible to alleviate the interference force between the two 

conducting wires according to Biot Savart Law.  

The working principle of the dc sensor is essentially based on the direct 

coupling of the Lorentz force effect in the metal strips with the transverse 

piezoelectric effect in the piezoelectric plate. To impart the Lorentz force effect to 

the aluminum strips, the dc magnetic field B3,dc to be measured is applied in the 

3-direction with the reference ac electric current I2 applied along the length of the 

aluminum strips in the 2-direction as illustrated in Figure 2.5. According to the 

Lorentz force law, and based on Fleming’s left hand rule in Figure 2.5, a Lorentz 

force F1 in the form of a repellent attraction force will be generated between the 

aluminum strips in the 1-direction. This F1 in turn will extend/compress the 
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sandwiched piezoelectric plate in the 1-direction, making it produce an ac electric 

voltage V3 across its thickness in the 3-direction as a result of the transverse 

piezoelectric effect. 

 

 
Fig. 2.4 Diagram of the proposed basic version of current-mode dc magnetic field 

sensor in the Cartesian coordinate system. 

�

2.3.2 Physical Modeling 

Mathematically, according to the Lorentz force law, the relationship of F1, I2, 

and B3,dc can be expressed as: 
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�� � �������������������������������������������������������������������������������������������������������������������������������� 

where �� is the length of the metal strips, and � is the phase angle between �� and 

��. It is noted from Eq. 2.2.1 that the maximization of �� occurs when �� and ����� 

are in mutual orthogonal directions so that � =90°, ���� =1, and �� is re-writed as: 

�� � ������������������������������������������������������������������������������������������������������������������������������������� 

The piezoelectric plate is subject to �� in the 1-direction, and since it was 

thickness polarized in the 3-direction, the constitutive piezoelectric equations are 

adopted as follows: 

�� � ���
�
�� � ������������������������������������������������������������������������������������������������������������������������ 

�� � ������ �
�

�
��

�
���������������������������������������������������������������������������������������������������������������� 

where ��  and ��  are the mechanical stress and strain along the length (or 1-) 

direction, respectively, ��  and ��  are the electric field strength and electric 

displacement along the thickness (or 3-) direction respectively, ��� is the transverse 

piezoelectric voltage coefficient, ����  is the elastic compliance coefficient at constant 

electric displacement, and ����  is the dielectric permittivity at constant stress. 

Combining Eq. (2.2.3) and (2.2.4), and setting �� � � (i.e., open-circuit condition) in 

Eq. (2.2.4), the induced ac electric voltage (��) can be evaluated as: 

�� � ������
��

��
� ������������������������������������������������������������������������������������������������������������������ 

The current-controlled dc magnetic field sensitivity (�) of the sensor, defined 

as an induced ac electric voltage (��) from the piezoelectric plate in response to an 
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applied dc magnetic field (�����) under a reference ac electric current (��) to the metal 

strips, is  

� �
����

���
�
�������������

���
� ����

��

��
������������������������������������������������������������������������������� 

where Wp is the width of the piezoelectric plate and SI2 is the dc magnetic field 

sensitivity at a given I2 expressed as 

��� �
���

������
� ������

��

��
������������������������������������������������������������������������������������������������������ 

 

2.3.3 Practical Implication 

As presented by the Eq. (2.2.5) and Eq. (2.2.6), the sensitivity of the dc 

magnetic sensor based on current driven exciting is mainly proportionally affected 

by the material’s inherent parameter (���), and the material’s dimensional parameter 

(��
��

). 

The piezoelectric voltage coefficient (���) can be calculated as: 

��� �
���

�
��

�
 

where ���  is the piezoelectric charge coefficient and ����  is the permittivity 

coefficient. Thus a larger ��� and a smaller ����  of the piezoelectric phase could 

result in a larger ��� , and hence a higher sensitivity. As listed in Table 2.1, 

according to the material parameters affection on the current-controlled dc magnetic 

field sensitivity, apparently, PMN-PT would be the best choice for the piezoelectric 
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phase for its highest piezoelectric voltage coefficient, without considering economic 

costs. 

 

Table 2.1 Material parameters of the piezoelectric phase. 

Parameter 
Piezoelectric 

Charge Coefficient 
Piezoelectric 

Voltage Coefficient 
Theoretical 
Sensitivity 

Symbol ��� (pC/N) ���(mV�m/N) � (V/T/A) 

PMN-PT -1746 -50.6 0.25 

PKI-402* -120 -10.8 0.05 

PKI-502* -175 -11.0 0.05 

*Cited from Piezo Kinetics, Inc. 

 

Figure 2.5 illustrates the affection of the material parameters on the dc 

magnetic field sensitivity under various current ��  ranging through 0~100 mA 

based on the Eq. (2.2.7). The black line represents the performance of sensor with 

PMN-PT as the piezoelectric phase while the blue and red lines refer to theoretical 

sensitivity from PKI-402 and PKI-502 based sensors respectively. The PMN-PT 

based sensor shows much higher sensitivity at the same driven current theoretically, 

in accordance with conclusions from Table 2.1. 
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Fig. 2.5 Theoretical value of ��� for different materials PMN-PT, PKI-402 and 

PKI-502 under various current I2 of low frequency ranging through 
0~100 mA. 

 

In Figure 2.6, theoretical output voltages �� are calculated according to 

different material parameters of PMN-PT, PKI-402 and PKI-502 under the 

assumption of 50 mA driving current and dc magnetic field ranging from 0~100 mT. 

PMN-PT also presents best performance on dc magnetic field sensing. 

In practice, the current-controlled dc magnetic field sensitivity (���) is more 

important. As depicted in Eq. (2.2.6), there is another controllable parameter, driving 

current (I2), to adjust the sensitivity in demand. Theoretically I2 could be infinitely 

high to increase the sensitivity infinitely. However, limited by the thermal effect and 
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the ability of stable current source, lower driven current would be better after 

meeting the requirements of applications. 

Fig. 2.6 Theoretical output voltage �� for different materials PMN-PT, PKI-402 
and PKI-502 under various magnetic field B3,dc ranging through 0~100 
mT and driving current of 50 mA at low frequency. 

 

Besides the material parameter, the dimensional size, namely the ratio of the 

length of aluminum strips (��) and the width of the piezoelectric phase (��), has a 

positive proportional relation to the dc magnetic sensitivity. Theoretically, the 

sensitivity could be infinitely large as we can easily control the dimensional size to 

be �� ���. The simulated geometric affections of the sensor are illustrated in 
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Figure 2.7. Obviously, higher output voltage V3 comes from the higher �� and 

lower ��.  

However, Joule heating effect is ignored in this model, but may possibly 

generate negative affection to the sensor. The effect could be expressed as: 

� � ��
���������������������������������������������������������������������������������������������������������������������������� 

where �� is the density of aluminum bar and �� is the area of the aluminum bar’s 

cross section. Obviously, longer �� leads to higher Joule heating. In Figure 2.7, 

preferred area for geometric choice is suggested above the blue line to generate 

output voltage at least 0.1 mV. The red-star-marked point is the actual dimension 

according to the size of PMN-PT we got. 
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Fig. 2.7 Geometric affection of materials on the output voltage V3 with PMN-PT 
adopted as piezoelectric phase. 
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2.4 Modified Version of Current-Mode Sensor 

2.4.1 Structure and Working Principle 

When detecting ac magnetic field with the proposed magnetic sensor based 

on current driven exiting, there would be problems due to the frequency dependency 

of piezoelectric phase’s performance. Then the sensor can present different 

sensitivities as ac magnetic field of different frequency applied which makes the 

sensor unstable. Therefore modification is required to weaken the negative affection 

of ac vibration and a high dc magnetic field bias is applied by a pair of NdFeB 

magnet plates, as illustrated in Figure 2.8. The total magnetic field could be 

expressed as 

�� � ��� � ��� ������������������������������������������������������������������������������������������������������������������� 

where ��� means the dc magnetic field bias supplied by the magnet pairs and ��� 

is the ac magnetic field to be measured. Supposing ��� could be expressed as: 

��� � ��� ��������������������������������������������������������������������������������������������������������������������� 

where ���  is the amplitude of the ac signals. 

Then  

�� � ��� � ��� � ��� � ��� ���� � ��� ��
���

���

���� ������������������������������ 

Assuming ��� � ��� �, thus 

���

���

� ���������������������������������������������������������������������������������������������������������������������������������� 
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and  

� � ��� ������������������������������������������������������������������������������������������������������������������������������������ 

which means if the dc magnetic field is much larger than the dynamic signals, the 

vibration affection of ac magnetic field could be ignored. 

Hence, the ac magnetic field could be calculated according to the 

information of the fluctuations. However, according to the Nyquist–Shannon 

Sampling Theorem, to reserve the sampling information, the frequency of driven 

current has to be at least twice than that of the ac magnetic signals to be measured. 

Therefore the previous quasi-static theory would not work and a dynamic model is 

needed to predict its performance. 
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Fig. 2.8 Diagram of the proposed modified version of current-mode dc magnetic 

field sensor in the Cartesian coordinate system. 

 

2.4.2 Physical Modeling 

When magnetic field is applied to this sensor, dynamic force will be created 

by the metal strips according Lorentz Law, which drives the piezoelectric plate to 

vibrate at the same frequency with current flows in the strips resulting in an ac 

voltage output based on the piezoelectric effect. The magnetically biased Lorentz 

force in the metal strips, assuming the direction of the magnetic field perpendicular 

to that of the electric current, can be expressed as: 

� �

� Piezoelectric Plate 

� Metal Strips 

B3 

Electrical wires 
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�� � ������ � ���� ��� � ��� ������������������������������������������������������������������������������������ 

where ��� is the dc magnetic field bias offered by the NdFeB plates and ��� is 

the magnetic field to be measured, which could be either dc or ac. 

To describe the sensor’s dynamic properties, the piezoelectric plate forced 

by �� and loaded with the metal strips is modeled as a three-port Mason model 

equivalent circuit as shown in Figure 2.9. 

 

 
Fig. 2.9 The dynamic equivalent circuit model of the modified version of 

current-mode dc sensor. 

�

Here, ��  and ��  denote the elastoelectric coupling coefficient and 

clamped capacitance of the piezoelectric plate, respectively, while ���� and ���� 

represent the effective wave number and effective characteristic acoustic impedance 

of the piezoelectric plate loaded with the metal strips, respectively. Physically, ��, 

��, ����, and ���� can be expressed as follows: 

�� �
�����

� ���

���
�

������������������������������������������������������������������������������������������������������������������� 

�� �
����

��
���
�
�� ���

� ���������������������������������������������������������������������������������������������������� 
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���� � ��� � �� ����
�
������������������������������������������������������������������������������������������������������ 

���� � �
�

����
���� �

�����

� ����
�
����������������������������������������������������������������������������������������� 

���� in Eqs. (3) and (4) states that the piezoelectric plate with wave number k is 

acoustically loaded by the strips so that the value of k is modified by a constant n 

(=0.69 in our case) to give ���� and hence ����. Obviously, the loading effect leads 

to a smaller resonance frequency and hence a larger characteristic acoustic 

impedance. �� is the Lorentz effect factor expressed as: 

�� � ������������������������������������������������������������������������������������������������������������������������������� 

� is the angular frequency; R is the mechanical damping resistance of the laminate 

caused by internal frictions between material phases 

According to the equivalent circuit, we can solve the output voltage �� as: 

�� � �

�����
��

��
��� � ���

�� ���
�

��
���

���
��

���

� ���
�

������������������������������������������������������������������������ 

The sensitivity of the sensor is defined as the induced output voltage of the 

piezoelectric plate in response to the applied dc magnetic field HBias and ac driving 

current I2, thus: 

� �
����

���
�
���������

���

where ���  is the current controlled dc magnetic field sensitivity at a given I2 

expressed as: 
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��� �
���

��
� �

�������
��

��

�� ���
�

��
���

���
��

���

� ���
�

����������������������������������������������������������������� 

 

2.4.3 Practical Implication 

This design is similar to that of dc measurement that the magnetic field 

sensitivity is also positively proportionally related to the material property 

piezoelectric voltage coefficient (���) and dimensional size ( ��
��

). Therefore the 

discuses to these two parameters are the same to those in Section (2.2.3). 

However, as the performance of piezoelectric materials is affected by the 

driving frequency, the sensitivity of the magnetic sensor highly depends on the 

frequency, as illustrated by Eq. (2.3.9). As Eq. (2.3.9) and Eq. (2.3.10) are periodic 

functions, with damping factors taken into accounts, the sensitivity would reach the 

maximum at � � �� that: 

���� � � � � �� � �

�����
��

��

���
�

���������������������������������������������������������������������������������� 

Table 2.2 lists the related parameters of some frequently-used piezoelectric 

materials and the theoretical maximum sensitivity assuming ��
��
� �. Apparently, 

PMN-PT also illustrates the best possible performance on ac magnetic field 

detection. 
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When the driving frequency � � ��the equation can be rewritten as: 

���
���

� � ������
��

��
���������������������������������������������������������������������������������������������������������� 

This is the dc magnetic sensitivity of the sensor at quasi-static conditions expressed 

by Eq. (2.2.5), and proves the creativity of this dynamic model as well. 

Figure 2.10 illustrates the material parameters affection on the dc magnetic 

field sensitivity under various current �� of resonant frequency ranging through 

0~100 mA based on the Eq. (2.3.15). The black line represents the performance of 

sensor with PMN-PT as the piezoelectric phase while the blue and red lines refer to 

theoretical sensitivity from PKI-402 and PKI-502 based sensors respectively. The 

PMN-PT based sensor shows higher sensitivity at the same driven current 

theoretically, consistent with conclusions from Table 2.2. 

 

Table 2.2 Parameters of piezoelectric materials and the theoretical maximum 
sensitivity. 

Parameter 
Piezoelectric 

Charge 
Coefficient 

Piezoelectric 
Voltage Coefficient 

Transverse 
Coupling 

Factor 

Maximum 
Theoretical 
Sensitivity 

Symbol 
��� (pC/N) ��� (mV�m/N) ��� 

���� 
(V/T/A) 

PMN-PT -1792 -52.3 0.9 1.86  
PKI-402* -120 -9.8 0.47 1.63  
PKI-502* -175 -10 0.45 1.76  

*Cited from Piezo Kinetics, Inc. 
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Fig. 2.10 Theoretical value of ��� for different materials PMN-PT, PKI-402 and 
PKI-502 under various current I2 ranging through 0~100 mA at 
resonant frequency. 

 

In Figure 2.11, theoretical output voltages �� are calculated according to 

different material parameters of PMN-PT, PKI-402 and PKI-502 respectively with 

assumption of 50 mA driving current at resonant frequency and dc magnetic field 

ranging from 0~100 mT. PMN-PT still presents best performance on dc magnetic 

field sensing. 
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Fig. 2.11 Theoretical output voltage ��  for different materials PMN-PT, 

PKI-402 and PKI-502 under various magnetic field B3,dc ranging 
through 0~100 mT with driving current of 50 mA at resonant 
frequency. 

 

Besides the material parameters, the dimensional size, namely the ratio of 

the length of aluminum strips (��) and the width of the piezoelectric phase (��), has 

a positive proportional relation to the dc magnetic sensitivity. Theoretically, the 

sensitivity could be infinitely large as we can easily control the dimensional size to 

be �� ���. The simulated geometric affection of the sensor are illustrated in 

Figure 2.12, from which higher output voltage V3 comes from the higher �� and 
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lower ��.  

With consideration of Joule heating effect, expressed by Eq. (2.3.1), longer 

�� also leads to stronger temperature effect. In Figure 2.12, the area above the blue 

line is suggested to be the preferred area to generate at least 1 mV for high resolution. 

The red-star-marked point is the actual dimension according to the size of PMN-PT 

we got. 

Fig. 2.12 Geometric affection of materials on the output voltage V3 with PMN-PT 
adopted as piezoelectric phase. 
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 Fabrication and Evaluation of Chapter 3

Current-Mode DC Magnetoelectric 

Sensors 

�

�

3.1 Introduction 

Based on the theoretical design in Chapter 2, PMN-PT would be preferred 

by both the basic and modified versions of the magnetic sensors. As for the choice of 

metal strips to conducting current flow and transferring Lorentz force, Aluminum 

would be a preferred choice to balance the low conductivity and high Young’s 

Modulus [94]. 

The fabrication of both sensors is similar in components and structures. 

However, due to the different design purposes and applications, the performance 

evaluation of the sensors will be measured by different measurement system in this 

chapter. The magnetic detection properties of both sensors will be discussed and 

compared as well to determine the application condition for each sensor respectively. 
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3.2 Fabrication 

3.2.1 Fabrication of Basic Version 

The fabrication processes of the basic version of the current-driven dc 

sensor are illustrated in Figure 3.1. A plate-shaped piezoelectric single crystal 

PMN-PT, which is arranged along the longitudinal direction, is sandwiched by a pair 

of aluminum metal strips along lateral direction with their interfaces being bonded 

by insulating epoxy adhesives. The pair of aluminum strips is also electrically 

connected by brass wires to pass through the current and create the Lorentz force. 

The dimensional sizes of the aluminum strips are 20mm(length) × 1mm(width) × 

1mm(thickness), which is cut from a 7075 aluminum sheet of 1mm thickness by an 

electrical discharge machine technique. The PMN-PT plate, with dimensions and 

crystallographic orientations of  ������������������������������  (L is 

the length, W is the width and T is the thickness), is electrically polarized along the 

thickness with full fired silver electrodes on the two major surfaces perpendicular to 

the direction of thickness. The insulating epoxy is cured for over 24 hours at room 

temperature to ensure enough hardness. During the curing process, the whole 

structure is mechanically clamped with a little stress to make the PMN-PT and the 

aluminum strips fit closely. 
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Fig. 3.1 Fabrication processes and photographs of the basic version of 

current-mode dc magnetic field sensor. 

