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Abstract 

Measuring current flow is an essential task for power systems. Although offering 

high-quality measurement results, traditional current sensing techniques share a 

common problem: the need for direct access to each individual conductor. The 

lack of an effective approach for measuring the currents in a group of bundled, 

enclosed or inaccessible conductors has resulted in the needs for new current 

measurement techniques. 

 

This thesis proposes methods to address three multi-conductor current 

measurement problems utilizing the sensor-array-based techniques. The first 

technique, including two main components, is designed specifically for measuring 

the currents entering the North America homes. One component is a sensor array 

deployed near the conductors of interest to measure the magnetic fields produced 

by the currents. The other component is a sensor calibrator, connecting to the 

conductors at a location downstream the sensor array. The relationship between 

the sensor outputs and the conductor currents is derived by an active calibration 

scheme, making it feasible to determine the currents through the sensor 

measurements non-intrusively.  

 

For the inaccessible conductors that are difficult to apply the active calibration 

scheme, this thesis proposes to use a magnetic sensor array to solve the conductor 

positions and their currents mathematically. The sensor parameters are made 
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known to the measurement system model through an off-line calibration method. 

A prototype device has been developed to measure different types of industrial 

cables. 

 

Measuring the Zero-sequence current of overhead power conductors has been a 

challenging problem but is important to many power quality studies. This thesis 

presents a technique that can measure the overhead line zero-sequence current 

remotely, regardless the existence of the neutral conductor. The proposed 

technique is adaptive to different overhead line configurations and does not 

require any input of the line parameters. The promising results from actual field 

tests indicate that the proposed zero-sequence current sensor array has a potential 

to become a powerful tool for the electric power industry. 
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Chapter 1 

Introduction 

The information regarding the current flow is important for modern power systems and 

many industrial, commercial, and residential practices. Measuring the power conductor 

current accurately and easily is always a challenging task in the electric power industry [1]-

[3]. The fast growth of smart grid technology requires remarkable transforming of the 

electrical power grid [4], [5]. Accurate and reliable current-sensing techniques are more 

needed than ever to monitor the line conditions in real time in order to enable appropriate 

and predictable system margin optimization to provide more power capacity for the existing 

power system assets [6]. The increased current data will help the utilities to understand the 

in-depth load behaviors and their system operation characteristics, and also will improve 

their asset management and power quality regulations. The electrical engineers will be 

more confident about performing power system planning, expansion and alteration. 

 

However, measuring the currents of a group of power conductors can be difficult. The 

existing current measurement techniques, as surveyed in Section 1.1, have difficulty 

solving multiple conductor current measurement problems when the conductors cannot be 

accessed individually. This thesis presents our continuous research to address the multiple 

conductor current measurement challenges in power systems. Three common challenges 

are explained in Section 1.2. The research objectives and the thesis outline are presented at 

the end of this chapter.  

 

1.1 Overview of Existing Current Measurement Techniques 

This section provides a review of the commonly adopted current measurement techniques 

in power systems. The state-of-the-art current-sensing techniques exploit a broad range of 
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developments from modern physics, material science and micro-fabrication techniques. 

Assorted current sensors have been developed to measure a single conductor’s current, and 

the sensor array technology is being widely adopted to measure the currents in a group of 

conductors.  

 

1.1.1 Current-Sensing Techniques for Single Conductors 

Traditional current-sensing techniques for measuring a single power conductor’s current 

can be summarized into the following categories. 

 

 Current sensing with a shunt resistor 

The use of shunt resistor is a popular method of high-current-sensing in power systems by 

utilizing Ohm’s Law [7]. This method converts the problem to the measurement of the 

voltage across the shunt. It is easy to implement and capable of measuring both AC and DC 

current. Its intrusive nature requires pre-installation at the circuit-construction stage or 

interrupt the circuit to insert the shunt. 

 

 Current sensing with a current transformer 

The traditional instrumental current transformer (CT) is widely used in transmission 

systems and substations for the bus currents measurement [8]. There are two isolated 

windings named the primary winding and the secondary winding. A typical CT as shown in 

Figure 1.1 is made of one single turn primary, multiple turns secondary, and a magnetic 

core made with high-permeability material. When the CT’s primary side connects to the 

high-current circuit, the induced current flowing through the secondary coil is stepped-

down to a lower value proportional to the primary current. This method is also intrusive 

because the CT needs to be connected in the circuit during the system construction stage. 
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Figure 1.1: One example current transformer [1]. 

 

 Current sensing with a Rogowski coil 

A Rogowski coil is designed based on the principle of Faraday’s law of electromagnetic 

induction and is thus capable of measuring only AC current [9]. This current-sensing 

apparatus is basically considered as one kind of special current transformer in which the 

conductive wires are wound on a nonmagnetic core, leaving both wire terminals open for 

the output. The output voltage of this winding is linearly proportional to the time derivative 

of the current flow in the current passing through the core. Generally, an integrator circuit is 

attached at the end of the coil terminals to get an output voltage proportional to the primary 

current as shown in Figure 1.2. 

 

Figure 1.2: Basic configuration of a Rogowski coil [1]. 

 

The non-magnetic core makes the Rogowski coil a more attractive current-sensing 

technique than the CT method for many portable high current measurement applications 

because of the core saturation. It is a convenient and flexible way for invasive current 
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measurement. Current-sensing instrument utilizing this method is usually a clamp-on 

current probe wrapped around the conductor of interest.  

 

 Current sensing with magnetic field measurement 

Numerous research studies have explored the effectiveness of using the magnetic field 

transducers for power conductor current measurement in a contactless way. In additional to 

offering a significant saving on the equipment investment due to the reduced insulation 

requirement for the current transducers, the advantageous use of the magnetic field sensors 

also creates a non-intrusive, open-loop and linearly correlated measurement system, making 

the current measurement non-invasively without influencing the normal operation. 

 

Many novel magnetic transducers with different material and fabrication processes are used 

to infer the power conductor current [10]-[13]. The pick-up coil sensor used for AC current 

measurement based on Faraday’s law of induction magnetic field induction has been known 

for many years [14]. In this thesis, the coil sensor is preferred as the sensing element due to 

its operation and design simplicity, wide frequency bandwidth and large dynamics [15], 

[16]. Regardless of the type of the magnetic transducers, they measure the conductor 

current indirectly; i.e., they cannot infer the current without knowing the geometric 

information related to the sensing spot and the conductor position. A sensor calibration 

process is usually required beforehand to establish the relationship between the sensor 

output and the current.  

 

Theoretically, the simplest way to measure the current is to place a single magnetic sensor 

near the current under measurement, but the crosstalk fields may limit the accuracy of a 

single magnetic sensor [17]. The magnetic fields generated by the currents under 

measurement must be distinguished from the external interference. A single sensor cannot 

distinguish the field generated by the current under measurement must be distinguished 

from other external fields. According to Ampere’s Law, the current flowing in a conductor 

is proportional to the sum of the sensor outputs located around the conductor, so the second 
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step is to locate as many sensors as possible to calculate the current. Doing so enables 

another way to sense the current: placing a sensor array consisting high number of magnetic 

sensors near the current, processing the data from the magnetic sensor array, and then 

employing a proper algorithm to compute the current indirectly [18]. 

 

One example employing circular magnetic sensors to reduce the crosstalk effect according 

to Ampere’s Law is introduced in [19]. Ampere’s Law is achieved by the sensor array 

theoretically by deploying as many circular sensors as possible in [19]. Unavoidably, 

complex and computationally expensive algorithms like the spiral Fourier analysis and 

optimization are used to process the measurement data from the magnetic sensor array. 

 

Other approaches have been introduced to avoid the long-time computer computation to 

ensure the measurement can be completed in a MCU level. K. Chen et al. developed an 

apparatus for measuring the conductor current by using four sensors symmetrically attached 

to the cable [20]. By averaging the sum of the outputs, the ambient magnetic field 

inferences were eliminated. 

 

Moreover, the state-of-the-art Nano-fabrication technology enables a new research 

direction of fabricating the current sensor on a Micro-electromechanical system (MEMS). 

As discussed in [21], a piezoelectric cantilever is mounted on a permanent magnet at the 

free end. The magnetic field coupling caused by any nearby AC current can be detected 

through the forms of mechanical oscillations. This device features contactless measurement 

with self-power possibility. An open problem for this technique is the sensor calibration.  

 

Figure 1.3: MEMS piezoelectric AC current sensor [21]. 
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 Current sensing with optical current transducer 

The piezoelectric optical fiber current sensor represents the state-of-the-art current-sensing 

technique. It is designed based on the Faraday Effect, where the linear polarized light wave 

propagates in proportion to the integral of the magnetic field at the sensor [22]. One 

commercial fiber-optic-current-sensor capable of measuring several hundred kA for DC 

current is manufactured by ABB Inc (as presented in Figure 1.4). Its excellent electrical 

isolation for both AC and DC allows high current measurement ability for even several 

hundred kilo-Amperes. An actual project utilizing the fiber optic current sensor to measure 

500 kA DC at 0.1% accuracy has been completed [22].  

 

Figure 1.4: One example commercial fiber-optic-current-sensors [1]. 

 

1.1.2 Sensor Array Techniques for Multiple Conductors 

Measuring the currents in a group of bundled or difficult-to-separate conductors is always a 

challenging problem. Although the existing current measurement techniques in Section 

1.1.1 provide accurate single conductor current measurement results with good linearity, 

acceptable frequency response and simple implementation, they most of the time require 

individual access to every individual conductor. It is difficult to apply these techniques to 

measure multiple conductor currents directly; especially when these conductors are difficult 

or even impossible to split. However, the need for accessing an individual conductor in a 

conductor group in power systems are not uncommon: the power supply conductors for 
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residential houses, farms, camping sites, etc. are usually enclosed inside conduit housing, 

and many industrial power transfer cables are bundled together. Furthermore, when 

measuring the overhead distribution feeders, the common method is to install expensive 

clamp-on current probes rated with a high voltage operation grade. The installation requires 

either de-energizing the line or working in the hazardous vicinity. Even with such 

instruments, hooking up the conductors for long-time monitoring is not feasible. 

 

Many innovative research studies have attempted to measure multi-conductor currents at 

the same time without accessing each conductor individually. Many of these, if not all, 

exploit the sensor array technique. 

 

A sensor array is a group of sensors deployed on the pre-defined sensing spots in either a 

random or a special geometric pattern [24]. The sensors in the sensor array system measure 

signals directly related to the parameters of interest. Usually, more than one parameter are 

under determining, disables the possibility of solving the problem using one single sensor. 

Meanwhile, the advantage of using a sensor array is that an array configuration adds new 

dimensions to the observation, increasing the opportunities to estimate the unknown 

parameters with certain sensor placement [25]. The trade-off of the sensor array over a 

single sensor is the increased complexity of processing the collected signals from each 

sensor. Therefore, modern signal-processing algorithms and cost-expensive computation 

processes such as the optimization algorithms are also important chains in the sensor array 

techniques [26]. 

 

The sensor array technique has been widely used in assorted areas such as image processing, 

acoustic signal identification, and indoor and outdoor positioning [27]-[30]. In this thesis, 

we deploy a magnetic field sensor array as the sensing element to quantify the 

electromagnetic field produced by the power conductor currents. The sensor array can be 

placed near the conductor group of interest to measure the magnetic field flux densities 

linearly correlated to the currents. These measurements are used to compute the currents 
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inversely. The sensor deployment locations are either random to facilitate the installation or 

specially-defined to help the later stage current computation. If the independent sensor 

quantity equals or exceeds the unknown conductor parameters, one may be able to compute 

the conductor currents from sufficient sensor measurements. The spatial differences and the 

magnetic field measurement redundancy among the sensors are adequately used to achieve 

better computation performance. 

 

To date, the research utilizing the sensor array technique to measure multiple conductor 

currents has attracted a great deal of interest and achieved many promising results. 

Different types of current transducers are being utilized to establish open-loop and 

contactless sensing. Most of these techniques involve the use of magnetic-field-sensing 

elements placed in close proximity to the conductors of interest. The linear response of 

many magnetic sensors to magnetic fields allows the currents to be computed by using the 

constant linear relationship consisting the sensors’ and the conductors’ positions. The 

literature review carried out for this thesis categorizes three types of magnetic field sensor 

array techniques that have been proposed and/ or developed as follows. 

 

The first type requires every sensor position and all conductor positions to be completely 

known. References [31]-[39] proposed several comprehensive measurement systems with 

different magnetic field sensors; reference [31] proposed the use of multiple hall sensors to 

provide circulated sensing architecture. The follow-up study [19] proposed a finite element 

calculation method to process the magnetic sensor array data and infer the conductor 

current more precisely. 

 

Unfortunately, the current measurement accuracy of this type of research is dependent on 

the accuracy of the known system geometric parameters, i.e., on the positions and angular 

orientations of the sensors in relation to the conductors. This requirement increases the 

technical difficulty of deploying the array sensors, as the geometric quantities need to be 

measured precisely when the sensors are installed. The computation algorithm is subject to 
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inaccuracy or diverges when the sensors or conductors deviate from the specific, known 

position. More importantly, for the situation described in Section 1.2, the conductor 

positions are normally difficult to obtain.  

 

The second type as reported in [40] and [41] is based on the known sensor positions and 

assumed conductor positions. This type of method assumes that the multiple conductors are 

evenly placed in a triangle shape or placed in a straight line, corresponding to the center of 

the polar coordinate plane, i.e., the measurement plane. The conductor configuration is 

selected by the user, allowing the device to use an assumed relative cable-sensor geometric 

layout to compute the currents. The relative polar angle and polar radius for each sensor is 

treated as known and can be maintained constant by the enclosure. 

 

This improved method is more feasible in practical life than the first type, especially for the 

multiple-conductor cable current measurement (e.g. Romex cable current measurement) 

since the cable is usually manufactured according to certain standard (CSA, NEMA, UL, 

CE etc.) [42]. However, a significant measurement error occurs when the cable conductors 

deviate from the pre-assumed positions. Also, this method is able to measure only a limited 

cable configuration and does not suit for the enclosed conductor problems discussed in 

Section 1.2, where the conductors are placed in an arbitrary format. 

 

The third type of techniques utilizes extra magnetic sensors to create an over-determined 

linear system. Theoretically, if there are N conductors, N or more than N magnetic sensors 

are required to solve the currents. This type of method formulates the measurement system 

as an optimization problem. A far greater quantity of sensors, for example, M sensors 

(M>>N), are used in an array configuration, in an attempt to compute the currents. Assorted 

numerical optimization algorithms are used in the time-consuming iterations to determine 

the currents by minimizing the differences between the calculated values and measured 

values from the sensors, as reported in a patent [43] and the research articles [44], [45]. 
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However, some feasibility studies revealed that a satisfactory initial boundary condition can 

be difficult to find, as the optimization algorithms rarely converge to the correct results, in 

addition to requiring a very long computing time. 

 

1.2 Challenges of Multi-Conductor Current Measurement  

Multi-conductor current measurement is a common task in modern power systems, ranging 

from residential, industrial to utility practices. In contrast, how to measure currents in the 

conductor group of interest without accessing every individual conductor has been a 

challenging problem but with many practical needs. This section demonstrates three typical 

example challenges as below. 

 

 Enclosed conductors 

Enclosed conductors are widely used in power distribution systems. In North America, the 

service conductors entering a residential home or a commercial facility from the utility side 

are normally enclosed in a conduit, as shown in Figure 1.5. Although the conduit provides 

good insulation, its presence makes the current measurement difficult to conduct by using 

the traditional current-sensing techniques, which usually require every single conductor to 

be isolated and completely encircled by the clamp-on current probe. 

Enclosed conductors

Enclosed conductors

(a) (b)
 

Figure 1.5: Enclosed conductor examples: Left - residential service conductors fed into the 

home panel, Right - the three service conductors enclosed in the conduit. 
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 Non-split conductor bundle 

Similarly, technical challenges are also encountered when dealing with multi-core power 

cables. The current information flowing through certain conductors in a cable (such as the 

phase current or the neutral current) is essential in order to identify the loading status. 

However, the bundled conductors in a cable are wrapped up by an insulation sheath, as 

shown in Figure 1.6. Splitting the conductors without rupturing the sheath layer is generally 

not feasible. In other words, the traditional current measurement methods that require 

current sensing setup on each single conductor are again ineffective. 

 

Figure 1.6: Non-split conductor examples. 

 

The problems with non-split conductors are even more difficult to solve than those with 

enclosed conductors, as non-split conductors are usually confined in a small exposure 

region. The flexibility to install the current sensor and other additional devices to facilitate 

the measurement is reduced for the inaccessible conductor systems.  

 

 Overhead conductors 

The current-sensing capacity for the distribution lines is still very limited. The distributed 

fault recorders have RMS values at only low resolution. The harmonic current spectrum 

and phases are hardly stored. Synchronized current waveform information is not applicable 

for the distribution lines during their normal operation.  

 

The current measurement infrastructure for the distribution systems will not satisfy the 
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power quality research and troubleshooting, as no enough data are available to analyze to 

understand the system characteristics. The common method of quantifying the overhead 

feeder currents is to install expensive clamp-on current probes rated with high insulation 

grade. However, such installation requires physical contact with high-voltage overhead 

lines, which is extremely dangerous to personnel safety. More, such devices cannot be 

deployed for continuous monitoring permanently or during a long period of time. The 

situation has severely restricted the ability of utility companies to diagnose the distribution 

systems and troubleshoot power quality issues.  

 

A portable, easy-to-use current-sensing technique for the power industry to estimate the 

overhead conductor current will be very useful. The measurement system is preferable to be 

a mobile sensing device lying on the ground surface (as demonstrated in Figure 1.7) and 

collecting information at the ground level, such as the magnetic fields generated by the 

overhead line currents. These captured information is used to infer the currents in the 

overhead conductors. This problem is similar to that introduced in Section 1.2.2, but has its 

own unique characteristics. The geometric placement for the system is not easy to obtain 

because of the practical uncertainties, like the uneven ground surface and the different line 

configurations. As well, the neutral current is not linearly correlated to the phase current 

combination due to the existence of a multi-grounded network (MGN). The magnetic fields 

in the practical environment are usually weak and noisy. These challenges need to be 

studied carefully. 

a

b

c

n

pole

c
b

a

Distribution lines

Sensor array

pole

 

Figure 1.7: Sensor array system to estimate overhead distribution feeder currents. 
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1.3 Thesis Scope and Outline 

This thesis aims to establish solutions for solving different types of current measurement 

problems involving multiple conductors. The common problems demonstrated in Section 

1.2 are explored and investigated. The following tasks are accomplished in this research:   

 

 The distinct natures of three different multi-conductor current measurement 

problems are studied and formulated accordingly. 

 Measurement schemes are proposed to address the special challenges associated 

with each problem. Detailed design factors such as the sensor selection and 

arrangement, the relationship between the sensed quantities and the conductor 

currents, and the least information required to derive the currents are determined via 

theoretical analysis and simulations.  

 The prototype sensor array devices to achieve the proposed schemes are designed. 

