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A linear displacement transducer (LDT) for electromagnetic navigation is developed based on the sensing of magnetic field 
gradients in a pair of counter-wound coils. The operation and linear response conditions of the LDT are theoretically described by 
electromagnetic formulations, numerically analyzed by COMSOL Multiphysics finite element analysis software, and experimentally 
verified in a 1/10-scaled inspection vehicle–overhead cable model. A high sensitivity of 51 µV/cm and a small nonlinearity of 3.7% are 
achieved in the LDT prototype by setting an optimal height-to-baseline 𝒉𝒉/𝑳𝑳 ratio of 𝟏𝟏/√𝟖𝟖 in practical linear response condition with 
the transverse displacement 𝒅𝒅 constraint of ±50% of 𝑳𝑳. The proposed LDT can overcome the discontinuous response and nonlinearity 
problems intrinsic in traditional magnetic field-based LDTs, thereby providing a continuous displacement (movement) feedback with 
an accuracy of within several millimeters.   

Index Terms— counter-wound coils, electromagnetic navigation, linear displacement transducer, magnetic field gradients 

I. INTRODUCTION

LECTROMAGNETIC navigation is a complementary 
guiding technique often used in navigation systems in 

conjunction with optical, visual, inertial, and global 
positioning navigations [1]–[4]. It is especially important for 
inspection vehicles or robots working in severe environments 
and requiring high levels of accuracy, stability, and cost-
effectiveness. One of the most demanding applications is to 
navigate inspection vehicles along high-voltage overhead 
cables in electric power transmission networks, particularly 
for those distributed over complex landforms, large areas, 
and/or long distances [5]. In fact, long-term exposure of the 
overhead cables to outdoor environments with large 
temperature variations, high moisture and chemical contents, 
strong ultraviolet radiations, great mechanical stresses, etc. 
increases risks of insulation failures. If the potential and 
existing defects are not properly inspected and fixed, 
widespread blackouts may occur, leading to inestimable 
economic losses and grave social consequences [6].  

To enable navigation capability in inspection vehicles, it is 
crucial to develop high-performance linear displacement 
transducers (LDTs) [7]. Currently, there are two major types 
of LDTs for electromagnetic navigation, namely sensing 
arrays and inductance comparators [8]–[10]. In sensing arrays, 
multiple Hall effect sensors or magnetic core inductors are 
arranged in an array form and used as the sensing elements to 
measure magnetic fields generated by the overhead cables [8], 
[11]. By optimizing the positions and responses of the sensing 
elements in the sensing arrays, the transverse displacements or 
movements of the inspection vehicles with respect to the 
overhead cables can be determined and then adjusted by the 
steering systems of the inspection vehicles [8]. By increasing 
the number of sensing elements in the sensing arrays, the 
navigation accuracy can be improved at the expense of 

reducing the navigation stability and increasing the cost of the 
navigation systems [12]. The nonlinearity caused by discrete 
signals from the sensing arrays also imposes challenges on the 
control algorithms [13], [14]. In inductance comparators, one 
referencing magnetic core inductor is designated to pick up 
ambient noise levels and several measuring magnetic core 
inductors are employed to acquire magnetic fields of the 
overhead cables [9], [11]. The transverse displacements of the 
inspection vehicles from the overhead cables are determined 
from the signal differences between the referencing and 
measuring magnetic core inductors so as to suppress ambient 
noises and improve the signal-to-noise ratios of the inductance 
comparators. However, the obtained transverse displacements 
are usually affected by the difference in hysteretic nonlinearity 
of the magnetic cores, which in turn increases the uncertainty 
in the response of the inductance comparators as well as the 
difficulty in the control of the inspection vehicles. These 
complexities have greatly impeded quantitative analyses of the 
effects of assembled and excitation parameters on the 
sensitivity, nonlinearity, etc. of this type of LDTs. 