 

3.2.2 Fabrication of Modified Version 

Figure 3.2 presents the fabrication processes and photographs of the 

modified current-driven sensor. A PMN–PT piezoelectric single-crystal plate, which 
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has a thickness polarization (P) along the 3-direction and its length along the 

1-direction, is transversely bonded between a pair of electrically connected 

aluminum strips with their length along the 2-direction, and the whole 

piezoelectric-metal assembly is axially placed between a pair of NdFeB magnet 

plates with their magnetization along the 3-direction and their length along the 

1-direction. The PMN−PT piezoelectric single-crystal plate is supplied by Shanghai 

Institute of Ceramics, Chinese Academy of Sciences in China to have known 

dimensions and crystallographic orientations of 14[100]L×4[011]W×1[0�1]T mm3 (L: 

length, W: width, T: thickness), full fired silver electrodes on the two major surfaces 

normal to the 3-direction, relative permittivity at constant stress ����� ���� of 3900, 

transverse piezoelectric voltage coefficient ���  of -50.6 mV·m/N, transverse 

electromechanical coupling coefficient (k31) of 0.9, elastic compliance coefficient at 

constant electric field (���� ) of 18.0 pN/m2, and density (ρ) of 8090 kg/m3. The 

aluminum strips are prepared in-house by cutting a 1 mm thick 7075 aluminum sheet 

using an electrical discharge machining technique to give the desired length (La) of 

20 mm and cross-sectional area of 1×1 mm2. The NdFeB magnet plates were 

acquired from China Rare Earth Magnet Ltd. to have dimensions of 20×15×2 mm3 

and nickel coating on their surfaces. They were situated at an axial separation of 3 

mm so as to create an average dc bias magnetic field (B3B) of 100 mT to the central 

piezoelectric-metal assembly for facilitating the effect of magnetically biased 
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Lorentz force. 

 
Fig. 3.2 Fabrication processes and photographs of the modified version of 

current-mode magnetic field sensor. 
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3.3  Evaluation Methods 

An in-house automated measurement system (Figure 3.3) was used to 

measure dc & ac magnetic field sensing properties and the vibrating properties of the 

proposed voltage-driven sensors. This system consisted of four basic sections: (1) a 

dc magnetic field generation section, (2) a signal generation and detection section, (3) 

a dynamic current supply section and (4) a data acquisition and system control 

section. The magnetic field generation section contained a dc current supply 

(Sorensen DHP200-15), a water-cooled, C-shaped electromagnet (Myltem 

PEM-8005K), and a pair of Helmholtz coils. The signal generation and detection 

section included an arbitrary waveform generator (Agilent 33210A), a transverse 

Hall-effect probe (STA99-0404), a Gaussmeter (F. W. Bell 7030), a laser vibrometer 

(Graphtec AT0042), a pick-up coil, and a search coil. The dynamic current supply 

section is composed of a dynamic signal analyzer (Ono Sokki CF5220) through a 

constant-current-supply amplifier (AE Techron 7572). The data acquisition and 

system control section comprised a data acquisition unit (Nation Instruments 

BNC-2110 and NI-PCI6132) and a Labview-based interface and control program. 
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Fig. 3.3 Photographs of the in-house automated measurement system for dc 

magnetic field sensing properties and vibration properties. 

 

Water-Cooled C-Shaped 
Electromagnet 

Laser 
Vibrometer 

Data Acquisition 
Unit 

Labview-Based 
Interface and 
Control Program 

Arbitrary Waveform 
Generator 

DC Current 
Supplier 

Constant-Cur
rent Supply 
Amplifier 

Gaussmeter 



 
           3. Fabrication and Evaluation

 of Current-Mode DC Magnetoelectric Sensors 
               

              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
�

ZHANG Long   68 

          � �

3.3.1 Evaluation of DC Properties 

Figure 3.4 shows the schematic diagram of the experimental setups for the 

measurement of static properties of the magnetic field sensors. The water-cooled, 

U-shaped electromagnet (Myltem PEM-8005K) is controlled by the dc power 

supplier (Sorensen DHP 200-15) to supply the dc magnetic field �����  to be 

measured, ranged from 0 to 200 mT, while the value is controlled in-situ by the 

Hall-probe (STA99-0404) connected to a Gaussmeter (F. W. Bell 7030). The 

induced magnetoelectric charges on the piezoelectric phase upon the applied dc 

magnetic field �����  are detected by a charge amplifier (Kistler 5015A) and 

recorded by the dynamic signal analyzer and processed by a computer. The induced 

voltage (��) induced by the dc magnetic field to be measured can be evaluated by: 

�� �
��

�
 

where � is the capacitance of the laminates which is measured by an impedance 

analyzer (Agilent 4291A) equipped with a test fixture (Agilent 16034E) at 100 Hz.  
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�
�
�

Fig. 3.4 Experimental setups for measuring the dc magnetic field sensitivity. 

�

3.3.2 Quasi-DC or AC Performance 

Figure 3.5 illustrates the schematic diagram of the experimental setups for 

the measurement of the ac magnetic field properties of the sensor. A pair of 

Helmholtz coils controlled by a dynamic signal analyzer (Ono Sokki CF5220) 

through a constant-current-supply amplifier (AE Techron 7572), which supplies a 

swept sinusoidal magnetic field ���� with amplitude ranging from 0~2 mT and 

frequency ranging from 0.1~100 kHz. The pick-up coils and the Gaussmeter (F. W. 

Bell 7030) are applied to detect and monitor the value of dynamic magnetic field. 

The induced magnetoelelctric voltages of the sensor upon the applied ����  are 
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measured and recorded by the dynamic signal analyzer and processed by a computer 

to evaluate the ac magnetic field sensitivity of the sensor.  

 

�
�
�

Fig. 3.5 Experimental setups for measuring the quasi-dc or ac magnetic field 
sensitivity. 

�

3.3.3 Resonance Mode 

To further investigate the physical origin of the laminates at their 

fundamental resonance frequencies, it is important to determine the mode shapes of 

these resonances. Thus, the vibration displacement distribution measurements were 
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resonance frequencies and with various DC magnetic field ���  to be measured 

(Figure 3.6). The experimental setup is similar to the previous setups for 

measurement of the dc magnetic field sensing properties with an additional in-plane 

laser vibrometer. The laser head of the vibrometer was moved along the longitudinal 

direction of the laminates, and the vibration displacements were measured for each 1 

mm. 

 

�
�
�

Fig. 3.6 Experimental setups for measuring the vibration displacement distribution. 

�

�
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3.3.4 Thermal Impacts 

Figure 3.7 illustrates the experiments the experimental setup for measuring 

the thermal impacts on current-mode dc ME sensors. The sensor sample under test is 

placed in a tube furnace (Carbolite MTF 12/38/400) equipped with a temperature 

process controller (Eurotherm 3216) which is subject to various temperature (T) of 

30~90oC. A pair of Helmholtz coils made of high-temperature electric wires is 

placed to supply dc magnetic field via a dc current supply amplifier (Sorensen DHP 

200-15). A current probe (Hoiki 9273) is clamped on the electrical cable to monitor 

the current through Helmholtz coils to evaluate the dc magnetic field applied on the 

sample sensor. The induced voltage from the current-mode sensors under various 

temperature was measured and recorded by the dynamic signal analyzer and 

processed by a computer to evaluate thermal impacts on the sensor’s performance. 

�
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�
�
�

Fig. 3.7 Experimental setups for measuring the thermal impacts on proposed 
sensors. 

�

3.4 Results and Discussion 

3.4.1 Basic Version 

Figure 3.8 plots the response voltages (��) induced by the dc magnetic field 

(�����) during the range of 0~180 mT with different reference driving currents �� of 

amplitudes 1, 10, 25, 50, 75 and 100 mA at a low frequency of 1 kHz, measured by 

the measurement system described in Section 3.3.1. By linear fitting each of the 

�� � �����  curves, the slopes of these fitting lines are the dc magnetic field 

sensitivities ���  at each driven exciting current ��. Table 3.1 compares the ��� 
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measured by experiments and predicted by the Eq. (2.2.7). 

Figure 3.9 shows the relationship between the dc magnetic field sensitivity 

��� and the driven exciting currents ��. The values of ��� are cited from Table 3.1. 

The slope of the linear fitting of the ��� � �� curve represents the current-controlled 

dc magnetic field sensitivity �, defined by the Eq. (2.2.6), and measured to be 0.23 

V/T/A from experiments. Noted that as the increase of driven current, the relative 

error between the theoretical and experimental ��� decreases, because with higher 

driven current, i.e. the stronger output voltage, the electromagnetic interference 

would be of low affection to the measured results and thus more accurate values are 

presented. This experimentally measured �  is quite in accordance with the 

theoretical value of 0.25 V/T/A, predicted by the Eq. (2.2.6) with related parameters. 

This results also proves the possibility of linearly controlling ��� and hence the 

induced output voltage �� by monitoring the driving current �� for an applied dc 

magnetic field �����. Thus this dc sensor could convert a relatively small ����� to a 

large voltage response �� by elevating driving current �� to enhance the ���. 

 

Table 3.1 The dc magnetic field sensitivity ��� at different driven exciting 
currents in theory and experiments. 

Value of driven 
currents 1 mA 10 mA 25 mA 50 mA 75 mA 100 mA 

Theoretical ��� 
(mV/T) 0.25 2.5 6.25 12.5 18.75 25 

Experimental 
��� (mV/T) 0.20 2.22 5.51 11.88 17.60 23.36 
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Fig. 3.8 Induced voltage (V3) as a function of applied dc magnetic field (B3,dc) for 

different reference driving currents (I2) at a frequency of 1 kHz. The 
symbols are the experimental data while the lines are the linearly fitted 
lines. 
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Fig. 3.9 Dependence of the dc magnetic field sensitivity at a given I2 (SI2) on 

reference driving current I2. The symbol refers to the value of SI2, while 
the line is the linearly fitted line. 

 

Figure 3.10 shows the waveforms of the driven exciting current (��) with 

100 mA amplitude and 1 kHz frequency, and induced output voltage (��) with 

applied dc magnetic field (�����) of 100 and 150 mT amplitude [Fig. 3.10 (a)], and 

-100 mT and -150 mT amplitude [Fig. 3.10 (b)], respectively. Apparently, the signal 

conversions from dc magnetic field (�����) to induced output voltage (��) are clear 

and stable. As predicted by Eq. (2.2.5), �� is positively related to the value of dc 

magnetic field ����� that �� increases as the increase of ����� at a given ��, just 
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as the Fig. 3.9 proves. Furthermore, �� and �� would be in phase with a positive 

����� and out of phase with a negative �����, which proves the capability of this 

sensor to differentiate the directions of �����. 

Figure 3.11(a) illustrates the measured �� as a function of ����� at a given 

�� of 100 mA amplitude and 1 kHz frequency under various temperature T. �� 

shows a good linear in response to ����� for the whole measured ����� range at 

various T. Figure 3.11(b) shows the measured SI2 as a function of T. The values of 

SI2 are obtained from the slopes in figure 3.10(a). SI2 decreases slowly from ~23.4 

mV/T to 20.6 mV/T when T increases from 30°C to 60°C. The decrease is around 12% 

with the first slope of -0.093 mV/T/°C. As temperature is increased beyond 60°C, SI2 

exhibits an obvious decrease with the second slope of -0.69 mV/T/°C. At T=90°C, 

SI2 becomes very small, i.e. ~0.3 mV/T. This phenomenon is induced by the 

depolarization effect of the PMN-PT single crystal as its Curie’s Temperature TC is 

around 80°C [96]. Beyond 80°C, the piezoelectricity of the PMN-PT vanish and SI2 

vanish as well. 

 

� �
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Fig. 3.10 Waveforms of the driven exciting current (��) with 100 mA amplitude 
and 1 kHz frequency, and induced output voltage (��) with applied dc 
magnetic field (�����) of (a) 100 and 150 mT amplitude and (b) -100 mT 
and -150 mT amplitude, respectively. 

 

(b) 

(a) 
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Fig. 3.11 (a) Measured �� as a function of ����� at a given �� of 100 mA 

amplitude and 1 kHz frequency under various T; (b) measured SI2 as a 
function of T. 

(a) 

(b) 
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3.4.2 Modified Version 

Through Figure 3.12 to Figure 3.14, the properties of dc measurement of 

this sensor are evaluated by the setup system proposed in the Section 3.3.1. In Figure 

3.15, the vibration properties are measured by the setup systems in the Section 3.3.3. 

And from Figure 3.16 to Figure 3.19, the properties of ac measurement are evaluated 

by the setup systems in the Section 3.3.2 for dynamic measurement. 

Figure 3.12 plots the induced ac electric voltage (��) as a function of 

applied dc magnetic field (���) in the range of -100~100 mT or (��� � ���) in the 

rage of 0~200 mT for four different driving electrical currents (��) of amplitudes 25, 

50, 75, and 100 mA peak at a non-resonance frequency of 1 kHz and resonant 

frequency of 65 kHz, respectively. The resonant frequency is obtained through an 

impedance analyzer (Agilent 4291A) equipped with a test fixture (Agilent 16034E). 

As the existence of the NdFeB magnets providing 100 mT magnetic field bias, there 

is a shift of 100 mT between the upper and lower x-scale. For instance, the data point 

of ��� � ����  correspond of those of ��� � ��� � ������ . Apparently, the 

induced output voltage �� shows a linear response to both ��� and ��� � ��� at 

a given ��. Recalled in Eq. (2.3.14) that ��� is the change of �� on dependence of 

��� � ���, the slope of each curve obtained from linear-fitting approach refers to 

the ��� at the given �� of 1 kHz or 65 kHz. The exact values of each ��� are listed 

in Table 3.2, with comparison to the theoretical values predicted by the Eq. (2.3.14). 



 
           3. Fabrication and Evaluation

 of Current-Mode DC Magnetoelectric Sensors 
               

              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
�

ZHANG Long   81 

          � �

Table 3.2 The dc magnetic field sensitivity ��� at different driven exciting 
currents in theory and experiments. 

Value of 
driven 

currents 

Driving frequency of 1 kHz Driving frequency of 65 kHz 

25 mA 50 mA 75 mA 
100 

mA 
25 mA 50mA 75 mA 

100 

mA 

Calculated 
��� 

(mV/T) 
6.5 13 19.5 26 47.3 94.5 141.8 189 

Measured 
��� 

(mV/T) 
6.2 13.5 18.5 25.9 40.8 88.0 120.7 169.2 

 

Figure 3.13 illustrates the dependence of the sensitivity (��� ) of the 

proposed sensor on electrical current (��) at 1 kHz and 65 kHz. Obviously the ��� 

proves positive linearity with �� at both exciting frequency of 1 kHz and 65 kHz, 

which indicates a high and linear controllability of ���  in the sensor by �� . 

According to Eq. (2.3.13), the current-controlled magnetic field sensitivity of the 

sensor is the slopes of the curves. By linear fitting the ��� � �� curve, � of this 

sensor is measured to be 0.26 V/T/A at 1 kHz and 1.7 V/T/A at 65 kHz, in 

accordance with the theoretically prediction of 0.26 V/T/A and 1.89 V/T/A 

respectively. 

 



 
           3. Fabrication and Evaluation

 of Current-Mode DC Magnetoelectric Sensors 
               

              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
�

ZHANG Long   82 

          � �

 
Fig. 3.12 The induced ac electric voltage (��) as a function of applied dc 

magnetic field (���) in the range of -100~100 mT or (��� � ���) in the 
rage of 0~200 mT for four different driving electrical currents (��) of 
amplitudes 25, 50, 75, and 100 mA peak at a non-resonance frequency 
of 1 kHz and resonant frequency of 65 kHz, respectively. 
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Fig. 3.13 The dependence of the sensitivity (���) of the proposed sensor on 
electrical current (��) at 1 kHz and 65 kHz. 

 

Figure 3.14(a) shows the waveform of �� in reponse to three different ��� 

of 50 mT, 0 mT and -50 mT dc at an �� of 50 mA peak amplitude and 1 kHz, while 

Fig. 3.14(b) presents the waveforms at a different ��  of 65 kHz. At both �� 

frequencies, �� is essentially clean and does not show any amplitude offset or phase 

shift, suggesting the existence of the stable mediation of the magnetically biased 

Lorentz force effect with the transverse piezoelectric effect of the sensor. In Figure 

3.14(a), a nonzero �� of 1.32 mV peak amplitude and 1 kHz frequency is observed 

at driven exciting current �� of 50 mA peak and 1 kHz frequency, even though ��� 
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is 0 mT. At a positively elevated ��� of 50 mT dc and negatively elevated ��� of 

-50 mT dc, the responded enhanced �� of 2 mV peak and reduced �� of 0.66 mV 

peak are observed at 1 kHz respectively. In Figure 3.14(b), obvious strengthened 

sensitivity and signal response are presented as working at the resonant conditions. 

Enhanced �� of 12.85, 8.46 and 4.26 mV peaks are recorded in response to the 

applied static magnetic field of 50, 0, -50 mT respectively. So taking the value of 

response voltage at ��� � ���� as a reference, the direction of the applied ��� 

could also be judged. 

Figure 3.15 illustrates the calculated and measured � spectra of this sensor. 