 The proposed schemes are validated in laboratory tests and actual field conditions. 

 The performance (accuracy, stability, and long-time reliability, etc.) of the proposed 

measurement scheme is evaluated through the test results. 

 The improvements for optimizing the proposed schemes are recommended, and 

their extensions in potential applications are identified.  

 

The remainder of this thesis is organized as follows: 

 

Chapter 2 presents a magnetic field sensor-array-based technique for measuring a group of 

enclosed conductor currents by using an active sensor calibration scheme. This technique is 

designed specifically for North American residential systems where three conductors are 

enclosed in an electric conduit. The proposed technique is formulated in two stages: the 

calibration stage and the normal current ‘measurement’ stage. The direct application of the 
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proposed sensor array technique by using the active calibration method is for measuring the 

currents entering typical North America homes. The prototype measurement system 

consists of a magnetic sensor array sitting on the home electric conduit, and a calibration 

device also used for power line communication. Extensive lab and field test results are 

presented at the end of this chapter. 

 

Chapter 3 presents another solution for the multiple conductor current measurement 

problem where the conductors are inaccessible. The integration of this technique, combined 

with the technique introduced in Chapter 2 (which is restricted to the situations where 

calibration signal injection is difficult), will create a seamless magnetic field sensor array 

package to address different types of the conductor configurations. Chapter 3 proposes an 

analytical open-loop sensor array technique, establishing a mathematical system model in 

order to compute the conductor currents. The preliminary results are presented at the end of 

this chapter.   

 

Chapter 4 presents a magnetic sensor array technique for measuring the zero-sequence 

current (ZSC) of the overhead power lines. The proposed scheme uses an array of magnetic 

field sensors located on the ground level, vertically beneath the overhead lines to compute 

its ZSC from the magnetic field readings. The proposed scheme can be used to measure the 

overhead line ZSC regardless of the presence of a neutral conductor. The actual 

implementation and test results of the proposed overhead power line ZSC measurement 

technique are also shown in Chapter 4. A prototype measurement system is developed to 

evaluate the real-world performance of the proposed scheme. Designs to maintain the 

validity of the theoretical assumptions are integrated to ensure the measurement accuracy. 

The results from field tests carried out in two actual distribution systems including a three-

wire and a four-wire configuration confirmed the validity of the proposed technique. 

 

Chapter 5 summarizes the main conclusions of this study and makes recommendations for 

future research. 
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Chapter 2 

Multi-Conductor Current Measurement Using 

Active Calibration Method 

This chapter presents a magnetic sensor-array-based technique for measuring currents in a 

group of bundled or enclosed conductors. The main contributions of this research consist of 

three ideas: 

 

The first idea is to deploy contactless magnetic field sensors adjacent to the conductors of 

interest to sense the magnetic field flux densities produced by the conductor currents. For a 

group of conductors, multiple sensors are used in an array configuration. 

 

With the magnetic field measurements obtained from the sensor array, the problem is 

reformatted to: how to derive the conductor currents inversely from the measured magnetic 

fields. It is difficult to compute the currents without knowing the relationship between the 

sensor outputs and the conductor currents. The second idea is therefore proposed to apply 

an active calibration scheme to determine this relationship in an automatic manner. 

 

Once the calibration process is completed, the problem becomes solvable. The number of 

the unknown currents requires at least the same quantity of sensors. More sensors provide 

the redundancy and a possibility for computing the individual conductor current with higher 

accuracy. The data processing algorithms form the third idea in this research. 
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2.1 Introduction 

According to electromagnetic theory, an AC current carrying conductor will produce a 

magnetic field in its surroundings. The strength of the magnetic field at a point in space, i.e., 

the sensing point, has a relationship with the currents flowing in the conductor. As a result, 

magnetic sensors which can quantify the magnetic field strength at corresponding locations 

will provide information regarding the conductor current. If we can determine this 

relationship, it is mathematically feasible to derive the associated conductor currents. 

 

This field-current relationship is a function of the geometrical arrangement of the 

conductors and the sensors. If only one single conductor exists, the relationship will be a 

scalar function. Since there are multiple conductors, an array of sensors, as illustrated in 

Figure 2.1, is required to derive this relationship.  

Current carrying

conductor

Insulation

I1

I2

Ik

Magnetic

Sensor array

 

Figure 2.1: Configuration of the magnetic sensor array for enclosed conductor current 

estimation. 

 

A straightforward way to obtain the relationship is to measure the geometric placement. 

Unfortunately, the layout of conductors is difficult or even impossible to measure and it is 

also easily to vary under the enclosed situation. Therefore, geometrical calculation based 

solutions are not feasible to practice. The key to solve the enclosed conductor current 

estimation problem is to find a scheme that can establish the relationship between 

individual conductor current and the sensor array outputs automatically. 
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This research proposes an active calibration scheme to determine the relationship between 

the individual conductor current and the multiple sensor array outputs with an automated 

manner. The proposed magnetic sensor array in conjunction with the active sensor 

calibration scheme can be a sound solution to accomplish the multiple conductor current 

measurement tasks.  

 

The direct application of this research is to measure the currents entering typical North 

America homes. In recent years, the increasing awareness on energy conservation and the 

development of smart grid have created a great need to monitor the energy use, and to 

perform better energy management strategy [46], [49], [50]. End uses from the commercial 

or industrial facilities and the residential homes show strong interests to understand their 

electricity consumption details. 

  

The residential customers are not satisfied with the total bill indicating the overall 

electricity consumption. They would like to disaggregate the total power costs into a variety 

of high demand loads for heating, cooking, refrigeration, and air conditioning, etc., or even 

to the individual appliances level [51], [52]. Such information will enable residential 

customers to make informed decisions on the energy conversation and to participate in the 

demand response programs. Some abnormal electrical activities such as a malfunction of 

the laundry machine, shutting down of the furnace, etc. can also be noticed timely to 

prevent unexpected incident. The utility companies, on the other hand, will also be able to 

gain in-depth understanding on the characteristics of the residential loads and improve their 

demand response programs. 

 

The research and development of innovative techniques for the home energy use 

monitoring have, therefore, attracted a lot of interests. One proposed direction is to monitor 

major household appliances using a sensor network [53], [54]. A competing direction is to 

measure only the total power consumption of a home and then decompose the power data 

into individual appliance level through intelligent algorithms [55]-[57]. Regardless which 
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direction is followed, there is a need to monitor the total currents entering a home. 

 

Literature survey showed that three types of techniques have been proposed or developed to 

accomplish the task of tracking the total power consumption of a home, as follows: 

 

The first type is to use an optical reader to read the power indicator of a utility revenue 

meter, thereby infer the power consumption of a home. The reader is typically mounted on 

the cover of the meter [58], [59]. This technique has several disadvantages. One of them is 

that the data collected do not have sufficient resolution and contain inadequate information 

for the load monitoring algorithms. For example, reactive power and harmonic information 

cannot be collected using this technique.  

 

The second type is to access the data collected by the smart meters (if they are available) 

[60]. Unfortunately, the majority of smart meters installed so far have low data refreshing 

rate, such as one sample per 15 minutes, due to the communication constraints. More 

importantly, there are ownership and legal challenges for a home owner to access the data 

in real-time, at least for the foreseeable future. Reference [61] is an example product that 

utilizes the smart meter data to facilitate the home monitoring, i.e., all the data are from the 

electrical service provider. Customers need authorized activation from the utility to access 

their home status. The future smart meters could stream the power data wirelessly to homes. 

However, this will not happen soon since the installed smart meters cannot be replaced just 

in a few years. 

 

The third type involves installing traditional current and voltage probes inside a customer’s 

electrical panel [50], [62]. Reference [63] presents a monitoring system measure total 

power usage transitional clamped-on current probes. The retrieved data can be uploaded to 

the remote server for viewing by the customers. However, it is not practical for many home 

owners since the home owner need to open the main electrical panel and install the 

measuring probes, which normally requires to be completed by the licensed professionals. 
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It is thus not convenient and safe for most of the customers even though the manufacturers 

instruct them with detailed material such as the product manual and the example 

installation videos, etc. 

 

2.2 Problem Formulation and the Proposed Scheme 

To address the problem discussed in Section 2.1, a magnetic sensor array methodology and 

its embodiments that can measure currents in a group of enclosed conductors are introduced. 

It includes two components reside at the upstream and downstream locations of the current 

flow, depicted in Figure 2.2. 

 

According to the electromagnetic theory, the magnetic field generated by the AC current 

carrying conductor at a point in space, i.e., the sensing point, is proportional to the current 

and is inversely proportional to the distance between that point and the conductor. Since 

many different types of sensors can be used to measure the magnetic field strength, we 

define the sensor output as the vector [S].  For this linear system, the following relationship 

will hold: 

1

n

j jm m

m

S k I


  (1.1) 

where kjm represents the linear coefficient between the sensor j output ( jS ) and the 

conductor currents (
1I , 2I , … Im). This relationship can be obtained both in time domain 

and frequency domain, enabling a valid vector summation calculation on both the current 

phasors side, and the sensor responses side. 

 

Rewrite Equation (2.1) to the matrix form we have  

1 1[ ] [ ] [ ]n n n nK  S I              (1.2)  
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Figure 2.2: Proposed sensor array system for enclosed conductor current measurement. 

 

For a certain measurement, the positions of the sensors and conductors are fixed; meaning 

the coefficient matrices [K]n×n are constant. To solve the n dependent conductor currents 

either in time domain or frequency domain, n magnetic sensors are required to provide 

necessary array information. If the matrices are known, the conductor currents can be 

computed according to: 

1

1 1[ ] [ ] [ ]n n n nK 

  I S                (1.3) 

It can be seen that establishing the relationship between the sensor outputs and the 

conductor currents holds the key for measuring the conductor currents. A commonly known 

method to determine [K] is to obtain the geometric information of the conductors and 

sensors [31]–[39]. However, this approach is not applicable for home monitoring since such 

required information is not attainable. References [43] and [44] utilize redundant magnetic 

sensors to create an over-determined linear system, optimization algorithms are used to 

determine the currents by minimizing the differences between the calculated and measured 

[S]. Extensive case studies revealed that this approach is not applicable to home monitoring 

either, as the optimization algorithms rarely converge to the correct results, in addition to 

requiring very long computing time.  

 

This research proposes a calibration scheme to determine [K]. A calibrator, which is the 
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second key component of the proposed technology, is connected to the conductors at a 

location downstream of the sensor array (also refer to Figure 2.2). The calibrator draws 

specific currents, named the calibration current, from the conductors for a short period in an 

automated manner. The characteristics of the calibration currents such as the magnitude and 

frequency are known to the sensor array through communications. The sensor array uses 

these known currents to establish the relationship between the conductor currents and its 

sensed quantities, which is called the calibration process. 

 

The conductor currents sensed by the magnetic sensor array consist of the currents drawn 

by the calibrator and the currents from other electrical devices also connected to the circuits 

as follows: 

1 1 1[ ] [ ] [ ]n calibrator n others n   I I I                            (1.4) 

Normally, the calibrator is not functioning meaning [Icalibrator] = 0, resulting in [I] = [Iothers]. 

Once the calibration is performing on any one of or several of the conductors, the calibrator 

creates a sudden change on the conductor currents by temporarily drawing certain known 

currents or current patterns through them.  

 

There is one assumption that the currents flowing to other devices remain the same during 

the calibration process, i.e., [Iothers] = 0 is guaranteed during the calibration. As a result, the 

change of the total circuit current is [ΔI] = [Icalibrator]. Meanwhile, the sudden change of the 

conductor currents caused by the calibration currents will also reflect on the sensor outputs 

as [ΔS]n×1 as  

1 1[ ] [ ] [ ]n n n nK    S I         (1.5) 

If the calibrator is able to draw n different current patterns from various conductors that all 

the patterns are not linearly correlated, the sensors will accordingly provide n different 

outputs, resulting in 

 1 2 1 2[ , , ] [ ] [ , , ]p p pn n n p p pnK       S S S I I I                     (1.6) 
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where p1, p2, … pn represent n calibration events. Utilizing the information for [ΔI] n×n and 

[ΔS]n×n, the coefficient matrix can be finally solved as follows.  

1

1 2 1 2[ ] [ , , ][ , , ]n n p p pn p p pnK 

       S S S I I I                   (1.7) 

With this arrangement, the sensor array becomes capable of estimating currents in any 

unknown conductor configuration and arbitrary sensor layout. 

 

It worth mentioning here that we assume the interested conductors are ideal, i.e., the 

conductors are straight and long enough with the negligible cross section areas. This is 

normally true for the residential system current measurement situations. However, the 

conductors may not be always perpendicular to the sensing plane. It is also not surprising 

that the sensing direction of the sensor is not aligned with the magnetic field direction 

produced by the conductor currents. Both these two non-ideal situations lead to the 

conductor-to-sensing-plane angle less than π/2 as shown in Figure 2.3. On the sensing plane, 

a sensor is located at the origin and we establish a coordinate system at the sensing point 

(refer to Figure 2.3). The sensor measurement direction is represented as sB . One current 

I is decomposed into three orthogonal components in this 3-D: xI , yI and zI  respectively. 

α 
β 

θ 

XY

Z

Bs

Iz

Iy

Ix

I

 

Figure 2.3: The case of one conductor not perpendicular to the sensing plane. 

 

Since the sensor is only able to quantify the magnetic field produced on x-axis direction, 
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only the M-filed generated by one of the components, i.e., zI  will be detected, where 

cos sinzI I             (1.8) 

Hence, the sensor at the origin is only able to sensor the magnetic field projection on its 

sensing direction as zI , a partial component of the current I . However, it can be seen from 

Equation (2.8) that the relationship between the interested conductor current I  is still 

linearly correlated to the sensor measurement. 

 

On the other hand, the angle displacement caused by the two factors introduced above will 

be taken account into the coefficient matrix [K] and will be calibrated automatic by the 

proposed active calibration method. The details of this calibration scheme will be explained 

in the next section. 

 

In summary, the relationship needed to infer the conductor current can still be obtained and 

the orientations of the conductors in respect to the sensors will be bring any complexity or 

challenge to the proposed method, which is usually not possible to be solved by the 

traditional sensor-array-based current measurement methods (they usually assume the 

conductors are ideally placed perpendicular to the sensing plane, or treat the angle 

displacement from the conductor orientations to the sensing plane as an negligible error). 

  

One typical case of the proposed technique is to measure three enclosed conductors in the 

electric conduit, where n=3 in the descriptions above. A real-world example of this set-up is 

the power feed of North America residential home, where three conductors A, B and N are 

energized under the setting that A is with +120V while B is with -120V, N is the neutral. 

Three magnetic sensors, S1, S2 and S3 are therefore deployed attaching to the conduit based 

on the proposed scheme. Still, the strength of the magnetic field at a point in space, i.e., the 

sensing point, is proportional to the current and is inversely proportional to the distance 

between that point and the conductor (Figure 2.4).  
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Figure 2.4: The magnetic sensor array deployed around a conduit. 

 

For this three-conductor-three-sensor system, the following relationship described in both 

time domain and frequency domain will hold: 

1 1 1 1
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where S1, S2 and S3 denote the output of sensors 1, 2 and 3; ia, ib and in represent the AC 

current flowing through the conductors. Equation (2.9) states the relationship in time-

domain while Equation (2.10) indicates the frequency-domain relationship. 

 

2.3 Sensor Array Calibration 

This research proposes a calibration scheme to determine [K]. A calibrator, which is the 

second key component of the proposed technology, is connected to the conductors 

downstream of the sensor array. To help understanding, we still use the three-conductor- 

three-sensor system shown in Figure 2.5 as an example to introduce the proposed scheme. 

However, it should be noticed that the proposed scheme is versatile for any n conductor 
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systems. 
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Figure 2.5: Magnetic sensor array with an automated calibrator. 

 

Using the power electronic switching, the calibrator draws specific currents and current 

patterns for a short period in an automated manner. As a response, the sensor array will 

detect and extract such patterns that are reflecting on the sensor outputs. If the sensor array 

is able to know the calibration current information, it can use the patterns from the 

calibrator and the sensor extractions to establish the matrix [K]. Once this relationship is 

established, the sensor array can start to “measure” the conductor currents by calculating 

them using that relationship and the sensed magnetic fields. 

 

2.3.1 Calibration Pattern Generation 

The calibrator is expected to create three distinct momentary current patterns. The scheme 

to achieve this goal is shown in Figure 2.6. In this scheme, simple thyristor switches are 

only fired in one cycle and remain un-triggered in the following consecutive cycle, 

generating a series of current pulses every other cycle. These current pulses are used to 

create the calibration current.  
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Figure 2.6: The system configuration of the sensor array with the calibrator. 

 

The principle of the calibration scheme is demonstrated as the follows. During a single 

calibration event, the conductor currents consist of the currents drawn by the calibrator and 

the currents from other electrical loads also connected in the circuit, as follows: 

3 1 3 1 3 1[ ] [ ] [ ]calibrator others   I I I                               (1.11) 

The corresponding sensor output is represented as [S]3×1. After the waveforms of [S]3×1 are 

acquired, their (n+1)
th

 cycle data is subtracted by the n
th

 cycle data (n=1,3,5,…11), creating 

a new set of data denoted as [ΔS]3×1. If the cycle-by-cycle subtraction is performed on the 

current [I]3×1, one will get [ΔI]3×1 similarly. 

 

Since the calibration current pattern only exists in either the n
th

 cycle or the (n+1)
th

 cycle, 

the cycle-by-cycle subtraction performed to determine [ΔS]3×1 and [ΔI]3×1 will filter out the 

quantity only related to the calibration current whatever the current side or the sensor array 

side. Usually, the loads draw the same current every cycle during this short calibration 

period, the equation [ΔI]3×1=[Icalibator]3×1 holds, which leads to: 

3 1 3 3 3 1[ ] [ ] [ ]calibratorK   S I                       (1.12) 
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The proposition of this easy-to-use, reliable calibration scheme is the most important 

innovations in this research. Its main innovative design is that the calibration current 

contains a special pattern: it is created every other cycle. The difference of the currents 

between two consecutive cycles is the calibration current. As a result, this scheme is 

immune from background waveform distortions and the impact of currents from other loads 

can be eliminated.  

 

The second advantage of drawing current every other cycle is that the peak instant of the 

calibration current (current pulse caused by the thyristor switching, will explain more 

specifically in the next section) can be detected at the sensor side. This instant is used to 

synchronize the phasor [S] with the phasor [I]. Note that to solve for [K], both phasors must 

be synchronized to the same time instant. 

 

After the calibration current generation, to determine the matrix [K], the sensor array 

requires the information of the calibration current [Icalibrator]. [Icalibrator] is transmitted to the 

sensor location also by the calibrator in the same manner with the current pulses. In other 

words, the calibrator is also a power line communication device. The integration with a so 

called Power Line Signaling scheme [47] into the calibrator creates a self-contained system, 

which is the third innovation of the proposed technique. As a result, the sensor system does 

not require other additional communication methods. How to achieve such communication 

between the calibrator and the sensor array will be explained in Section 2.5. 