In this paper, we propose a new type of electromagnetic 
navigation LDT formed by a pair of coils counter-wound on a 
rod-shaped non-magnetic holder and served as a magnetic 
gradiometer to detect magnetic field gradients associated with 
the overhead cables. In contrast to traditional magnetic field-
based, sensing array-type and inductance comparator-type 
LDTs, our magnetic field gradient-based, counter-wound coil-
type LDT takes the distinct advantage of the dimensional 
difference in magnetic fields to determine magnetic field 
gradient-related transverse displacements with a minimization 
of far-field noises [15]. An electromagnetic model is 
theoretically established to describe the sensing principle of 
the LDT. The expression of output voltage as a function of 
both transverse displacement and assembled height is obtained 
by Faraday’s law with a time derivative of the magnetic field 
gradient of the LDT. The theoretical and practical linear 
response conditions where the high-order residuals of voltage 
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response to transverse displacement are essentially zero and 
within ±50% of the baseline are found, respectively. Such 
findings are numerically analyzed and supported by COMSOL 
Multiphysics finite element analysis. With the guides of the 
theoretical and numerical designs, a LDT is prototyped and 
deployed in a 1/10-scaled inspection vehicle–overhead cable 
model to experimentally evaluate its sensitivity, nonlinearity, 
and errors between the theoretical, numerical, and 
experimental data at different combinations of transverse 
displacement and assembled height.  

II. MAGNETIC FIELD GRADIENT-BASED ELECTROMAGNETIC 
NAVIGATION LINEAR DISPLACEMENT TRANSDUCER 

In the following sections, the operation and linear response 
conditions of the proposed LDT are theoretically described by 
electromagnetic formulations (in Sec. IIA), numerically 
analyzed by COMSOL Multiphysics finite element analysis 
software (in Sec. IIB), and experimentally verified in a 1/10-
scaled inspection vehicle–overhead cable model (in Sec. IIC). 

A. Theoretical description 
Figure 1 shows the assembly diagram and geometric 

configuration of the LDT, inspection vehicle, and overhead 
cable at a prescribed path of sensing and navigation. The 
inspection vehicle moves along the length of the overhead 
cable during navigation. The LDT, which consists of a pair of 
coils, namely coil l and coil 2, counter-wound on a rod-shaped 
Teflon holder with a baseline or a separation 𝐿𝐿, is installed in 
the front of the inspection vehicle with their lengths oriented 
in two orthogonal directions. There is a mechanism on the 
inspection vehicle for adjusting the assembled height ℎ of the 
LDT toward the overhead cable.  

In operation, a transverse displacement 𝑑𝑑 of the inspection 
vehicle from the overhead cable distorts the geometric 
symmetry between coil 1–overhead cable and coil 2–overhead 
cable, resulting in different distances 𝑅𝑅1 and 𝑅𝑅2 as follows: 

𝑅𝑅1 = �ℎ2 + (0.5𝐿𝐿 − 𝑑𝑑)2;   𝑅𝑅2 = �ℎ2 + (0.5𝐿𝐿 + 𝑑𝑑)2.   (1) 
The magnetic flux densities 𝐵𝐵1 and 𝐵𝐵2, as detected by coil 1 
and coil 2, respectively, can be expressed as follows: 

𝐵𝐵1 = ℎ
𝑅𝑅1

𝜇𝜇0𝑖𝑖
2𝜋𝜋𝑅𝑅1

;   𝐵𝐵2 = ℎ
𝑅𝑅2

𝜇𝜇0𝑖𝑖
2𝜋𝜋𝑅𝑅2

,  (2) 
where 𝜇𝜇0 = 4𝜋𝜋 × 10−7 H/m is the permeability of free space 
and 𝑖𝑖 = √2𝐼𝐼rmscos𝜔𝜔𝜔𝜔  is the alternating current of the 
overhead cable with root-mean-square amplitude 𝐼𝐼rms  and 
angular frequency 𝜔𝜔 = 2π𝑓𝑓. The magnetic field gradient 𝑔𝑔 of 
the LDT can be related to 𝐵𝐵1, 𝐵𝐵2, and 𝐿𝐿 as  

𝑔𝑔 = 𝐵𝐵1−𝐵𝐵2
𝐿𝐿

.                        (3) 
The output voltage 𝑉𝑉LDT  of the LDT can be derived from 
Faraday’s law and related to 𝑔𝑔 as  

𝑉𝑉LDT = −𝑛𝑛𝐿𝐿𝑛𝑛 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

,                   (4) 
where 𝑛𝑛 and 𝑛𝑛 are the number of turns and cross-section area 
of the counter-wound coils, respectively. By substituting Eqs. 
(1)–(3) into Eq. (4), the phasor amplitude of 𝑉𝑉LDT, denoted as 
𝑉𝑉�LDT, can be obtained as 