The �  spectrum obtained from Eq. (2.3.13) agrees reasonably well with the 

experimental measurement with a sinusoidal �� of 50 mA peak in the frequency 

range of 0.1~80 kHz. In both spectra, the sensor demonstrates and essentially flat 

response for frequencies up to 20 kHz (i.e. the non-resonance region). The results 

also confirm the effectiveness of increasing sensitivity by referencing the sensor at 

its resonance frequency, proposed when designing this sensor. 
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Fig. 3.14 The induced voltages (��) with reference to the electric current �� 

with amplitude of 50 mA and frequency (�) of 1 kHz (a) and (b) 65 
kHz, respectively, under applied dc magnetic field (���) of -50 mT, 0 
mT and 50 mT. 
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Fig. 3.15 Calculated (line) and measured (symbol) � spectra of the sensor. 

 

To identify the vibration properties at the resonant point, vibration 

displacement distributions (u) measured at the resonant point ��� � ������  at 

various amplitude of ac driven current are measured and illustrated in Figure 3.16. 

The displacement nodes and antinodes are located near the two ends and the middle 

position, respectively, with small left shift as the magnetic field changing the 

frequency slightly. The results confirm that the laminates vibrate longitudinally with 

their length corresponding to a half longitudinal wavelength. 

Figure 3.17 displays the waveforms of �� and ��� � ��� with ��� of 
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100 mT dc and ��� of 1.5 mT peak amplitude and 100 Hz frequency. The driven 

exciting current �� is set 50 mA peak and 1 kHz frequency. In response to the 

dc-biased ac magnetic field (��� � ���), the induced voltage �� is in form of an 

amplitude-modulated voltage signal in which the amplitude of (��� � ���) and the 

frequency of ���  determine the amplitude and frequency of the envelope, 

respectively, while the frequency of �� controls that of the carrier. 

 

 
Fig. 3.16 Vibration displacement distribution (u) measured at the resonant 

frequency under various dc magnetic field ���  for the designed 
voltage-driven dc laminate magnetic field sensor. 

 

In order to evaluate the response of the sensor to different ��� frequencies 

so as to determine the operational frequency range of the sensor, Figure 3.18 
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illustrate the waveforms of  �� and (��� � ���) for four different ��� frequencies 

of 1, 5, 10 and 15 kHz at given ��� of 100 mT dc, ��� of 1.5 mT peak and �� of 

50 mA peak amplitude and 65 kHz frequency. Consistent with the observation in 

Figure 3.16, �� delivers an amplitude-modulated voltage signal with its envelope 

and carrier frequencies follow the ���  and ��  frequencies respectively. It is 

important to note that when the ��� is well below the �� frequencies of 65 kHz 

(e.g. ���  at 100 hz in Figure 3.14), the waveform of ��  can be precisely 

constructed in accordance with that of ���. The quality of the waveform decreases 

with increasing ��� frequencies as can be observed from Figure 3.17. When the 

��� frequency is elevated to 15 kHz [Figure 3.16(d)], the quality of the waveform 

starts to become marginal. This suggests that our sensor has a broad operational 

frequency range from 0 to about 15 kHz. Furthermore, the frequency limit of 15 kHz 

is about one fourth of the resonance frequency of 65 kHz, which is in agreement 

with the 4-times frequency requirement as stated by the Nyquist–Shannon Sampling 

Theorem [95]. 

 Figure 3.19(a) illustrates the measured �� as a function of ��� � ��� 

at a given �� of 100 mA amplitude and 65 kHz frequency under various temperature 

T. ��  shows a good linear response to ��� � ���  for the whole measured 

��� � ��� range at various T. Figure 3.19(b) shows measured SI2 as a function of T. 

The values of SI2 are obtained from the slopes in figure 3.18(a). SI2 decreases quickly 
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from ~169 mV/T to ~72.8 mV/T when T increases from 30°C to 60°C. The decrease 

is around 57% with the first slope of -3.2 mV/T/°C. The rapid decrease of SI2 is 

induced by the demagnetization of the NdFeB magnet plates, whose magnetic field 

is weakened as the increase of temperature and will vanish at around 60°C. When 

temperature is increased beyond 60°C, SI2 still decreases with the second slope of 

-2.4 mV/T/°C. At T=90°C, SI2 becomes very small, i.e. ~0.5 mV/T, which is caused 

by the depolarization effect of the PMN-PT single crystal as explained in Section 

3.4.1. 

 
 
� �
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Fig. 3.17 Waveforms of �� and (��� � ���) for ��� of 100 mT, ��� of 1.5 
mT peak amplitude and 100 Hz frequency, and �� of 50 mA peak 
amplitude and 65 kHz frequency. 
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Fig. 3.18 Waveforms of ��  and ( ��� � ��� ) for four different ��� 

frequencies of (a) 1 kHz, (b) 5 kHz, (c) 10 kHz, (d) 15 kHz at given 
��� of 100 mT, ��� of 1.5 mT peak, and �� of 50 mA peak 
amplitude and 65 kHz frequency.  

�

�
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Fig. 3.19 (a) Measured �� as a function of ��� � ��� at a given �� of 100 

mA amplitude and 65 kHz frequency under various T; (b) measured 
SI2 as a function of T. 

 

(a) 

(b) 
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 Theoretical Design of Chapter 4
Voltage-Mode DC Magnetoelectric Sensors 

�

�

4.1 Introduction 

Due to the adoption of (dc or ac) electrical current as excitation driver and 

signal carrier, Joule heating and electromagnetic interference (EMI) are always 

common problems for most dc magnetic field sensors, including fluxgate sensors, 

Hall effect sensors and SQUID etc. Though some techniques are designed to 

mitigate these negative affections, such as thermal compensation and differential 

output, it’s still impossible to eliminate these inherent problems which limit the 

potential of accuracy improvement. Other dc magnetic sensing methods, such as 

magnetooptical sensors, avoid the problems by taking light emitted by lasers as the 

carrier. However, the cumbersome and expensive lasers and light detectors make it 

difficult to take magnetooptical sensors into wide and effective applications.  

Hence, we turn to design totally new style of dc magnetic field sensors 

which takes dynamic voltage driving as the driver and carrier, and could have these 

advantages: 1) stable voltage is much easier to provide and control compared to 

current or light; 2) voltage would be little affected by electromagnetic interference 
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and thus has less demand for electromagnetic shielding, which could lower the 

fabricating expense and complexity; 3) voltage would produce little Joule heating 

compared to current, and thus no complex peripheral circuits are needed to make 

thermal compensations.  

In this chapter, two versions of voltage-mode dc magnetic field sensors are 

designed and discussed. The basic working principle are based on the magnetic field 

tuning effect by magnetostrictive materials that the applied dc magnetic field would 

change the physical properties, especially the strain bias, and hence adjust the 

conducting conditions of the sensor which would be reflected on the change of 

voltage carriers. Therefore we could evaluate the value of the dc magnetic field by 

analyzing the information carried by the voltages. The basic version is a simple 

bilayer structure composed of one magnetostrictive substrate and one piezoelectric 

transformer layer. The modified version strengthens the sensitivity through its 

parallel input and serial output structure. 

 

4.2 Conceptual Design and Design Requirements 

The working principle of voltage-mode sensors is based on the dc magnetic 

field tuning effect in magnetoelectric composites. As shown in Figure 4.1, which is 

the typical laminate structure of magnetoelectric composites composed of a 

thickness-polarized piezoelectric plate sandwiched by two longitudinal-magnetized 
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magnetostrictive plates, dynamic voltages would be generated when dynamic 

magnetic field induced by the ac current in the coils is applied to the composite, 

based on ME effect [61]. The induced voltages are variable according to the applied 

dc magnetic field, as illustrated in Figure 4.2, due to the magnetic field tuning in 

magnetostrictive material. Thus the value of the applied dc magnetic field could be 

evaluated to the value of output voltages. 

 

Fig. 4.1 Typical structure of magnetoelectric composite composed of a 
thickness-polarized piezoelectric plate sandwiched by two 
longitudinal-magnetized magnetostrictive plates.  
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Fig. 4.2 Induced voltages at different dc tuning magnetic field at the driving ac 

magnetic field of 1 Oe and 1 kHz induced by the ac current flow. 

 

The problems are still remained if using this mentioned structure directly to 

measure dc magnetic field as it adopts ac magnetic field as driving carriers so that 1) 

coil structure makes the fabrication procedures costly and 2) dynamic current would 

induce Joule heating problems. Therefore modifications are made to replace the 

piezoelectric plate as two-port piezoelectric transformer so that the magnetic field 

tuning effect would adjust the voltage ratio between input and output voltage of the 

piezoelectric transformer. In other words, applied dc magnetic field could be 

evaluable by observing the voltage change on the sensor. 
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On selecting materials of the sensors’ components, two factors should be in 

consideration according to the previous description: 1) magnetic saturation of the 

magnetostrictive phase, which determines the range of magnetic field tuning area; 2) 

mechanical properties of piezoelectric phase, which affects the energy consumption 

and stability of the sensors. These two points would be discussed in details in each 

model of the two versions. 

In general, the specifications of the voltage-driven dc magnetoelectric 

sensor are set as follows: 

(1) The sensor should be highly sensitive to dc magnetic field during a wide 

measurement range. 

(2) The structure should be designed coil-free and easy fabricated for capability 

of industrial manufacturing. 

(3) The sensor should be of small size and light weight. 
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4.3 Basic Version of Voltage-Mode Sensor 

4.3.1 Structure and Working Principle 

The structure of the basic version of voltage-mode dc magnetic field sensor 

is illustrated in Figure 4.1. A piece of piezoelectric transformer with an isolation 

section in the middle to electrically isolate the input section and the output section, is 

bonded to the magnetostrictive substrate with a conductive epoxy adhesive. 

 

Fig. 4.3 Schematic diagram of the proposed basic version of voltage-mode dc 
magnetic field tuned dc ME sensor. 

 

The working principle of the dc ME sensor in Figure 4.1 is essentially based 

on the driving of the bilayer at its zero-field longitudinal resonance frequency 

(��� � �� at ���=0 Oe) by a reference ac electric voltage (���) as well as the tuning 
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of the field-dependent compliance and resonance characteristics of the bilayer by the 

dc magnetic field (���) to be measured. In operation, a ��� of constant amplitude 

has to be applied to the input of the piezoelectric transformer (i.e., the input of the 

bilayer) at the designated ��� so as to drive the bilayer at its zero-field longitudinal 

resonance. The transverse piezoelectric transformation effect in the piezoelectric 

transformer will dynamically buffer/couple this ��� to become an ac ME voltage 

(�� ) of amplitude ~���  and frequency ���  at the output of the piezoelectric 

transformer (i.e., the output of the bilayer). Applying ��� to be measured to the 

bilayer leads to a tuning effect in its field-dependent compliance governed by the 

negative-�� effect in the magnetostrictive substrate. Recalling that the �� effect in 

a magnetostrictive material can be described by the relation: �� � �� � �� ���, 

where �� and �� are the elastic module in the presence and absence of a magnetic 

field, respectively. Hence, operating the sensor with the negative-�� effect suggests 

the validity of �� � �� in the magnetostrictive substrate; that is, an increase in ��� 

results in a decrease in elastic modulus as well as the corresponding increase and 

decrease in compliance and resonance frequency respectively, both in our 

magnetostrictive substrate and bilayer. Since ��� is fixed at ��� at the input of the 

piezoelectric transformer, a decrease in resonance frequency in response to an 

increase in ��� will make the bilayer to be operated at an off-resonance capacitive 

state (i.e., a state beyond the resonance and in the capacitive region) so that a 
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decrease in �� is detected at the output of the piezoelectric transformer. This implies 

the existence of a negative dc magnetic field sensitivity, defined as � � ��������, 

in our sensor for a given ��� at ���. 

 

4.3.2 Physical Modeling 

To enable a quantitative description of the dynamic behavior of our sensor, 

a Mason-based dynamic magneto-mechano-electric equivalent circuit is constructed 

as shown in Figure 4.4. It is noted that the bilayer in Figure 4.3 is modeled to include 

the input section, the isolation section, and the output section, all on the basis of the 

longitudinally magnetized, transversely polarized (L–T) ME bilayers and with the 

additional ���-tuning effect on the compliance of the magnetostrictive substrate 

(���� ) governed by the negative-�� effect. In Fig. 4.4, �� on the electric side is the 

clamped capacitance of the input or output section of the piezoelectric transformer; 

�  associated with the two tunable transformers denotes the ��� -tuned 

electromechanical or mechano-electric transformation factor of the bilayer; and �� 

and �  appeared in nine tunable acoustic impedances represent the ��� -tuned 

characteristic acoustic impedance and wave number of the bilayer, respectively. 

Physically, ��, �, ��, and � can be written as: 

�� � ���
�
�� ���

�
����� ������������������������������������������������������������������������������������������� 
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� �
����

���
���

�

�
�������������������������������������������������������������������������������������������������������� 

� � � ����������������������������������������������������������������������������������������������������������������������������� 

where  

� �
�� � ��

�
������������������������������������������������������������������������������������������������������������������ 

is the effective density of the bilayer. 

� �
����

� ���
�

���
�
� �

��

�
����������������������������������������������������������������������������������������������������������������� 

is the effective ���-tuned compliance of the bilayer. By solving Fig. 4.2, the 

frequency (�) of ac ME voltage (��) of the sensor can be expressed in terms of �� as 

�� �
������

�
�����

�� �� ���
�
�
�
��
� ���

�
��

�
��
�
��
�

��
���
�

�
��

�
��������������������������������������������� 

where  

�� �
���

���
�

��
� � ��

�
������������������������������������������������������������������������������������������������������������� 

is the effective ���-tuned mechanical loss factor of the bilayer, and ��  is the 

longitudinal resonance frequency, respectively. Since ����  and �� in Eq. (4.3.6) 

depend on ��� , ��  also depends on ��� . Therefore, the dc magnetic field 

sensitivity (��) of the sensor can be determined from Eq. (4.3.6) using the relation: 

��� � �������� and the voltage-controlled dc magnetic field sensitivity (�) defined 

as: � � ��������. 
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Fig. 4.4 Mason-based dynamic magneto-mechano-electric equivalent circuit of 

the basic version of voltage-mode sensor. 

 

4.3.3 Practical Implication 

Based on the physical prediction of the dc magnetic field tuned input-output 

relationship in Section 4.3.2, the output voltage could be calculated by Eq. (4.3.6), 

and hence the sensitivity could be calculated according to the slope of the output 

curve. Table 4.1 exhibits the major influence of the material parameters in 

magnetostrictive and piezoelectric phases to the output voltages. The symbols ↑ and 

↓ indicate the need of increasing and decreasing the specific parameter to elevate the 

voltages, respectively. As described by the working principles, the sensor works 

mainly based on the dc magnetic field tuned vibration of the composite. Thus the 

acoustic properties of the material would play an important role on the sensitivity, in 

accordance with the previous physical model that the higher mechanical loss factor 

of both phases ���  and ��� , meaning lower mechanical loss in the material, may 
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lead to higher energy transmission and voltage, and higher electrical coupling factor 

��� , meaning more efficient conversion between voltage and vibration by 

piezoelectric phase. ���� �� ����
�� is strongly dependent upon the dc magnetic field 

(���) that a smaller ����  gives rise to a larger actuation force. So ����  is the major 

dc magnetic field tuning factor that affects the sensing ability of the designed sensor. 

���
�  represents the strain response to the applied force and a larger ����  makes a 

better mechanical matching between the piezoelectric and magnetostrictive material 

phases for an improved strain transfer. As a result, the use of larger ���, ���� , ���  

and ��� , together with smaller ���� , is capable of modifying the performance of this 

sensor. 

 

Table 4.1 Influence of material parameters on induced voltage �� in the dc 
magnetic field sensor based on voltage driven. 

       Symbol 

Material Phase 
��� ��

�  ��
�  ���

�  ���
�  

Magnetostrictive   ↑  ↓ 

Piezoelectric ↑ ↑  ↑  

 

The dc magnetic field sensitivity performance is also determined by the 

dimensional factor of ���� ratio, which is the ratio by the length of input/output 

section �� dividing the total length of the sensor �. As �� � �� � �����, where 

�� is the length of isolation section, thus the shorter of the isolation section is, the 



 
             4. Theoretical Design 

of Voltage-Mode DC Magnetoelectric Sensors 
               

              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
�

ZHANG Long   105 

          � �

higher the sensitivity would be. 

On consideration of the magnetostrictive phase, which plays the role of 

force bias supplier to tune the response of piezoelectric phases, thus higher strains or 

stress doubtlessly induces higher sensitivity of the sensor, just as previous discussion. 

As Terfenol-D alloy is now the most sensitive magnetostrictive material, so we 

choose Terfenol-D as our magnetostrictive phase. 

 

Table 4.2 List of mechanical properties of typical piezoelectric materials. 

Material 

Mechanical parameters 

Electromechanical 

coupling factor (���) 

Mechanical loss 

factor (��� ) 

Compliance factor 

(����  /pN/m2) 

PZT 4* 0.31 500 11.3 

PZT 8* 0.3 1000 7.28 

PMN-PT 0.76 100 18 

* Cited from CeramTech 

 

Table 4.2 lists the typical piezoelectric materials in markets. PZT 8 shows 

much better mechanical performance due to its much higher ��� , but PMN-PT 

seems suitable for higher ���  and ���� . Thus more simulations are needed to 

determine the choice of piezoelectric phase. 
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Figure 4.5 illustrates the induced voltage versus different frequency at 

various dc magnetic field (���) for the voltage-mode sensor with PZT 4, PZT 8 and 

PMT-PT as the piezoelectric phases according to Eq. (4.3.6). In the simulation, 

����
� �� of Terfenol-D is assumed as 18.5×109–7.3×106

� ��� m2/N. It’s also assumed 

of dimension parameters to be �� � ���� and � � �����, and driving input 

voltage to be 2.5V peak. As ���  was assumed as constant value of 26 and the 

resonant frequency changes little at different ���, the calculated spectra are rather 

flat and the output voltage in Eq. (4.3.6) is main tuned according to the tuning of 

compliance and thus: 

�� �
���

����
�
������

�
��������

�

�� �� ���
�
�

������
� ����

����
����������������������������������������������������������������� 

and 

� �
���

����
�
������

�
�����

�

�� �� ���
�
�

������
� ����

����
�������������������������������������������������������������������������� 

where �� is the sensitivity to describe the dc magnetic field sensitivity of the sensor 

at a given driving voltage ��� , and �  is defined as the voltage-controlled dc 

sensitivity of the proposed sensor. 