   

In general, the calibrator is designed to draw three distinct current patterns from various 

conductor combinations. Three calibration events will result in: 

1 2 3 3 3 1 2 3[ , , ] [ ] [ , , ]p p p p p pK       S S S I I I                            (1.13) 

where p1, p2 and p3 represent three different current patterns.  

 

For the above equation, both [ΔS]3×3 and [ΔI] 3×3 are known. It is therefore not difficult to 
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derive the matrix [K] 3×3 as the follows: 

1

3 3 1 2 3 1 2 3[ ] [ , , ][ , , ]p p p p p pK 

       S S S I I I                           (1.14) 

 

2.3.2 Characteristics of Calibration Current 

To analyze the characteristics of the calibration current pattern, the case of calibration made 

between conductor A and N is utilized as an example (refer to Figure 2.7). The simplified 

equivalent circuit along the calibration route is shown in Figure 2.7 (a). In this circuit, Zsys 

represents the system impedance upstream of the calibrator. There is an impedance ZSCR in 

series with the thyristor. Its purpose is to limit the calibration current. Extensive studies 

conclude that a resistor is the best option from a number of perspectives, such as the size 

and the cost. 

 

The simplified equivalent circuit is shown in Figure 2.7 (b). The load is neglected in the 

equivalent circuit as its impact on the calibration current is small, which is similar to the 

short-circuit analysis where the loads can be neglected. 

 

Figure 2.7: Circuit analysis when calibration is performed on phase A-N. (a) the 

representing circuit for the residential system; (b) the equivalent circuit for the calibration 

current flowing loop. 
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The steady-state phase A-N voltage is expressed as 

( ) 2 sinphA phv t U t                (1.15) 

If the thyristor firing angle is selected as δ1, the corresponding waveforms of the thyristor 

current, i.e., the calibration current is: 

 1

2
( ) sin , ,

ph
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sys sys SCR

U
i t t t

R L R
    


  

 
                  (1.16) 

Figure 2.8 shows the calibration current as well as the thyristor voltage waveform before 

and after the thyristor conduction.  
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Figure 2.8: Thyristor voltage and current waveform for resistive connection. 

 

In the actual implementation, the calibration current is processed by the Fast Fourier 

Transform (FFT). The FFT window starts at the current peak as shown in Figure 2.8. This 

window position must be detected and used at the sensor location so that [ΔS]3×1 and 

[ΔI]3×1 are synchronized. 

 

Figure 2.9 illustrates one set of waveforms during the calibration process. The firing angle 

is set to 90
o
 after the rising edge of carrier voltage VAN.  
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Figure 2.9: System voltage and conductor current during A-N calibration. 



31 

 

In Figure 2.9, each calibration pattern in one segment consists of two cycles, the first cycle 

of Segment 1 contains the calibration signal and the second cycle does not. During the 

calibration, a current pulse is suddenly injected into the conductor combination A-N. 

Meanwhile, conductor B current is not involved and the current flowing through phase B 

remains almost unchanged. 

 

The calibration current that the sensor array used to generate the matrix [K] is sampled at 

the calibrator location. A good consistency of the calibration current at the two different 

locations is important to ensure the [K] matrix can be computed accurately. Two 

consecutive cycles of the conductor current during the calibration event are subtracted by 

each other. The results should be equal to the current drawn by the calibrator. 

 

The waveforms presented in Figure 2.9 have proved that satisfactory agreement is achieved 

at the two locations. 

 

2.3.3 Calibration Pattern Extraction 

The sensor array always detects and records the states of the system. Once the sensor array 

is notified the starting of the calibration state. The entire process on the sensor outputs 

involving the calibration patterns will be collected. Figure 2.10 shows the sensor output 

during this state. 

 

The first cycle of segment 1 contains the calibration current. It shows up in the voltage 

output of the sensor circuits. Due to the existence of the background current drawn by other 

loads, three sensor outputs on the cycle 2 are not zero. 

 

To obtain the sensor output related to the calibration current only, a signal extraction 

algorithm subtracts the void cycle (cycle 2) from the signal containing cycle (cycle 1) on 

each of the sensor output waveform respectively. 
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Figure 2.10: The three sensor outputs during one calibration. 

 

The post-subtraction waveforms for the three sensors, i.e., ΔS1, ΔS2 and ΔS3, are depicted in 

Figure 2.11. The FFT window is selected starting from the top peak of the [ΔS]3×1 

waveforms. This window is similarly used in Figure 2.10 for the calibration current so the 

synchronization for [Icalibrator]3×1 and [ΔS]3×1 is guaranteed. 

 

Based on the FFT results of [Icalibrator]3×1 and [ΔS]3×1, the coefficient matrices at both the 

fundamental (60 Hz) and 3
rd

 harmonic (180 Hz) frequencies are computed and stored in the 

sensor circuit memory unit. 
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Figure 2.11: Extracted sensor outputs that are due to the calibration current. 

 

2.4 Application for Residential Home Current Monitoring 

The direct application of this research is to measure the currents entering typical North 

America homes. This section presents the measurement scheme and a set of prototype 

device. Its hardware and software construction has been illustrated in this section. 

 

One typical North America home is presented in Figure 2.12. Such residential home is 

supplied by the three-power cable from the electrical utility. Three conductors A, B and N, 

come inside the home through an electric conduit. The two hot conductors (supply the 
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phase A and phase B) and the third one as the neutral are enclosed in the conduit until 

entering the electric panel.  

3-wire 

system

Revenue 

meter

Electric

panel Appliances

Magnetic Sensor array

 

Figure 2.12: Magnetic sensor array installed at residential homes. 

 

The voltage between the phase A to neutral is at the same magnitude but reversed phase as 

the voltage between the phase B to neutral. In the following context, we assume the 

conductor A is energized with +120V and B with -120V, creating a +120V system voltage 

between phase and neutral, and +240V between phase A and B. N is the neutral. All of the 

household appliances downstream the electric panel are supplied by these voltages and are 

connected on certain phases among these three combinations.   

 

The proposed home current measuring device, as shown in Figure 2.13, is clamped on the 

conduit feeding into the electric panel. It is composed by an array of magnetic field sensors. 

Based on the surrounding magnetic fields sensed by the magnetic sensors, conductor 

currents inside the conduit are determined computationally.  
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Figure 2.13: Magnetic sensor-array-based current measurement technique. 

 

As the real-time power consumption information can be collected by the proposed sensor 

array after a successful calibration, it is interesting to present the power monitoring results. 

There can be many different display options for the information outputted by the proposed 

system. In the simplest of cases, the total power consumption (both real-time and historical 

power consumption) can be displayed on a fixed screen or through a website, an end-user 

interface or an app. on the mobile display. In any of these cases, the power consumption 

data would be broadcast to a display device capable of receiving the transmission. 

 

The most obvious advantage of the proposed technique is its easiness for installation. There 

is no electrical contact to the conductors, so a home owner can install it by himself/herself. 

Additionally, the sensor can deliver data with a resolution of 1 sample per second or higher. 

Currents in both hot conductors are available and the 3rd harmonic currents are also 

available. Therefore, it is an ideal fit for the home monitoring strategy. The proposed 

technique has been evaluated through extensive tests in multiple residential houses. 

Satisfactory measurement performances have been achieved. 

 

2.4.1 Simplified Two-phase Calibration 

Section 2.3.1 introduces a sensor array calibration scheme that the calibrator draws 3 
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different current patterns from the three conductors in the residential conduit. By adjusting 

the firing angle of the thyristors and utilizing power resistors with different resistance, 

distinct calibration signal patterns can be created. However, in the practical experiment to 

implement this scheme in the real home, we found the third calibration pattern i.e., the 

calibration pattern on phase A-B is not easy to complete: 

 

 Users can find outlets connected on phase A-N or phase B-N, with the instruction 

on the electric panel labeling, or just simply try different floors and rooms. However, 

the outlets connected on phase A-B are usually available only at locations where 

major appliances are placed, such as the laundry machine and the electric range, etc. 

These appliances can barricade the outlets and make the calibrator difficult to access 

the phase A-B. 

 

 Moreover, the NEMA (National Electrical Manufacturers Association) four-prong 

electrical sockets used in North America can be different in the prong configuration 

depending on their voltage rating, current capacity, and grounding requirement. 

Example sockets connected on phase A-B are demonstrated in Figure 2.14. 

Different sockets configuration will further increase the uncertainty for the 

calibrator to plug into phase A-B. 

 

Figure 2.14: different socket types for phase A-B connection. 

 

The scenario explained above reduces the feasibility of proposed conductor current 

estimation scheme and makes the proposed sensor calibration scheme not easy to apply. For 

the actual implementation, the calibrator is a portable device that draws the current from 
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two home outlets only (A-N and B-N). This is shown in Figure 2.15. This simplification 

has two advantages: Firstly, it simplifies the calibrator and reduces its cost. Secondly, it 

avoids the use of four-prong outlets which are difficult to access in some homes. Note that 

the currents flowing through A and B conductors will return through the neutral N. 

Ia

In

Ib

Sensor array

Loads

Calibrator

TSCR RSCR

Calibrator

TSCR RSCR

Calibration 1

Calibration 2

 

Figure 2.15: Two-phase calibration scheme for the actual implementation. 

 

A detailed circuit analysis will show that the neutral current is related to the phase currents 

linearly as follows [64], [65]: 

n a a b bI K I K I                     (1.17) 

The values of ka and kb are dependent on the impedance parameters of the residential 

system [64], [65]. By considering such practical current returning characteristic in the 

actual home, the calibration current this time becomes: 

   3 1 3 2 2 1

1 0

[ ] 0 1
a

calibrator calibrator

b

a b

I
K

I
k k

  

 
           

I I                       (1.18) 

Substitute Equation (2.18) to Equation (2.12) results in: 

         3 1 3 3 3 2 2 1 3 2 2 1
[ ]

calibrator calibrator
S K K M

     
    I I                         (1.19) 

where    3 2 3 3 3 2
[ ]M K K  

 is the modified coefficient matrix, which is determined 
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through the simplified calibration process.  

 

Finally, phase A and phase B conductor currents in residential system can be computed as f

ollows: 

 
1

2 1 3 2 3 2 3 2 3 1[ ] [ ] [ ] [ ] [ ]T TM M M


    I S                                  (1.20) 

Where the coefficient matrix 3 2[ ]TM  is the transpose matrix of 3 2[ ]M  . 

 

The above equation reveals that this matrix can be determined by drawing calibration 

current at phase A first and then at phase B. Many electrical panels will have labels to 

indicate the phase connections for certain outlets or the specific room. Figure 2.16 shows 

one typical home panel in a pilot test house that all rooms are distinguished and labelled to 

suggest the corresponding two-phase distributions. The home owner will easily complete 

the two calibrations following these labels, to conductor the calibration at two locations 

where they attributed to two different phases according the panel labels. 

 

Figure 2.16: Two-phase calibration in reference to the home electrical panel labels. 

 

In other cases that the labels are not available, or the home owners do not consult with the 

labels, the home owner can simply try multiple outlet locations to complete the sensor array 
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calibration. An exclusively designed phase identification algorithm is integrated in the 

proposed device to ensure the completion of the two-phase calibrations. The home owner 

conducts the calibration through the following steps: 

 

1) The first calibration 

After installing the sensor array, the home owner can plug the calibrator into any outlet to 

activate the first calibration on one of the phases. Assuming it is performed between phase 

A-N, the calibration current pattern is    
1

0
T

calibrator ap
I  I . 

 

2) The second trial calibration 

The sensor array stored the information from the first calibration and waits for the 

calibration signal on the other phase. Like the first step, the user can perform the second 

trial calibration on another arbitrary outlet. However, it is possible that the 2
nd

 outlet is in 

the same phase as the 1
st
 outlet. The sensor can detect this case by comparing the [M]3×2 

matrices. 

 

If the two calibrations are on the same phase, one column of [M]3×2 will be linearly 

correlated. Since all the elements in [M]3×2 are phasors, the correlation extent of the two 

columns can be evaluated by the vector distances as: 

3 3
2 2

1 1

| | / | |M ia ib ia

i i

d M M M
 

                                        (1.21) 

where
iaM is calculated from the data obtained from the first calibration.

ibM becomes know

n by the second calibration, i=1, 2, 3. dM represents the similarity of the two columns of [M]

3×2, only if dM exceeds a threshold (35% in the actual implementation). It is believed that th

e second trial calibration is performed on the different phase. Otherwise, the sensor will ind

icate the user to repeat step 2 at another outlet location. The calibration procedures are furth

er demonstrated as the flow chart shown in Figure 2.17.      



40 

 

Start

Initialization: clear [K]

Handshake with calibrator

Enable sampling

Perform signal extraction to 

retrieve ΔVsensort(t)

Obtain ΔIcalibrator (ω)

FFT calculation of ΔVsensor (ω)

Calculation of one column for [K]

 Check if a repetitive 

column of [k]already exists

Complete and save [K]

End

NO

YES

 

Figure 2.17: Flow chart of a complete calibration process. 

 

2.4.2 The Calibrator Prototype 

To validate and evaluate the proposed current-sensing scheme, a series of hardware and 

software are designed. The entire work presented in this section involved a concept trail 

and multiple of revisions and improvements. The final prototype devices are able to be 

operated by the home owners with only little amount of training provided together with the 

devices in a manual, or the online video instruction, etc. 

 

The hardware implementation of the calibrator is shown in Figure 2.18. The size is slightly 

larger than a smart phone. The anti-parallel thyristors serve to generate current pulses 

through the conductors of interest. The 10Ω/25W 1% tolerance power resistors are 

integrated in series connection with the thyristor pair. The current sensors are embedded on 

the printed circuit board to measure the calibration current accurately. Initiated by pressing 

the activation button by the user, the calibration request is made.  
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Figure 2.18: The prototype of the sensor calibrator. 

 

The system voltage, say, phase A to neutral (denoted as A-N sequence) or phase B to 

neutral (denoted as B-N sequence), is applicable to provide the reference carrier waveform 

in order to control the gating operation. The thyristor is fired several degrees prior to the 

carrier voltage reaching the zero-crossing point. It remains conducted until the thyristor 

current pass the zero-crossing point. After this instant, the thyristor is anti-biased and 

therefore can be turned off automatically. Gating signals to the thyristors from a MCU 

creates a sequence of signal pulses. An optical coupler acts as the isolation interface 

between the control end and the high voltage side to achieve safe operation. 

 

2.4.3 The Sensor Array Prototype 

A prototype of sensor array system has also been developed to evaluate the performance of 

the proposed calibration scheme. The final sensor array prototype is already presented in 

Figure 2.13. Its features a clip-on design that can be installed directly onto the electric 

conduit above the panel easily.     

 

The sensor array consists of a front-end analog chain to process the sensor signals. The 

analog front end measures the induced voltage across the pick-up coil sensors. It followed 

by a low-pass filter that attenuates the high frequency noises. Considering the wide range of 

conductor current ampere, two stages of amplifiers are selected to improve the resolution 
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under both small current and large current situations. A final low-pass filter reduces aliasing 

before sampling the two-stage signals. A MCU for control and post- computation, and some 

peripherals: a 6-channel 16-bit simultaneous analog-to-digital converter (ADC) and a 

power supply circuit connected to high voltage side. The block diagram of the sensor array 

device can be seen in Figure 2.19. A picture of the prototype magnetic sensor array device 

has already been shown in Figure 2.13. 

 

Figure 2.19: Circuit diagram of the magnetic sensor array. 

 

The input of the analog front-end is the sensor output voltage. It followed by a low-pass 

filter that attenuates the high frequency noises. Considering the wide range of current usage 

of normal residential homes, two-stage amplifiers are selected to improve the sensitivity 

under both small current and large current situations. Unless saturated, the second stage 

output is used to take the input range of ADC sufficiently. A final low-pass filter reduces 

the aliasing before sampling the two-stage signals. The sampling rate of the ADC is 128 

points/cycle (7.68 kHz), which is enough to provide the fundamental and harmonic 

information. 

 

2.5 Lab and Field Test Validations 

Extensive lab and field tests are conducted to evaluate the proposed sensor array devices. 

The test has demonstrated that the proposed technique can provide adequate current 

measurements for residential homes. 
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2.5.1 Lab Test Results 

The proposed sensor array system was tested in lab first. An experiment bench as seen in 

Figure 2.20 mimicked the typical electric panel setup in a residential home. The reference 

values of the two-phase currents were measured by the current probes. A 16-bit NI-DAQ 

instrument based data equipment continuously recorded the reference currents, which were 

compared with the computed currents by the proposed technique. 

 

Figure 2.20: Lab experimental bench with sensor array installed. 

 

The variation of the load currents are accomplished by varying different loads supplied by 

the panel. Figure 2.21 shows the comparison of the calculated currents by the technique 

(“sensor”) and those measured directly by the current probes (“CT”) at the resolution of 1 

point/second. The results show that the sensor array technology can “measure” the 

conductor currents well, especially the fundamental frequency components.  

 

Figure 2.22 shows the 3
rd

 harmonic currents comparison from the sensor and the CT 

devices (same resolution at 1 point/second). The third order harmonic currents are generally 

acceptable when they have higher magnitudes. 
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Figure 2.21: Lab experiment results showing fundamental component performance. 

 

Figure 2.22: Lab experiment results showing third order harmonic performance. 

 

2.5.2 Filed Test Results in Real Homes 

Field tests of the technology have been implemented in over 10 residential homes. Each test 

has been run typically for a few days to weeks. Two representative installations (one indoor 

and one outdoor) are shown in Figure 2.23. The installations were completed by the house 

owners without the help from the researchers. According to the users’ feedback, the average 

time for the installation, calibration and internet connection is approximately 15 minutes. 
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Figure 2.23: Field test installations in two pilot residential houses. 

 

Sample test results of the above two houses are presented in Figure 2.24 and Figure 2.25. 

They are compared with the CT results.  Long-time monitoring reveals that the power error 

is around 30W~120W, depending on the real-time load level. The energy estimation error is 

less than 3%. 

 

Figure 2.24: One day of real life measurement in test house #1. 
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Figure 2.25: One day of real life measurement in test house #2. 

 

To quantify the measurement error of the proposed system, the ‘error band’ characterized 

by the bias (μ) and standard deviation (σ) are determined (as can be seen in Figure 2.26) 

[66]. The results for the 60Hz current are reported in Table 2.2. It is observed that the major 

error of bias (μ) is contributed by the light load situations, i.e., the current level less than 1A. 

This error is mainly due to the weak magnetic field. Fortunately, the standard deviation (σ) 

for both phases is independent of the current level and remained at around 50mA for both 

phase A and phase B. Overall, it is very promising that the fundamental current error is 

within 5% for the loading above 1A. 

 

It can be seen from the results above that the prototype sensor array technology has a 

satisfactory performance when measuring currents above 1A, which is sufficient for home 

energy use tracking (not for billing). The main problem encountered in the field is the 

magnetic field interference. Research is ongoing to address this issue. Solutions under 

investigation include shielding and adding more sensors. Additional research or tests are 
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needed to confirm the long-term performance of the scheme under various temperature 

conditions. 