𝑉𝑉�LDT = √2𝑛𝑛𝐷𝐷2𝜇𝜇0𝐼𝐼rms𝜔𝜔
8

[ ℎ
ℎ2+(0.5𝐿𝐿−𝑑𝑑)2

− ℎ
ℎ2+(0.5𝐿𝐿+𝑑𝑑)2

],   (5) 

where 𝐷𝐷 is the mean diameter of the counter-wound coils. In 
Eq. (5), 𝑑𝑑  is the only dependent variable in the navigation 
process and can be minimized or even reset by adjusting the 
steering system of the inspection vehicle once 𝑉𝑉�LDT is detected 
by the LDT. Assuming the existence of a linear relationship 
between 𝑉𝑉�LDT  and 𝑑𝑑  in Eq. (5), it can be expanded by 
McLaurin series to be   

𝑉𝑉�LDT = 𝐾𝐾 � 32ℎ𝐿𝐿
(𝐿𝐿2+4ℎ2)2

𝑑𝑑� + ∆,            (6) 
where K is the sensitivity factor and ∆ represents high-order 
residuals. Comparing Eqs. (5) and (6), K and ∆ can be written, 
respectively, as 

K= √2𝑛𝑛𝐷𝐷2𝜇𝜇0𝐼𝐼rms𝜔𝜔      (7) 
and 

∆= 𝐾𝐾[ ℎ
ℎ2+(0.5𝐿𝐿−𝑑𝑑)2

− ℎ
ℎ2+(0.5𝐿𝐿+𝑑𝑑)2

− 32ℎ𝐿𝐿
(𝐿𝐿2+4ℎ2)2

𝑑𝑑].        (8) 
For an effective navigation, it is required to constrain 𝑑𝑑 in a 

reasonable operational range, say ±50% of 𝐿𝐿, as well as to 
satisfy the theoretical (ideal) linear response condition: ∆= 0 
in Eqs. (6) and (8). Accordingly, ∆= 0 can now be released to 
become practical linear response condition: ∆|𝑑𝑑=0.5𝐿𝐿 = 0 with 
an operation of 𝑑𝑑 in the ±0.5𝐿𝐿 range. By substituting 𝑑𝑑 = 0.5𝐿𝐿 
into Eq. (8) and defining 𝑝𝑝 = ℎ/𝐿𝐿  as the height-to-baseline 
ratio, we have 

∆|𝑑𝑑=0.5𝐿𝐿 = 𝐾𝐾
𝐿𝐿
�1
𝑝𝑝
− 𝑝𝑝

1+𝑝𝑝2
− 16𝑝𝑝

(1+4𝑝𝑝2)2
� = 0.             (9) 

The solution to Eq. (9) is 𝑝𝑝2 = (ℎ/𝐿𝐿)2 = 1/8 or 𝑝𝑝 = ℎ/𝐿𝐿 =
1/√8 . The solution gives the optimal ℎ/𝐿𝐿  ratio for the 
successful realization of LDT in the practical linear response 
condition. From Eq. (7), the sensitivity of the LDT depends on 
the geometric properties (𝑛𝑛  and 𝐷𝐷2 ) of the counter-wound 
coils and the characteristics of the alternating current (𝐼𝐼rms and 
𝜔𝜔). In practice, it may have a tradeoff between 𝑛𝑛 and 𝐷𝐷 in the 
design of a LDT with suitable size. To avoid the addition of 
the hysteretic nonlinearity effect in the LDT, magnetic cores 
are excluded from our counter-wound coils even though they 
could enhance the sensitivity of the LDT by concentrating 
magnetic fluxes from the overhead cable. 
 