Due to the negative-ΔE effect of the magnetostrictive materials, ����� ��� is linearly 

proportional to the applied ��� when ��� is low, for all designed sensors with 

piezoelectric phase of PZT 8, PZT 4 or PMN-PT respectively, illustrated in Figure 

4.6. 
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The simulated results also illustrate the the PMN-PT constructed sensor 

performs best and PZT 8 the second. The voltage sensitivities �� at driving voltage 

of 2.5V peak are calculated as 1.67, 1.58 and 1.2 mV/Oe for sensors with 

piezoelectric phase of PMN-PT, PZT 8 and PZT 4 respectively, and sensitivities � 

can be then calculated as 0.67, 0.63 and 0.48 mV/Oe/V. Noted that the performance 

of PZT 8 does not lag too much from that of PMN-PT, due to the much higher 

mechanical quality. In reality, considering other advantages not reflected in the 

theoretical models such as thermal stability and industrial production, PZT 8 would 

be better choice for potential industrial applications. 
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Fig. 4.5 Modeled induced voltage versus different frequency at various dc 

magnetic field (���) pf 0 Oe, 100 Oe, 200 Oe and 300 Oe respectively, 
for the designed sensor with different piezoelectric phase of (a) PZT 8, 
(b) PZT 4 and (c) PMN-PT, based on the proposed parameters 
according to Eq. (4.3.6). 

(a) 

(b) 

(c) 
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�

 

Fig. 4.6 Modeled induced voltage versus the dc magnetic field (���) setting 
driving voltage with amplitude of 2.5V peak and frequency at the 
resonant frequency of zero-field for PZT 8, PZT 4 and PMN-PT 
respectively, in accordance to Eq. (4.3.6). 
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4.4 Modified Version of Voltage-Mode Sensor 

4.4.1 Structure and Working Principle 

Figure 4.7 illustrates the schematic diagram of the proposed voltage-mode 

dc ME sensor in the Cartesian coordinate system. The sensor has a piezoelectric–

magnetostrictive heterostructure in which four pieces of thickness-polarized 

piezoelectric plates were bonded symmetrically on the top and bottom major 

surfaces of a length-magnetized magnetostrictive plate along the thickness and 

length directions using a conductive epoxy adhesive. To ensure structural integrity 

and promote longitudinal mode of resonance in the heterostructure, the two finite 

gaps (≈0.1 mm each) between the two piezoelectric plates on the top major surface 

and those on the bottom major surface of the magnetostrictive plate, covering the 

longitudinal half-wave vibration node, were filled by a non-conductive epoxy resin. 

To enable an electrically parallel input for reducing the input impedance and an 

electrically series output for enhancing the output sensitivity, the two piezoelectric 

plates forming the input section and those forming the output section of the 

heterostructure were arranged to give an opposite polarization (P) direction and the 

same P direction, respectively. The piezoelectric plates, each having a length (L) of 6 

mm, a width (W) of 6 mm, a thickness (T) of 1 mm, and two full-fired silver 

electrodes on the top and bottom major surfaces, were made from CeramTec P8 

Pb(Zr, Ti)O3 piezoelectric ceramic. The magnetostrictive plate, having a slightly 
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increased length of 12.1 mm (≈2l), the same width and thickness as those of the 

piezoelectric plates, and the highly magnetostrictive [112] crystallographic axis 

oriented along the length direction, was made from Baotou Rare Earth 

Tb0.3Dy0.7Fe1.92 magnetostrictive alloy. 

 

 
Fig. 4.7 Schematic diagram of the proposed modified version of voltage-mode dc 

ME sensor. 

 

The working principle of the voltage-mode dc ME sensor in Fig. 4.7 can be 

described by a unique ac voltage-driven, dc magnetic field-tuned resonance dc ME 

effect in the heterostructure. This involves the driving of the heterostructure at its 

natural longitudinal resonance frequency under zero dc magnetic fields (��� � �� at 

���=0 Oe) by a reference ac voltage (���), and on the basis of the ���-driven ���, the 

tuning of the magnetic field-dependent compliance ( ���� ) and resonance 

� �
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characteristics of the heterostructure by the dc magnetic field (���) to be measured 

in accordance with the negative-�� effect intrinsic in the magnetostrictive plate. In 

the absence of ��� , the use of a ���  of controlled amplitude at ���  at the 

electrically parallel input of the heterostructure will drive the heterostructure to 

resonant at its ���. The piezoelectric plates forming the input and output sections 

will dynamically couple and amplify this ��� to become an ac output voltage (��) at 

��� at the electrically series output of the heterostructure. In the presence of ���, the 

���-dependent ����  in the magnetostrictive plate will be modified or tuned by ��� 

according to the negative-�� effect described by the relation: �� � �� � �� ���, 

where ��<�� is valid, and �� and �� are the elastic moduli in the presence and 

absence of a magnetic field, respectively.10,11 In other words, an increase in ��� 

from zero will decrease �� to �� which, in turn, will increase ���� � ���
� ������ 

to ���� � ���
� ������ and decrease ��� to �� in the magnetostrictive plate and thus 

in the heterostructure. Because of the driving of the heterostructure at ��� by ���, a 

decrease from ��� in response to an increase in ��� will change the operational 

state of the heterostructure from the initially preset resonance resistive state to an 

off-resonance capacitive state. This will lead to a decrease in ��  amplitude. 

Therefore, our sensor features a negative dc magnetic field sensitivity for a given 

���  at ��� , defined as ���� � �������� . Accordingly, the ��� -controlled dc 

magnetic field sensitivity (�) is also negative and can be defined as � � ����������. 
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4.4.2 Physical Modeling 

Physically, the dynamic behavior of our sensor can be described by a 

Mason-based dynamic magneto-mechano-electric equivalent circuit in Figure 4.8. 

The heterostructure in Figure 4.7 is modeled to include the electrically parallel input 

section and the electrically series output section based on the length-magnetized, 

thickness-polarized (L–T) ME laminates as well as the said ���-tuning effect on 

���
�  governed by the negative-�� effect in the magnetostrictive plate.10 Since the 

non-conductive epoxy resin gaps have a finite size (≈0.1 mm) compared to the 

lengths of the piezoelectric (=6 mm) and magnetostrictive (=12.1 mm) plates, they 

are not considered here. Referring to Figure 4.8, ��  in the input and output 

capacitors denotes the clamped capacitance of the piezoelectric plates; � in the 

input and output tunable transformers represents the ���-tuned electromechanical 

and mechanoelectric transformation factors of the heterostructure, respectively; and 

��  and �  in the six tunable acoustic impedances indicate the ��� -tuned 

characteristic acoustic impedance and wave number of the heterostructure, 

respectively. ��, �, ��, and � can be written as follows: 

�� � ���
�
�� ���

�
��

�
�������������������������������������������������������������������������������������������������� 

� �
����

�
���������������������������������������������������������������������������������������������������������������������������� 

�� ���
�

�
������������������������������������������������������������������������������������������������������������������������� 

� � � ������������������������������������������������������������������������������������������������������������������������������� 

where 

� �
����

� ���
�

���
�
� ��

��

�
����������������������������������������������������������������������������������������������������������������� 

 and  

� �
��� � ��

�
������������������������������������������������������������������������������������������������������������������ 

 are the compliance and density of the laminate, respectively. 
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It should be noticed that due to the negative-∆E effect, as the increasing of 

��� applied along the magnetization direction of Terfenol-D, its compliance will 

increase until the dc magnetic field reach its saturation point, causing the increase of 

the effective compliance of the laminate and parameters’ change of circuits’ 

elements, which indirectly tunes the output voltage. Thus, through observing the 

difference of voltage under dc magnetic field, we are able to calculate the value of 

the dc magnetic field.  
By solving the circuit model in Fig. 4.8, the ��� and frequency dependence 

of ac output voltage (��) can be written as: 

�� �
������

�
���

��� �� ���
� �

��
� ���

�
��

�
��
�
��
�

��
���
�

�
��

�
�������������������������������������������������� 

where �� is the angular longitudinal resonance frequency and  

�� �
���

� ��
�

���
� � ��

�
��������������������������������������������������������������������������������������������������������������� 

 is the mechanical loss factor of the laminate. Since ����  and �� in Eq. (4.4.7) 

depend on ���, �� is also a function of ���. Therefore, the dc magnetic field 

sensitivity (�) of the sensor can be determined from Eq. (5) using the relation: 

� � ��������. 

 

 
Fig. 4.8 Mason-based dynamic magneto-mechano-electric equivalent circuit of 

the modified version of voltage-mode sensor. 

� �
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4.4.3 Practical Implication 

Based on the physical prediction of the dc magnetic field tuned input-output 

relationship in Section 4.4.2, the output voltage could be calculated by Eq. (4.4.6), 

and hence the sensitivity could be calculated according to the slope of the output 

curve. The major influence of the material parameters in magnetostrictive and 

piezoelectric phases to the output voltages is similar to the voltage-driven sensor of 

bilayer structure illustrated in Table 4.2. The symbols � and 	 indicate the need 

of increasing and decreasing the specific parameter to elevate the voltages, 

respectively. As described by the working principles, the sensor works mainly based 

on the dc magnetic field tuned vibration of the composite. Thus the acoustic 

properties of the material would play an important role on the sensitivity, in 

accordance with the previous physical model that the higher mechanical loss factor 

of both phases ���  and ��� , meaning lower mechanical loss in the material, will 

lead to higher energy transmission and voltage, and higher electrical coupling factor 

��� , meaning more efficient conversion between voltage and vibration by 

piezoelectric phase. ���� �� ����
�� is strongly dependent upon the dc magnetic field 

(���) that a smaller ����  gives rise to a larger actuation force. So ����  is the major 

dc magnetic field tuning factor that affects the sensing ability of the designed sensor. 

���
�  represents the strain response to the applied force and a larger ����  makes a 

better mechanical matching between the piezoelectric and magnetostrictive material 
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phases for an improved strain transfer. As a result, the use of larger ���, ���� , ���  

and ��� , together with smaller ���� , is capable of modifying the performance of this 

sensor. 

 

Table 4.3 Influence of material parameters on induced voltage �� in the dc 
magnetic field sensor based on voltage driven. 

       Symbol 

Material Phase 
��� ��

�  ��
�  ���

�  ���
�  

Magnetostrictive   �  	 

Piezoelectric � �  �  

 

The magnetostrictive phase plays the role of force bias supplier to tune the 

response of piezoelectric phases, and thus higher strains or stress induces higher 

sensitivity of the sensor. As Terfenol-D alloy is the most sensitive magnetostrictive 

material till now, so Terfenol-D is preferred as the magnetostrictive phase. 

The same parameters listed in Table 4.2 are considered in this model. PZT 8 

has much better mechanical performance due to its much higher ��� , but PMN-PT 

shows higher ��� and ���� . Thus simulations are needed to compare piezoelectric 

phases. 

Figure 4.9 illustrates the induced voltage versus different frequency at 

various dc magnetic field (���) for the designed sensor with PZT 4, PZT 8 and 

PMT-PT as the piezoelectric phases according to Eq. (4.3.6). In the simulations 
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����
� �� of Terfenol-D is assumed to be 18.5×109–7.3×106

� ��� m2/N. Dimension 

parameters are assumed to be �� � ����  and � � ����� , and driving input 

voltage 2.5V peak. ���  was assumed as constant value of 26 and the resonant 

frequency changes little at different ���. The calculated spectra are rather flat and 

the output voltage in Eq. (4.3.6) is main tuned according to the tuning of compliance 

and thus: 
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and 

� �
���

����
�

������
� ���

�

��� �� ���
� �

��
� ���
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��

�
��
�
��
�

������
� ����

����
������������������������������ 

where �� is the sensitivity at a given driving voltage ���, and � is defined as the 

voltage-controlled dc sensitivity of the proposed sensor, the same definition in the 

last section. 

Due to the negative-ΔE effect of the magnetostrictive materials, ����� ��� is 

linearly proportional to the applied ��� when ��� is low, for all designed sensors 

with piezoelectric phase of PZT 8, PZT 4 or PMN-PT respectively, illustrated in 

Figure 4.10. 

The simulated results in Figure 4.9 and 4.10 also illustrate the PMN-PT 

constructed sensor performs best and PZT 8 the second. The sensitivities �� at 

driving voltage of 2.5V peak are calculated as 4, 3.2 and 2.4 mV/Oe for sensors with 
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piezoelectric phase of PMN-PT, PZT 8 and PZT 4 respectively, and 

voltage-controlled sensitivities �  can be then calculated as 1.6, 1.3 and 0.97 

mV/Oe/V. The performance of PZT 8 does not lag too much from that of PMN-PT, 

due to the much higher mechanical quality, and considering other advantages not 

reflected in the theoretical models such as thermal stability and industrial production, 

PZT 8 would be better choice for potential industrial applications. 
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�

 
Fig. 4.9 Modeled induced voltage versus different frequency at various dc 

magnetic field (���) of 0 Oe, 100 Oe, 200 Oe, and 300 Oe respectively, 
for the designed sensor with piezoelectric phase of (a) PZT 8 (b) PZT 4 
and (c) PMN-PT respectively, based on the proposed parameters 
according to Eq. (4.4.6). 

�

(a) 

(b) 

(c) 
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Fig. 4.10 Modeled induced voltage versus the dc magnetic field (���) setting 
driving voltage with amplitude of 2.5V peak and frequency at the 
resonant frequency of zero-field for PZT 8, PZT 4 and PMN-PT 
respectively, in accordance to Eq. (4.4.6). 
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 Fabrication and Evaluation of Chapter 5

Voltage-driven Mode DC Magnetoelectric 

Sensors 

�

�

5.1 Introduction 

Theoretically, sensors with better piezoelectric phases such as PMN-PT or 

other single crystal piezoelectric plates would present higher sensitivity, but in 

consideration of economic cost and stability, PZT would be the optimal choice if 

exhibit fair performance. In fact, the physical models have also illustrated a good 

performance of the voltage-mode dc magnetic sensing for both designs of the 

structures with the combination of fundamental materials of Pb(Zr, Ti)O3 (PZT, 

CeramTec P8) and giant magnetostrictive alloy Tb0.3Dy0.7Fe1.92 (Terfenol-D).  

In this chapter, both sensors based on components of PZT and Terfenol-D 

are fabricated and evaluated following the design discussed in Chapter 4. The 

response of both sensors to magnetic field will be detected and discussed and 

compared to determine the application condition for each. 
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5.2 Fabrication 

5.2.1 Fabrication of Basic Version 

The fabrication processes and photographs of the poposed dc magnetic 

sensor based on electric voltage driving and magnetic tuning in 

piezoelectric/magnetostrictive bilayer are illustrated in Figure 5.1. The sensor had a 

piezoelectric/magnetostrictive bilayer structure in which a plate-type Pb(Zr, Ti)O3 

(PZT) piezoelectric transformer having two transverse polarizations (P) was bonded 

on a plate-shaped Tb0.3Dy0.7Fe1.92 (Terfenol-D) magnetostrictive substrate with a 

longitudinal magnetization (M) using a silver-loaded conductive epoxy adhesive. 

The piezoelectric transformer, having a 5 mm-long input (primary) section (��), a 2 

mm-long isolation section (��), and a 5 mm-long output (secondary) section (��), 

was formed by removing the central 2 mm section (i.e., the �� section) of the 

full-fired silver electrode on the top major surface of a transversely polarized 

CeramTec P8 PZT piezoelectric plate with a length (� � ��� � ��) of 12 mm, a 

width (�) of 6 mm, and a thickness (�) of 1 mm. The use of this specific 

configuration was to provide a geometric symmetry for the input and output sections 

with transverse polarizations of the same direction. This, in turn, enabled a pure 

piezoelectric transverse mode of operation with unity voltage gain for coupling of 

input and output voltage signals. The magnetostrictive substrate was commercially 

acquired (Baotou Rare Earth Research Institute, China) to have the same dimensions 
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as the piezoelectric transformer and with the highly magnetostrictive [112] 

crystallographic axis oriented along the longitudinal direction. 

 

 
Fig. 5.1 Fabrication processes and photographs of the basic version of the 

voltage-mode dc ME sensor. 