 

Figure 2.26: The error band definition [66]. 

 

Table 2.1: Current measurement accuracy categorized in Ampere groups. 

Current Level (A) μ (A) σ (A) μ±2σ (%) 

H
o
u
se

 #
1

 

0 - 1 -0.282 0.062 -51.5±22.6 

1 - 2.5 -0.264 0.085 -5.9±2.1 

2.5 - 5 -0.260 0.031 -3.8±1.9 

5 - 10 -0.276 0.048 -4.3±1.5 

10 - 30 -0.275 0.051 -1.9±0.7 

H
o
u
se

 #
2

 

0 - 1 0.033 0.046 17.4±48.1 

1 - 2.5 0.051 0.057 3.8±4.6 

2.5 - 5 0.028 0.044 0.9±2.7 

5 - 10 0.072 0.049 1.0±1.4 

10 - 30 0.075 0.040 0.5±0.5 

 

2.6 Summary 

This chapter has presented an exclusive and attractive application using the multiple 

conductor current measurement technique using the active calibration scheme. It is 
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designed specifically for monitoring the power consumption of homes. 

 

To better address the home energy monitoring nature in the typical North America 

residential homes, the adoption of the technique utilizes a simplified two-phase calibration 

scheme. Other contributions in this chapter focus on the development of the prototype 

devices, the extensive tests to verify the performance of the proposed technology, and the 

illustration of its application through the actual home monitoring results. 
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Chapter 3 

Multi-Conductor Current Measurement with 

Known Sensor Parameters 

In Chapter 2, we propose a sensor array technique to solve the multiple conductor current 

problems aided by an active calibration method. This technique is more suitable for the 

applications what the interested conductors can be accessed to allow the injections of the 

calibration signals. In an industrial environment where the measurement of cables is needed, 

it is sometimes difficult to locate the cable and connect the calibrator. 

 

In this chapter, another magnetic sensor-array-based technique is proposed, suits especially 

for measuring the multi-conductor cables. The currents are computed by employing a set of 

magnetic sensor array measurements and computational algorithms. The sensor array is 

pre-calibrated by an off-line sensor calibration scheme, which is the most important idea of 

this research. Our experiment results using a prototype sensor array device based on the 

proposed measurement scheme indicate the proposed magnetic sensor array can be a 

solution for inferring the individual conductor current in an inaccessible bundled 

conductors group.  
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3.1 Introduction 

As introduced in Chapter 2, magnetic sensor array technique addresses many multiple 

conductor current measurement problems with the help of the active sensor calibration 

method. In the actual commercial and industrial practices, we found the limitation of this 

scheme is that the proposed calibration cannot be conducted in the scenarios where the 

conductors are inaccessible. Examples shown in the second problem in Section 1.2 are 

generally not solvable by this technique. Also, for high voltage situation such as the 

overhead power lines, it is not feasible to connect a calibrator into the system to calibrate 

the sensors. 

 

Therefore, another sensor-array-based technique without active sensor calibration is 

proposed in this research. As explained in Section 1.2, the most challenging difficulty for 

measuring the currents in multiple conductor cable is how to differentiate the individual 

conductor current from the overall magnetic field measurements. To infer the currents, the 

below information can be considered helpful: 

 

1) The positions of the magnetic field sensors in the sensor array device. 

2) The positions of the conductors in the cable under measurement. 

3) The magnetic field measurements from each sensor produced by all currents. 

 

Many existing sensor array methods assume 1) and 2) are both known (or the relative 

sensor-conductor positions are known). The currents are determined by inverse matrix 

multiplication from 3). It is obvious that these methods are not feasible to measure cable 

currents as the conductor positions inside the cable are unknown. 

 

In reference [67], the authors use extensive simulations and experiments to propose a 

method for measuring cable currents based on the sensor-conductor relative position 

database. In [67], all the arbitrary but possible conductor position combinations are 
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simulated. The according relationships between the sensor outputs and the currents are 

obtained and stored in the sensor array memory unit. By using actual measurements, these 

relationships are tested and the errors at the sensors are obtained. The minimum error case 

indicates the sensor and conductor placement can be selected for this case. Thus, the 

relationship in this case can be used to compute currents in the future. However, this 

method is not sound due to the complexity of the field environment. The actual cable 

configurations are various and often are unknown in the field. 

 

Reference [68] proposes a portable device for multiple conductor cable current 

measurement. It solves the conductor positions using the known sensor positions inversely. 

The performance for the conductor position reconstruction and the accuracy of the current 

measurement are not thoroughly examined due to the lack of technical details. The 

feasibility and reliability of this method are therefore unknown. Furthermore, reference [68] 

proposes a closed-loop measurement scheme by wrapping around the entire cable to solve 

the individual current. This is usually difficult to employ considering the practical 

limitation of the space and the bundled cables.   

 

This chapter presents our research for multiple conductor current measurement based on the 

magnetic sensor array with known sensor positions. The problem is formulated in 4.2 and 

the detailed implementation procedures are explained in 4.3. Extensive lab tests as shown 

in 4.4 are conducted to verify the proposed sensor array technique. The conclusion drawn 

so far is summarized in 4.5. 

 

3.2 Problem Formulation 

To better demonstrate the proposed measurement methodology in this research, we still 

consider the most common situation involving three conductors. This is commonly seen in 

three-phased power transferring cables. The three conductors are usually enclosed, or 

contained in a bundle, with a solid insulation layer. One representing example for three 



52 

 

conductors in the electrical cables. It seems that we can possibly calculate the conductor 

current by measuring the magnetic field it produced due to the linear relationship between 

the currents and the magnetic fields. However, for the actual implementation, it should be 

noticed that there are more practical complexities to formulate this problem: 

 

1) Considering the total magnetic field at the sensor location is a vector summation 

from all conductor current inductions, the field strength surrounding the electrical 

cable can be very weak. Our experience shows the magnetic field can be 

approximately from several to several tens milli-Gauss. To still achieve sufficient 

magnetic field measurement sensitivity, the single measurement axis magnetic field 

sensors such as the pick-up coil are normally used (two-axis or even three-axis 

sensors are usually not sensitive enough to be able to measure the magnetic field in 

this application). As a result, other than the complete field vector, only partial of its 

projection on the sensor axis is available. 

 

2) In addition, the sensor output is typically an induced voltage signal proportional to 

the field magnitude, and this induced voltage is then amplified by the followed 

processing circuit to a detectable voltage level to feed to an analog-to-digital 

converter. In all the signal processing chain, we still need to quantify the total signal 

gain and the phase shift to infer the magnetic field strength. 

 

3.2.1 Modeling of Single-Conductor and Single-Sensor System 

There is usually the fact that most of the magnetic sensor has one specific measurement 

direction, i.e., the sensors are only capable to quantify the magnetic field vector projection 

onto this axis. Figure 3.1 shows the model of single conductor and single sensor in a 

Cartesian coordinate system with its origin at point O. 

 

The magnetic sensors are in a plane where the conductor is in perpendicular to this plane so 
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as the magnetic field generated by the current has x and y components only. The sensor is 

located at a sensing point S1 and the conductor’s cross section area is neglected and it 

modeled as an ideal long straight line in perpendicular to the sensing plane with the cross 

point at A.  

 

We define: 

 The sensing point coordinate is (p1, q1). 

 The conductor projection on the sensing plane is located at (xa, ya).  

 The sensor measurement direction is along the M-axis. 

 The tangent direction at the point S1 is along the T-axis. 

 The actual magnetic field generated by the conductor current is along the B-axis. 

 The angle between the sensor measurement direction (M-axis) and the tangent 

direction (T-axis) at the point S1 as θ1. 

 The angle between the actual magnetic field direction (B-axis) generated by the 

current and the sensor measurement direction (M-axis) at the point S1 as θa. 

O

S1

A

T

B

M

(a) Sensor placement case one
     

O

S1

A

T

B

M

(b) Sensor placement case two
 

Figure 3.1: Modeling of the one sensor and single conductor configuration. 
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Figure 3.1 (a) presents one situation that the actual magnetic field direction is at one side of 

the sensing direction and also the tangent line direction. For this type of sensor/ conductor 

placement, we have 

 

 ∠OST=π/2 

 ∠ASB=π/2 

 ∠OSA=∠TSB=δ, and finally 

  ϴ1+ϴa=δ 

 

Figure 3.1 (b) presents another situation that the actual magnetic field direction is within 

the sensing direction and the tangent line direction. For this type of sensor/ conductor 

placement, we again have 

 

 ∠OST=π/2 

 ∠ASB=π/2 

 ∠OSA=∠TSB=δ, and finally 

 ϴa=ϴ1-δ 

 

Based on the basic geometry knowledge, we can derive the relationship of these angles as: 

1 1 1cos cos( ) cos cos sin sina                                   (2.1) 

where sin and cos  are shown to help the derivation, and can be expressed according the 

the Cosine Law from the coordinates as: 

1 1

2 2 2 2

1 1 1 1

sin
( ) ( )

a a

a a

q x p y

p q x p y q





   
                             (2.2) 
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2 2

1 1 1 1

2 2 2 2

1 1 1 1

cos
( ) ( )

a a

a a

p q p x q y

p q x p y q


  


   
                             (2.3) 

Substituting Equation (3.2) and (3.3) into Equation (3.1) yields 

2 2

1 1 1 1 1 1 1 1 1 1 1

2 2 2 2

1 1 1 1

( sin cos ) ( cos sin ) ( )cos
cos

( ) ( )

a a
a

a a

q p x q p y p q

p q x p y q

    


    


   
      (2.4) 

The magnetic field 
aB  generated by the conductor current aI  is along the B-axis and is 

represented according the Biot-Savart’s Law as 

0 0

2 2

1 1
2 2 ( ) ( )

a a a

A S a a

B I I
D x p y q

 

 

   
  

                     (2.5) 

where A SD 
 is the distance from point A to point S.  

 

The sensor located at the sensing point S is only capable to measure the magnetic field flux 

density’s projection on it measurement direction, i.e., the projection of 
aB  onto the M-axis 

is detectable. According Figure 3.1, 

coss a aB B                                                      (2.6) 

Equation (3.5) and (3.6) indicate that the sensor measurement can be reformatted as 
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                            (2.7) 

By organizing Equation (3.4) to (3.7) together, the expression of the sensed quantity for the 

sensor sitting at the point S can be re-written as the follows. It contains only the sensor 

information from the sensor position and the sensor orientation. 
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           (2.8) 

where the coefficients m1, n1, and r1 are defined as the follows. 
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Equation (3.8) indicates the relationship between sensor output and the conductor current. 

If the sensor positions and orientation (p1, q1, θ1), and the conductor positions (xa, ya) are all 

known, it is possible to reversely derive the conductor current. This is in fact the basic 

principle for many sensor array measurement approaches.  

 

However, in many cases, it is difficult to obtain all these parameters. Especially for the 

conductor as described in Section 1.2, their positions are not available. The conductor 

current cannot be solved, e.g. one sensor measurement 
SB  is insufficient to solve the single 

conductor current aI  since the unknowns will exceed the equation quantity. Adding more 

sensors to increase the number of the established equations similar as (3.8) will not help to 

solve this problem in this case, since more sensors will introduce even more unknown 

parameters. As a result, to make the multiple conductor current measurement problem 

solvable, the sensor parameters must be obtained beforehand.  

 

By checking Equation (3.8), to determine the single conductor current, three equations 

would be necessary to solve the three unknown parameters xa, ya, and aI , meaning a 

magnetic sensor array comprised of three magnetic sensors are required to produce 

adequate independent equations. 

 

3.2.2 Modeling of Three-Conductor and Sensor Array System 

According the superposition theory, a system containing three conductors and multiple 

magnetic sensors nearby in an array configuration can be derived from the model of the 
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single-conductor single-sensor system. When it comes to a set of data containing the sensor 

parameters and measurements, the conductor positions and currents, where the sensor 

measurements (Magnetic field flux densities) and the currents are instanous and 

simultaneous values (this can be achieved with synchronized waveform recording on the 

sensor outputs and the currents, and capture one simultaneous snapshot from all channels), 

it is understood that 9 unknown variables are under determination associated with three 

conductors: the positions and the currents. 

 

It is possible to solve three conductor currents using a sensor array consisting of 9 

independent magnetic sensors. However, it should be noticed that due to the inherent 

characteristic of quadratic equation, multiple solutions may exist for Equation (3.8). Further 

adding more extra sensors to create a non-square over-determined equation set is a possible 

way to overcome this problem. 

 

In this research, 10 magnetic sensors are deployed considering the advantage of adding 

redundant sensors for filtering out unreasonable solutions without increasing too much data 

burden. Filed test validations have proved that acceptable results are obtained using 10 

sensors. More sensors may offer more opportunities to select the data with superior quality. 

The mathematical formulation of this three-conductor ten-sensor problem is therefore 

reformatted to how to solve an equation group that is composed of 10 nonlinear equations 

with 9 unknown variables.  

 

The unknown variables are the three conductor currents, denoted as (x1, x2, x3), and six 

conductor coordinates, represented as (x4, x5, x6, x7, x8, x9), where (x1, x4, x5) is associated 

with one conductor and so on. The computation can be conducted either in time domain to 

re-construct the current waveform, or in the frequency domain to infer the current phasors. 

 

The computation proposed in this research is fulfilled according the superposition theory 

and is established as the equation set in (3.9). Note that Equation (3.9) and (3.10) contain 
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only the instanous values for demonstration, the actual implementation for a three-phased 

cable current measurement requires to infer the current magnitude and phase. 
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Bi is the magnetic flux density by the magnetic sensor Si in response to three conductor 

currents at certain time, it contains the superposed contributions from current x1, x2 and x3. 

(pi, qi, θi) are the position and the orientation of the sensor Si, which are the key to compute 

the conductor side variables. Here mi, ni, ri, pi, qi are known as they are all derived by the 

model of the sensor parameters. 
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3.3 Proposed Current Measurement Scheme 

The proposed current measurement scheme in this research can be decomposed into three 

stages: 

 

1) Off-line sensor parameters calibration stage 

The sensor parameters including each sensor’s position coordinates, sensing orientations, 

output gain and circuit phase shift will be determined by a off-line calibration scheme. 

 

2) Condcutor position computation stage. 

Once the sensor parameters are obtained from 1), this multiple conductor current 

computation problem is re-formatted and becomes solvable. One set of solutions contain 

the currents at that moment and most importantly, the conductor positions that are used to 

derive the sensor output-current relationship. 

 

3) Real-time current meaurment stage. 

Numeric algorithms used to determine the conductor positions in stage 2 is generally cost-

expensive regarding the time consuming and computation power. Once the stage 1 and 2 

are completed, this problem is again simplified and can be further formulated to the model 

with the known sensor-conductor geometry. The conductor current can be easily computed 

in real-time from the matrix multiply of the sensor outputs and the geometry coefficients. 

 

3.3.1 Determining the Sensor Parameters 

Accurate sensor parameters are essential to solve Equation (3.9). It seems possible to use 

the ideal design values when the sensor array is constructed. However, such parameters are 

usually inaccurate as the sensors deviate easily from the ideal position in the manufacturing 

process, and the sensor signal processing circuits have their tolerance range. Our studies 



60 

 

have revealed that significant mesurement errors can be found when simply using the ideal 

sensor parameters in the computation. 

 

As introduced in Section 3.2, the magnetic field flux density at the sensing point is usually 

weak and needs to be processing by the analog sensor conditioning circuit, introducing an 

amplify gain from the amplitude of sB  to the final sensor circuit output voltage sV . In 

addition, unavoidable phase shift coming from the analog circuit due to the noise filtering 

and the operational amplifier phase shift are expected. These two factors (gain g and phase 

shift φ) may be estimated from the design, however, due to the tolerance of the passive 

components (resistor, capacitor, inductor, etc. can have as large as 10% tolerance of their 

nominal values), they are also considered as the unknowns on the sensor side. We therefore 

have 

1i

1 1 1 1 1 1( , , , , , , , )S S a a aV g e B f g x y p q I                                  (2.11) 

Equation (3.11) indicates the relationship between sensor output and the conductor current. 

If the sensor circuit parameters (g1, φ1), sensor positions and orientation (p1, q1, θ1), and the 

conductor positions (xa, ya) are all known, it is possible to reversely derive the conductor 

current. This is in fact the basic principle for many sensor array measurement approaches. 

 

In this research, the sensor positions, orientations, amplify gains and the phase shifts from 

their analog processing circuits are made known from an off-line calibration scheme. 

Specifically, the proposed sensor array calibration scheme will quantify the values of 

( , , , , )i i i i ip q g   for each sensor Si. This is achieved by comparing a set of synchronized 

known calibration currents and the sensor outputs in response. The pre-determined 

calibration currents flow through a set of long straight conductors, e.g. conductor a, b, c, d, 

which are perpendicular to the sensing plane. The conductor positions in respect to the 

origin of the sensing plane are as known with high accuracy with a specially design 

mechanical structure as can been seen in Figure 3.2. 
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Figure 3.2: Sensor array deployment. 

 

The sensor array is deployed nearby these conductors. By energizing the conductors with a 

series of specifically known currents, namely the calibration current, simultaneous sensor 

outputs in response to the calibration currents are recorded as well as the currents. Only one 

conductor is energized each time, making a single calibration event. As we have mentioned 

in Section 3.2, since four parameters for each individual sensor ( , , , )i i i ip q g are under 

determining (the phase shift  can be determined in any event by comparing the current 

and the sensor output phase angles), the calibration process containing four events will be 

sufficient to calculate the sensor array parameters. 

 

For the implementation, the sensors are mounted on a measurement plate made of PVC 

(shown in Figure 3.2). Five PVC sensor holders are screwed on the plate; on each sensor 

holder two perpendicular holds are drilled to accommodate two sensors (as seen in Figure 

3.3), this saves a lot of space for placing sensors, greatly benefits the device miniature. The 

sensor holder can rotate, allowing the sensor measurement directions to be adjusted. Ten 

magnetic sensors outputs can be sampled simultaneously and recorded by the data 

acquisition instrument for analysis. 
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Figure 3.3: Layout of magnetic sensor array in the experiments. 

 

Among these sensors, five of them (S1~S5) are categorized into one group, the other five 

(S6~S10) are in the other group. If we again establish a Cartesian coordinate system with the 

origin at the center of the conduit, the sensor Si and Si+5, i=1, 2, … 5 have almost same 

coordinates but different measurement directions. When conducting the sensor array 

calibration, the following assumptions apply: 

 

 Sensors have single measurement axis and can only measure the magnetic field flux 

line perpendicularly penetrates the sensing plane. 
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 The sensor size is small enough, so the magnetic flux lines sensed at the sensing 

plate of the sensor is assumed identical and can be concentrated as a sensing point 

in space. 

 The relative positions between conductors and sensor array are unchanged during 

the entire calibration. 