 
Fig. 1.  Assembly diagram and geometric configuration of LDT, inspection 
vehicle, and overhead cable at a prescribed path of sensing and navigation. 
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B. Numerical analysis 
To obtain an insight into the magnetic interaction between 

the overhead cable and the LDT, a three-dimensional dynamic 
simulation was implemented using magnetic field module 
available in COMSOL Multiphysics 5.0 finite element 
analysis (FEA) software. As illustrated in the inset of Fig. 2, 
the FEA model is meshed by 174,498 tetrahedral elements and 
consists of an air domain, an infinite domain, and three multi-
turn coil domains. The overhead cable is modeled by a multi-
turn coil domain with current excitation boundary condition. 
The cylindrical air domain is applied to the surrounding of the 
overhead cable domain with a higher mesh density to enable 
the computation of magnetic fields generated by the overhead 
cable. The cylindrical (hollow) infinite domain is added to the 
surrounding of the air domain to increase the computational 
accuracy. The LDT is modeled by two multi-turn coil domains 
with voltage computation boundary condition. The frequency 
and coil voltage computation solvers are used to compute the 
induced voltages of the counter-wound coils, as well as the 
magnetic field gradient and hence the output voltage of the 
LDT, in response to a parametric sweep of 𝑑𝑑 of the inspection 
vehicle (also of the LDT) from the overhead cable.  

Figure 2 shows the vector plot of the computed magnetic 
field distribution (the inset), together with the numerical and 
theoretical results of 𝑉𝑉�LDT versus 𝑑𝑑, all at ℎ = 6.4 cm, 𝐿𝐿 = 18 
cm, 𝑛𝑛 = 400, 𝐷𝐷  = 1.6 cm, 𝐼𝐼rms  = 5 A, and 𝑓𝑓  = 60 Hz. It is 
noted that these ℎ  and 𝐿𝐿  values fulfill the optimal ℎ/𝐿𝐿  ratio 
requirement of 1/√8  for the realization of LDT in the 
practical linear response condition: ∆|𝑑𝑑=0.5𝐿𝐿 = 0 as described 
by Eq. (9) in Sec. IIA. The numerical and theoretical results 
reported here are determined under this optimal ℎ/𝐿𝐿  ratio 
using the FEA model in Fig. 2 and Eq. (6) in Sec. IIA, 
respectively. It is clear that both numerical and theoretical 
plots exhibit good linear relationships between 𝑉𝑉�LDT and 𝑑𝑑 in 
the 𝑑𝑑 range of ±9 cm (corresponding to ±50% of 𝐿𝐿) and with 
an extremely small error less than 0.5%. From the slopes of 
the plots, the sensitivity 𝑆𝑆LDT  and nonlinearity 𝑁𝑁LDT  of the 
LDT are found to 53 µV/cm and 0%, respectively. 

 

 
Fig. 2.  Comparison between numerical (symbol) and theoretical (line) results 
of 𝑉𝑉�LDT versus 𝑑𝑑 under the practical linear response condition: ∆|𝑑𝑑=0.5𝐿𝐿 = 0 
with ℎ = 6.4 cm and 𝐿𝐿 = 18 cm (ℎ/𝐿𝐿 ≈ 1/√8). The inset is the FEA model and 
vector plot of the computed magnetic field distribution. 

C. Experimental verification 
To verify the theoretical and analytical designs in Secs. IIA 

and IIB, a LDT was prototyped in accordance with the 
assembled parameters (𝐿𝐿 = 18 cm, 𝑛𝑛 = 400, and 𝐷𝐷 = 1.6 cm) 
used to produce Fig. 2. As illustrated in Fig. 3, the LDT 
prototype was installed in the front of a 1/10-scaled inspection 
vehicle with their lengths oriented at two orthogonal directions 
as in Fig. 1. The inspection vehicle, together with the LDT 
prototype, was moved along the length of the overhead cable 
with different combinations of 𝑑𝑑 and ℎ settings of ±9 cm and 
2–10 cm, respectively. An arbitrary waveform generator 
(Agilent-33210A) connected to a power supply amplifier 
operating in constant current mode (AE Techron 7548RLY) 
(not shown) were used to excite the overhead cable with an 
alternating current 𝑖𝑖 having the same 𝐼𝐼rms of 5 A and 𝑓𝑓 of 60 
Hz as those employed in Fig. 2. The output voltage 𝑉𝑉�LDT of the 
LDT prototype was measured by a digitizing oscilloscope 
(Tektronix DPO2014) (not shown). 

 

 
Fig. 3.  LDT prototype and its 1/10-scaled inspection vehicle–overhead cable 
model. 