 

5.2.2 Fabrication of Modified Version 

Figure 5.2 illustrates the schematic diagram and photographs of the 

proposed dc magnetic sensor based on electric voltage driving and magnetic tuning 

in piezoelectric/magnetostrictive Composites. The sensor has a 

piezoelectric/magnetostrictive/piezoelectric three-layered laminate structure, in 

which a longitudinal magnetized Tb0.3Dy0.7Fe1.92 (Terfenol-D) plate is sandwiched 
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by two piezoelectric ceramic composed plates, each of which is joint by bonding two 

thickness-polarized piezoelectric ceramics (CeramTec P8 PZT) on the longitudinal 

direction with insulating epoxy resin, however one with the same polarization 

direction on thickness and the other opposite directions. The length of each 

piezoelectric ceramic (L) is 6 mm, so that the length of each piezoelectric ceramic 

composed plate (2L) is 12 mm, same as the length of Terfenol-D plate, ignoring the 

thickness of insulating resin, which is less than 0.1 mm experimentally. Both the 

width (W) and thickness (T) of piezoelectric ceramics and Terfenol-D are 6mm and 1 

mm. The two piezoelectric ceramics on difference surfaces with opposite thickness 

polarized directions compose the input section with parallel connection to create a 

strong and steady input vibration, while the other two with the same thickness 

polarized direction compose the serial connected output section with electrically 

serial connection to enhance the output voltage. 
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Fig. 5.2 Fabrication processes and photographs of the modified version of the 

voltage-mode dc ME sensor. 
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5.3 Evaluation Methods  

An in-house automated measurement system (Fig. 5.3) was used to measure 

both dc magnetic field sensing properties and the vibrating properties of the 

proposed voltage-driven sensors. This system consisted of three basic sections (Fig. 

5.3): (1) a magnetic field generation section, (2) a signal generation and detection 

section, and (3) a data acquisition and system control section. The magnetic field 

generation section contained a dc current supply (Sorensen DHP200-15), a 

water-cooled, C-shaped electromagnet (Myltem PEM-8005K), and a pair of 

Helmholtz coils. The signal generation and detection section included an arbitrary 

waveform generator (Agilent 33210A), a transverse Hall-effect probe (STA99-0404), 

a Gaussmeter (F. W. Bell 7030), a laser vibrometer (Graphtec AT0042), a pick-up 

coil, and a search coil. The data acquisition and system control section comprised a 

data acquisition unit (Nation Instruments BNC-2110 and NI-PCI6132) and a 

Labview-based interface and control program. 
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Fig. 5.3 Photographs of the in-house automated measurement system for dc 

magnetic field sensing properties and vibration properties. 
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5.3.1 DC Performance 

Figure 5.4 shows the schematic diagram of the experimental setups for the 

measurement of static properties of the voltage-driven dc magnetic field sensors. The 

water-cooled, U-shaped electromagnet (Myltem PEM-8005K) is controlled by the dc 

power supplier (Sorensen DHP 200-15) to monitor the dc magnetic field ���  to be 

measured, ranged from 0 to 2000 Oe, while the value is controlled in-situ by the 

Hall-probe (STA99-0404) connected to a Gaussmeter (F. W. Bell 7030). The 

arbitrary waveform generator (Tektronix AFG 3000) is used to supply the dynamic 

driven voltage for the sensor with amplitude and frequency controlled by the 

dynamic signal analyzer. The induced output voltages under different dc magnetic 

field are sampled and detected by the dynamic signal analyzer to plot the 

performance of sensing properties for dc magnetic field. 
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Fig. 5.4 Experimental setups for measuring the dc magnetic field sensitivity. 

 

5.3.2 Resonance Mode 

To further investigate the physical origin of the laminates at their 

fundamental resonance frequencies, it is important to determine the mode shapes of 

these resonances. Thus, the vibration displacement distribution measurements were 

carried out using an in-plane laser vibrometer (Graphtec AT0042) for both 

voltage-driven magnetic field-tuned sensors operating at their fundamental 
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(Figure 5.5). The experimental setup is similar to the previous setups for 

measurement of the dc magnetic field sensing properties with an additional in-plane 

laser vibrometer. The laser head of the vibrometer was moved along the longitudinal 

direction of the laminates, and the vibration displacements were measured for each 1 

mm. 

 

�
�
�

Fig. 5.5 Experimental setups for measuring the dc and quasi-dc magnetic field 
sensitivity 
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5.3.3 Thermal Impacts 

Figure 5.6 illustrates the experiments the experimental setup for measuring 

the thermal impacts on voltage-mode dc ME sensors. The sensor sample under test is 

placed in a tube furnace (Carbolite MTF 12/38/400) equipped with a temperature 

process controller (Eurotherm 3216) which is subject to various temperature (T) of 

30~90oC. A pair of Helmholtz coils made of high-temperature electric wires is 

placed to supply dc magnetic field via a dc current supply amplifier (Sorensen DHP 

200-15). A current probe (Hoiki 9273) is clamped on the electrical cable to monitor 

the current through Helmholtz coils to evaluate the dc magnetic field applied on the 

sample sensor. The induced voltage from the voltage-mode sensors under various 

temperature was measured and recorded by the dynamic signal analyzer and 

processed by a computer to evaluate thermal impacts on the sensor’s performance. 

�
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�
�

Fig. 5.6 Experimental setups for measuring the thermal impacts on proposed 
sensors. 

�

 

  

Tube Furnace with 
Temperature Process 

Controller 

Signal-Sampling Unit 

Signal 
In 

Data Acquisition Unit 
Source 

Out 
Channel 

1 
Channel 

2 

Sweep Current to 
Helmholtz Coils 

Induced Magnetoelectric 
Voltage 

Sample 
Under Test 

Signal 
Out 

Sampled 
Signals 

Current 
Monitor DC Current 

Supply Amplifier 

Helmholtz 
Coils 

Current 
Probe 

Current Amplifier 



 
              5. Fabrication and Evaluation 

of Voltage-Mode DC Magnetoelectric Sensors 
               

              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
�

ZHANG Long   133 

          � �

5.4 Results and Discussion 

5.4.1 Properties of Basic Version 

Figure 5.7 shows the measured frequency (�) dependence of induced output 

voltage (��) of the sensor at four different dc magnetic fields (���) of 0, 100, 200, 

and 300 Oe under a reference exciting voltage (���� of 2.5 V peak. The strongest 

resonance at ~125 kHz and the much weaker resonance at ~35 kHz are the 

longitudinal and bending resonances of the bilayer, respectively. Since the 

piezoelectric transformer in our bilayer possesses geometric and polarization 

symmetries at the input and the output, it is favorable to excite a relatively pure and 

strong longitudinal resonance.  

To illustrate the vibration properties of both resonant frequencies, the 

vibration displacement distributions (u) measured at the first and second resonant 

point about different dc magnetic field is shown in figure 5.8. At the first resonant 

frequency of around 35 kHz, the nodes are located near 1/4 and 3/4 length of the 

plates while the antinodes are located at the middle and the end positions, which 

indicates a bending vibrating mode at this frequency. At the second resonant 

frequency of around 125 kHz, the displacement nodes and antinodes are located near 

the two ends and the middle position, which proves the longitudinal vibration mode , 

corresponding to a half longitudinal wavelength.  
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Fig. 5.7 Measured � dependence of �� of the sensor at four different ��� of 

0, 100, 200, and 300 Oe under a reference ��� of 2.5 V peak.  

 

Figure 5.9(a) displays the zoom-in view about the longitudinal resonance in 

the �  range of 123–127 kHz. The fact that the maximal ��  (~1.9 V peak) 

associated with the longitudinal resonance is smaller than ��� of 2.5 V peak can be 

ascribed to the clamping of the piezoelectric transformer by the magnetostrictive 

substrate. It is also seen that the resonance curves, together with the resonance peaks, 

exhibit a down shift to the lower � side with an increase in ���. In the absence of 

��� (the case of ���=0 Oe), the zero-field longitudinal resonance frequency (���) is 

found at 125.3 kHz. With an increase in ��� , the ���-dependent ����  governed by 
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the negative-��  effect in the magnetostrictive substrate increases, making the 

bilayer more compliant and the resonance frequency lower. This essentially produces 

a down shift in both resonance curves and resonance peaks as obtained in Figure 

5.9(a). By utilizing this ���-induced resonance tuning effect, and by setting ��� 

(=2.5 V peak) at ��� (=125.3 kHz) as the reference signal in our sensor, an increase 

in ��� from 0 to 300 Oe (����=300 Oe) causes a decrease in �� from 1.9 to 1.7 V 

peak (���=–200 mV peak) because the bilayer is operated at different off-resonance 

capacitive states. Interestingly, the inverse negative linear response of �� to ��� 

indicates the presence of a negative � (� ��������) in our sensor for a given ��� 

at ���. The figure 5.9(b) plots the calculated �� spectra based on Eq. (4.3.6) for 

comparison. Nonetheless, the measured spectra agree reasonably well with the 

calculated spectra, confirming the validity of our results and discussion. 

 

 

� �
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Fig. 5.8 Vibration displacement distribution (u) of the (a) first and (b) second 

resonant mode measured at ��� under various dc magnetic field for 
the designed voltage-driven dc bilayer magnetoelectric sensor. 

�

(a) 

(b) 
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Fig. 5.9 The zoom-in view about (a) the longitudinal resonance in the � range of 
123–127 kHz and (b) the calculated �� spectra based on Eq. (4.3.6) for 
comparison. The vertical dotted line marks the position of ���=125.3 
kHz. 

 

Figure 5.10 plots the measured and calculated ac ME voltage (��) as a 

function of dc magnetic field (���) under a reference ac voltage (���� of 2.5 V peak 

V
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at ��� . The measured and calculated data are extracted from the ��  spectra 

illustrated in Figure 5.7. It is clear that the measured �� not only exhibits a good 

linear inverse negative linear response to ���, but also has a good agreement with 

the calculated ��. From the slopes of the plots, the measured and calculated dc 

magnetic field sensitivity �� are found to be –1.58 and –1.70 mV/Oe, respectively. 

Noticed that since the Terfenol-D is the positive magnetostrictive material, there 

would be no difference to the sensitivity by changing the sign of ���. Specifically, 

this measured ��  is much larger than the recently reported ac current-driven, 

Lorentz force effect-based dc ME sensors of 0.3–2.3 µV/Oe (at a reference ac 

current of 100 mA peak) as well as the traditional Hall sensors of 5–40 µV/Oe. Our 

sensor features the distinct advantage of voltage driving.  

Figure 5.11 shows the waveforms of ���  at 2.5 V peak and two �� 

produced at two different ��� of 0 and 300 Oe. The cleanliness of the two �� 

waveforms implies the stable operation of the sensor. It is interesting to note that ��� 

and �� are essentially in phase at ���=0 Oe, but they exhibit a phase difference of 

~15○ when ��� is elevated to 300 Oe. This phase difference provides evidence of 

the operation of the bilayer at an off-resonance capacitive state. 
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Fig. 5.10 Measured (symbol) and calculated (solid line) �� as a function of ��� 

under a reference ��� of 2.5 V peak at ���. The dotted line associated 
with the measured �� data is the fitted line.  

�

 
Fig. 5.11 The waveforms of ��� at 2.5 V peak and two �� produced at two 

different ��� of 0 and 300 Oe. 
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Figure 5.12 displays the measured and calculated �� on dependence of ��� 

within the range of 0–5 V peak at ���. The measured and calculated �� agree very 

well with each other so that they show very close linearly decreasing trends with 

increasing ���. From the slopes of the plots, the measured and calculated � of our 

sensor are obtained to be -0.63 and -0.68 mV/Oe/V, respectively. 

 

 
Fig. 5.12 The measured and calculated �� on dependence of ��� within range 

of 0–5 V peak at ���. The symbols are the measured and calculated 
data, while the line is the fitted line to the measured data. 

 

Figure 5.13(a) illustrates the measured �� as a function of ��� at a given 

��� of 2.5V at ��� under various temperature T. �� shows a good linear response to 

��� for the whole measured ��� range at various T. Figure 5.13(b) shows the 
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measured SV as a function of T. The values of SV are obtained from the slopes in 

figure 5.13(a). The absolute value of SV decreases slowly from ~1.58 V/Oe to ~1.38 

V/Oe when T increases from 30°C to 90°C. The decrease is around 12% with the 

slope of -0.2 V/Oe/°C. This slight decrease of SV is mainly due to the softening of 

the resin epoxy which increases the mechanical losses. Comparing to the 

current-mode sensors, this voltage-mode sensor could work properly for temperature 

as high as 90°C. 
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Fig. 5.13 (a) Measured �� as a function of ��� at a given ��� of 2.5V at ��� 

under various T; (b) measured SV as a function of T. 

  

(a) 

(b) 
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5.4.2 Modified Version 

Fig. 5.14 illustrates the dependence of induced output voltage (Vo) on the 

input frequency at four different dc magnetic field (Hdc) of 0, 100, 200 and 300 Oe 

under a reference ac voltage (Vac) of 2.5V peak. There are strong resonance peaks 

appeared at around 116 kHz. The appearance of this single sharp resonance suggests 

the existence of good structural integrity in our heterostructure via the filling of the 

finite gaps (
0.1 mm) between the piezoelectric plates and covering the half-wave 

vibration node by a non-conductive epoxy resin (Figure 5.2). 

 
Fig. 5.14 Measured � dependence of �� of the sensor at four different ��� of 

0, 100, 200, and 300 Oe under a reference ��� of 2.5 V peak. 
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To identify the vibration properties at the resonant point, vibration 

displacement distributions (u) measured at the resonant point ��� � ������� at 

various dc magnetic field ��� are measured and illustrated in Figure 5.15. The 

displacement nodes and antinodes are located near the two ends and the middle, 

respectively, with small left shift as the magnetic field changing the frequency 

slightly. The results confirm that the laminates vibrate longitudinally with their 

length corresponding to a half longitudinal wavelength.  

 

 
Fig. 5.15 Vibration displacement distribution (u) measured at the resonant 

frequency under various dc magnetic field ���  for the designed 
voltage-driven dc laminate magnetic field sensor. 
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The longitudinal resonance in the � range of 112–120 kHz is zoomed in 

showed in the Figure 5.16(a). Due to the specifically designed parallel-input & 

serial-output laminate structure, the maximal �� (~3.47 V peak) associated with the 

longitudinal resonance is larger than ��� of 2.5 V peak, which presents a similar 

function of transformer. While ��� is increasing, the downside shifting tendency of 

the resonance curves, together with the resonance peaks, to the lower frequency is 

observed. The zero-field longitudinal resonance frequency (���), which means no dc 

magnetic field applied, is found at 116 kHz. However, the increase of ��� causes 

the decrease of ���-dependent ���� , governed by the negative-�� effect in the 

magnetostrictive layer, making the laminate more compliant and the frequency 

resonance lower. Experimentally, ��� (=2.5 V peak) at ��� (=116 kHz) is set as the 

reference signal in the sensor to explore this ���-dependent tuning effect. The 

increase in ��� from 0 to 300 Oe (����=300 Oe) causes the decrease in �� from 

3.47 to 3 V peak (���=–470 mV peak) because the laminate is operated at different 

off-resonance capacitive states. Interestingly a negative sensitivity S� �������� is 

observed in our sensor due to the negative ∆E effect. Besides noticing the decrease 

in �� at a fixed ���, it can also track the decrease in �� at the expense of increasing 

the complexity of measurement. Since magnetostriction is always positive in the 

Terfenol-D layer irrespective of the applied magnetic field direction, a reversal of the 

direction (or sign) of ��� would not alter the observed ���-induced resonance 



 
              5. Fabrication and Evaluation 

of Voltage-Mode DC Magnetoelectric Sensors 
               

              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
�

ZHANG Long   146 

          � �

tuning effect. Figure 5.16(b) plots the calculated �� spectra based on Eq. (4.4.6) for 

comparison. Nonetheless, the measured spectra agree reasonably well with the 

calculated spectra, confirming the validity of our results and discussion. 

 

 
Fig. 5.16 The zoom-in view about (a) the longitudinal resonance in the � range 

of 112–120 kHz and (b) the calculated �� spectra based on Eq. (4.4.6) 
for comparison. 
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Figure 5.17 plots the measured ac ME voltage (��) as a function of dc 

magnetic field (���) ranged from 0 Oe to 1000 Oe under a reference ac voltage (���� 

of 2.5 V peak at the zero-field resonance ���. When ��� applied is below 400 Oe, 

near the saturation point of Terfenol-D, the output voltages �� exhibit a near-linear 

trend to the value of dc magnetic field comparable to negative-∆E effect. From the 

slopes of the plots, the measured sensitivity �� is found to be –3.2 mV/Oe, when dc 

magnetic field is lower than 400 Oe. This measured �� is much larger than recently 

reported ac current-driven, Lorentz force effect-based dc ME sensors of 0.3–17 

µV/Oe (at a reference ac current of 100 mA peak) as well as the traditional Hall 

sensors of 5–40 µV/Oe. Moreover, this sensor features the distinct advantage of 

voltage driving. However, when the Terfenol-D reaches above the saturation which 

is 400 Oe, the output voltage become non-linear or stable with the increase of ���. 

So the work area of this sensor is limited within the range of 0~400 Oe. To make a 

comparison, we include the response of piezomagnetic coefficient d33
H and ac 

magnetoelectric voltage to dc magnetic field bias as well, where the ac 

magnetoelectric voltage is measured with dynamic ac magnetic of 0.8 Oe amplitude 

and 100 Hz frequency in PZT/Terfenol-D/PZT laminate field composites of similar 

structure. It’s interesting that the trend in this sensor seems similar but in a converse 

direction to ac magnetoelectric voltage and piezomagnetic coefficient. In similarity, 

all the three responding trends are the results of magnetic domain rotation by dc 
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magnetic field. But the different responding trends result from the difference driving 

input that for ac magnetoelectric voltage and piezomagnetic detection. It is the ac 

magnetic signals driving the composites while the dc bias below saturation loosen 

the domains and therefore enhance the vibration. Comparably, in our sensor it is 

dynamic acoustic waves induced from converse piezoelectric effect that play the role 

of driving signals and the domains’ loosing decreases the effective compliance 

which increases the mechanic loss and hence lowers the output. When dc magnetic 

field is above saturation point of Terfenol-D, the elevation of dc bias will conversely 

tighten the magnetic domains which will restrict domain rotation and decrease the 

response of piezomagnetic coefficient and ac magnetoelectric voltages but increase 

compliance and thus the output voltages in our sensor.  