 There is no external interference AC magnetic field. 

 

These assumptions are generally sound. A preferred conductor energization sequence of 

Cona-Conb-Conc-Cond to calibrate the proposed sensor array is shown in Figure 3.4. 
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Figure 3.4: Conductors energizing sequence. 

 

The conductor current used for sensor calibration is defined as aI , bI , cI  and dI . The 

output of sensor Si when only conductor a is energized in response to current aI  is defined 

as ,i aV , where 
i

, ,
i

i a i a iV B g e


   . Define the rest three calibration events following by the 
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calibration on the conductor a, we will have  
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Bi,j is the magnetic flux density obtained by the magnetic sensor Si in response to four 

calibration currents, one current at one time in one equation. (pi, qi, θi, gi) are the unknown 

sensor information to be solved of the sensor Si. Here mi, ni, ri, are also known. The sensor 

information is in the form of real numbers as they are all derived by the model of the 

relative conductor-sensor geometry. 

 

Solving Equation (3.12) is much easier than Equation (3.9) due to it is lower dimension and 

less unknown variables ( , , , )i i i ip q g . Actually, by adjusting the phase shift θi from the 

sensor output, the equation set (3.13) consist of only real numbers. Iteration based 

algorithms, such as the simple Newton-Raphson method, Gradient method and more 

recently the Levenberg–Marquardt (for the non-square equation set with redundant 

information, e.g. utilizing more calibration conductor current such as five or more to infer 

the four unknown sensor variables for each sensor) and the Trust Region method 
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(preferable for solving the square equation set as formulated above) [69]-[71] are possible 

to solve this problem.  

 

In this section, the computation running by the Trust Region method is realized in 

MATLAB. The computation process is simple and consumes only little time, it only runs 

one computation cycle in solving the equation set described in (3.12) for one sensor. An 

adaptive converging tolerance is 1‰ of the amplitude of 
,i jV  to accelerate the computation 

and increase the successful chance of the convergence (this is a more meaningful converge 

judgement threshold since a smaller tolerance, in this practical problem, is even smaller 

than the ADC resolution).  The initial values of ( , , , )i i i ip q g  is needed to initialize the first 

run of the Trust Region method iteration. Fortunately, the initial values are available by 

utilizing the mechanical design parameters of the sensor array. 

 

Table 3.1: Sensor information obtained from computation 

Sensor 

No. 

pi (mm) qi (mm) θi (degree) gi 

Ref. Cal. Ref. Cal. Ref. Cal. Ref. Cal. 

1 35.00 37.78 0.00 -4.05 45.00 35.34 

2.168 

2.70 

2 35.00 36.35 0.00 -0.83 -45.00 -47.84 2.64 

3 24.75 25.93 24.75 25.78 45.00 47.88 2.17 

4 24.75 23.65 24.75 26.86 -45.00 -36.27 2.39 

5 0.00 1.54 35.00 35.04 45.00 48.49 2.10 

6 0.00 -0.89 35.00 36.45 -45.00 -38.91 2.30 

7 -24.75 -24.54 24.75 24.60 45.00 54.10 2.12 

8 -24.75 -23.63 24.75 26.71 -45.00 -47.30 2.51 

9 -35.00 -35.02 0.00 -1.46 45.00 55.21 2.66 

10 -35.00 -28.64 0.00 1.90 -45.00 -38.76 1.64 

 

Table 3.1 presents the sensor information obtained from the computation, the initial values, 
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or the ideal parameters from the sensor array design, is donated as Ref. in this table. The 

computation results, or the actual sensor information, are denoted as Cal. 

 

To better demonstrate the results, Figure 3.5 illustrated the comparison between the 

computed sensor coordinates and the ones retrieved from the design (positions of the sensor 

holder centers). It is obvious that sensor Si and Si+1 have non-negligible position deviations. 

Their measurement direction difference between sensor Si and Si+1 are even more obvious, 

however, the angle between the two sensor axes are either more or less than 90 degrees. 

Therefore, without the proposed off-line sensor array calibration, significant current 

measurement errors, if the currents are still able to be computed, are expected. 
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Figure 3.5: Sensor position difference from the computation and the reference. 

 

Once the sensor array is calibrated, the sensor parameters are stored in the device flash 

memory. Such information is independent to the conductors under measurement and is 

o - Conductor 

    - Designed Sensor position 

x  - Computed Sensor Position 
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constant once the sensor array is constructed. Therefore, the calibration is only needed one 

time at the manufacturing phase. This is the normal process for typical commercial 

measurement equipment as the factory calibration is one important step of the Quality 

Assurance program. 

 

This section establishes a square equation set as described in Equation (3.12) to calibrate 

the sensor array.  In fact, more calibration conductor currents can be placed at different 

positons to assist the sensor array calibration. An attempt by using five conductors and the 

Levenberg-Marquardt solver in MATLAB has been tested without receiving obvious 

calibration accuracy improvement. Oppositely, the trade-off of such revision is the more 

expensive computational cost. 

 

3.3.2 Determining the Conductor Positions 

After determining the ten sensor parameters, the non-linear equation set described in (3.12) 

becomes solvable. There are many different numerical ways to achieve this task. Many 

regular iterative algorithms, such as the simple Newton-Raphson method, Gradient method 

and more recently the Trust Region method [70] are possible to solve this problem. 

However, the large dimension of this equation set can make the Newton iterations very 

sensitive to the initial values used to initialize the first round of the numerical computation. 

The iteration guesses cannot converge to the correct solution if a set of unreasonable values 

are far away from the real solution. 

 

Due to the enclosed, inaccessible nature of the cable, guessing reasonable conductor initial 

positions can be difficult. One of our previous researches attempted to predict the possible 

conductor configuration by observing and comparing the signal strength among the ten-

sensor output. However, a larger scale of simulations show this research direction failed to 

provide reliable initial value guesses, resulting in many wrong or divergent conductor 

parameter computation results. 



68 

 

 

Another type of computational algorithms, namely the heuristic evolutionary computation 

is adopted in this research. Although these algorithms are well-known for their expensive 

computational consumptions, their excellent performance in solving optimization problems 

is acknowledged. Extensive simulation evaluations using MATLAB have revealed that the 

Differential Evolution algorithm [72] outperforms many other peers’ due to its superior 

performance on the converging rate and the highest accuracy [73]. 

 

For the actual implementation, the need to measure multi-conductor cable currents is very 

common in reality. The currents, no matter balanced or unbalanced, are usually in different 

phases. The currents are represented in phasors form so as the equation set (3.9) needs to be 

re-written with complex numbers. The three currents contain both real parts and imaginary 

parts, yielding the solution set in the complex number form as 

'

1 1 2 2 3 3 4 5 9[ , , , , , , x , ,..., ]i R I R I R IX x x x x x x x x                              (2.14) 

where 1 2 3, ,R R Rx x x  and 1 2 3, ,I I Ix x x  are real parts and imaginary parts of 1 2 3, ,x x x , 

respectively. 

 

It means that the dimension of the optimization problem equals to 12 due to the increased 

complexity of the phasor computation. Our purpose to establish this model is to find the 

cable positions, it is not necessary to compute the currents at this stage. Therefore, a 

simplified computing procedure neglecting the searching of six currents unknowns (both 

real parts and imaginary parts) is used to reduce the solution dimension and accelerate the 

DE algorithm. The main idea herewith is to calculate the values of 1 2 3, ,R R Rx x x  and 

1 2 3, ,I I Ix x x  based on the test values of 4 5 6 7 8 9, , , , ,x x x x x x  at the beginning of each iteration 

step using any 3 equations out of the 10 equations mentioned in (3.9). (separating the 

equations into real and imaginary parts). In other words, once the cable positions are 

assumed, the cable currents can be easily calculated using a matrix multiplication. This 

simplification greatly improves the computation efficiency by reducing the search space 
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dimension of the problem from 12 to 6 (only the position of the conductors). The flowchart 

of the proposed algorithm determining the conductor positions is illustrated in Figure 3.6. 

Start

Randomly create x4, x5, …, x9

Randomly create

1≤ i,j,k≤ 10 ( i≠j≠k)

Calculate the objective function

Calculate real and imaginary parts 

of x1, x2, x3 using equations Fi, Fj, 

Fk decomposed in real and 

imaginary parts 

Create the next generation x4, x5, 

…, x9 according to heuristic 

method

Stopping criterion

is satisfied?

Return the best 

solution

End

Y

N

 

Figure 3.6: Flowchart for the conductor position computation algorithm. 

 

The absolute value of each equation in Equation (3.9) can be considered as an error value 

that should be as close to zero as possible. Therefore, the objective function associated with 

the DE computation is introduced as the summation of these errors. The goal of applying 

the evolutionary algorithms is to minimize the objective function through multiple 

iterations. 

 

Multiple recorded snapshots from the three phase current waveforms are utilized instead of 

single sample to reduce the computation errors. Each snapshot represents a set of 
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instantaneous values from the sensor output waveform and the current waveforms recorded 

simultaneously. In this way, the conductor position estimation errors of the proposed 

algorithm can be reduced. Extensive case studies revealed that 5 samples are appropriate to 

finalize the results. Further increasing of the sample numbers increases the computation 

time yet achieves significant improvements on the results. 

Sensor array samples 5 

synchronized snapshots 

of ia, ib and ic

Count = 1

Run 10 independent 

DE calculation turns

Store the best solution set by 

selecting the min. objective 

function value from the 10 

DE runs
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counter + 1

If counter > 5

Calculate the average conductor geometry, 

i.e. the mean value of (x4, x5, … x9) using the 

5 stored solution sets

Store and output the determined 

conductor geometry (x4, x5, … x9) 

for next step current calculation

Start

End

No Yes

 

Figure 3.7: Flowchart of the process how to compute the conductor positions. 

 

For each sample, 10 independent runs were performed with the DE algorithm. The result 

with the minimum objective function is considered as the best position solution for that 

sample. Five samples result in 5 candidate conductor position estimations. Finally, the 

average of these 5 candidates is adopted as the final result. The obtained position 

coordinates (x4, x5,…, x9) are stored in the memory and is utilized to generate the sensor/ 

conductor geometry relationship. The coefficient matrix describes such relationship in this 
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three-conductor-ten-sensor system will directly be utilized to determine the current 

measurement. The current computation, with the know coefficient matrix, can be achieved 

in real time with only little computational burden. 

 

In summary, the conductor positions are determined in the process explained above. They 

are used to derive the coefficient matrix between the conductor currents and the sensor 

outputs as shown in the flowchart of Figure 3.7. 

 

3.3.3 Real-time Conductor Current Measurement 

Actually, for the events used to compute the conductor positions, the conductor currents (x1, 

x2, x3) are also computed at the same time when solving the conductor positions (x4, x5,…, 

x4). However, the DE algorithm used is time consuming. It is not preferable that we recall 

this algorithm every time to compute the conductor currents in the normal measurement 

stage.  

 

One the other hand, it can be seen in Equation (3.12) and (3.13) that when the positions of 

the three conductors are obtained (x4, x5,…, x9 are known), Equation (3.12) becomes a 

three-variable linear equation. The following equation set can be formed by selecting any 

three sensors. 

1 1 1 1

2 2 2 2

3 3 3 3

a a b b c c

a a b b c c

a a b b c c

K I K I K I B

K I K I K I B

K I K I K I B

  


  
   

                                      (2.15) 

where Ia, Ib, Ic are the three unknown currents, B1, B2, B3 denote the magnetic flux density 

sensed by the selected three magnetic sensors, Kia, Kib, Kic (i=1, 2, 3) are real numbers and 

denote the corresponding geometry parameters for the three sensors based on calculation 

from Equation (3.12) and (3.13). Then the three currents can be determined as  

1

3 1 3 3 3 1
[ ] [ ] [ ]K



  
I B                                            (2.16) 
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where [B]3×1 denotes the magnetic flux density sensed by the three sensors, [I]3×1 represent 

the AC currents flowing through the conductors, and [K]3×3 is the coefficient matrix 

comprising the I-B relationship. 

 

3.4 Experiment Validations and Discussions 

Comprehensive laboratory experiments have been conducted to validate the proposed 

current measurement method for multi-conductor cables. The practical measurement 

procedure is carried out in three stages: determining the sensor array parameters, 

determining the conductor positions and finally, the conductor current calculation. In the 

first stage, the numerical computation method is employed to attain the sensor array 

information including the ten sensor positions, orientations, amplify gains and the phase 

shifts. The exact positions of the conductors in the cable in afterwards computed with 

Differential Evolution method due to its superior performance explored in the simulation 

study. When the coefficient matrix is determined, the three-phase AC currents are 

calculated in real time in the final stage.  

 

3.4.1 Experiment Bench Setup 

An experimental bench is set up as illustrated in Figure 3.8. The sensor array is clamped on 

a plastic conduit that accommodates three power conductors. A three-phase voltage source 

supplies adjustable three-phase delta-connected resistive loads at the remote end. The 

values of the three-phase currents were measured by the current probes as the reference. 

Meanwhile, the outputs of the 10 magnetic sensors are collected by a data-acquisition 

system consisting of a NI-DAQ instrument and a laptop, which processes the data based on 

the proposed computation method.  

 

The proposed measurement method does not require the sensor array enclosing the 

conductors in closed-loop, which indicates that the sensor array can be conveniently 
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installed. In this research, one-axis pick-up coil sensors are selected due to their low cost, 

high sensitivity and compact size. The AC magnetic field produced by the conductor 

currents induces a voltage in the coil sensor, which is processed by the designed signal 

conditioning circuit. It is noteworthy that other types of magnetic sensors with proper 

sensitivity would also work for this application. A picture showing the laboratory 

experiments performed to validate the effectiveness of the proposed approach on a test 

platform is presented below as Figure 3.9. 
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Figure 3.8: Diagram of experimental bench setup. 
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Figure 3.9: Photograph of experimental bench setup. 
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3.4.2 Sensor Array Calibration Results 

The layout of the 10 magnetic sensors in the experiments is depicted in Figure 3.10. All the 

sensors are located in the same plane which is perpendicular to the axis of the cable. The 

position of each sensor (pi, qi) and its measurement axis direction are calibrated in the 

manufacturing process of the shown prototype by the off-line calibration scheme explained 

in Section 3.3.1.  

 

To evaluate the computation results, the ten sensor output waveforms during the calibration 

event in response to the four conductor currents are recorded (namely the measurement); 

they are compared to the theoretical sensor waveforms that are plotted using Equation (3.15) 

by the known sensor information and the calibration currents. Here, the theoretical 

waveform of each sensor is obtained based on the sensor parameters listed in Table 3.1. In 

the calibration experiment, a single frequency current source only equipped with 60 Hz 

component is used to generate the calibration currents. 

       

Figure 3.10: Pictures of the sensor array system. 

 

Only the results associated with sensor S1 are presented below, the results for the rest nine 

sensors are similar and are demonstrated in Appendix. In Figure 3.11, it can be seen that the 
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theoretical sensor waveforms (“60 Hz compute”) and the measured sensor waveforms (“60 

Hz measure”) match quite well for all four calibration events (“cali 1” for conductor a 

energization, “cali 2” for conductor b energization, and so on ). 

 

Figure 3.11: Sensor S1 parameters calibration result evaluation. 

 

For other sensors S2 - S10, consistent results with good overlapping can be found, proving 

the calibration algorithm is feasible to calibrate the sensor array and provide accurate 

sensor information for the future computations. 

 

3.4.3 Conductor Position Computation Results 

Two cases with unsymmetrical and symmetrical cables configurations as shown in  Figure 

3.12 are tested if the conductor positions can be identified through the proposed method. In 

addition, the unsymmetrical case (Figure 3.12 (a)) is rotated by 120 degrees clockwise and 

counterclockwise to form two additional conductor layouts. Figure 3.13 presents the actual 

cable positions versus the estimated results for the four cases. The computation results are 

found to be highly close to the actual conductor positions in the cable. 
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Figure 3.12: Basic cable configurations: Left - unsymmetrical, Right - symmetrical. 
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Figure 3.13: Experimental result for the conductor position computation. 
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3.4.4 Conductor Current Measurement Results 

The estimated conductor positions are utilized to calculate the live currents. Figure 3.14 

shows the experimental results comparing the calculated currents with the measured 

currents. The three conductors are laid out symmetrically in the cable (as the case 2 in the 

conductor position experiment) and the three-phase currents are balanced. The results 

indicate that the three-phase AC currents can be accurately calculated and effectively 

decoupled by the proposed currents measurement method. 
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Figure 3.14: The measurement results for the three-phase balanced currents. 

 

Additional tests are performed when the three-phase AC currents ia, ib, ic are unbalanced 

which is common in practice. An imbalance ratio (IR) is defined in the following equation 

to represent different unbalanced levels in the experiments. 

0 p| | / | | 100%IR i i                                                   (2.17) 

where 0i  is the zero-sequence current, pi  is the positive sequence current where 

120 120

3

j j

a b c
p

i e i e i
i

   
                    (2.18) 

Figure 3.15 shows the experimental results for the three-phase imbalance currents with 
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different unbalanced levels. The imbalance currents are realized by injecting single phase 

load into the test system. The experimental results reveal that the unbalance of the three-

phase currents does not induce any additional errors.  
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Figure 3.15: The measurement results for the three-phase unbalanced currents, Top: IR:5%, 

Middle: IR:10%, Bottom: IR:20%. 
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To further access the accuracy and robustness of the proposed currents measurement 

method, 180 seconds data are recorded as shown in Figure 3.16 in the case of a three-phase 

balanced system (hence only a phase current is plotted) for the error analysis. 
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Figure 3.16: Varied current magnitude waveform. 

 

By adjusting the loads, the current (RMS) of each phase is changed from 1.5A to 10A for 

examining the performance of the sensor array in different signal strengths. In the following, 

the error refers to the computed currents in comparison with the values from a group of 

commercial clamp-on current probes (the currents measured by the current probes are 

adopted as the reference actual currents). Both the computed and the measured current data 

are processed by the Fast Fourier Transform (FFT) to extract the 60 Hz components. 