 
Figure 4 shows the numerical and experimental 𝑉𝑉�LDT  as a 

function of 𝑑𝑑 at different ℎ when 𝐿𝐿 = 18 cm, 𝑛𝑛 = 400, 𝐷𝐷 = 1.6 
cm, 𝐼𝐼rms =5 A, and 𝑓𝑓 = 60 Hz. It is seen that the response of 
𝑉𝑉�LDT  to 𝑑𝑑  exhibits a high nonlinearity, which distorts the 
response curve from linear to S shape, at a small ℎ of 2 cm. 
The nonlinearity decreases with increasing ℎ, and the response 
curve becomes essentially linear at ℎ = 6.4 cm. Beyond this 
critical  ℎ , the nonlinearity increases again, distorting the 
response curves even though the nonlinearity contribution is 
smaller compared to the cases with small ℎ. The inset shows 
the errors between the experimental and numerical 𝑉𝑉�LDT. It is 
found that the experimental and numerical 𝑉𝑉�LDT  agree well 
with each other for different combinations of 𝑑𝑑  and ℎ . The 
maximum error is about 2% when 𝑑𝑑 is close to ±0 cm. This 
error may be caused by measurements as a result of ambient 
noises, especially when the LDT prototype is working at a 
small 𝑔𝑔 level.  

In order to further investigate the sensitivity 𝑆𝑆LDT  and 
nonlinearity 𝑁𝑁LDT of the LDT, the slopes of the experimental 
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𝑉𝑉�LDT–𝑑𝑑 plots at different ℎ in Fig. 4 are evaluated to construct 
the dependence of ℎ  on both 𝑆𝑆LDT  and 𝑁𝑁LDT  in Fig. 5. Two 
main observations are obtained. First, 𝑆𝑆LDT  decreases 
gradually from 175 to 26 µV/cm when ℎ is increased from 2 to 
10 cm. Second, 𝑁𝑁LDT is minimized at ℎ = 6.4 cm with a small 
value of 3.7%. The former observation can be explained by 
the use of a larger assembled height or vertical separation 
between the LDT (or the inspection vehicle) and the overhead 
cable, which in turn weakens the interaction of magnetic fields 
with the LDT. The latter observation can be understood by the 
fulfillment of the optimal ℎ/𝐿𝐿 ratio requirement of 1/√8 for 
the realization of the LDT in the practical linear response 
condition: ∆|𝑑𝑑=0.5𝐿𝐿 = 0 as presented by Eq. (9) in Sec. IIA. 
Nonetheless, the experimental 𝑆𝑆LDT  and 𝑁𝑁LDT  of the LDT 
operating in the practical linear response condition with ℎ = 
6.4 cm and 𝐿𝐿 = 12 cm are found to be 51 µV/cm and 3.7%, 
respectively. These imply the presence of millimeter-scale 
navigation accuracy in our LDT for use with most of steering 
control systems. In fact, the favorable performance can be 
further enhanced if ambient noises can be minimized and the 
LDT design can be improved. 
 

 
Fig. 4.  Comparison between experimental (symbols) and numerical (lines)  
𝑉𝑉�LDT  as a function of 𝑑𝑑  at different ℎ. The inset shows the errors between 
experimental and numerical 𝑉𝑉�LDT.   

 

 
Fig. 5.  Dependence of ℎ on 𝑆𝑆LDT  and 𝑁𝑁LDT  obtained from the experimental 
 𝑉𝑉�LDT–𝑑𝑑 plots at different ℎ in Fig. 4.  

III. CONCLUSION 
We have developed a simple and promising type of LDT for 

electromagnetic navigation based on magnetic field gradient 
sensing technique in a pair of counter-wound coils. The 
proposed LDT has been theoretically designed, numerically 
analyzed, and practically prototyped and deployed in a 1/10-
scaled inspection vehicle–overhead cable model to evaluate its 
sensitivity, nonlinearity, and errors between the theoretical, 
numerical, and experimental data at different combinations of 
transverse displacement and assembled height. The high 
sensitivity of 51 µV/cm in conjunction with the small 
nonlinearity of 3.7% realized in the LDT prototype make it 
promise to enable continuous displacement feedback with 
millimeter-scale navigation accuracy in comparison with 
traditional magnetic field-based LDTs having discontinuous 
response and high level of nonlinearity.    
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