Figure 5.18 illustrates the ��� dependence of the measured and calculated 

�� in the linear ��� range of 0–400 Oe under two given ��� of 2.5 and 5 V peak at 

the same ��� (=116 kHz), and Figure 5.19 shows the waveforms generated at ��� 

to be 0 Oe and 300 Oe respectively. The measured �� driven at these two different 

��� not only exhibit good linear negative responses to ���, but also show good 

agreements with the calculated ��. From the slopes of the plots, the measured and 

calculated ��  are found to be -3.2 and -3.3 mV/Oe for ���=2.5 V peak, as well as, 

-6.5 and -6.6 mV/Oe for ���=5 V peak, respectively. 
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Fig. 5.17 Measured �� and d33

H of Terfenol-D as a function of ���, while the Vo 
is measured under a reference ��� of 2.5 V peak at ��� within the 
range of 0~1000 Oe, which two show a symmetric trend as the increase 
of dc magnetic field. It shows a linear trend for both Vo and d33

H below 
the dc magnetic field of 400Oe. 

 

Figure 5.20 displays the ��� dependence of the measured and calculated 

��  in the ���  range of 0–5 V peak at ���  (=116 kHz). The measured and 

calculated ��  agree very well with each other so that they show very close linearly 

decreasing trends with increasing ���. From the slopes of the plots, the measured 

and calculated � of our sensor are obtained to be -1.30 and -1.32 mV/Oe/V, 

respectively.  
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Fig. 5.18 Measured �� driven by 2.5V peak and 5V peak respectively at ��� 

within the dc magnetic field range of 0~400 Oe.  
 

 

Fig. 5.19 The waveforms of ��� at 2.5 V peak and two �� produced at two 
different ��� of 0 and 300 Oe. 

Vac 
0 Oe 

300 Oe 
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Fig. 5.20 The ��� dependence of the measured and calculated �� in the ��� 
range of 0–5 V peak at ���. The symbols are the measured data, while 
the line is the fitted lines to the measured data. 

 

Figure 5.21(a) illustrates the measured �� as a function of ��� at a given 

��� of 5V at ��� under various temperature T. �� shows a good linear response to 

��� for the whole measured ��� range at various T. Figure 5.21(b) shows the 

measured SV as a function of T. The values of SV are obtained from the slopes in 

figure 5.21(a). The absolute value of SV decreases slowly from ~6.5 V/Oe to ~5.5 

V/Oe when T increases from 30°C to 90°C. The decrease is around 15% with the 

slope of -1.0 V/Oe/°C. This slight decrease of SV is also due to the softening of the 
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resin epoxy which increases the mechanical losses. Comparing to the basic version 

of voltage-mode sensor, as more resin epoxy is used in this sensor, stronger 

temperature effect is observed therefore. 
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Fig. 5.21 (a) Measured �� as a function of ��� at a given ��� of 5V at ��� 

under various T; (b) measured SV as a function of T. 

 

 

(a) 

(b) 
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 Magnetometer Based On the Chapter 6

Proposed Sensors 

�

�

6.1 Introduction 

In the previous chapters, two modes of dc magnetic field sensors, driven by 

electrical current and dynamic voltage respectively, are proposed, fabricated and 

evaluated. Two versions of each type are also designed and evaluated to meet 

different application requirements.  

In this chapter, the mentioned total four designed sensors are compared 

together to discuss the advantages and disadvantages of each version of the two 

sensor modes. The current-mode sensors are advantageous on wider linear range 

while the voltage-mode ones are in advantage on sensitivity, stability and lower 

energy consumption. It’s inappropriate to conclude which would be perfect without 

consideration of working condition or practical requirements because each one is 

designed as economic or suitable for different environments where range or 

sensitivity is preferred. 

A portable dc magnetic field magnetometer is also designed and fabricated 
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to illustrate the performance of the proposed sensors. As energy consumption and 

sensitivity have priority in industrial applications, the voltage-driven sensors are 

selected for the design of this portable dc magnetic field magnetometer. Both 

hardware and software developments are presented in the following sections, 

together with the performance evaluation and results discussion. 
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6.2 Comparison of the Proposed Sensors 

Table 6.1 compares all the four proposed dc magnetic field sensors. In the 

table, the basic version of the current-mode sensor means the sensor designed for dc 

or Quasi-dc measurement based on current driven and Lorentz effect (described in 

Section 2.3). The modified version of the current-mode sensor refers to the modified 

structure with magnet bias integrated designed for dc & ac magnetic field sensing 

(described in Section 2.4). Meanwhile, the basic version of the voltage-mode sensor 

means the dc magnetic tuned sensor of piezoelectric/magnetostrictive bilayer 

structure (described in Section 4.3) and the modified version of the voltage-mode 

sensor refers to the enhanced version of piezoelectric/magnetostrictive laminate with 

parallel-input & serial-output design (described in Section 4.4). Compared with the 

voltage-mode sensors, the current-mode type is advantageous in a wider linear range 

on dc magnetic field measuring and could be modified for both dc and ac detection. 

Nevertheless due to the adoption of dynamic current as driving excitation, Joule 

heating is unavoidable and thus complex peripheral circuits are necessary for thermal 

compensation, which is a marked advantage of the voltage-driven types. Meanwhile, 

the sensitivity of voltage-driven sensors is obviously much higher and thus could be 

applied for measurement of tiny dc magnetic field. 

In conclusion, the designed sensors of current-driven would be applicable in 

conditions where there is a wide range of dc magnetic field or both ac and dc 
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magnetic field, while the designed sensors of voltage-driven would be advantageous 

in conditions where high sensitivity is needed for detecting small magnitude of dc 

magnetic field. 

To test the performance of the designed sensor, a portable dc magnetic field 

magnetometer is also designed and fabricated in this chapter. As discussed 

previously, the voltage-mode sensors are more suitable for the portable 

magnetometer because of smaller structure, design of simple peripheral circuits and 

low energy consumption. Therefore the dc magnetic field magnetometer would be 

designed based on the modified version of the voltage-mode dc magnetic field 

sensor for its high sensitivity. 
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Table 6.1 Comparison of the proposed dc magnetic sensors driven by current or 
voltage described in the previous chapters. 

Designed sensors 

Current-mode sensors Voltage-mode sensors 

Basic version 
Modified  

version 
Basic version 

Modified 

version 

Work 

conditions 

Driven 

elements 
Dynamic Current Dynamic Current Dynamic Voltage 

Dynamic 

Votage 

Driving 

frequency 
~1 kHz 

Resonance (~65 

kHz) 

Resonance 

(~125.3 kHz) 

Resonance 

(~116 kHz) 

Performance 

Frequency 

range 
dc & Qusi-dc dc & ac dc & Qusi-dc dc & Qusi-dc 

Amplitude 

range 
Unlimited Unlimited 0~400 Oe 0~400 Oe 

Sensitivity 

5.51 mV/T @ 10 

mA driven; 

23.36 mV/T @100 

mA driven 

40.8 mV/T @ 25 

mA driven; 169.2 

mV/T @100 mA 

driven 

15.8 V/T @2.5 V 

driven 

32 V/T @ 2.5 

V driven 

Side effect Little Joule Heating Joule Heating Nearly none Nearly none 

Peripheral 

circuits 

Necessity Necessary Necessary Necessary Necessary 

Functions 

Supplying driven 

current; thermal 

compensation; 

processing induced 

signals. 

Supplying driven 

current; thermal 

compensation; 

processing 

induced signals. 

Supplying driven 

current; 

processing 

induced signals. 

Supplying 

driven current; 

processing 

induced 

signals. 

Complexity Complex Complex Simple Simple 

Conclusions 

Advantages 

� Simple structure; 

� Wide linear 

sensitivity area. 

� Capability of 

measuring both 

dc & ac; 

� Wide linear 

sensitivity area. 

� Simple 

structure; 

� High 

sensitivity. 

� Simple 

supporting 

circuits 

needed. 

� Ultra high 

sensitivity; 

� Simple 

supporting 

circuits 

needed. 

Disadvantages 

� dc only; 

� Low sensitivity; 

� Complex 

peripheral 

circuits needed; 

� Complex 

structure and 

peripheral 

circuits. 

� dc only; 

� Limited 

measuring 

range. 

� dc only; 

� Limited 

measuring 

range. 
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6.3 Portable Voltage-Mode DC Magnetic Field 

Magnetometer 

6.3.1 Conceptual Design and Design Requirements 

As discussed before, peripheral circuit is necessary to support the proposed 

voltage-driven dc magnetic field sensor by supplying the dynamic driven voltage 

signals, processing the induced magnetic field-tuned voltage and calculating the 

applied dc magnetic field accordingly. The system block diagram of the designed 

portable dc magnetic field magnetometer is illustrated in Figure 6.1.  

In operation, a digital-to-analog converter (DAC) should be used as the 

dynamic voltage signals generator which could be controlled by the central 

processing module to set the required frequency. The produced voltage driven 

signals should be applied in amplitude by the voltage amplifier, where the 

magnifying times is also controlled by the central processor. The input dynamic 

driven voltage signals excite the sensor and is tuned by the dc magnetic field to be 

measured. The induced tuned voltage output from the sensor is received by the 

peripheral circuit and converted back to analog signals for analyzing purpose by an 

analog-to-digital converter (ADC). The digital signals are then processed by the 

programmable central processing module to calculate the root mean square (RMS) 

value of the signals. Afterwards the corresponding value of the dc magnetic field 

applied to the sensor can be achieved and displayed on the LCD Display.  
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The following specifications are required for designing the portable dc 

magnetic field magnetometer: 

(1) The DAC could provide voltage signals precisely at required frequency 

with a high resolution and short settling time of D/A conversion; 

(2) The voltage amplifier can provide enough voltage gain to enlarge the 

amplitude of the signals to as high as 2.5V peak valued without any 

transformation of the waveforms of the signals; 

(3) The ADC should have a reasonable high resolution of A/D conversion and 

sampling rates; 

(4) The system should be powered at low voltage and energy consumption. 

 

 
Fig. 6.1 System block diagram of the designed voltage-mode dc magnetic field 

magnetometer. 
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6.3.2 Hardware Development 

Figure 6.2 illustrates the circuit diagram of the peripheral circuits for the 

proposed dc magnetic field magnetometer. The peripheral circuits are composed of 

two parts: the driven voltage generator (6.2(a)), and responded signals receiver & 

processor (6.2(b)).  

The driven voltage generator includes an AD9851 DDS/DAC synthesizer 

and an AD603 low-noise, voltage-controlled amplifier. AD9851 creates the sinusoid 

analog voltage signals of specific frequency through its 16-bits D/A converter 

according to the digital data from the central processor. The created analog signals 

are then amplified to required amplitude by the AD603 which is controlled by the 

central processor. The amplification gain is usually limited by the power supplied to 

the amplifier. Here as dc supply voltages of �4.8 V, which is formed by connecting 

four pieces of AA 1.2 V, 2,500 mAh NiMH battery in series, are employed to 

energize the peripheral circuits; peak value of around 4.5V of the driven voltage 

signals could be available if necessary.  

The microcontroller system STM32F407ZGT6, which have integrated the 

ARM Cortex-M4 32b MCU+FPU and ADC, is taken as a responded signals receiver 

& processor. The 16-bits built-in A/D converter samples the input analog signals at 

sampling rates of 1 MHz and sampling points of 16384 and transmits the produced 

digital data to the MCU. The MCU analyzes the data by Fast Fourier Transformation 
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to pick the peak values of the input voltage and translates them into related 

magnitude of dc magnetic field according to the measured sensitivity of the sensor, 

which is finally displayed on the 8-segnments LCD module (HTB8832A). 

Figure 6.3 shows the proposed portable dc magnetic field magnetometer, 

which involves the peripheral circuits of signals generator module and signals 

receiver and processor, the sensor and the protective plastic shells. 

�

�

�
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Fig. 6.2 Circuits diagrams of (a) driven voltage generator and (b) responded 

signals receiver and processor. 

��b��  
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�

 

Fig. 6.3 Photos of the hardware for the proposed voltage-mode dc magnetic field 
magnetometer. 

STM32F407ZGT6 
microcontroller system�

AD9851 DDS/DAC 
synthesizer�

AD603�

LCD display�
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6.3.3 Software Development 

Figure 6.4 exhibits the flow diagram of the central control of the portable dc 

magnetic field magnetometer. First the MCU chip on STM32F407ZGT6 is powered 

on and initialed. MCU would then create digital data for the DAC to produce the 

sinusoid waveforms at set frequency in the program, which are also enlarged on 

amplitude by the amplifier (AD 603) at amplification times set by the program. The 

induced voltage are thus transmitted to the sensor and tuned by the applied dc 

magnetic field. The responded voltages are analog signals and converted by the A/D 

converter (integrated in the STM32F407ZGT6) back to digital data and processed by 

the MCU to pick up the peak value of the responded signals. The Fast Fourier 

Transformer (FFT) is adopted to calculate the data with low cost and fast speed, with 

Butterfly-shaped Algorithm adopted during coding. The calculated voltage 

amplitude is then translated to the magnitude of the applied dc magnetic field 

according to the sensitivity of the sensor measured in advance. The source code of 

this software is shown in Appendix B. 
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Fig. 6.4 Flow diagram of the central control of the voltage-mode dc magnetic field 

magnetometer. 

 

6.3.4 Performance Evaluations 

The performance evaluation consists of two parts: the evaluation of the 

peripheral circuits and the evaluation of the entire magnetometer.  

For the evaluation of peripheral circuits, the driven voltage signals 

generating module and responded signals receiver and processor module are 

evaluated respectively in Figure 6.5 (a) and Figure 6.5 (b). When considering the 

driven voltage signals generating module, the main focus is on the accuracy of 

frequency of the output waveforms and the maximum amplification gain without 
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waveform deformation. Thus both waveforms from signal generator AD9851 and 

amplifier AD603 are detected by the digital oscilloscope (Tektroniz MSO2014). As 

for the test of responded signals receiver and processor module, the measurement 

accuracy of input voltage signals is the main concern because this would affect the 

accuracy of the magnetometer directly. Thus the detection performance to the 

waveforms supplied by an arbitrary waveform generator (Agilent 33210A) is 

compared to that of the digital oscilloscope (Tektroniz MSO2014) to observe its 

accuracy. 

Figure 6.6 illustrates the installation for evaluating the performance of the 

designed dc magnetic field magnetometer. A cable conducting dc electrical current 

flow ranging from 0~5A is applied to monitor the practical working condition while 

both the sensor and Hall-effect probe (STA99-0404) are tied together on the surface 

of the cable to detect the induced dc magnetic field by the dc current. The measured 

value of the designed sensor is compared to that shown on the Gaussmeter (F.W, 

Bell 7030) to evaluate the accuracy of the sensor. 
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Fig. 6.5 Full view of the packaged voltage-mode magnetometer. 

 

 
Fig. 6.6 Experimental setups for the evaluation of the performance of (a) driven 

voltage signals generating module and (b) responded signals receiver 
and processor module for the dc magnetic field magnetometer. 

(a) 

(b) 
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6.3.5 Results and Discussion 

Figure 6.7 illustrates the measured performance of driven voltage signals 

generating module. In Figure 6.7 (a) and 6.7 (b), the red lines represent the generated 

waveforms by AD9851 at a set frequency of 125 kHz and 116 kHz where the stable, 

noiseless and accurate properties are proved. The black lines in Figure 6.7 represent 

the amplified waveforms by AD603. In Figure 6.7 (a) and 6.7 (b), the peak value of 

generated waveforms from AD9851 is 0.22V while the amplified waveforms 

without any deformation is as high as 3V at peak, meaning the ~13.6 times’ gain. 

However, in Figure 6.7 (c), where the amplified voltage is set to be around 3.2V in 

peak, there exists obvious waveform deformation between original and amplified 

waveforms. Thus, the driven voltage supplied by this peripheral would be limited to 

3V in peak. 

Figure 6.8 shows the accuracy evaluation of the responded signals receiver 

and processor module, where the x-axis refers to the standard peak value of the 

supplied voltage detected by the digital oscillator and the y-axis refers to the 

displayed value on LCD of this signals receiver and processor module. Obviously, 

little deviation was observed from the evaluation process from the input voltage 

range of 0~5V peak value, and thus the accuracy of the dc magnetometer could be 

highly guaranteed. 
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(a) 

(b) 
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Fig. 6.7 Comparison of waveforms generated from AD9851 and amplified by 

AD603 at conditions of (a) frequency of 125 kHz and controlled voltage 
gain to peak value of 3V; (b) frequency of 116 kHz and controlled 
voltage gain to peak value of 3V; (c) frequency of 116 kHz and 
controlled voltage gain to peak value of 3.2V. 

 

(c) 
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Fig. 6.8 The detected voltage value by the proposed signals detection circuits 

(y-axis) refers to the standard voltage value measured by the digital 
oscillator (x-axis). 

 

Figure 6.9 illustrates the accuracy evaluation of the fabricated dc magnetic 

field magnetometer. The x-axis refers to the standard value of the dc magnetic field 

measured by a Gaussmeter (F.W. Bell 7030) and the matched transverse Hall-effect 

probe (STA99-0404). And the y-axis refers to the displayed data measured by the 

designed magnetometer. The accuracy is calculated according to the equation: 

�������� �
�

�

��� � ���
�

��
�

�

���

� 

Based on the data in Figure 6.9, the accuracy of 1% is calculated. 
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Fig. 6.9 The measured value of the dc magnetic field by the designed sensor 

(y-axis) refers to the standard magnitude detected by the Gaussmeter 
(x-axis). 