 

The current magnitude error Mager and phase angle error Anger are defined as  

,60 ,60

,60

| | | |
100%

| |

cal act

er

act

I I
Mag

I


                                    (2.19) 

,60 ,60| |er cal actAng                                                (2.20) 

where ,60calI  and ,60actI  are the calculated and actual currents at 60Hz, θcal,60 and θact,60 are 

the phase angles of the calculated and actual current at 60Hz, respectively.  
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To quantify the measurement error of the proposed current measurement system, Mager and 

Anger are characterized by the cumulative error possibility distribution, which is commonly 

known as the CDF (cumulative distribution function) analysis [74]. The error analysis for 

the current magnitude is illustrated in Figure 3.17. It is observed from Figure 3.17 (a) that 

the major error is contributed by the light loads, i.e., the current less than 2A. This is mainly 

due to the weak magnetic field generated by the small current which is more sensitive to the 

surrounding ambient magnetic fields. Nevertheless, it is very promising by observing 

Figure 3.17 (b) that the fundamental current (60 Hz) magnitude errors are always within 

5%. 
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Figure 3.17: Error analysis for three phase current magnitudes: Top - current magnitude 

errors, Bottom - CDF analysis of three phase current magnitude. 
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Figure 3.18 demonstrates the analysis for the phase angle error Anger. Similarly, Anger 

dramatically decreases with the increasing of the current magnitude. The maximum phase 

angle error is 8
°
 for phase C when the current is around 1.5A. However, this is considered 

acceptable as many expensive clamp-on current probes with high precision have a phase 

deviation of 5
°
 when measuring small currents [75]. Such current probe is capable of 

measuring single conductor current only. By contrast, the method developed in this research 

can measure three phase currents simultaneously.  
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Figure 3.18: Error analysis for three phase current phase angles: Top - current phase angle 

errors, Bottom - CDF analysis of three phase current phase angles. 
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3.5 Summary 

This chapter presents another novel technique for multi-conductor current measurement; it 

is an important supplement to the sensor array technique presented in Chapter 2. The main 

contributions of this research consist of three ideas. 

 

The first idea is the proposition of an open-loop magnetic sensor array to sit on the cable 

under measurement. The un-hinged U-shape sensor array configuration does not need to 

wrap-up the cable in a closed form. It is a very user-friendly and easy-to-install design; 

release the stress in the practical installation from the space and cable constraints. 

 

The main innovation of this research is to use an off-line calibration scheme to determine 

the sensor parameters including the sensor positions and orientations, sensor output gains 

and the phase shifts. These sensor parameters are treated as the knowns in later current 

computation. The sensor information parameters are independent to the measurement 

objects and scenarios. In other words, only one-time off-line sensor calibration is needed. 

The sensor array, after this calibration, is ready to measure different types of cables without 

additional calibration. 

 

To process the sensor measurement, numerical computational algorithms are employed 

without knowing the conductor positions beforehand, which is the third idea of this 

research. After establishing the mathematical modeling of the measurement system, 

differential evolutionary algorithm is studied and implemented for exploring the 

conductors’ positions. Subsequently, the lab experiments conducted by a prototype sensor 

array system are presented for validations. Throughout the experiments, the measurement 

errors were confirmed to be less than 5%. This accuracy can be potentially improved by 

utilizing a proper shielding scheme to eliminate the effects of outside cross-talk magnetic 

fields.  
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Chapter 4 

Zero-Sequence Current Measurement for 

Overhead Power Lines 

Knowledge of the zero-sequence current (ZSC) in an overhead power line is very important 

and is advantageous for many power quality studies such as troubleshooting the grounding-

related power quality problems, assessing the induction issues due to the nearby power 

lines, and mitigating the power frequency noises and interference to the tele-

communication infrastructure, etc. There is an urgent need in the power industry for a 

simple, portable and non-contacting sensing approach that can measurement the overhead 

line ZSC effectively.  

 

The proposed research disclosed in this chapter presents a magnetic field sensor-array-

based overhead line ZSC measurement technique. The main innovation of the proposed 

techniques is that zero knowledge regarding the overhead line geometries is required to 

enable the measurement, which is not achievable by most existing research works in this 

field. The proposed sensor array is non-contact, non-intrusive and disturbance free. It is 

adaptive to various field scenarios including the three-phase-three-wire overhead lines and 

the three-phase-four-wire overhead lines, with different electric pole/ conductor 

combinations, line heights, and wing spans.   
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4.1 Introduction 

Unlike the residential service conductors or the power cables, the measurement for the 

overhead conductors is preferred to be carried out remotely on the ground level with a 

mobile setup due to safety. The medium-voltage and high-voltage line overhead power 

lines can be as tall as more ten meters from the ground. The power conductors have the 

trend to concentrate at their geometric center with respect to their ground footprints (refer 

to Figure 4.1). The superposed overall magnetic fields at the ground level are difficult to be 

distinguished by the sensor due to the insufficient geometric sensitivity.  

           

Figure 4.1: Examples of the overhead power lines that the conductors are concentrated 

seeing at the ground level. (Left: three-wire without neutral, right: four-wire with neutral). 

 

This characteristic makes it technically difficult to measure the individual overhead 

conductor current but at the mean time inspires our research to propose a sensor-array-

based technique for the overhead power lines zero-sequence current measurement. A set of 

unbalanced currents flowing on the overhead lines contains the zero-sequence component 

in most cases [76]. Zero-sequence current (ZSC), normally denoted as 0I , is the vector sum 

of the three phase currents as below [77]. 
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The ability to measure the power line zero sequence current in a timely and accurate 

manner would be very helpful for utility companies and industry in order to troubleshoot 

grounding-related problems [78], [79]. 

 

This chapter is organized as follows. The existing techniques attempt to address the 

overhead line ZSC measurement problems are reviewed in Section 4.2. The proposed 

scheme is formulated and explained in Section 4.3. Section 4.4 presents the simulation 

results for the theoretical verification of the proposed methods. The simulations are also the 

guideline for the design parameters to the real construction of the prototype magnetic 

sensor array. The actual implementation and the prototype measurement system are 

presented in Section 4.5, followed by the field test results for its validations. 

 

4.2 Review of ZSC Measurement Techniques 

Traditional means for the overhead line ZSC measurement are normally to install the zero-

sequence current transformer (ZSCT) [80]. Reference [81] demonstrates a new 

measurement device based on the Faraday magneto-optical effect. This optical ZSC 

transducer is advantageous because of its small size, low weight, good frequency response, 

and high insulation level. However, these transducers require permanent installation on the 

electric pole/ tower or the bus bar, and therefore, are not suitable for use by the field patrol 

teams. Due to their high costs, the ZSC transducers can be used only at limited locations 

such as the substation main breaker side. 

 

R. A. Fernandes et al. disclose a sensor module mounted on a transmission line based on 

the electromagnetic induction from the currents flowing through the transmission line [82]. 

The sensed quantities are transmitted to a ground receiver. This is a permanent installation 

that will restrict the measurement to limited locations. The material costs and installation 
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labor costs become significant when more measurement locations are needed. 

 

An apparatus to remotely sense N parallel power conductors that carry N independent AC 

currents using N magnetic field sensors are proposed in reference [83]. Its particular 

application is the overhead line current measurement. It suggests that for the overhead lines 

with neutral, a regular current clamp can be hooked up on the neutral since the low voltage 

neutral can be accessed safely during normal operation. This will enhance the overall 

accuracy as the neutral current is relatively smaller. 

 

Many known-geometry-based techniques such as the ones proposed in reference [31]-[32] 

use the similar approaches to measure the line currents. However, these techniques can 

achieve the stated performance and accuracy only for the permanent installations. In 

addition, they will involve difficult geometrical calibrations relying on precise knowledge 

of the relative positions and orientations of the sensors in relation to the conductors of 

interest. These methods are subject to inaccuracies when the sensors or conductors deviate 

from a specific, known position. Moreover, the measurement of ZSC and neutral current 

from the overhead lines are usually temporary for short time duration, such as the use of the 

field patrol team and power quality troubleshooting, these permanent sensor installations 

will be expensive for both capital investment and future maintenance.  

 

The need for measuring the overhead distribution feeders is very common in the power 

quality research. Such measurement works are often restricted due to the insufficient data 

availability at the utility asset side. The capital and operation costs of the vast spreading 

distribution systems limit the power quality meter locations, the data capacity, and the data 

resolutions.  

 

In many previous measurement works, the line currents are measured using the commercial 

power quality recorder such as the PQPro monitors [90] (as shown in the left side of Table 

4.1). Although it is not possible to measure the high-voltage power conductor directly due 
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to the voltage tolerance, it can be installed at the control unit (metering or protection), 

where the feeder CTs are available. CTs are usually installed in the regulator, re-closer, or 

fault protection relays, etc. The secondary signal of the utility CTs are collected by data 

recording equipment to infer the scaled line currents with the combined attenuation ratio 

from the CTs and the equipment. However, such measurement points are very limited along 

the overhead lines. 

 

Table 4.1: Data recording equipment and its connection 

Data recording equipment [90] Current probe connection 

 

 

 

In other cases when the pre-installed utility CTs are not available, traditional approach to 

measure the overhead line currents in this time relies on the zero-sequence current 

transformer (ZSCT). However, the deployment of a ZSCT is a costly and time-consuming 

task. Power linemen are usually required to climb up the utility poles to install temporary 

ZSCTs for the measurement. This requirement is not only inconvenient but also unsafe for 

the electricians. 

 

Instead of manipulating a hinged clamp-on CTs and the close-loop flex cable CTs, a U-

shaped electronic open jaw current meter (shown in Figure 4.2) is welcome and popular for 
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the power line electricians. The current meter is attached on the contact end of the optical 

fiber telescope hot stick, which is a regular tool for the power line technician. The sensors 

enclosed in the open jaw sense the amperage present between its tines by the partial integral 

to approaching the competed loop using Ampere’s Law [91]. 

     

Figure 4.2: Current meter at the hot stick end for line current measurement [92]. 

 

Figure 4.3 is an improved development of the hot stick current meter that the wireless 

communication means are integrated to the current meter. The electrician will be able to 

read the measurements more conveniently without removing the contact to the hot wire in 

advance. Meanwhile, more parameters including the extended distance between the power 

conductor to the telescope hot stick end is also picked up, which is commonly used to know 

the conductor vertical height when the electrician stands exactly beneath the conductor.   

 

Unfortunately, the hot stick current meter offers current RMS measurement only. It is not 

able to provide adequate ZSC from the overhead lines. The current waveform or the 
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frequency domain components are much beyond the capacity of this type of devices. 

 

Figure 4.3: Improved wireless hot stick current meter [93]. 

 

It can be seen that the approaches introduced above are way from satisfactory in terms of 

the overhead line ZSC measurement. Thanks to the linearity between a magnetic field and 

current, the current can be reconstructed from the magnetic flux densities measured by the 

sensor array placed in the vicinity of the current-carrying conductors. According the ZSC 

computation theory derived in this chapter, a prototype ZSC sensor array has been 

developed. Extensive lab experiment and filed test in the actual distribution systems are 

conducted for the validation and evaluation purpose. The proposed sensor features simple 

deployment that the sensor array lays on the ground or mounts on an automobile, the later 

will be preferable for the line patrol personnel. It is a flexible and easy-to-use method for 

measuring the overhead line ZSC, and could benefit the power industry as a new tool to 

identify many other power quality issues in the future. 

 

4.3 Problem Formulation 

Typical overhead power lines in North America consist of several conductor bundles, 

separated from each other in a spatial configuration, supported by the wood or concrete 
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electrical pole/ tower. The conductors making up the overhead lines carry alternating 

current (AC) at specific frequencies, i.e., the 60 Hz fundamental current and the power 

frequency harmonics. Each conductor in this bundle carries one distinct AC current in a 

three-phase form, transmitting through the line. Normally, the three-phased currents in the 

three-wire or four-wire (when neutral exists) configurations are unbalanced. The neutral 

conductor is therefore used as the return path of the unbalance current back to the 

distribution step-down transformer. The neutral is multi-grounded with a grounding span of 

150 meter or so [84]. However, neutral is not always needed due to the cost consideration. 

In fact, in the vast area with less population density (the most common cases for the 

overhead distribution line deployment), neutral is not included according to the survey of 

this research. 

 

In this research, two magnetic field sensors for the three-wire configuration and four 

sensors for the four-wire systems are sufficient to compute the ZSC in real time with three 

implementation stages: 

 

1) Installation: the sensor array is placed beneath the overhead lines vertically. The 

sensing point of each sensor is aligned to the center line of the middle power conductor. 

 

2) Measurement: based on the existence of neutral, two or four sensors are utilized. The 

relative distance of every two sensors are pre-determined in the sensor array fabrication 

process and is used as a known factor to facilitate computation.  

 

3) Computation: overhead line ZSC is computed using the sensor array measurements, in 

waveform, RMS, phasor, or/and harmonic spectrum forms in real-time through the 

proposed data processing algorithm. 

 

The following section explains the formulation of the overhead line ZSC measurement 

problem. In general, a representing three-phase-four-wire distribution line layout is 

illustrated in Figure 4.4. 
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Figure 4.4: A typical three-phase-four-wire overhead power line configuration. 

 

In Figure 4.4 three phase currents aI , bI , cI  and nI flow through three overhead 

conductors a, b and c, and the neutral conductor n, respectively. The conductor b and c are 

mounted on horizontal beam of the pole with the height of l1, conductor a is the highest 

while the vertical distance from conductor a to the support beam is demoted as l2. Neutral is 

the lowest mounted on the pole with its height as l3. The wing span of conductor b or c to 

the pole is defined as w. The line parameters (l1, l2, l3, w) are dependent to the practical 

overhead system, one example obtained from a utility distribution line database (named as 

N12Y40FT) showing a practical three-phase-four-wire overhead line configuration is given 

in Table 4.2. 

 

Table 4.2: The parameters of one typical three-phase-four-wire overhead system 

Geometry Parameters Dimension (m) 

l1 10.83 

l2 0.56 

l3 8.99 

w 1.2 
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To formulate this problem mathematically, a right-handed Cartesian coordinate system is 

established with its origin located at a sensing point S. S is exactly beneath conductor b on 

the ground level, where the z-axis is toward the conductors. The currents flowing in the 

overhead lines ( aI , bI , cI  and nI ) generate magnetic fields in their surroundings, where 

the net magnetic field at the point S is a superposition result of the individual magnetic field 

created by aI , bI , cI  and nI  associated with each conductor. 

 

When placing a magnetic field sensor at the point S, according the superposition theory, the 

magnetic field measured by this sensor is composed by two part: the fields produced by the 

three phase currents aI , bI  and cI , and the one generated by the neutral current nI . The 

phasor summation from these two parts is the actual measured flux density (as shown in 

Figure 4.5). 

 

As we know, neutral current does not contribute to the ZSC but does contribute 

significantly to the sensor measurement because the neutral conductor is physically closer 

to the sensor; the ZSC measurement for the three-wire-four-wire overhead lines can be 

simplified to three stages as: 

 

1) Find the magnetic field flux density representation in respect to the three phase 

currents.  Completing task 1) will solve the problem for three-wire system. 

 

2)  Find the magnetic field flux density representation in respect to the neutral current. 

 

3) Solve the ZSC from the measured magnetic field flux densities by the sensors by 

combining 1) and 2) with enough sensors, the neutral current is calculated at the 

same time. 
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Figure 4.5: Problem formulation using superposition theory. 

 

According to our survey, the three-wire configuration is mostly common in the distribution 

systems. The neutral is available only in rare locations, for instance, the industrial area and 

some city neighborhoods. However, the communication cables in these locations may also 

use the electrical poles and are under the neutral as they are with low voltages. Most of the 

time, power and telecom cables run in parallel together for long distances sharing the right-

of-way, meaning electromagnetic coupling can be highly serious. Therefore, It is very 

difficult to measure ZSC due to the increased cable numbers and the shielding effect from 

the communication cables. 

 

For the situations that the measurement zone is clear without the inference from the 

communication infrastructure, the current flow through the neutral conductor is also 

difficult to estimate. The neutral is grounded through the MGN topology [84]. This is 

generally adopted in most of the North America distribution systems, making the neutral 

current only easy to predict from normal power flow studies. Analysis using a multi-phase 

harmonic low flow (MHLF) computational tool is utilized for this type of studies [85]. 
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4.3.1 Proposed Scheme for Three-Phase-Three-Wire System 

Three-phase three-wire power lines are very common in distribution systems and are used 

primarily in industrial facilities to supply motor-type loads such as those from heaters, 

pumps and fans. The typical geometry of three-wire power lines in an overhead distribution 

system is shown in Figure 4.6 (a) where the three-phase currents are aI , bI  and cI , 

respectively. 

 

To measure the ZSC in this layout, two magnetic field sensors (S1, S2) are deployed 

vertically on the ground level below the conductor that carries current bI . The sensor 

deployment is also depicted in Figure 4.6 (shown on the ground level). The sensor can be 

any form of magnetic sensor that is capable to infer the current based on a known 

relationship. This report exemplifies a preferred design applies the coil sensor that an 

induced voltage associated with the power line alternative currents are sensed. 

 

Figure 4.6: Geometry of the three-wire power lines with two magnetic sensors: Left - the 

actual three-phase conductors, Right - the equivalent conductor carrying virtual current. 

 

By neglecting the displacement currents (in a low-frequency approximation) in the 
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Maxwell equations, it is demonstrated that the magnetic field in the free space nearby is 

linear with respect to the total currents flowing through the overhead lines. The magnetic 

flux densities ( 1B , 2B ) at the points where the sensors are located can be represented in the 

Cartesian coordinate system and expressed by Equation (4.2) and (4.3) according to Biot-

Sawart’s law. 

 

Decomposing 1B  and 2B  into their three-axis components (x, y, z) will yield: 
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where μ0 is the air permeability. The parameters w, d, l1, l2, θ1 and θ2 denote the system 

geometry information and are illustrated in Figure 4.6 (a). 

 

The point-based magnetic field of the three power lines can be represented by an equivalent 

current ( vI ) above the sensors, considering the distances between the power lines and the 

sensors are much larger than the distances among the power lines (l1>>l2). The equivalent 

conductor carrying the virtual current is shown in Figure 4.6 (b) where the distance 

between Iv and S1 is defined as hv. 

 

The use of this virtual conductor to simplify the three-wire system and compute the ZSC 

accordingly is the main innovation of this research. The x, y, z components of the magnetic 
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flux densities (
1vB ,

2vB ) of vI  at the points where the sensors are located are expressed by 

Equation (4.4) and (4.5). 

 

Equations (4.4) and (4.5) reveal that the magnetic flux densities produced by vI  have only 

the y component. In the ZSC measurement, it is assumed that the virtual current produces 

the same y component of the magnetic flux density as that of aI , bI  and cI  at the locations 

of S1 and S2, so that 1 1v vyB B , and 2 2v vyB B . As a result, we can substitute the y 

components of Equation (4.2) and (4.3) into those of Equation (4.4) and (4.5). Then the 

relationship between vI  and the three phase currents aI , bI  and cI is obtained as shown in 

the flowing Equation (4.6):   
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To avoid the sophisticated expression of presents in Equation (4.6), several reasonable 

assumptions are made to simplify the formula of vI . One assumption, which has been 
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mentioned before, is: l1>>l2. 

 

The line parameters from a practical overhead distribution system are already given in 

Table 4.2 and the geometry structure of the three-wire power lines are the same as practical 

overhead distribution lines. It can be seen obviously from Table 4.1 that the first 

assumption l1>>l2 is easily achieved. 

In addition, Table 4.2 also indicates that the line height is much greater than the herizontal 

diviations of the left, right conductors to the central beam, i.e., l1>>w and of course then 

l1+d>>w, we can further make use this second reasonable assumption to derive that 

cosθ1≈cosθ2. Thus, the virtual current vI can be finally simplified, as shown in the 

following Equation that 

1 21,2
1( , , ) when cos andv a b c a b cf l l    I I I I I I I           (3.7) 

Compare Equation (4.7) to the well-known Equation (4.1), it can be found that the zero-

sequence current 0I  in the three-phase-three-wire distribution system can be solved directly 

once the virtual current vI  is solved using the two magnetic sensor measurements, with 

only negligible errors from the two assumptions. 