 

Figure 6.10 shows the influence of electro-magnetic interference (EMI) on 

the proposed magnetometer. Noise signals in figure 6.10(a), which are created by the 

commercial power of 330V peak amplitude and 50 Hz frequency, are applied on the 

proposed magnetometer to evaluate the influence of EMI. The EMI by electric 

power is main composed of low frequency induced magnetic field (~50 Hz) and 

ultrahigh frequency random noises (~ MHz), but the voltage-mode sensor works at 

frequency of around 125kHz, therefore the central control module always filter the 

low and ultrahigh frequency signals and pick up signals with frequency of 125 kHz 

via the algorithm of Fourier transformation and inverse Fourier transformation. As a 
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result, the EMI noises have little impacts on the proposed magnetometer, as shown 

in figure 6.10(b). 

 
Fig. 6.10 Influence of EMI on the proposed magnetometer: (a) noise signals 

generated by the electric supply of 330V peak amplitude and 50 Hz 
frequency; (b) accuracy evaluation under EMI noise.  

(a) 

(b) 



 
      

6. Magnetometer Based On the Proposed Sensors 
               

              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
�

ZHANG Long   175 

          � �

Table 6.2 concludes the discussion above and exhibits the performance of 

the proposed magnetometer, which illustrates its capability of practical applications. 

 

Table 6.2 Datasheet of the proposed dc magnetic field magnetometer. 
Specifications Values 
Measuring Range dc 0~400 Oe 
Resolution 0.01 Oe 
Accuracy 1% of Reading 
Measuring Unit Oe (or G) 
Power Four Pieces of AA 1.2 V, 2,500 mAh NiMH battery 
Size 90cm×60cm×40cm 
Weight 31g for the probe, 307g for the full set 
Probe Voltage-mode dc magnetic field sensor 
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 Conclusions and Suggestions for Chapter 7

Future Work 

 

7.1 Conclusions 

In recent years, the emergence of electronic devices, which adopt dc 

supplies, such as mobile phones, computers, and televisions, illustrates the dc’s 

advantage of stability and convenience of storage. Moreover, as the development of 

technology, the dc electrical devices such as mercury-arc valves, thyristors, and 

IGBTs, enable the possibility of long-distance transmission for dc voltage by 

constructing the High-Voltage Direct Current (HVDC) systems. In fact, the 

construction of HVDC eliminates the largest deficiency of dc that people start to be 

attracted more by its advantages over ac such as stability, lower power waste and 

heat generation, and superior compatibility with power storage techniques (battery 

and fuel cell). Furthermore, as the prospect of clean energy, dc grids are more 

suitable and economical to provide connections between end users and energy 

sources. Thus dc electricity is highly potential to be widely applied in the near future. 

However, the existing dc magnetic field sensors, usually driven by dynamic 

electrical current (e.g. fluxgate sensor, SQUID), static electrical current (e.g. Hall 
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sensor) or optical light (e.g. magneto-optical sensor), always suffer from problems 

like Joule heating or complexity of driving and detection equipment, which are 

caused intrinsically by their physical design. These deficiencies restrict the 

application of dc equipment and thus new designs to lower or eliminate these 

disadvantages to meet higher demand of more popular dc applications are in 

necessity. 

In this research, two novel types of dc magnetic field sensors are proposed. 

One adopts ac current driven with controllable low resistance to alleviate Joule 

heating but still presents a high sensitivity to dc magnetic field. For this 

current-mode type, two versions of sensors are designed and fabricated. The other 

type is designed based on ac voltage driven to reduce heating and lower energy 

consumptions. Two versions of voltage-mode sensors are designed for this type: one 

basic version with simple structure for relatively lower sensitivity to meet normal 

measurement requirement and the other modified version with transformer structure 

illustrating a much higher sensitivity. 

The current-mode type is based on the product effect with the direct 

coupling of the Lorentz force effect in a pair of metal strips (aluminium strips in 

experiments) with the transverse piezoelectric effect in the piezoelectric plate 

(0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 (PMN–PT) piezoelectric single crystal in 

experiments). Physical models for describing the working principle of the sensing 

properties of both versions are developed to predict the dc magnetic field sensitivity 
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(SI=dV/dB|I=I0) under specific driven current (I0) and the current-controlled 

sensitivity of the sensor (S= dV/dB/dI). The models are also confirmed by 

experiments. For the basic version, the sensor is designed to measure dc magnetic 

field only and is driven by low frequency current to diminish the Joule heating. The 

SI and S at low driven frequency are measured as 11.88 mV/T under 50 mA driven 

current and 0.23 V/T/A. For the modified version, the sensor is supposed to detect 

both dc and ac magnetic field for a wider application so that a large static magnetic 

field bias is applied to decrease the interference of dynamic signals. The sensor is 

designed to work at resonance to achieve a high sensitivity at driven current of low 

amplitude in case of too much Joule heating. The dynamic SI and S at resonant 

frequency are 88 mV/T at 50 mA driven current and 1.7 V/T/A, within a wide 

frequency spread of 0~15 kHz. 

The voltage-mode type is based on the dc magnetic field tuning effect of 

field-dependent compliance and resonance characteristics within the magnetoelectric 

composites under the ac reference voltage. The magnetoelectric composites are 

physical coupled by Pb(Zr,Ti)O3 (PZT) piezoelectric ceramic and Tb0.3Dy0.7Fe1.92 

(Terfenol-D) magnetostrictive alloy plate. The theoretical models for describing the 

working principle of the sensing properties are developed for predicting the dc 

magnetic field sensitivity (SV= dV/dH) under different driving voltage and 

voltage-controlled dc magnetic field (S= dSV/dV). The models are also confirmed by 

experiments. The basic version is composed of a piece of PZT piezoelectric 
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transformer with an isolation section in the middle to electrically isolate the input 

section and the output section  bonded by the magnetostrictive substrate Terfenol-D 

with a conductive epoxy adhesive. The dc magnetic field sensitivity at the 2.5V peak 

ac voltage driven at the sensor’s resonant frequency is measured to be as high as 

-1.58 mV/Oe (-15.8 V/T), within the measurement range of 0~400 Oe. The 

voltage-controlled dc magnetic field sensitivity is measured to be -0.63 mV/Oe/V. 

The modified version makes an enhancement for the piezoelectric phase of the basic 

version to construct an electrically parallel-input and serial-output three-layered 

laminate structure so that higher voltage driven efficiency and larger output induced 

voltage could be observed. The enhanced sensitivity at the 2.5V peak ac voltage 

driven at the sensor’s resonant frequency is -3.2 mV/Oe (32 V/T) within the 

measurement range of 0~400 Oe, doubling its sensitivity compared to the basic 

version. The voltage-controlled sensitivity is achieved as -1.3 mV/Oe/V. 

Besides the sensor design and fabrication, peripheral circuits are designed to 

package the sensor as portable dc magnetic field equipment for practical applications. 

The peripheral circuit integrates the 8-bit segment LCD as display module, AD 9850 

direct digital synthesis (DDS) module as driven voltage signal generator and the 

ARM chip STM32 controlled signal process system as the signal detection, 

conversion and analysis module. The peripheral circuits powered by batteries so that 

the sensing equipment could be packaged as a portable gaussmeter for dc magnetic 

field detection with wide practical applications. The performance of the designed dc 
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magnetometer is evaluated and compared, showing a promising potential for future 

applications in industrial practices.  

 

7.2 Suggestions for Future Work 

7.2.1 Peripheral Circuits for Current-Mode Magnetic 

Field Sensors 

In this study, peripheral circuits are designed for voltage-driven dc magnetic 

field sensors due to the simplicity and higher performance of voltage-driven sensors. 

However, as discussed in the last chapter, current-driven sensors could be 

advantageous when applied on a wide range of both dc & ac magnetic field, 

therefore peripheral circuits design for current-driven Lorentz-based dc or ac 

magnetic field sensors are also necessary. The flow diagram of the peripheral circuits 

design is shown in Figure 7.1, with most parts similar to those for voltage-driven 

sensors except the constant current supplier and thermal compensation circuits 

needed, which may be relatively complex. 
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Fig. 7.1 Flow diagram of peripheral circuits design for current-driven dc or ac 
magnetic field sensors. 

 

7.2.2 Enhanced Voltage-Mode DC Magnetic Field Sensors 

Voltage-mode dc magnetic field sensors have illustrated relative high 

sensitivity in this study. But there is still potential on elevating the sensitivity in 

advance by replacing the PZT plate with PMN-PT or Rosen-type transformer as the 

piezoelectric phase, to meet requirements for possible applications of tiny magnetic 

field detection such as geomagnetic field and so on. 

In this study, the reason of adopting PZT as the piezoelectric phase is 

mainly on economic and industrial consideration that PMN-PT is usually hard to 

fabricate. However, as discussed by physical models in Chapter 4, the piezoelectric 

parameters of electromechanical coupling factor (���) and compliance ratio (���� ) are 
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positively related to theoretical sensitivity, which means higher ��� and ����  could 

develop higher sensitivity.  

The modified version of voltage-mode dc magnetic field sensor in this 

study is similar to the idea of transformers through improving input impedance and 

reducing output impedance to magnify the output/input ratio and hence elevate the 

sensitivity of the sensor. Therefore other types of piezoelectric transformers with 

higher amplifying ratios such as Rosen-type ones could be adopted as the 

piezoelectric phase to enhance the dc magnetic field sensitivity. Figure 7.2 is a 

suggested structure composed of Rosen-type piezoelectric transformer and 

Terfenol-D plates. The sensor could be composed of one Rosen-type piezoelectric 

transformer sandwiched by two Terfenol-D plates on the thickness-polarized part 

with conductive silver epoxy. The right part composed of thickness-polarized 

piezoelectric plate and magnetostrictive plates works similarly as the basic version of 

voltage-mode sensor. And the integrated transformer amplifies the output voltage 

and also the output/input voltage ratio, namely the sensitivity. 

Moreover, if PMN-PT transformers are applied in this structure, a much 

stronger enhancement of the sensitivity could be predicted and there would be 

potential to measure tiny dc magnetic field including geomagnetic field. 
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Fig. 7.2 One suggested structure of enhanced voltage-mode dc magnetic field 

sensor. Two Terfenol-D plates are stick to the thickness polarized  
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Appendix A Electrical Equivalent Circuits of Piezoelectric 

Plates and L-T Magnetoelectric Laminates 

 

 

A.1 Electrical Equivalent Circuit of Piezoelectric Plates 

The piezoelectric effect in a piezoelectric plate having a length polarization 

(P) along the z-direction and operating in the length (or the 33-) mode can be 

depicted by an electrical equivalent circuit approach. Consider the piezoelectric plate 

with the length-polarized configuration and arranged in the Cartesian coordinate 

system as shown in Fig. A.1. Since the length (lp) is much larger than the width (wp) 

and the thickness (tp), the length mode is regarded as the fundamental operating 

mode in the piezoelectric plate. 

�
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lp wp 
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F2 

v2 
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Δz 
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Fig.A.1  Schematic diagram of a piezoelectric plate having a length polarization (P) 

and operating in the length mode. 

 

The constitutive equations for the piezoelectric plate are given by 

3p,33p,333p,3 DgTsS D += , (A.1) 
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333p,3p,333 DTgE Tβ+−= , (A.2) 

where 3D and 3E are the dielectric displacement and electric field along the length 

(or the z-) direction, respectively; p,3S and p,3T are the strain and stress along the 

length direction, respectively; T
33β , p,33g , and Ds33 are the dielectric impermittivity 

at constant stress, the piezoelectric voltage coefficient, and the elastic compliance at 

constant dielectric displacement, respectively.  

According to the Newton’s second law of motion, the wave equation is 

expressed as  

2

2
2

32

2

)(
z

v
t

D

∂
∂

=
∂
∂ ζζ , (A.3) 

where D
p

D sv 333 ρ=  is the longitudinal wave velocity and ζ is the longitudinal 

displacement. Under harmonic oscillation, Eq. (A.3) is simplified as 

02
2

2

=+
∂

∂
ζ

ζ
k

z
, (A.4) 

where Dvk 3/ω= is the wave number andω  is the angular frequency. The general 

solution of Eq. (A.4) can be written as 

kzBkzA cossin +=ζ . (A.5) 

The face velocities (ζ� ) of the piezoelectric plate at the boundaries z = 0 and z = lp 

are expressed, respectively, as 

10| vBjz === ωζ�  (A.6) 

and 

2pp )cossin(|
p

vklBklAjlz −=+== ωζ� . (A.7) 



 
          A. Electrical Equivalent Circuits of Piezoelectric 

               
              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
�

ZHANG Long   186 

         
� �

The two variables A and B are resolved as 

ωjkl
v
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(

p
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p1 +−=  (A.8) 

and 

ωj
vB 1= . (A.9) 
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The forces (F1 and F2) acting on the two end faces of the piezoelectric plate are 

related to T3,p as  

3
33
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p
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p
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TAF DDlz ++=−= = ω
, (A.14) 

where Ap = wp tp is the cross-sectional area of the piezoelectric plate. The coupling 

current (I3) passing through the electrodes is  

3p3 DAjI ω= . (A.15) 

The output voltage ( 3V ) of the piezoelectric plate along the length direction is 
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By combining Eqs. (A.13), (A.14), and (A16), the total equations for the 

piezoelectric plate can be written as 

32210211 )( NVvZvZZZF C ++++= , (A.17) 

32021122 )( NVvZZZvZF C ++++= , (A.18) 

)( 21303 vvNVCjI +−= ω , (A.19) 

where 
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�	�� ==
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Using Eqs. (A.17)−(A.19), the electrical equivalent circuit of the 

length-polarized piezoelectric plate is constructed as depicted in Fig. A.2. The 

transformer is assumed to be lossless and represents the conversion of mechanical 

energy into electrical energy with the transformation factor N.  
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Fig. A.2  Electrical Equivalent circuit of a length-polarized piezoelectric plate 

operating in length mode. 
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A.2 Electrical Equivalent Circuits of L-T Magnetoelectric 

Laminates 

The magnetoelectric (ME) effect in a L−T ME laminated composite having 

a length magnetization (M) along the z-direction and a thickness polarization (P) 

along the x-direction can be arranged in the Cartesian coordinate system as shown in 

Fig. A.3. When an ac magnetic field (H3) is applied along the length (or the 3-) 

direction of the magnetostrictive material phase of the composite, an ac 

magnetostrictive strain (S3,m) is induced in the length direction of the 

magnetostrictive material phase due to the magnetostrictive effect. This S3,m is 

mechanically coupled to the sandwich piezoelectric material phase, giving rise to an 

ac piezoelectric voltage (V�´3) across the thickness of the piezoelectric material 

phase in the 3-direction due to the piezoelectric effect. This mechanically mediated 

magnetostrictive and piezoelectric effect is said to be an extrinsic ME effect in the 

composite. 
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Fig. A.3  Schematic diagram of a L−T ME laminated composite having a length 

magnetization (M) and a thickness polarization (P). 
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For the length-magnetized magnetostrictive material phase operating in the 

length (or the 33-) mode, the piezomagnetic constitutive equations are expressed as 

3m,33m,333m,3 HdTsS H += , (A.20) 

333m,3m,333 HTdB Tμ+= , (A.21) 

where 3H and 3B are the magnetic field and magnetic flux density along the length 

(or the 3-) direction, respectively; m,3S and m,3T are the strain and stress along the 

length direction, respectively; and T
33μ is the magnetic permeability at constant stress, 

d33,m is the piezomagnetic strain coefficient; and Hs33 is the elastic compliance 

coefficient at constant magnetic field strength. For the thickness-polarized 

piezoelectric material phase operating in the transverse (or the 31-) mode, the 

piezoelectric constitutive equations are given by 

3p,31p,111p,1 EdTsS E += , (A.22) 

333p,1p,313 ETdD Tε+= . (A.23) 

where 3E and 3D are the electric field and electric displacement along the thickness 

(or the 3-) direction, respectively; S1,p and T1,p are the mechanical strain and stress 

along the length (or the 1-) direction, respectively; T
33ε is the dielectric permittivity at 

constant stress; d31,p is the piezoelectric strain coefficient; and Es11 is the elastic 

compliance coefficient at constant electric field strength. 

According to Newton’s second law of motion, the equation of motion that 

couples the piezomagnetic and piezoelectric constitutive equations can be written as 
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(A.24) 

where xAm Δ=Δ mmm ρ  and xAm Δ=Δ ppp ρ  are the masses of the magnetostrictive 

and piezoelectric material phases, respectively; and mρ and pρ are the densities of 

the magnetostrictive and piezoelectric material phases, respectively. Because of the 

lamination configuration, the total cross-sectional area of the composite (Alam) is 

lamlammplam 2 wtAAA =+= , (A.25) 

where Am and Ap are the cross-sectional areas of the magnetostrictive and 

piezoelectric material phases, respectively; tm and tp are the thicknesses of the 

magnetostrictive and piezoelectric material phases, respectively; tlam = tp + 2 tm  and 

wlam are the thickness and width of the composite, respectively. Combining Eqs. 

(A.24) and (A.25), we have   
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(A.26) 

where lammlamm /2/2 ttAAn ==  is the thickness ratio of the magnetostrictive 

material phase to the composite; and 
lam

mmpp )2(
A

AA ρρ
ρ

+
= is the average mass 

density of the composite. The wave equation can be described by 
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is the effective wave velocity. Under harmonic 

oscillation, Eq. (A.27) is simplified as  
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where Dvk 1/ω= is the wave number and ω  is the angular frequency. The general 

solution of Eq. (A.28) can be written as 

kxBkxA cossin +=ζ . (A.29) 

The face velocities (ζ� ) of the composite at the boundaries z = 0 and z = llam are 

expressed as 
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10| vBjz === ωζ�  (A.30) 

and 
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The two variables A and B are resolved as 
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(A.36) 

and 
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(A.37) 

The forces ( '
1F  and '

2F ) acting on the two end faces of the composite are related to 

T1,p and T3,m as 

0m,30p,1p
'

1 |2| == −−= xmx TATAF  (A.38) 

and 
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where Ap = wp×tp and Am = wm×tm is the cross-sectional area of the piezoelectric and 

magnetostrictive plate, respectively. Let D
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The coupling current )( '
3I passing through the electrodes is  

)( '
2

'
1

11

p,31
3

11

2
p,31

33
'
3 vv

s
dw

E
s

d
wljI E

lam
E

T
lamlam +−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= εω . (A.42) 

By combining Eqs. (A.38), (A.39), and (A.40), the total equations for the 

L−T ME laminated composite with a length magnetization and a thickness 

polarization can be written as 
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Using Eqs. (A.43)−(A.45), the electrical equivalent circuit of the L−T ME 

laminated composite is constructed as depicted in Fig. A.4. The transformers are 

assumed to be lossless and represent the conversions of the magnetic energy into 

mechanical energy and of the mechanical energy into electrical energy with the 

transformation factors mϕ and pϕ , respectively. 
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Fig. A.4 Electrical equivalent circuit of a L−T ME laminated composite.
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Appendix B Source Code of the Peripheral 

Circuit System 

1. Main.c 

#include "main.h"  
#define  ADC1_DR_ADDRESS  ((uint32_t)0x4001204C) //Adress of register ADC1 DR  
__IO uint16_t ADCConvertedValue;     // Only the low12-bit of ADC Converted Value is 
effective. 
__IO uint16_t ADC1ConvertedValue = 0; 
__IO uint32_t ADC1ConvertedVoltage = 0; 
__IO uint8_t USART_REC_F; 
__IO uint8_t USART_CRC0; 
__IO uint8_t USART_CRC1; 
__IO uint8_t Drug_num; 
__IO uint16_t  USART_REC_count; 
__IO uint8_t  USART_REC_Type ; 
__IO uint8_t USART_REC_State ; 
__IO uint16_t USART_buffer[SAMPLE_LEN]; 
 
uint16_t freq_in,Fudu_in; 
uint32_t datatest; 
uint32_t         ADtest[SAMPLE_LEN]; 
 double ADbuff[SAMPLE_LEN]; 
uint32_t adcount,samplerate; 
uint32_t datareflash; 
 double average; 
 double average2; 
uint8_t datatime; 
uint8_t simpletimes; 
uint8_t  firsttime; 
 
typedef struct 
{ 
    __IO  double real;  
    __IO double img;  
}complex;  
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typedef struct 
{ 
    __IO unsigned int m; //Frequency 
     __IO double result; 
}frequency;  
 
complex adcdata[SAMPLE_LEN]; 
complex W[SAMPLE_LEN/2];            
frequency powerdata[SAMPLE_LEN/2];    
__IO double drawDataTemp[SAMPLE_LEN/2];    
__IO double drawMax;                        
__IO unsigned char bitLen; 
 
void ADC1_CH13_DMA_Config(void); 
void DAC_Config(void); 
void NVIC_Config(void);  
 
void Get_input_signal(void); 
void initW(void);  
void fftPowOrder(void);  
void bitReverse(void);  
void fft(void);  
void power(void);  
void orderQuick(frequency data[],int low,int high);  
void output(void);  
 
void system_initial(void) 
{ 
 HC165_Init();  
 COM1Init(9600); 
 NVIC_Config(); 
 USART_ITConfig(USART1, USART_IT_RXNE, DISABLE); 
 USART_ITConfig(USART1, USART_IT_RXNE, ENABLE);  
 USART_REC_F=0; 
 USART_REC_count=0; 
 USART_REC_State=0; 
 ad9850_reset_serial(); 
 ADC1_CH13_DMA_Config(); 
 DAC_Config(); 
 ADC_SoftwareStartConv(ADC1);  
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 LCD_initial(); 
 SysTick_Config(328); 
    initW(); 
} 
void Set_output_amplify_gain(int gain) 
{ 
   DAC_SetChannel2Data(DAC_Align_12b_R,gain*1024/810); 
   DAC_SetChannel1Data(DAC_Align_12b_R,1000*1024/810); 
} 
 
int main(void) 
{   
 system_initial(); 
 
 Set_output_amplify_gain(850);//Output voltage value�unit: mV� 
 ad9850_wr_serial(116000);//Output frequency�unit: Hz� 
 while (1) 
 {  
  int data_temp; 
   
  Get_input_signal();//Receiving input voltage signals�with frequency saved as freq_in 
(uni: KHz) and amplitude as Fudu_in (unit: mV) 
  printf("input freg: %d.0KHz Fudu:%d.%03dV 
\n",freq_in,Fudu_in/1000,Fudu_in%1000); 
 
  data_temp=freq_in; 
  trans_data(0,data_temp/100,0); 
  data_temp=data_temp%100; 
  trans_data(1,data_temp/10,0); 
  data_temp=data_temp%10; 
  trans_data(2,data_temp,1); 
  trans_data(3,0,0); 
  mydelay(100000000);  
   
  data_temp=Fudu_in; 
  trans_data(0,data_temp/1000,1); 
  data_temp=data_temp%1000; 
  trans_data(1,(data_temp/100),0); 
  data_temp=data_temp%100; 
  trans_data(2,data_temp/10,0); 
  data_temp=data_temp%10; 
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  trans_data(3,data_temp,0); 
  mydelay(100000000);       
 }    
} 
 
void ADC1_CH13_DMA_Config(void) 
{ 
  ADC_InitTypeDef       ADC_InitStructure; 
  ADC_CommonInitTypeDef ADC_CommonInitStructure; 
  DMA_InitTypeDef       DMA_InitStructure; 
  GPIO_InitTypeDef      GPIO_InitStructure; 
 
  /* Enable ADC1, DMA2 and GPIO clocks ****************************************/ 
  RCC_AHB1PeriphClockCmd(RCC_AHB1Periph_DMA2 | RCC_AHB1Periph_GPIOC, 
ENABLE); 
  RCC_APB2PeriphClockCmd(RCC_APB2Periph_ADC1, ENABLE); 
 
  /* DMA2 Stream0 channel2 configuration **************************************/ 
  DMA_InitStructure.DMA_Channel = DMA_Channel_0;   
  DMA_InitStructure.DMA_PeripheralBaseAddr = (uint32_t)ADC1_DR_ADDRESS; 
  DMA_InitStructure.DMA_Memory0BaseAddr = (uint32_t)&ADC1ConvertedValue; 
  DMA_InitStructure.DMA_DIR = DMA_DIR_PeripheralToMemory; 
  DMA_InitStructure.DMA_BufferSize = 1; 
  DMA_InitStructure.DMA_PeripheralInc = DMA_PeripheralInc_Disable; 
  DMA_InitStructure.DMA_MemoryInc = DMA_MemoryInc_Disable; 
  DMA_InitStructure.DMA_PeripheralDataSize = DMA_PeripheralDataSize_HalfWord; 
  DMA_InitStructure.DMA_MemoryDataSize = DMA_MemoryDataSize_HalfWord; 
  DMA_InitStructure.DMA_Mode = DMA_Mode_Circular; 
  DMA_InitStructure.DMA_Priority = DMA_Priority_High; 
  DMA_InitStructure.DMA_FIFOMode = DMA_FIFOMode_Disable;          
  DMA_InitStructure.DMA_FIFOThreshold = DMA_FIFOThreshold_HalfFull; 
  DMA_InitStructure.DMA_MemoryBurst = DMA_MemoryBurst_Single; 
  DMA_InitStructure.DMA_PeripheralBurst = DMA_PeripheralBurst_Single; 
  DMA_Init(DMA2_Stream0, &DMA_InitStructure); 
  DMA_Cmd(DMA2_Stream0, ENABLE); 
 
  /* ConFigure PC.03 (ADC Channel13) as analog input -------------------------*/ 
  GPIO_InitStructure.GPIO_Pin = GPIO_Pin_3; 
  GPIO_InitStructure.GPIO_Mode = GPIO_Mode_AN; 
  GPIO_InitStructure.GPIO_PuPd = GPIO_PuPd_NOPULL ; 
  GPIO_Init(GPIOC, &GPIO_InitStructure); 
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  /* ADC Common Init 
**********************************************************/ 
  ADC_CommonInitStructure.ADC_Mode = ADC_Mode_Independent; 
  ADC_CommonInitStructure.ADC_Prescaler = ADC_Prescaler_Div2; 
  ADC_CommonInitStructure.ADC_DMAAccessMode = ADC_DMAAccessMode_Disabled; 
  ADC_CommonInitStructure.ADC_TwoSamplingDelay = 
ADC_TwoSamplingDelay_5Cycles; 
  ADC_CommonInit(&ADC_CommonInitStructure); 
 
  /* ADC1 Init ****************************************************************/ 
  ADC_InitStructure.ADC_Resolution = ADC_Resolution_12b; 
  ADC_InitStructure.ADC_ScanConvMode = DISABLE; 
  ADC_InitStructure.ADC_ContinuousConvMode = ENABLE; 
  ADC_InitStructure.ADC_ExternalTrigConvEdge = ADC_ExternalTrigConvEdge_None; 
  ADC_InitStructure.ADC_DataAlign = ADC_DataAlign_Right; 
  ADC_InitStructure.ADC_NbrOfConversion = 1; 
  ADC_Init(ADC1, &ADC_InitStructure); 
 
  /* ADC1 regular channel13 configuration *************************************/ 
  ADC_RegularChannelConfig(ADC1, ADC_Channel_13, 1, ADC_SampleTime_3Cycles); 
 
 /* Enable DMA request after last transfer (Single-ADC mode) */ 
  ADC_DMARequestAfterLastTransferCmd(ADC1, ENABLE); 
 
  /* Enable ADC1 DMA */ 
  ADC_DMACmd(ADC1, ENABLE); 
 
  /* Enable ADC1 */ 
  ADC_Cmd(ADC1, ENABLE); 
} 
void DAC_Config(void) 
{ 
  /* Preconfiguration before using DAC----------------------------------------*/ 
  GPIO_InitTypeDef GPIO_InitStructure; 
  DAC_InitTypeDef  DAC_InitStructure; 
 
  /* DMA1 clock and GPIOA clock enable (to be used with DAC) */ 
  RCC_AHB1PeriphClockCmd(RCC_AHB1Periph_DMA1 | RCC_AHB1Periph_GPIOA, 
ENABLE); 
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  /* DAC Periph clock enable */ 
  RCC_APB1PeriphClockCmd(RCC_APB1Periph_DAC, ENABLE); 
 
  /* DAC channel 1 & 2 (DAC_OUT1 = PA.4)(DAC_OUT2 = PA.5) configuration */ 
  GPIO_InitStructure.GPIO_Pin = GPIO_Pin_4 | GPIO_Pin_5; 
  GPIO_InitStructure.GPIO_Mode = GPIO_Mode_AN; 
  GPIO_InitStructure.GPIO_PuPd = GPIO_PuPd_NOPULL; 
  GPIO_Init(GPIOA, &GPIO_InitStructure); 
 
 DAC_InitStructure.DAC_Trigger = DAC_Trigger_None; 
 DAC_InitStructure.DAC_WaveGeneration =DAC_WaveGeneration_None; 
 DAC_InitStructure.DAC_LFSRUnmask_TriangleAmplitude = DAC_LFSRUnmask_Bit0;  
 DAC_InitStructure.DAC_OutputBuffer = DAC_OutputBuffer_Disable; 
 DAC_Init(DAC_Channel_1,&DAC_InitStructure); 
 DAC_Cmd(DAC_Channel_1,ENABLE); 
 DAC_Init(DAC_Channel_2,&DAC_InitStructure); 
 DAC_Cmd(DAC_Channel_2,ENABLE); 
} 
 
 
void Get_input_signal(void) 
{ 
  
 uint16_t i; 
 double Fudu_in_temp; 
 USART_REC_F=0; 
 USART_REC_count=0; 
 while(USART_REC_F==0); 
     for(i=0;i<SAMPLE_LEN;i++) 
           { 
      adcdata[i].real= (double)USART_buffer[i]; 
                adcdata[i].img = 0; 
           }   
     fftPowOrder(); 
     freq_in=2; 
     Fudu_in_temp=drawDataTemp[2]; 
     for(i=2; i<(SAMPLE_LEN/2); i++) 
     { 
    if(drawDataTemp[i]>Fudu_in_temp) 
    { 
     freq_in=i; 
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     Fudu_in_temp=drawDataTemp[i]; 
    } 
   } 
    
     Fudu_in=(int)(sqrt(Fudu_in_temp)/7.1); 
     USART_REC_F=0; 
} 
 
 
void initW(void) 
{ 
    int i; 
    for(i=0;i<SAMPLE_LEN/2;i++) //exp(-j*2*π*k*n/N) 
    { 
        W[i].real=cos(2*PI*i/SAMPLE_LEN); 
        W[i].img=-sin(2*PI*i/SAMPLE_LEN); 
    } 
} 
 
void bitReverse(void) 
{ 
    int i,j,k; 
    int m; 
    int N; 
    complex temp; 
 
    bitLen = 0; 
    N = SAMPLE_LEN; 
     
    if (N>>12) { bitLen+=12; N>>=12; } 
    if (N>>8)  { bitLen+=8; N>>=8; } 
    if (N>>4)  { bitLen+=4; N>>=4; } 
    if (N>>2)  { bitLen+=2; N>>=2; } 
    if (N>>1)  { bitLen+=1; N>>=1; } 
 
    for(i=0;i<SAMPLE_LEN;i++) 
    { 
        j=0; 
        k=i; 
        m=bitLen; 
        while(m>0) 
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        { 
            j<<=1; 
            j|=1&k; 
            k>>=1; 
            m--; 
        } 
        
        if(i<j) 
        { 
            temp=adcdata[i]; 
            adcdata[i]=adcdata[j]; 
            adcdata[j]=temp; 
        } 
    } 
} 
 
void fft(void) 
{ 
   int i,j,k,p; 
   complex temp;//,up,down; 
   for(i=0;i<bitLen;i++)   
   { 
       p=1<<i;           
       for(j=0;j<SAMPLE_LEN;j+=2*p)   
       { 
           for(k=0;k<p;k++)   
           {                                                    
               temp.real=adcdata[j+k+p].real*W[k*SAMPLE_LEN/p/2].real- 
                         adcdata[j+k+p].img*W[k*SAMPLE_LEN/p/2].img;  
               temp.img=adcdata[j+k+p].real*W[k*SAMPLE_LEN/p/2].img+ 
                         adcdata[j+k+p].img*W[k*SAMPLE_LEN/p/2].real;  
                          
               adcdata[j+k+p].real=adcdata[j+k].real-temp.real;   
               adcdata[j+k+p].img=adcdata[j+k].img-temp.img;   
               adcdata[j+k].real=adcdata[j+k].real+temp.real;   
               adcdata[j+k].img=adcdata[j+k].img+temp.img;  
 
           } 
       } 
   }                
} 
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void power(void) 
{ 
   unsigned int i; 
   for(i=0;i<SAMPLE_LEN/2;i++) 
   { 
       powerdata[i].m=20*i; 
       powerdata[i].result=(adcdata[i].real*adcdata[i].real +  
                            adcdata[i].img*adcdata[i].img)/SAMPLE_LEN; 
       drawDataTemp[i]=powerdata[i].result; 
   } 
} 
 
//Quick Sorting Algorithm 
void orderQuick(frequency data[],int low,int high) 
{ 
    int i, j; 
    frequency pivot; 
 
    if (low < high) 
    { 
          pivot=data[low]; 
          i=low;  
          j=high; 
           
          while(i<j) 
          { 
                 while (i<j && data[j].result<=pivot.result) 
                        j--; 
                 if(i<j) 
                        data[i++]=data[j];    
                  
                 while (i<j && data[i].result>=pivot.result) 
                        i++; 
                 if(i<j) 
                        data[j--]=data[i];       
          } 
 
          data[i]=pivot;    
 
          orderQuick(data,low,i-1); 
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          orderQuick(data,i+1,high); 
    } 
} 
 
void fftPowOrder(void) 
{ 
    bitReverse(); 
    fft(); 
    power(); 
} 
 
void NVIC_Config(void)   
{   
  NVIC_InitTypeDef NVIC_InitStructure;   
  // Enable the USARTx Interrupt  
  NVIC_InitStructure.NVIC_IRQChannel = USART1_IRQn;   
  NVIC_InitStructure.NVIC_IRQChannelPreemptionPriority = 0;   
  NVIC_InitStructure.NVIC_IRQChannelSubPriority = 0;   
  NVIC_InitStructure.NVIC_IRQChannelCmd = ENABLE;   
  NVIC_Init(&NVIC_InitStructure);   
}   
 
#ifdef  USE_FULL_ASSERT 
 
void assert_failed(uint8_t* file, uint32_t line) 
{  
  while (1) 
  { 
   printf("error!\n"); 
  } 
} 
#endif 
 
2.  main.h 
#ifndef __MAIN_H 
#define __MAIN_H 
#include <stdio.h> 
#include <math.h> 
#include <stdlib.h> 
#include <string.h> 
#include "stm32f4_discovery.h" 
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#include "delay.h" 
#include "HC595.h" 
#include "HC165.h" 
#include "timer.h" 
#include "usart.h" 
#include "ad9850.h" 
#include "HTB8832_02.h" 
 
#define SAMPLE_LEN 512 
 
#endif 
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