 

Actually, vI  is calculated based on Equation (4.4) and (4.5) where 1vyB  and 2vyB  are 

measured by sensor S1 and S2, respectively. In (4.4) and (4.5), two known measurement 

1vyB  and 2vyB  are sufficient to derive the two unknowns: the virtual current vI  and the 

virtual conductor height hv, combine these two equations will yield the expression of  vI  as 

the follows. 
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Overall, the ZSC is computed by substituting Equation (4.9) into its general expression 

(4.1). in conclusion, the ZSC is calculated with the proposed sensor array measurements as 
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where 
0

2

3

d



 is constant and the vertical separation parameter of two sensors d is 

determined at the sensor array design and fabrication stage, a proper selection of d will 

improve the measurement accuracy of the proposed sensor array. This will be further 

discussed in Section 4.4. 

 

The derivation introduced above shows the overhead line ZSC can be ‘measured’ through 

simple and elegant computations with the help of two magnetic field sensors. It is also 

possible to integrate more sensors, still vertically aligned with the existing two sensors, 

beneath the middle conductor, to create an over-determined equation set. Many research 

works have proposed the algorithms for the sensor measurement quality identification and 

the data selection to improve the measurement accuracy [86], [87]. These algorithms 

(simply as the Least Square Averaging) can be studied in the ongoing research as one of the 

important extensions of the proposed technique supplements. 

       

It is also worthy to mention that the ZSC can be ‘measured’ with the help of the proposed 

magnetic sensor array both in time domain and frequency domain, and in real-time once the 

sampling of the sensor measurements are also in real-me simultaneously. The frequency 

domain result of the ZSC is similar to the information usually provided by the common 

power quality meters including the fundamental components and the harmonic spectrum. 

The possibility to obtain the time domain result or the re-constructed ZSC waveform is 

very promising to benefit the latest distribution system power quality research [78], [79]. 
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The frequency response of the proposed sensor array is almost unlimited to infer useful the 

high freq. harmonic information accurately, which is used to evaluate the impacts coming 

from the newer power electronic loads [88]. 

 

4.3.2 Proposed Scheme for Three-Phase-Four-Wire System 

The previous section explains the problem formulation to complete task 1) mentioned at the 

beginning of Section 4.2. For the systems with neutral (as shown in Figure 4.7), the sensor 

measurement iB  as shown in Equation (4.11), contains the portion caused by aI , bI and cI  

(denoted as ,i abcB ), and also the portion in respect to nI (denoted as ,i nB ), i is the sensor 

number, where i=1, 2, … 

, ,i i abc i nB B B                                                 (3.11) 
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Figure 4.7: Geometry of the four-wire power lines with four magnetic sensors for ZSC 

measurement, (a) the actual four conductors, (b) the equivalent virtual conductor and the 

actual neutral conductor by superposition theory. 
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In Figure 4.7, the four-wire system can be decomposed as explained at the beginning of 

Section 4.2. From the sensor aspect, Figure 4.7 (a) is equivalent to a three-wire system, in 

addition to a single neutral system, as shown in Figure 4.7 (b). Therefore, we can formulate 

the problem for the three-phase-four-wire systems to two parts. The model of the first part 

is already well-established and can be used directly in the following analysis. 

 

Similarly, as derived in Section 4.2.1, the magnetic flux densities ( 1B , 2B ) at the S1 and S2 

points can again be expressed in the same Cartesian coordinate system by revising the 

Equation (4.2) and (4.3) to: 

1 1, 1,abc n B B B        (3.12) 

2 2, 2,abc n B B B        (3.13) 
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μ0 is the air permeability. The parameters w, d, l1, l2, θ1 and θ2 denote the system geometry 

information and are illustrated in Figure 4.7. 

 

Again, consider only the y-axis components of 1yB  and 2 yB  we have 

1 1 , 1 ,

2 2 , 2 ,

y y abc y n

y y abc y n

  


 

B B B

B B B
            (3.14) 

In Equation (4.15), the first portion 1 ,y abcB  and 2 ,y abcB  is expressed by introducing the 

concept of the virtual current vI  to simplify the equation. According Figure 4.7, we can still 

adopt this concept to re-write Equation (4.12) to (4.14). Substituting Equation (4.4) and 

(4.5) to (4.14) yields 
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where 
03v a b c   I I I I I  according to Equation (4.7) based on the assumptions that 

1 21 2
1, 1cos cos and l l    . These assumptions still hold in the four-wire system in 

reference with Figure 4.7 and Table 4.2. 

 

Observing Equation (4.15), there are four unknown variables ( vI , nI , vh , 3l ) and only two 

known sensor measurements ( 1yB , 2yB ). It is therefore not feasible to solve the unknowns 

with the limited sensor measurements, indicating more sensors are required to create 
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enough independent equations.   

 

In this research, we use four magnetic sensors are utilized to compute the ZSC in four-wire 

systems. The vertical distance between S1 and S2, S2 and S3, S3 and S4 are d, d’, and d”, 

respectively. d, d’, and d” are all known parameters with high accuracy in the sensor array 

manufacturing phase. One can simply develop the following extended equation set from 

(4.15) for the four-sensor situation in Figure 4.7 (b). This equation set is utilized to solve 

the ZSC in the four-wire systems. 
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It can be seen that (4.16) is a second order square equation set with four unknowns 

( 0I , nI ,
vh ,

3l ) and four knowns ( 1yB , 2 yB , 3 yB , 4 yB ). It is therefore sufficiently to solve 

Equation (4.17) analytically if the four magnetic sensors are deployed at the preferred 

locations and the y-axis magnetic field flux densities ( 1yB , 2 yB , 3 yB , 4 yB ) at these locations 

are measured. It is also optional to adopt various numerical computational methods to solve 

(4.16) considering its low order and few unknown variables. This is a good way for 

implementation to limit the computation burden at the MCU level. Moreover, further 

increase the sensor number, which will create an over-determined system, many data 

processing algorithms like the lease-square treatment, can be performed to minimize the 

measurement errors and noises.   
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4.4 Simulation Verifications 

In the previous section, the concept that a virtual current vI  can be used to formulate the 

ZSC computation to avoid obtaining the specific current flow from the three-phase currents 

aI , bI  and cI . The y components of the virtual current’s magnetic flux densities are 

measured by using the proposed sensor array to calculate the ZSC. In this section, the 

simulation results are provided to verify the feasibility of the proposed measurement 

method, and will also suggest better sensor array design parameters. To avoid complicated 

expression, the three-wire system is used to explore the impact of the design parameters in 

the following analysis. 

 

Based on Equation (4.2) to (4.5), the relationships between the root mean square (RMS) 

values of the y, z components of the magnetic flux densities and the distance l1 are shown in 

Figure 4.8 and Figure 4.9. To simplify the analysis to provide more straightforward 

indications, the simulations results present in this section use the RMS values (Ia, Ib, Ic)  for 

the currents, and the (B1y, B2y) for the magnetic field flux densities, etc.  

 

The three-phase currents are balanced in Figure 4.8 (Ia=Ib=Ic=200A) and are unbalanced 

(Ia=220A, Ib=200A, Ic=170A) in Figure 4.9. The line geometry is identical as w=1.5m, 

l2=0.36m, d=1.0m. The magnetic field around the overhead distribution lines is usually 

weak; i.e., the magnitude of the magnetic flux density is typically in the scale of milli-

Gauss (mG) [89]. Figure 4.8 reveals that B1y and B2y are close to zero for l1 higher than 8 

meters when the three-phase currents are balanced. It can be seen that B1vy and B2vy shown 

good consistency that they equal to zero, resulting the virtual current Iv is also zero 

according to Equation (4.7). These results reflect the true situation since, in this case, the 

ZSC is eliminated due to 0a b cI I I   . 
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Figure 4.8: The relationship between Bz, By and l1 for balanced three-phase current. 

 

Figure 4.9: The relationship between By, Bz and l1 for unbalanced three-phase current. 

 

Figure 4.10 shows the comparison results between the estimated and the actual ZSC values 

when l1 is changed from 4 to 15 meters under the same conditions of w=1.5m, d=1.0m, and 

Ia=220A, Ib=200A and Ic=190A. It is observed that the estimated and actual ZSC values 

match well if l1 is higher than 10m. The difference between the two current curves does not 

change much from the scenario of l1=10m to the scenario of l1=20m. This result indicates 

that the distance of l1=10m is enough to estimate the ZSC. 
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Figure 4.10: Comparison result between the estimated and actual ZSC under different l1. 

 

 

Figure 4.11: Comparison result between the estimated and actual ZSC under different d. 

 

Figure 4.11 shows the estimated and actual ZSC curves by choosing different sensor 

deviations d (w=1.5m, l1=9m, Ia=240A, Ib=220A and Ic=190A). It reveals that the distance 

d has a very small impact on the estimation error of the ZSC. It can be seen that the change 
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on the estimation error is not sensitive in respect to the increasing of d. This is a promising 

result since we do not expect the large sensor vertical separation distance that will 

dramatically increase the size of the sensor array device. For practical implementation, a 

small distance d = d’ = d”= 0.2 meter is recommended to achieve satisfactory estimation 

with a compact device design.  

 

The comparison results of the estimated and actual ZSC values of 50 cases (Horizontal axis 

is the case number) where the three-phase currents (Ia, Ib and Ic) are randomly generated 

between 180A and 260A are presented in Figure 4.12. The results indicate that the 

estimated ZSC values of the three-wire system are very close to the actual ZSC values 

under the conditions of w=1.5m, l1=10.0m, l2=0.36m and d=1.0m. The absolute error 

between the estimated and actual ZSC is between ±1 A when the ZSC varies in a wide 

range from 2 to 16 A. 

 

Figure 4.12: Computation errors for the three-wire system for 50 random simulation cases. 

 

4.5 Challenges of Implementation and the Prototype Device 

The ZSC is computed by the proposed sensor array by solving Equation (4.10) and (4.16). 

It is noticeable that these two equations rely on the knowledge of the y-axis quantities from 
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the magnetic field flux density decompositions, requiring the sensors to be placed exactly 

under the middle power conductor with their measurement plane perpendicular to the 

power lines. When the sensors deviate from these original ideal locations, the computation 

errors may appear. This section analyzes these practical implementation challenges and 

demonstrates in detail the solutions to address such problems. 

 

4.5.1 Practical Challenges of Implementation 

It can be seen that a proper sensor array installation at the desire positions holds the key for 

measuring the ZSC accurately. In other words, every sensor needs to distinguish the y-axis 

magnetic field flux densities in the established coordinate system. However, this is usually 

not possible in reality as the ground can be uneven and it is difficult to ensure the sensor’s 

positions. The deployment uncertainties would bring unexpected estimation errors to the 

results and jeopardize the accuracy of the system in the practical application.  

 

Overall, the errors can be caused by the following sensor array deployment uncertainties: 

 

1) Sensors deviate horizontally, i.e., sensors are not exactly beneath the middle 

overhead conductor, as shown Figure 4.13 (a). 

 

2) Sensors rotate vs. x-axis as shown in Figure 4.13 (b). 

 

3) Sensors rotate vs. y-axis as shown in Figure 4.13 (c). 

 

4) Sensors rotate vs. z-axis as shown in Figure 4.13 (d). 
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Figure 4.13: Sensor deviations from the ideal positions, (a) horizontally deviation, (b) 

sensor rotation by x-axis, (c) sensor rotation by y-axis, (d) sensor rotation by z-axis. 

 

These sensor deployment uncertainties as shown in Figure 4.13 can cause unavoidable ZSC 

measurement errors. For example, for the three-wire systems measurement scheme using 

two sensors, the two sensors are usually built in one sensor array device. Once the 
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uncertainty 1) exists due to unsatisfactory sensor array deployment (in this case the 

deviations are same for both sensors), the measurement error caused by such horizontal 

deviation lw from the ideal positions is presented in Figure 4.14. The horizontal deviation 

contributes negatively and affect the final ZSC computation accuracy. The relative error is 

5% when lw is about 2.2 meters. This effect is less severe for higher pole/ tower as the 

changes of lw is not significant comparing to the conductor heights. 
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Figure 4.14: Measurement error caused by sensor deviation uncertainty. 

 

4.5.2 Prototype Measurement System 

The proposed ZSC sensor array will not achieve its best performance when the 

uncertainties in Section 4.5.1 occur. Therefore, we further propose a series of sensor array 

deployment assist schemes to overcome these challenges. The preferred sensor array 

prototype is a multi-layer structure to allocate multiple magnetic sensors, distance between 

two layers are made accurate through the facrication process and will be used for the ZSC 

computation. In this specific 4 layer sensor array,the distance betwwen every two layers are 

as same as 20 cm, i.e.,  d = d’= d” = 0.2 meter. 

 

The analog signal conditioning circuit for processing the sensor measurement on each layer 
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is fabricated on that layer, too. The final circuit outputs are recorded using a data-

acquisition system consisting of an NI-DAQ instrument and a laptop. The DAQ instrument 

integrates a 16-bit synchronized multi-channel analog-to-digital converter (ADC). The 

sampling rate of the ADC is 256 points per 60 Hz cycle (15.36 kHz), which is sufficient to 

compute the ZSC information. 

 

The construction of the propsed sensor array prototype invovling the use of the a gradienter, 

a sensor mouting structure with a targetting slot, multiple magnetic filed sensors, together 

on a tripot stand with 360 degree adjustable mounting joint. The structure of this prorotype 

is presented in Figure 4.15. 

 

Figure 4.15: A possible design of the preferred sensor array. 

 

To tackle the practical sensor array deployment uncertainties, a series of sensor array 

deployment assist schemes are included to enhance the prototype device as the follows. 

  

1) The scheme to overcome uncertainties 1 

The sensors are expected to align with the center line of overhead lines. To achieve this, a 

targeting structure is included in the sensor array. This structure is a slot or a long hole on 

the sensor array that allow human eyesight to go through this structure to observe the 
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electric poles from both sides. It is illustrated in Figure 4.16. The line of sight is confined in 

the slot. If the sensor array is not placed exactly beneath the overhead lines aligned on the 

center line, it is impossible to see the electric poles on both sides of the slot (Looking left 

and right in Figure 4.16). This structure is able to eliminate the introduced deployment 

uncertainties 1 as shown in Figure 4.13 (a). 

 

Figure 4.16: A targeting structure to overcome the uncertainty 1. 

 

2) The scheme to overcome uncertainties 2 and 3 

The sensor measurement planes can be tuned to be aligned in parallel with x-y plane using 

the gradienter (as can be seen in Figure 4.17). It is preferred to use three-dimensional two-

dimensional gradienter to adjust the sensor array. This structure is able to eliminate the 

position uncertainties 2 and 3 as shown in Figure 4.13 (b) and Figure 4.13 (c). 

Gradienter

S1 measurement plane

S2 measurement plane

S1

S2
d

 

Figure 4.17: The sensor array aided by the gradienter to mitigate uncertainty 2 and 3. 
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3) The scheme to overcome uncertainties 4 

One way to measure the y-axis magnetic field completely is to use two-axis sensors as the 

sensing element in the preferred embodiment. Since we know the x-axis magnetic fields 

produced by the overhead line currents are always zero, the only possible magnetic fields 

sensed by the sensors are the y-axis components. Considering the uncertainty shown in 

Figure 4.13 (d), the y-axis magnetic fields produced by the overhead line currents are 

projected to the two axes of sensors in an arbitrary strength per the sensor orientations. 

However, once we know the alignment angle of the two axes (for some electronic sensors 

in the market, the two measurement axes are perpendicular, allowing this angle α equals 90 

degree), by a vector summation, it is easy to reconstruct 1yB , 2yB , etc. 

 

In general, it is assumed here that the angle α between the two-axis is in the range of [0, 90] 

degree. It can be seen in Figure 4.18, case 1 illustrates the situation that α=90
o
 and case 2 

shows the situation that α<90
o
. No matter how much the sensor S rotates vs. z-axis on the x-

y plane, the M-field component projected on the x-y plane can always be decoupled with 

the information of BS_axis1, BS_axis2 and α as the follows. 
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               (3.17) 

In the actual implementation, two single axis pick-up coil (also named as the search coil) 

sensor are used to mimic one two-axis sensor since most of the commercial two-axis 

magnetic field sensors have insufficient sensitivity to fit this application according to our 

survey. The changing magnetic field produced by the power line currents induces a voltage 

in the coil sensor [14]. The two sensors are overlapped with each other to share the same 

position. The angle between the measurement axes are treated as unknown and is calibrated 

utilizing the off-line sensor array calibration scheme explained in Section 3.3.1. The 

selected coil sensor has an inductance of 150mH, and the diameter of the sensor is 8 

millimeters [16]. Compared with the distances between the conductors to the sensors, the 

size of the coil sensor is negligible. 
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Figure 4.18: The use of two-axis magnetic field sensor. 

 

A picture of the proposed sensor array prototype is shown in Figure 4.19. 4 layers sensing 

planes consisting of 8 single-axis coil sensors are included (2 sensor for one channel 

measurement to infer the y-axis magnetic field). All the sensors are aligned vertically to the 

targeting slot. Proper adjustment to ensure the correct sensor array deployment is required 

to initialize the measurement. It usually takes 10-15 mins to complete the setup. All of the 

sensors measurements are recorded by the NI-DAQ simultaneously for the future analysis.    

Laptop for 
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NI-DAQ
Battery power 

supply
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Tripod stand with built-in 

adjustment joint and 3-
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Figure 4.19: Photograph of the proposed sensor array prototype. 
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4.6 Lab and Field Test Validations  

The proposed ZSC sensor array is firstly tested in laboratory and then verified through field 

experiments in two Alberta distribution systems with the support from one utility company. 

 

4.6.1 Lab Experiment Setup and Results 

The schematic diagram of the test system is shown in Figure 4.20. Figure 4.21 presents a 

photograph of the experimental set-up. It is noticed in Figure 4.21 that, in order to eliminate 

the edge effect of the finite conductors, the magnetic sensors are placed vertically beneath 

the middle conductor (the top conductor). Proper sensor deployment has been conducted to 

ensure the uncertainties caused by the sensor installation are eliminated or minimized. Thus, 

the two sensor outputs represent the 
1vyB  and 2vyB in Equation (4.4) and (4.5). 

 

Figure 4.20: Schematic diagram and dimensions of the experiment set-up in lab. 

 

The test system is made up of a three-phase voltage source, two magnetic sensors, three 
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parallel conductors, a reference zero sequence current probe (acting as a ZSCT in reality) 

and adjustable aggregated loads at the remote ends. Due to the lab’s space limitations, the 

test bed is not able to be built to the real geometry as the actual distribution lines. The setup 

shown in Figure 4.20 and Figure 4.21 is proportionally scaled down from the geometry of 

actual three-wire overhead distribution lines (actual w=0.032m, l1=0.4m, l2=0.01m, 

d=0.065m). The test system has a 60Hz power frequency and the loads are tuned to create 

variable currents. Multiple combinations of the three-phase currents are produced to 

evaluate the proposed measurement system performance under different ZSC amplitudes. 

 

Figure 4.21: Photograph of the test bed. 

 

The experiment data contain two channels of sensor signals and one channel of the ZSCT 

signal. These signals are collected by a data-acquisition system consisting of an NI-DAQ 

instrument and a laptop. The DAQ instrument integrates a 16-bit synchronized multi-

channel analog-to-digital converter (ADC). The sampling rate of the ADC is 256 points per 
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60 Hz cycle (15.36 kHz), which is sufficient to compute the ZSC information. 

 

The direct output of each coil sensor is processed by the signal conditioning circuit, which 

consists of a front-end analog chain to amplify the sensor output. Before conducting the 

experiment, the sensor circuits were calibrated in a laboratory. Its sensitivity of the output 

voltage to the magnetic field flux density is used to interpret the sensor circuit output back 

to the magnetic field strength in the data-processing program for ZSC computation.   

 

The real-time waveforms of the three-channel signals are sampled simultaneously by the 

DAQ-based acquisition system continuously and are recorded in the laptop. The recorded 

measurement data are processed by the Fast Fourier Transform (FFT). The FFT windows 

capture the waveforms in a snapshot mode with the resolution of 6 cycles per second. This 

window is used identically at each data channel. In this way, the magnitudes of the 60 Hz 

components are extracted from the sensor circuit outputs (representing the real-time fields) 

and the ZSCT output (representing the real-time ZSC) under the resolution of 1 point per 

second. The FFT computation results are used to calculate the ZSC according to Equation 

(4.10). The detailed flow chart of the signal processing and computation procedures is 

presented in Figure 4.22. 

 

Figure 4.22: The signal flow chart of the proposed ZSC measurement system. 

 

By adjusting the loads, the ZSC magnitudes of the experiment conductors are varied to test 

the sensor array performance. As can be seen in Figure 4.23, the sensor array prototype 
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successfully detects a ZSC as small as 0.5A with satisfactory signal performance. This 

result is sufficient for the field ZSC monitoring. The sensor circuit output becomes noisy 

when the ZSC is too weak (under 0.3 A) because the electronic noises from the power 

source and chips. Our proposed measurement system should be able to detect substantially 

smaller currents with optimized hardware for low electronic noise. 

 

Figure 4.23: Waveforms of the measured ZSC and the sensor signals. (a): waveforms for 

weak ZSC, (b) and (c): waveforms for intermediate ZSC, (d): waveforms for strong ZSC. 

(c) 
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Figure 4.24 presents the comparison results between the computations based on the 

proposed method and the zero sequence current probe measurements. The ZSC amplitude 

in the tests is varied from 0 to 6 A by adjusting the loads. The magnitudes (RMS values) of 

the ZSC are shown. In Figure 4.24, the relative error is less than 5% in the entire ZSC range. 

The experimental results reveal that the proposed measurement method can estimate the 

ZSC accurately for a three-phase three-wire power line system. 

 

Figure 4.24: ZSC results comparison between the computation and ZSCT measurement. 

 

The results demonstrated above are all from the single-axis sensors placed at the ideal 

positions, and with ideal sensing orientations. This can be achieved in the lab setting but is 

usually difficult in the real world measurement environment. In an actual implementation, 

one possible difficulty caused by the uncertainty could result from the incorrect placement 

or orientation of the sensor. The sensor placement deviations therefore will cause 

measurement errors which are already explained in Section 4.5.1. 

 

Additional means proposed in Section 4.5.2 are integrated in the prototype sensor array 

device to ensure the sensors are placed properly. The filed test results from this prototype 

sensor array, aided by the sensor array deployment assist schemes, are further presented in 

the next section. 
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4.6.2 Field Test Description and Results 

The ZSC measurement results from the lab experiments are promising and indicate the 

great feasibility of the proposed ZSC sensor array. The drawback of the lab experiments is 

that the test bed is a ideal scaled-down platform that will not reflect the true magnetic field 

strength in the field environment. It is preferred to test the prototype ZSC sensor array in 

the actual distribution systems and compare its computed results to the utility meters for 

validations more convincingly and effectively. 

 

The main objective of such field measurement exercise is to examine the prototype ZSC 

sensor array for the following items:  

 

 Evaluate the sensor sensitivity in the real field environment. 

 

 Evaluate the proposed device in terms of feasibility, convenience and reliability. 

 

 Verify the proposed ZSC computation scheme by comparing to the utility CT 

recordings. 

 

With the support of one Alberta utility company, two distribution lines are measured using 

both the proposed sensor array (to infer their ZSC), and the Candura PQ-Pro power quality 

analyzer (to record the utility CT signals and then calculate the actual ZSC for reference). 

Each distribution system is measured at the same time by two set of devices: 

 

 The Candura PQPro power quality analyzer [90] is used to measure and record the 

actual feeder line currents by collecting the utility metering CT signals. Continuous 

recording with 256 points/cycle (15.36k Samples/second) sampling resolution is set 

for all the measurement period. Such recordings are processed after test to calculate 

the actual ZSC (treated as the reference values). 
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 The proposed ZSC sensor array as shown in Figure 4.19 is deployed vertically 

beneath the overhead lines. A proper sensor array position adjustment with the help 

of the deployment assist schemes is carried out each time before the measurement 

start. All the sensor array outputs are recorded with the same sampling resolution 

256 points/cycle (15.36k Samples/second) by the NI-DAQ data acquisition 

equipment and are processed after the test to calculate the estimated ZSC (treated as 

the computed values). 

The first measured distribution system is a three-phase-three-wire 25 kV feeder supplying a 

gas plant (shown in Figure 4.25). The loads are mainly drive and motor type, meaning the 

current unbalance condition is not serious. 

 

Figure 4.25: First distribution system measurement set-up. 

 

The feeders current are obtained by measuring the secondary of the utility CT at the line 

regulator as shown in Figure 4.26 (a). Three utility CTs are accessed as shown in Figure 

4.26 (b). The total attenuation ratio of the measurement data is the multiply results from the 

utility CTs and the PQPro CTs. This ratio is recorded to process to reconstruct the actual 
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feeder currents. The sensor array prototype is deployed under this distribution feeder 

meantime (shown in). Dedicated attention is taken to ensure the line currents measured by 

the PQPro is also the ones measured by the sensor array.  

 

Similarly, the second distribution system, a three-phase-four-wire system, is measured by 

the same setup. However, there is no utility CT to measure the neutral current, so the results 

demonstrated in the next section will not show the comparison results between the 

measured and the computed ZSC. It is not difficult to understand that the neutral current 

computation is at the same time acceptable once the computed ZSC is accurate considering 

the significant magnetic coupling from the neutral current to the sensor measurements. The 

actual ZSC is still measured from the three-phase line currents at a regulator location while 

the sensor array prototype is deployed under this distribution feeder (beneath the neutral as 

shown in Figure 4.27 and Figure 4.28). 

         

                                (a)                                                                         (b) 

Figure 4.26: PQPro measurement for the first distribution line at the line regulator location. 
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Figure 4.27: First overhead line ZSC measurement by the propose sensor array. 

 

Prototype 

sensor array

Three-phase-four-
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distribution line

Neutral

 

Figure 4.28: Second overhead line ZSC measurement by propose sensor array. 

 

Some preliminary field test results are presented in Figure 4.29 and Figure 4.30. It is 
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observed that although the feeder current at the first location is much larger than the second 

location, their ZSC values are close. This is due to the different loading type, the 

aggregated three-phased loads such as drives and motors that are usually balanced loads are 

supplied by the feeder at the first location. Oppositely, the distributed load combinations 

including the residential loads and industrial plants are connected downstream to the feeder 

at the second location, making its unbalancing level more serious. 

 

Figure 4.29: Feeder current and ZSC computation results at the first location. 
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For both feeders, the 60 Hz sequence components calculated from the PQPro measurements 

are plotted to demonstrate relative ZSC strength. Also, the 60 Hz ZSC based on the sensor 

array measurements are compared to compare to the actual ZSC values. 

 

Figure 4.29 presents the results for the first location. The ZSC values of the three-phase-

three-wire overhead lines are computed by Equation (4.11). The ZSC magnitude in the tests 

is varied from 4 to slightly over 6 Amp. Refer to the bottom computation comparison figure 

in Figure 4.29, the ZSC error is usually within 1 Amp. The error in the field test is larger 

than the results obtained from the lab tests. This is possibly caused by the external magnetic 

field interference as the test location is close by the regulator. Other possible reason can be 

the unknown underground cable, or other magnetic field conductive metal objects nearby. 

 

Figure 4.30 shows the improved ZSC measurement accuracy at the second location. It is 

computed by solving the Equation (4.17) numerically. Some oscillations at the beginning 

and around the 7
th

 minutes can be seen in the bottom computation comparison figure shown 

in Figure 4.30. This problem is potentially addressed by using more sensors, to achieve an 

averaged solution.  
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Figure 4.30: Feeder current and ZSC computation results at the second location. 

 

The main sources of the measurement uncertainty are considered the electronic noises in 

the sensor-amplifier-ADC chain, and the thermal drift during the measurement. Other 

nature nuisances such as any nearby magnetic field interference, foreign conductive object 

that can cause induction (e.g. fence, pipelines) will also affect the measurement accuracy. 

The later uncertainty is not discussed here and might be avoided by selecting clear 

measurement spot.  

 

According the statistic theory, the measurement errors are estimated and described 

following the Gaussian-distribution, i.e. if the electronic noises in the analog circuitry are 

superimposed on the signal samples with a variance ơ
2
, the variances of the two variables 

B1vy and B2vy are 2ơ
2
/Ns (Ns is the sampling rate, in this proposed sensor array device 

Ns=15.36kHz). It is easy to understand that when the actual ZSC amplitude increase, the 

signal-to-noise ratio (abbreviated SNR) increases dramatically, which will reduce the 

measurement uncertainty. For the thermal effect in the long-time testing, since the sensor 

sensitivity is calibrated in lab environment at 60Hz, 25°C, the variance of the sensor 

sensitivity at field is mainly due to the temperature dependence.  
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4.7 Summary 

This chapter relates to the design of a mobile sensor array and the associated deployment/ 

computation methods with such apparatus for sensing the zero-sequence current in a set of 

overhead power lines. The overhead line configurations and the existence of neutral 

conductor will not impact the feasibility of the proposed. The deployment of the proposed 

apparatus is simple and immune to the installation uncertainties. The proposed sensor array 

measures the magnetic fields generated by these overhead line currents remotely where no 

direct access to the power conductors is required. These magnetic field measurements are 

then used to compute the zero-sequence current in real-time automatically, the results are 

available in either re-constructed current waveform form or the fundamental and harmonic 

current phasor indices. 

 

The research proposed in this chapter has broader applications and may be advantageously 

employed in many other situations where access to the overhead power lines is difficult. 

The formulation and the implementation schemes obtained in this research are also 

applicable to measure another popular and important distribution system called single-wire-

earth-return system.  

 

Single wire earth return (SWER) systems are widely used worldwide in New Zealand, 

Australia, Brazil, India and North America for distributing electricity to rural areas. In these 

areas, the end customers are scattered sparsely with low population density and light load 

requirements [94], [95]. Typical SWER network creates a single-phase circuit by utilizing 

just one current carrying conductor and the earth as the current return path. This topology 

leads a significant cost saving compared to the commonly used three-phase and two-phase 

distribution systems, whatsoever the line hardware (conductor, poles, insulators, etc.) or the 

protection devices (fuses, re-closer, etc.) [96]. As a result, SWER systems are very 

attractive to utility companies in the rural distribution markets. 

 



127 

 

In spite of the economic advantages of SWER system, as the length of the single-phase 

conductor could extent to hundreds of kilometers in the rural area, these distribution lines 

are usually not effectively monitored. Sufficient information regarding the current flow on 

the SWER systems is hardly available [97]. In addition, the utility company’s patrol team 

lacks effective measurement equipment to collect the necessary current information of the 

SWER systems. Troubleshooting a power quality issue or a high impedance fault will take 

long work time since it is always difficult and time-consuming to locate the problematic 

spot along the lines among the vast rural area [98]. Our findings have shown that the 

proposed technique is an elegant and effective approach to measure currents in the SWER 

systems. This application can be further investigated in the future research. 
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Chapter 5 

Conclusions and Future Works 

5.1 Thesis Conclusions 

With the rapid development of the smart grid infrastructure, the modern power system, after 

more than 100 years of development, has become more advanced than ever. The increasing 

significance of current measurement in the modern power systems has led to the 

development of many innovative current-sensing approaches in the recent years. However, 

the existing current-sensing techniques are still far from perfect for solving the multiple 

conductor current measurement problems. 

 

Measuring the currents in a group of bundled, enclosed or inaccessible conductors has been 

an on-going problem, but has many practical and attractive uses. Traditional current-

sensing techniques are not able to measure the conductor currents without accessing every 

individual conductor, so their use for the multi-conductor current measurement problems is 

often limited in actual practice. Such constraints are commonly seen in power systems: 

current problems with the enclosed conductors, inaccessible conductors, and overhead 

power lines are well-known examples that are difficult to solve by using the traditional 

current-sensing techniques.  The objective of this thesis was to propose solutions that would 

be easy to implement and adaptive to different conductor configurations. 

 

The main conclusions and contributions of this thesis are summarized as below: 

   

1) A magnetic sensor array technique with an active sensor calibration scheme for 

measuring currents in a group of enclosed conductors was proposed. It was 

designed specifically current monitoring in North American residences. 
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2) A magnetic sensor array technique for measuring the multi-conductor cable current 

was proposed. The currents are computed by employing a set of magnetic sensors 

with known positions in an open-loop sensor array configuration. The main idea for 

enabling such a measurement is to calibrate the sensor parameters by using an off-

line sensor parameter calibration scheme. This scheme dramatically reduces the 

computation work load and makes deriving the currents mathematically from the 

measurement system model feasible. 

 

3) A magnetic sensor array technique to measure the zero-sequence current in the 

three-phase-three-wire or three-phase-four-wire overhead power lines was proposed. 

It has the potential to act as a portable ZSC meter in the field to solve many power 

quality problems in distribution power systems. 

 

The proposed techniques and results only begin the exploration to the multiple conductor 

current measurement problems. The achievements of this research are encouraging. It can 

be stated after years of research on this topic that the results presented in this thesis reveal 

only a small portion of the iceberg. More applications and their solutions for the multiple 

conductor current measurement challenges, utilizing the sensor array techniques, are still 

under investigation. The use of enhanced sensing hardware and data-processing algorithms 

could improve this type of research, generating more powerful tools that would benefit the 

electrical power industry. 

 

5.2 Recommendations for Future Work 

Future researchers could extend this thesis by carrying out the following recommendations. 

 

   Improve the existing methods. 

The accuracy and reliability of the proposed current sensor array techniques can be 
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potentially improved by utilizing a proper shielding structure or certain filtering schemes, 

either an additional hardware design or the digital data manipulations during the data-

processing stage, to eliminate the effects of the outside cross-talk magnetic field. 

 

 Improve the prototype devices. 

Prototype devices to evaluate the three problems described in this thesis were built. The 

results from the field tests using these devices were presented in Chapter 2-4. The 

preliminary results demonstrated the validity of the proposed methods. Due to the 

complexity of the actual measurement environment, revisions to fine-tuning the device’s 

performance may benefit the future research. Examples are the use of other types of sensors 

due to their measurement range and the sensitivity consideration, and the re-design of the 

analog signal-processing circuit due to the amplify ratio or noise elimination requirement.  

Additional technical specifications of the proposed devices, such as the temperature 

endurance with the seasonal impact and the long-term stability, need to be confirmed. 

 

 Identify more scenarios for other conductor configurations. 

In general, the conductor configurations presented in this thesis represent only a portion of 

the common forms of the practical multiple conductor systems. More power-transferring 

cables such as SWER distribution lines, the Romex cables, power distribution cables with 

the concentric neutral (multiple neutral strands circulating the core conductor), cables with 

armors, and cables with shields can be estimated in future research. The electrical power 

industry needs a method for measuring the cables currents non-intrusively without isolating 

the conductors. 

 

There are always much interests to measure the overhead power line currents remotely. As 

discussed in Chapter 4, the main difficulty to apply the sensor array technique in this task is 

the geometric sensitivity constrain, that the sensor array is mobile and deployed on the 

ground level, far away from the conductors of interests. One possible solution might be 

using an unmanned aerial vehicle, typically a drone, equipped with the sensor array device. 
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It flies near the conductors and keeps still in air to allow the sensor array to compute the 

conductor currents in real-time. With the fast-growing modern consuming electronic 

technologies, more intelligent and versatile drones have emerged recently and have been 

proved useful in many areas [99], [100]. Many commercial drones are able to float steady 

at certain height and position, and can remain its horizontality long time. This is a very 

attractive feature for measuring the overhead line currents, safely and conveniently. It 

converts this current measurement problem as a special case as described in Chapter 3. We 

may potentially adopt similar formulation and computation scheme, with the help of the 

roughly known conductor and sensor positions, considering the height of the drone is 

known by itself and the conductor positions are estimated from the utility line models.  

 

The measurement utilizing the sensor array technique can be difficult due to the complexity 

of the cable structure. We have studied only the cases where the conductors can be treated 

as ideal; i.e., the conductors are long and straight without EMF shielding. Successful 

formulations of the problems for other commonly used industrial cables will dramatically 

enrich the practical value of the proposed sensor array technique. 

 

 Identify more applications for more power system parameter measurements. 

 

This thesis focused mainly on addressing the unsolved power system current measurement 

problems; nevertheless, the proposed sensor array technique can be further extended for 

various power system parameters measurement. The power quality indices evaluation such 

as the IHD and the THD percentage [101], [102] or the HV transmission line harmonic 

measurement based on the electric field sensor array are all direct and important 

applications utilizing the sensor array technique. [103]-[105] present other relevant topics 

for possible future research. 
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Appendix 

Sensor Array Calibration Verifications 

 

The calibration results consist of three cycles of the sensor outputs waveforms and the 

generated waveforms using the computed sensor information and the calibration currents. 

Four calibration events are plotted and the two sets of waveforms are compared to see the 

accuracy of the proposed sensor array calibration scheme.  

 

The detailed results are given in Figure A.2. It can be seen that the waveform differences 

between the “measurement” and the “computation” are very small, meaning the converged 

results with good accuracy have been achieved by the proposed scheme. The sensor 

information is successfully found. 

 

Sensor S1 results: 
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Sensor S2 results: 

 

Sensor S3 results: 

 

Sensor S4 results: 
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Sensor S5 results: 

  

Sensor S6 results: 

 

Sensor S7 results 
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Sensor S8 results: 

 

Sensor S9 results: 

  

Sensor S10 results: 

 


